Text Is Fly Within
The Book Only



UNIVERSAL
LIBRARY

OU_156686

Advddll
TVSHAAINN



OSMANIA UNIVERSITY LIBRARY

Call No. 53/ 4—4/ BYJs F Accession No. 3 L4 79
Author &awo(@nj F. P a«d Taboy D.

Tide Fyption awd Lu brreation ? solveds.

(782
This book should be returned on or before the date last marked below.






THE
INTERNATIONAL SERIES
(00
MONOGRAPHS ON PHYSICS
GENERAL EDITORS

R. I FOWLER, P.KAPITZA
N. ¥. MOTT, E. ¢. BULLARD



Oxford University Press, Amen House, London E.C. 4
GLASGOW NEW YORK TORONTO MELBOURNE WELLINGTON
BOMBAY CALCUTTA MADRAS CAPE TOWN

(eoffrey Cumberlege, Publisher to the University



THE FRICTION AND
LUBRICATION OF
SOLIDS

BY
. P. BOWDEN axo D. TABOR

Department of Physical Chemustry, Cambridge

OXFORD
AT THE CLARENDON PRESS
1950



WHETHER the friction of the heavens makes a sound or no: . . .
in the case of smooth bodics the friction does not create sound,
and it would happen in a similar manner that there would be
no sound in the contact or friction of the heavens. And if these
heavens are not smooth at the contact of their friction it follows
that they are full of lumps and rough, and therofore their con-
tact is not continuous, and if this is the case the vacuum is
produced, which it has been concluded does not exist in nature.
We arrive, therefore, at the conclusion that the friction would
have rubbed away the boundaries of each heaven, and in pro-
portion as its movement is swifter towards the centre than
towards the poles it would be more consumed in the centre than
at the poles; and then there would not be friction any more,
and the sound would cease, and the dancers would stop, except
that the heavens were turning one to the east and the other to

the north.
LroNARDO DA VINcI (1452-1519)
Notebooks, translated into English
by Edward MacCurdy ; Jonathan
Cape, London, 1938.

LE grand usage quo tous les Arts sont obligez de faire dos
machines, est une preuve convainquante do leur absolué néces-
sité ; ainsi sans perdre tomps & établir autrement cette verité,
on se contentera de dire icy, que si le nom de Machine est
quelquefois pris en mauvaise part, & s’il devient quelquefois
méprisable, ce n’est en partie qu’d cause que le peu de régles
que nous avons dans les Mécaniques ne suffisent pas toGjours
pour prévoir certainement P'effet que les Machines qu’on pro-
jetto doivent produire dans leur exccution ce qui fait bien
souvent, que plusieurs personnes qui les ignorent se croyent
bien fondées & ne s’en pas instruire, & tombent par 13 dans les

absurdités étranges.
AMONTONS, Memoires del’ Academie
Royale des Sciences, 1699.



PREFACE

To Sir David Rivett and to Sir Ben Lockspeiser whose wise
guidance of scientific affairs has done so much to stimulate
research in general and this work in particular.

Turs monograph describes an experimental study of the physical and,
to a less extent, of the chemical processes that occur during the sliding
of solids—particularly of metals—and an investigation into the mechan-
ism of friction and boundary lubrication. The field covered is somewhat
wider than the title might indicate and it deals with a number of the
physical properties of solid surfaces. It is not a general text-book, since
it deals almost entirely with experimental researches carried out by the
writers and their collaborators and colleagues. The work is still in
progress and it is abundantly clear that there are many loose ends and
that much remains to be done.

The work was begun in Cambridge a few years before the war, was
continued (though much mingled with war work) in the Tribophysics
Division of the Australian Clouncil for Scientific and Industrial Research,
Melbourne, from 1939 to 1944, and since then has been resumed in
Cambridge. Collaboration on some aspects of the work is being con-
tinued with the Tribophysics laboratory in Melbourne, which is under
the direction of Dr. S. H. Bastow.

Our indebtedness to others is very great. To the late Sir William
Hardy and to Dr. David Pye, who were members of the pre-war l.ubrica-
tion Rescarch Committee; to Sir David Rivett and to members of the
Executive and Council of the Australian C.SJ.R.; to the University of
Melbourne and in particular to Professor E. J. Hartung in whose labora-
tory the Tribophysics Division is still housed; to Sir Henry Tizard, and
to the late Sir Ralph Fowler who encouraged us to start up the work
again in Cambridge ; and finally to Sir Ben Lockspeiser and the Ministry
of Supply (Air) for stimulating interest and support, and for generous
grants to the University of Cambridge which have made it possible for
the work to be continued. Active interest and help has also been given
by Sir Edward Appleton and the Department of Scientific and Industrial
Research, and by many others.

We also owe a great debt to past and present members of this Labora-
tory and to Dr. S. H. Bastow and members of the Tribophysics
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Lahoratory for the assistance they have given in the preparation of this

monograph. Their names are too numerous to give here, but they are

embodied in the text.

LABORATORY ON THE PHYSICS AND
CHEMISTRY OF RUBBING SOLIDS,
DEPARTMENT OF PHYSICAL CHEMISTRY,
CAMBRIDGIE.

Irebruary 1949
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INTRODUCTION

THE two basic laws of friction, that the frictional resistance is propor-
tional to the load and that it is independent of the area of the sliding
surfaces, have been known for a long time. It would seem that Leonardo
da Vinei (1452-1519) with his astonishing practical genius and insight
was clear about them and had verified them experimentally, for he
writes: ‘Friction produces double the amount of effort if the weight be
doubled’, and ‘The friction made by the same weight will be of equal
resistance at the beginning of the movement although the contact may
be of different breadths or lengths.” The rediscovery of these laws by
the French engincer Amontons in 1699 was received with some surprise
and scepticism by the Académic Royale des Sciences:

‘ Dans lo Discours gue fit M. Amontons sur son Moulin & feu, il avanga seulement
cn passant, que ¢’étoit une crreur de croire, cornme ’on fait communément, quoe
le frottement de deux corps qui se meuvent en s’appliquant 1'an contre I’autre,
soit d’autant plus grand, que les surfaces qui frottent sont plus grandes. 11 dit
(u’il avoit rceonnu par experience que le frottement n’augmente que selon que
les corps sont plus pressés I'un contre 'autre, & chargés d’un plus grand poids.
Cette nouveauté causa quelque étonnement & I’Academie.’

These observations were verified by Coulomb in 1781, who made a
clear distinction between static friction, the force required to start
sliding, and kinetic friction, the force required to maintain it. He
showed that kinetic friction could be appreciably lower than static
friction and made the observation (which is sometimes quoted as a third
law) that the kinetic friction is nearly independent of the speed of
sliding. Coulomb considered the possibility that friction might be due
to molecular adhesion between the surfaces, but rejected it on the
grounds that if this were so, the friction should be proportional to the
area of the sliding bodies whereas it was found to be independent of it.
He concluded that the triction was due to the interlocking of the surface
asperitics and represented in the main the work of lifting the load over
the summits of these asperities. It would seem that he had certain
reservations about this theory, and it would also appear that the
Académic was not prepared to stand any nonsense from its members,
for he writes:

‘Je ne m’étendrai pas davantage sur cette théorie; clle paroit cxpliquer avee
facilité tous les phénomeénes du frottement; mais 1’Académio no demande
aujourd'hui que des recherches qui puissent étre utiles: ainsi il seroit dangereux
do trop se livrer & un systéme qui pourroit peut-étre influer sur la maniére de
rendre compte des expériences qui nous restent a faire.’

3695.72 B



2 INTRODUCTION

In recent times important experimental investigations in friction,
particularly of the static friction of solids lubricated with very thin
films of hydrocarbon compounds, were made by Sir William Hardy. In
particular, Hardy showed the important part which is played by a single
molecular layer of lubricant (the boundary layer). This monolayer
which is attached to the surface and oriented has a profound effect on
the friction. His own experiments were elegant and simple, and he
emphasized the necessity for applying modern physical and chemical
concepts and methods to the study of these surface phenomena. It is
Hardy’s work more than any other that has stimulated a modern
approach to the subject.

This book will describe an experimental study of the physical and
chemical processes that occur during the contact and sliding of solid
surfaces, and an investigation into the mechanism of friction and of
boundary lubrication. The first point of inquiry is, What is the real
arca of contact between solids which are placed together ? Experiments
show that even the most carefully prepared surfaces contain hills and
valleys which are large compared with molecular dimensions. The solids
are supported on the summits of the highest of these irregularities, so
that the area of intimate contact is very small. The real area of contact
is in fact almost independent of the size of the surfaces and is determined
by the load, since, under the intense pressure at the localized points of
contact, plastic deformation and flow occur until the area is sufficiently
great to support the load.

When sliding takes place all the friction occurs over this very small
area and we may expect that the surface temperature at these points
of rubbing contact would reach a high value. Various experimental
methods are used to investigate this, and it is shown that even at
moderate speeds of sliding the surface temperatures of metals are indeed
high and may easily cause a thermal softening or local melting of the
metal at the points of contact. With non-conductors these local high
temperatures occur even more readily, and this localized softening or
melting plays an important part in polishing and in a number of physical
processes.

The third point of inquiry is into the nature of the surface damage.
It is shown that with metals there is a real adhesion and welding together
at the points of contact. The frictional force is in a large measure the
force required to shear these junctions. These observations explain the
classical laws of friction, since the area over which the junctions are
formed is almost independent of the apparent area of the sliding surfaces
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and is directly proportional to the applied load. With stationary sur-
faces or at low speeds of sliding this ‘cold welding’ is produced by the
intense pressure in the region of contact and at higher speeds it is
assisted by a high-temperature softening or melting of the metal. 1t is
the shearing, deformation, and plucking away of these metallic junctions
which constitute the physical wear of metals, and the various ways in
which this can occur are investigated. The smearing of a thin layer of
a soft metal over a harder one can be effective in reducing the friction,
and the part which this may play in the action of bearing alloys is
considered.

The interaction between metal surfaces and the intimacy of contact
between them is profoundly changed by the presence of adsorbed films
of gas or of oxide and some study of this is made. It is shown that the
friction and adhesion between naked metal surfaces is very great. A brief
account of the frictional behaviour of some non-metallic solids is
included, but the experimental background is incomplete and it is clear
that further work is necessary.

We then turn our attention to lubricated surfaces. In general,
enginecrs strive to obtain fluid lubrication, where the surfaces are sepa-
rated by a relatively thick film of lubricant and the frictional resistance
is determined essentially by the hydrodynamic properties of the fluid.
The fundamentals of hydrodynamic or fluid lubrication have been well
cstablished since the pioneer work of Osborne Reynolds in 1886. Under
many conditions of operation, however, it is not possible to maintain
fluid lubrication and the surfaces are separated only by a boundary
layer which may be of molecular dimensions. It is this aspect of lubrica-
tion with which we are mainly concerned herg. In particular we con-
sider the general behaviour of metal surfaces lubricated with boundary
films of long chain molecules. It is shown that the earlier view that
lubrication is due to pbysically adsorbed oriented monolayers sliding
over one another is an oversimplification. The use of radioactive metals
and other sensitive physical methods shows that in general some pene-
tration of the boundary film occurs with a consequent localized metallic
adhesion. It is shown that the lubrication of metals by fatty acids is
most effective only when the acids react with the metal to form the soap.
The attack of the metal frequently occurs via the oxide film, so that
inert metals or metals which are free from oxide may not be effectively
lubricated by fatty acids. The lateral adhesion between the hydro-
carbon chain is of primary importance, so that the surface films act as
efficient boundary lubricants only when they are ‘solid’. Electron
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diffraction experiments on the structure of these films and on their
disorientation or ‘melting’ as the temperature is raised support this
view. The chemical attack of the surface is also of major importance
in ‘extreme pressure’ lubrication, and a study is made of the mechanism
of lubrication by compounds containing sulphur and chlorine and other
active groups.

Although this book does not deal with full fluid lubrication, some
experiments are described on the lubrication between the piston ring
and eylinder wall of a running engine and of the lubrication in a journal
bearing. Itisshown that breakdown of fluid lubrication and momentary
contact between the surfaces can occur very readily.

Some account is then given of the impact between colliding solids
both in the absence and in the presence of liquid films. It is shown that
the forces transmitted through the liquid film may readily cause plastic
deformation and damage of metals although no solid contact occurs.

After a discussion of metallic wear an account is given of some experi-
ments on the mechanism of the adhesion of metals and other solids and
of the influence of surface films on the adhesion. The adhesion experi-
ments provide direct evidence for the formation of metallic junctions
between metal surfaces. Under appropriate conditions the normal force
required to separate the surfaces may be of the same order as the
tangential force required to slide them over one another; in fact, the
‘coefficient of adhesion’ may be nearly equal to the coefficient of friction.

The last chapter deals with chemical reaction which is produced by
impact and by friction, and discusses the initiation of cxplosions which
are produced in this way. It is shown that the generation of localized
frictional hot spots plays an important part in these reactions.



I
AREA OF CONTACT BETWEEN SOLIDS

MEASUREMENT OF SURFACE IRREGULARITIES AND
SurrAcE CONTOUR

It is a very difficult matter to prepare surfaces which are really flat.
Even on carefully polished surfaces, hills and valleys are present which
are large compared with the size of a molecule. If two solids are placed
in contact, the upper surface will be supported on the summits of the
irregularities, and large areas of the surfaces will be separated by a
distance which is great compared with the molecular range of action.
Although the techniques of grinding and polishing have advanced in the
past few years, it is still a difficult matter to prepare surfaces of appre-
ciable size which are flat to within 100 to 1,000 A. Most of the surfaces
used in enginecring practice have surface irregularities which arc very
much greater than this. Since the range of molecular attraction is only
a few Angstroms, we may cxpect that the area of intimate contact, that
is, the area over which the surfaces are within molecular range, will,
even for carefully prepared surfaces, be quite small. In recent yecars
our knowledge of the surface structure and surface contours of solids
has advanced considerably, and various experimental methods have
been developed and applied to the measurement of the size and shape
of the irregularities which are present on solids. Some of the methods
used in the work which we shall describe may be mentioned briefly here.

»

Stylus methods

Instruments have been developed which amplify the movement of a
tracer needle as it passes slowly over the surface and follows its contours.
The stylus is usually a conical diamond which may have a radius of
curvature at its tip as small as 2X 10-* em. The vertical movement of
the stylus is amplified electrically and recorded on a moving paper.
Considerable ingenuity and precision has been employed in the design
and construction of these instruments, and they can operate successfully
with a vertical magnification of 40,000. Certain inherent difficulties
arise at high magnification, such as the difficulty of fixing accurately
the reference datum level and, if the surface is soft, its damage by the
stylus. A great advantage of this type of instrument is that it gives a
record of the surface contour more quickly and conveniently than other
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methods, and it does not involve the destruction of the surfaces. Its
ultimate sensitivity is limited by the finite size of the needle which
prevents it from penetrating the finest scratches or irregularitics. It
will, however, under favourable conditions, detect pits or scratches which
are only 250 A deep. An excellent account of the underlying theory and
of the value and the limitations of stylus methods has been given by
Reason, Hopkins, and Garrod (1944) (sce also Conference on Surface
Finish, 1939). Measurements by the Talysurf instrument of surface
irregularities and of the surface contour of solids arc described later.

Optical interference
Simple two-beam interference methods for measuring surface contour
have, of course, been in use for a long time. A familiar example is the
use of Newton’s rings between a lens and an optical flat to measure the
lens curvature. With this simple method the light and dark interference
bands arc comparatively broad. The variation of intensity from one
maximum to the next is a sine squared function and the width of a
‘line’ at half-maximum intensity is 50 per cent. of the spacing of the
lines. This means that detail causing a shift of the maximum of less
than 1/5th of an order would be almost invisible. Tolansky (1948) has
recently made notable advances by developing interference methods to
a high degree of sensitivity. If the surfaces of the optical flat and the
lens are coated with a layer of silver having a high reflecting coefficient
(85-95 per cent.) and a significant transmission coefficient, the incident
light will be reflected back and forth and the interference pattern will
be the resultant of all these beams. The effect (which is analogous to
increasing the number of lines on a diffraction grating) is to leave the
maxima and minima of intensity as before, but to alter the distribution
of intensity between one maximum and the next. The position of the
maxima is given by the usual formula:
nA == 2ut cos 0,

where A is the wave-length of the light used,

p is the refractive index of the material between the silvered

surfaces,

¢ is the thickness of the gap between the silvered surfaces,

6 is the angle of incidence measured from the normal,

7 is an integer for maxima of illumination.

The intensity distribution is similar to that obtained in a Fabry—Perot

interferometer: narrow bright lines in a dark field; the width at half-
maximum intensity about 2 or 3 per cent. of the distance bhetween
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orders. Fine detail of imperfections of surface finish corresponding to
variations of thickness of the film 1/100 of that between successive
orders is easily visible. Taking A = 5,000 A, this corresponds to the
detection of features 25 A high. Plate I. 1 shows typical interference
fringes obtained in this way by Mr. Courtney-Pratt between a very flat
surface and a piece of commercial plate-glass. The ripples in the fringes
correspond to surface irregularities of the order of 100 A.

unts
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Fia. 1. Thickness of a flake of mica determinod by optical interference between
" the two faces of the flake using the multiple reflection tochnique. The changes in
thickness are accurate to about 43 A and aro integral multiples of the lattico
spacing of the mica.
»

For this sort of accuracy, considerable attention must be paid to the
details of the physical layout of the optical system. Also, the silver
must be put on the surfaces very uniformly so that it follows the
contours of the surface precisely. Atomic evaporation in a high vacuum
and extreme cleanliness of the surfaces are most important; and the
silver must be pure or its optical absorption is troublesome. The optical
flat must be of high quality and exceptional smoothness at least over
small areas. The angle between the reflecting surfaces on either side of
the ‘wedge’ must not be too great and, even more important, the actual
separation of the reflecting surfaces must be kept to the absolute
minimum.

By a modification of the method and the use of a spectrograph and
white light the sensitivity can be increased still further, and steps and
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similar features in the surface as small as 10 A or 15 A can be easily
detected and their magnitude measured to an accuracy of about
2 A or 3 A. Using this method, Tolansky (1945) has shown that the
cleavage face of a crystal is usually not flat over any appreciable
arca but contains steps many hundreds of Angstréms high, which are
a definite multiple of the atomic spacing. A typical result obtained by
Mr. Courtney-Pratt, showing the contour of the cleavage faces of mica,
is shown in Fig. 1. This refined optical method has been applied by
Mr. Courtney-Pratt to the measurement of the surface irregularities and
the surface damage of sliding solids, and also to the measurement of the
frictional interaction between solids at very small displacements.

Electron microscope

The electron microscope is a powerful tool for the examination of
surface irregularities and surface structure. In its present state of
devclopment the instrument is capable of a useful magnification of the
order of 100,000 and has a limit of resolution of about 20 A. Since
satisfactory ‘metallurgical’ electron microscopes which would work by
reflection have not yet been developed, transmission must be used. Tt
is therefore necessary to prepare thin replicas of the surface which can
be studied by transmission, and the preparation of these replicas is
frequently troublesome. In order to estimate the height of the surface
irregularities, the shadowing method must be used (Williams and Wyck-
hoff, 1944). The surface of the replica is bombarded with atoms of a
heavy metal (such as gold or chromium) from small fragments of the
metal heated in vacuo. The angle of incidence of the metal atoms is
very small and a small projection on the surface therefore throws a
long ‘shadow’. The height of a surface projection is estimated from the
length of the shadow and the angle at which the surface is bombarded.
By this mecans it is possible to estimate the height of a surface asperity
of the order of only 30 A.

Some of the later types of electron microscope are fitted with a
tilting object stage to enable stercoscopic pairs of electron micrographs
to be obtained. Pictures of great beauty have been made in this way,
but it is questionable whether this method is quantitatively as accurate
as the shadowing technique described above.

Electron microscope pictures of the most carefully polished surfaces
will usually reveal surface irregularities or scratches which cannot be
detected by the optical microscope but which are very large compared
with molecular dimensions. The small hills and pits present on an
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electrographically polished aluminium surface may be clearly seen in
Plate I. 2, where the magnification is 80,000. The height of the little
hillocks varies from 100 to 1,000 A. Electron microscope pictures of
surface structure and surface damage are given in Chapter IV.

Oblique sectioning

A standard method of studying surface irregularities is to cut a
cross-section at right angles to the surface and examine it under the
microscope. For small surface irregularities the hlghebt powers must
be used and the arca of the field is

therefore very restricted. Also, the e /
minimum size of irregularity which L e

can be observed is limited by the - /
resolution of the microscope. Pro- =

vided the surface irregularities are |~

elongated in one direction—this Fie. 2. Sketch showing the principle of the
is s0, for example, with scratches ©blique-section techniquo. For an angle «
Lo A of about 6° the vertical magnification is
caused by grinding or abrasion and 10 times the horizontal.
with the surface damage caused by
sliding—both these limitations can, to a considerable degree, be over-
come by cutting the section obliquely to the surface. In this way a
taper section is obtained with the vertical component of the surface
contour greatly magnified relative to the horizontal one. Fig. 2 illus-
trates diagrammatically the effect of cutting a section at an angle to
a surface which contains a V-shaped groove. The ratio of the magnifica-
tion in the vertical and in the horizontal direction in the final section
is the cosecant of the angle «. If the section is dut at an angle o = 5° 43’
the ratio of the vertical to the horizontal magnification would be 10:1.
It is necessary to protect the surface irregularities from damage by
clectroplating with a metal of similar hardness. This method of cutting
is, of course, not new, but it appears to have first been described
by Nelson (1940). It has been further developed by Dr. A. J. W. Moore,
and its application to the study of surface damage is described in
Chapter IV.

Oblique sections prepared in this way by Dr. A. J. W. Moore which
show some characteristic contours of surfaces which have been finely
scratched, machined, and also lapped with abrasives of varying degrees
of fineness are shown in Plate I. 3 a, b, ¢, and d. It is seen that, even
with the finest abrasive, the surface irregularities are of the order of
10-5 ¢m. in height.
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AREA OF CONTACT BETWEEN SOLIDS

If the surfaces are polished, the effect, as we shall see in Chapter III,
is to cause the summits of the peaks to flow into the valleys so that the
contours resemble rolling downs rather than rugged alpine peaks. Again,
however, the surfaces will touch on the summits of the hills and the area
of intimate contact will be small. This means that even with lightly
loaded surfaces, the pressure at the points of contact will be high, and
it is these small regions of intimate contact that arc responsible for
the friction, surface damage, and interaction between the solids. As the
load is increased, the irregularities will crush down and distribute the
load over a larger area. We may now ask, What are the factors that
determine the real area over which the load is supported ?

Asperities of spherical shape
We first consider an idealized case. Let us assume that the tips of
the asperities arc perfectly smooth and spherical in shape. Suppose the

\/\4/

k2a>1
@ (b)

F1¢. 3. Contact betwoen a spherical and a flat surface. (a) Contact under zero load.
(b) Contact under a finite load. If the load is not too large the deformation is clastic
and the size of tho circlo of contact is given by the Hertzian equations.

asperity rests on a softer metal and that at the region of contact the
surface of the softer metal may be considered to be plane (see Fig. 3a).
Tf the surfaces arc pressed together with a load W they will at first
deform elastically according to Hertz’s classical equations (Hertz, 1886).
The region of contact will be bounded by a circle of radius @, where

o= Z )

where 7 is the radius of curvature of the asperity, and F,, E, are Young’s
moduli for the asperity and the surface respectively (see Fig. 3b). At
this stage, therefore, the area of contact 4 = ma® will be proportional
to W1, whilst the mean pressure over the area of contact p,, = W/ma?
will be proportional to W The way in which 4 and p,, vary with W
is shown in Fig. 4. In this range the deformations involved are elastic
and are reversible: if the load between the surfaces is removed they
return to their original configuration.
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As the load W is increased the mean pressure p,, increases until it
reaches such a value that at a critical point within the softer material
the elastic limit is exceeded. This occurs at the region where the shear
stresses are a maximum. The Hertzian analysis shows that this region
is situated at a point Z about 0-6a below the centre of the circle of

W

Fio. 4. Elastic deformation. Graph showing the area of contact 4 and the mean
pressure p,, as a function of the load ¥, for a sphere pressing on a flat surface.
4 varies as W3 and p,, as Wi,

»

contact (Timoshenko, 1934). The clastic limit is just exceeded at this
point when p, = L1V, 2)
where Y- is the elastic limit of the softer metal as found in pure tension
(or frictionless compression) experiments. At this stage the metal
around Z (Fig. 5a) is plastic and yields irreversibly. The material
outside this region has not yet reached the conditions for plasticity and
its deformation is still essentially elastic. Consequently, when the load
is removed only a very slight amount of residual deformation remains.

If now the load is increased further, the area of contact 4 and the
mean pressure p,, rise in a manner which deviates increasingly from
that shown in Fig. 4. The region of plasticity around Z grows rapidly,
and a stage is soon reached at which the whole of the material around
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the region of contact is flowing plastically (Fig. 5b). At this stage the
theoretical work of Hencky (1923) and of Ishlinsky (1944) shows that

P = C’Y’ (3)

where ¢ has a value of approximately 3.

Ne

Flastic reglon

(@) (b)

Fia. 5. Plastic deformation of a flat surface by a havder spherical surface. (@) The

onset of plasticity occurs at the point Z below the surface when the mean pressure

P = 1-1Y. (b) At alater stagoe the whole of the material around the indentation
flows plastically ; at this stage p,, =~ 3Y.

If the load is still further increased it is found that although the size
of the deformed arca increases, relation (3) is still valid, provided
(i) the deformed area is not too large compared with the size of the
specimens, (ii) the clastie limit Y does not increase as a result of the
plastic deformation produced, i.e. provided there is no work-hardening.
In practice, of course, it is impossible to find a metal that does not
work-harden, but a close approximation may be obtained by using
metals which have becn so highly worked that further deformation
produces no appreciable change in their elastic limit.

Some simple experiments along these lines have indeed fully con-
firmed the general validity of equation (3). A hard steel sphere was
pressed into the surface of various metals which had been very highly
worked. The mean pressure p,,, which we may call the ‘yield pressure’,
was found to be almost independent of the size of the indentation, and
therefore of the load. (There is a slight increase in p,, when the indenta-
tions are large, presumably due to the increased confinement of the
displaced material (Bishop, Hill, and Mott, 1945), but the effect is
small.) Comparison between these values of p,, and the elastic limit
of the materials as found in ‘frictionless’ compression experiments is
shown in Table I. It is seen that the constant of proportionality is
established for materials ranging in yield pressure from p,, = 6 to
190 kg./mm.?
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TaBLE I
Work-hardened Y Pm
metal kg.Jmm?2 | kg./mm?2 |c = p,|Y
Tellurium-lead . . 2-1 6-1 2-9
Coppor . . . 31 88 2-8
Steel . . . 65 190 2-8

Reverting to our earlier model, we may now describe graphically the
variation of p,, with load for materials which do not work-harden
(Fig. 6). The portion OL represents the increase of p,, with W over

M N
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F16. 6. Graph showing the variation of p,, with W as a hard sphero is pressed into a

flat surfaco. The initial doformation OL is elastic and p,, varies as W ¥, Plastic

deformation commences at I and continues until tho»whole of tho indentation

is flowing plastically. At this stage (MN) the mean pressure p,, is almost
independent of 1.

the purely elastic range where the deformation is completely reversible.
At the point L where p,, reaches a value of about 1-1Y the onset of
plastic deformation commences. There is a gradual increase in p,, and
a value is reached at about p,, = 2-8Y where ‘full’ plasticity occurs.
The mean pressure is now more or less independent of the force W and
follows the curve MN.

If the deformation beyond L still followed the elastic equations the
load at which p,, becomes equal to 2-8Y would be (2:8/1-1)3, i.e. about
16 times the load at L. That is to say that full plasticity would be
reached at a load about 16 times that at which the onset of plasticity
occurs. Kxperiments show, however, that once plastic flow has
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commenced the pressure increases somewhat more slowly than this and
full plasticity occurs at a load between 50 and 100 times that at which
the onset of plastic flow commences.

It is interesting to calculate the range of OL for various metals.
Assuming that the onset of plasticity occurs where p,, = 1-1Y, the
corresponding load W, is found from equation (1) to be

2
Wy = 13158, 2] *)
If we assume that the hard spherical asperitics have a Young’s modulus
E, of 2.10'2 dynes/cm.2 (the usual value for steel), the onset of plasticity
for various metals occurs at loads given in Table II.

TasrLe I1
7 g
Y Pmat L E, (.‘_ .1_) ———Ll' . —_——
Material kg./mm.2 | kg./mm.2 | dynes/cm.? E, ' E, r==10"%em. |1 = 10";ﬂ r=1cm.

Telurium-lead 2-1 2-3 0-16 x 10 | 45-5 %1072 8x107® 8107t 8
Conunercial 20 22 1-2x 10" | 178> 107 2:5x107° 2:5% 1072 250

copper
Highly worked 31 34 1-2X10' | 178 x 1072 | 9-1x 107 91x 1072 910

copper
Mild steel 65 71 2x 10t 1X107%¢| 4-7x107¢ 0-47 4,700
Tool steel 200 220 2x 101 1x107%¢| 1-4x1073 14 14.10¢

It is clear from these results that for radii of curvature of the order
of r = 10~ ¢m. the load required to bring the deformation up to the
onset of plastic flow is extremely small. For example, even with tool
steel, the load necessary to initiate plastic deformation is of the order
of 10-3 gm., whilst ‘full’ plasticity will be reached at a load less than
0-1 gm. It follows that when metal surfaces are in contact, even under
quite small loads, the material around the finer surface asperities is
subjected to stresses that readily exceed the elastic limit. Indeed, in
most cases the material around the tips of the asperities will be deformed
well beyond this range and will be subjected to ‘full’ plasticity, the
mean pressure over the deformed areas being given by the relation
Pm == 3Y. If the asperities are softer than the surface against which
they press, so that the asperities themselves are deformed plastically,
similar considerations apply. For metals which do not work-harden
Y is a constant, so that p,, is a constant. Consequently the arca A
over which plastic flow occurs is directly proportional to the load W
and inversely proportional to the yield pressure.

Effect of work-hardening
We shall now consider the deformation produced by spherical surfaces
when Y increases with the deformation. We again consider the simple
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model of a hard spherical surface penetrating the surface of a softer
metal. Both surfaces are assumed perfectly smooth. If the metal does
not work-harden, so that Y is a constant, then, as we saw above,
P, = 3Y = constant. If now the metal is capable of work-hardening,
the formation of this indentation itself will produce an increase of the
elastic limit ¥. Theoretical consideration and practical measurements
show that the elastic limit around the indentation will not be constant
but will vary from point to point. Nevertheless, we may assume an
average or representative value of the elastic limit which is related to
the mean pressure p,, by a relation of the same type as equation (3).
A detailed experimental investigation shows that, in fact, the elastic
limit Y, at the edge of the indentation may be used for this purpose.
If p,, is compared with Y, we find that over a wide range of indentation
sizes p,, = c¢Y,, where ¢ has a value lying between 2-7 and 3. Further,
if d is the diameter of the indentation and D the diameter of the
indenter, the shape of the indentation is completely defined by the
dimensionless ratio d/D, and it is found that the deformation corre-
sponding to Y, is approximately proportional to the ratio d/D. 1f we
express the deformation & at the edge as a percentage strain, the factor
of proportionality is approximately 20, so that we may write

5 — 20(%). (5)

An example will make this clearer. Suppose we use a hard sphere of
diameter 1 em. and apply such a load that an indentation is formed of
diameter 5 mm. The ratio d/D is { and the effective deformation is
10 per cent. From a stress-strain curve for the metal we may find the
elastic limit corresponding to a strain of 10 per cent. This is now the
value of the ‘representative’ elastic limit for an indentation of this size,
and it will be found that this value is directly proportional to the yield
pressure p,,, the factor of proportionality being about 2:8 (Tabor, 1948).

If we make a series of indentations in the surface at increasing loads
we find that p,, increases with the size of the indentation, the plot of p,,
against d/D giving the points shown in Fig. 7. We may now convert
the d/D axis into equivalent deformations 8, using the relation 8 = 20d/D.
Then with this as the deformation or strain axis we plot the stress-strain
characteristics of the metal, multiplying the stress ordinates by the
ratio 2-8. It is seen that this curve coincides with the indentation
measurements. Thus the indentation measurements really follow the
work-hardening characteristics of the metal.
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We may express this variation of p,, with indentation size in a quanti-
tative manner. Suppose W is the load between the sphere and the
surface when the diameter of the indentation is d. Then

_¥

m pd?
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o 28y
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I // Equivalent deformation 7,
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Fra. 7. Plastic deformation of mild steel (curve A) and annealed copper (curve £3)

by a hard steel sphere of diameter ). The mean pressure p,, is plotted aguinst d/1),

whero d is the diameter of the indentation. The parameter d/D provides a

measure of tho work-hardening produced around the indentation and there is

close agreement between the indentation measurements (circles and crosses) and
the stress-strain curves of the metals (full line).

To a first approximation the elastic limit for many metals is found
to be a simple power-function of the deformation or strain, i.c. ¥ —= b8*
(Nadai, 1931).

Then Py = ¢Y = cbd® = constant X (d/D)*.
ar
Hence W=k e’ (6)

where n = z+2. For many annealed metals x has a value of about },
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Fia. b, Taper section of deep indentation in annealed grooved copper surface
showing persistence of grooves after extensive bulk deformation.

¢, Before indentation d. Centre ot indentation

116, ¢ and d. Comparison of grooves before and after indentation. The work hardening
of the asperities increases their yield pressure considerably above that of the under-
lying bulk material.
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so that for a fixed value of D the area over which plastic flow occurs
is given by 2
A=W, (7)

This means that the area of real contact is not quite proportional to
the load on account of the work-hardening. If the material is partially
work-hardened, as is usually the case, the work-hardening accompany-
ing indentation proceeds less rapidly. A relation similar to equation (6)
still holds, but the index = is closer to 2. For example, with ordinary
extruded brass or mild steel the value of n is about 2-15. Consequently
the area of contact is proportional to W¢?2, With fully worked metals,
where the elastic limit is not changed by further deformation, the yicld
pressure is, as we have seen, independent of the size of the indentation,
and the area over which plastic flow occurs is directly proportional to W',

Similar relations are found to hold for a soft hemisphere pressing
against a flat surface of a harder metal and for two hemispheres of the
same metal pressing against one another (O'Neill, 1934). The area of
contact for fully anuealed materials varies approximately as W, whilst
for fully worked specimens the arca of contact is directly proportional
to W, provided the deformed region is small compared with the dimen-
sions of the surfaces.

Asperities of conical and pyramidal shape

Let us now consider the behaviour of asperities which are conical
or pyramidal in shape. For simplicity we shall again consider a hard
conical or pyramidal indenter penetrating the surface of a softer metal.
The surfaces of the indenter and the metal are both assumed to be
perfectly smooth. ’

The tip of the indenter may be considered to be a portion of a sphere
of vanishingly small radius of curvature. Consequently, as we see from
equation (4), an infinitesimal load will deform the metal surface beyond
its elastic limit and a condition of ‘full’ plasticity will readily be estab-
lished. As the indenter penetrates the surface it is again found that,
for a metal which does not work-harden, the yield pressure p,, is related
to the elastic limit of the metal by a relation of the type p, = cY.
The factor ¢ is constant for any given indenter, but varies with its
angle. The more pointed the indenter the higher the value of ¢, pre-
sumably on account of the greater confinement of the displaced metal.
Typical results taken from a paper by Bishop, Hill, and Mott are
plotted in Fig. 8 for the indentation of highly worked copper by conical

3595,72 o
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indenters of various angles. It is seen that for semi-angles « ranging
from 60° to 90°, ¢ decreases from 3-6 to about 2-9, so that for indenters
of large semi-angle the constant of proportionality does not vary
rapidly with the angle and has a value of about 3. For indenters of
small semi-angle, however, ¢ is appreciably higher and increases more
rapidly as « decreases. However, for any given indenter, since p,,
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F1c. 8. Yield pressure p,, as a function of semi-angle « of cone. Experimental

behaviour of work-hardened copper deformed by stecl. Full line: deformation of

a flat surface by a hard cone. Broken line: deformation of a cone by a hard flat
surface. '

remains constant, the area over which plastic flow occurs is directly
proportional to the load.

With a metal which work-hardens, the amount of work-hardening
produced by the indentation itself will depend on the shape of the
indenter. In general a sharp cone will produce more work-hardening
than a blunt one, so that it will produce a greater increase in the
‘representative’ elastic limit of the metal. This factor, together with
the increased value of ¢, will make the yield pressure for a sharp cone
appreciably higher than for a blunt one. Nevertheless for an indenter
of fixed semi-angle the effective deformation remains the same what-
ever the size of the indentation produced, since a conical or pyramidal
indentation in an infinite flat surface is geometrically similar whatever
its size. Consequently for a given indenter, p,, remains independent of
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the load.t This means that even with a material capable of work-
hardening, the area over which plastic flow occurs is directly propor-
tional to the load W.

Similar considerations apply if the pyramid or cone is of a softer metal
and its tip is squeezed flat by a harder flat surface. In this case, however,
the pressure resisting deformation will decrease with the semi-angle, since
a semi-angle of 0° is equivalent to a cylinder for which p,, =Y. Thus
as a decreases from 90° to 0° p,, will decrease from 2-9Y to Y. A typical
result for work-hardened copper cones is shown dotted in I'ig. 8 and
confirms this characteristic. It is seen that for blunt cones varying
in semi-angle from about 60° to 90° the constant of proportionality
connecting p,, with ¥ does not vary very rapidly and has a mean value
of about 2-7. If the material of which the cone or pyramid is made is
capable of work-hardening, the arguments used above still apply. In
general, a sharp cone will work-harden more than a blunt one. Never-
theless, for a cone of fixed semi-angle the shape of the deformed tip will
be geometrically similar whatever its size. Consequently p,, will remain
constant and the area over which plastic flow occurs for both annealed
and work-hardened metals will be directly proportional to the load.

The area of real contact

It follows from these results that when metal surfaces rest on one
another the peaks of their asperities readily deform plastically, the
mean pressure being given by p,, = cY. Y is some ‘represcntative’
measure of the elastic limit of the deformed metal at the tip of the
asperitics. The factor ¢ depends on the shape and size of the surface
irregularities, but for conical and pyramidal asperities of a wide range
of angles and for hemispherical asperities, ¢ has a value of about 3.
Thus the yield pressure of the surface irregularities is approximately
equal to 3Y.

With conical and pyramidal asperities the yicld pressure is indepen-
dent of the amount of deformation that has occurred so that the area
of real contact is directly proportional to the load W. With hemi-
spherical asperities this is only true for metals that are highly worked.
For annealed metals 4 is more nearly proportional to Wt. However,

t Experiments show (Tabor, 1948) that the representative deformation produced by
the pyramidal diamond used in the Vickers hardness test is about 8 per cent., whilst
the factor of proportionality connecting the yield pressure with the representative value
of the elastic limit is about 3-4. This enables the Vickers hardness number to be calcu-
lated from the stress—strain characteristics of the metal ; there is close agreement between

the obsorved and calculated values for a wide range of materials and degrees of work-
hardening.
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the surface asperities themselves are usually work-hardened by the very
process of preparing the surface. Consequently we may expect that in
most practical cases for all types and shapes of surface irreqularities the
real area of contact will be very mearly proportional to the load. That is,

1
A=W, (8)
Pm
where p,, is the mean yield pressure of the asperities.
In contrast, as we saw from equation (1), elastic deformation implies

that A — KW 9)

Area of real and apparent contact

We have already seen that for bodies of small radius of curvature the
condition for plasticity is reached at extremely small loads. The results
in Table II, however, show that for bodies of large radius of curvature
the load at which the onset of plastic deformation occurs will be very
much greater. For example, for an extremely hard spherical surface of
radius 1 em. pressing on highly worked mild steel the initial deformation
is elastic up to a load of about 5,000 gm. In practice, however, it is
almost impossible to obtain perfectly siooth surfaces. ‘Consequently for
loads below 5,000 gm. the fine surface irregularitics will be deformed
plastically whilst the bulk of the underlying metal will deform elasti
cally. This means that as the load is increased from zero to 5,000 gm.
the area of the surface asperities over which plastic flow has occurred
will increase proportionally to the load. On the other hand, the apparent
area of contact, where the deformation is still essentially elastic, will
increase as W¥. When the load exceeds 5,000 gm., plastic deformation
of the bulk will commence, and at a load of a few hundred kilograms
the main part of the specimen will have reached the condition of full
plasticity. There is now plastic deformation on a macroscopic scale, and
the mean pressure over the large deformed area will be a measure of the
elastic limit of the material in bulk. These are the conditions which
apply in most practical ‘hardness’ measurements.

An extreme case of this effect is shown by some profilometer records
recently made by Dr. A. J. W. Moore (1948) on a work-hardened copper
surface in which a scries of fine parallel grooves had been cut. A hard
steel cylinder was placed parallel to the grooves and pressed into the
surface. Profilometer records of the resulting indentations formed at
various loads are shown in Fig. 9. Fig. 9(a) is for a light load where the
tips of the asperities have been deformed plastically, whilst no plastic
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deformation has occurred in the underlying material. In Fig. 9(b)
there is a slight deformation of the bulk material, whilst in Fig. 9 (c),
for a very heavy load, the bulk deformation has been very severe.
Even in this case, however, it is interesting to note that the irregularities
retain their identity and are clearly visible even at the bottom of the
indentation.

Fra. 9. Talysurf profilometer records of a grooved surfaco deformed by a hard
cylindrical indenter. (a) Deformation produced by a small load. The asperities
are deformeod plastically but the bulk of the metal is still deformed elastically.
(b) A further stage in tho deformation process. (¢) Under a heavier load both the
asperities and the bulk of the metal are deformed plastically, but the asporities
still retain their individual identity. The real area of contact (the flattened tips
of the asperities) is appreciably less than the area over which macroscopic
deformation has occurred.

It is clear from Fig. 9 (c) that marked plastic deformation has occurred
over two ranges. For the asperities it has oceurred at their tips, where
the elastic limit has been raised by work-hardening to a high value, say
Y,. Over these aspcritics the mean yield pressure is given by p, = c¥,,.
For the bulk material below the asperities, plastic flow has also occurred.
Here the elastic limit is relatively low, say Y, and the mean pressure
over the macroscopic indentation will be given by p, = c¥;. The real
area of contact is the sum of the flattened tips of the asperities, whilst
the apparent area of content is the region covering the macroscopic
indentation. The ratio of the real to the apparent area will be approxi-
mately equal to p,/p, = Y/Y,. In the given example, although the
original specimen was highly work-hardened, the ratio is about 1:2.}

This effect is also shown strikingly by an oblique section examination

1 It is possible that tho friction between the indenter and the tip of the asperity will
also serve to increase the effective yield pressure of the asperity.
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of similar indentations formed in moderately work-hardened copper. The
result for a very deep indentation is shown in Plate II. The figures con-
firm the remarkable persistence of the asperities even when the deforma-
tion of the bulk metal beneath them has been very heavy. The enlarged
pictures, Plate II, ¢ and d, show that the flattening of the asperities
is relatively small, although the work-hardening involved appears to
have been considerable. Here again the real area of contact is about
one-half the apparent area.

The greatest discrepancy between the real and apparent area of
contact occurs when flat surfaces (or spherical surfaces of opposite
curvature) are placed in contact. The apparent area of contact is the
area of the surfaces themselves. The real area of contact is the summed
arca of all the surface irregularities which are touching and which
support the load. Suppose, for example, steel flats of area 20 sq. cm.
are placed in contact. The apparent area of contact will be 20 sq. cm.
and it will be independent of the load. In fact, however, the surfaces
will be supported on their irregularities and these will crush down until
their cross-sectional area is large enough to support the load. For a
steel for which p,, of the asperities is, say, 100 kg./mm.? the area over
which the asperitics flow plastically will be proportional to the load
and will be equal to 10 sq. mm. when the load is 1,000 kg. Thus when
the surfaces are pressed together with a force of a ton the area oi real
contact will be 1/200th of the apparent area. For a load of 2 kg. the
area of intimate contact will be 1/100,000th of the apparent area. The
plastic flow of the asperities provides the real arca of contact which
supports the load. The stresses in the asperitics are taken up by the
elastic deformation of the underlying metal.

The effect of removing the load

So far we have only considered the effect of applying a given load.
We may now ask what happens when the load is removed. It is of course
clear that within the range of elastic deformation the process of deforma-
tion is completely reversible and a removal of the load enables the
surfaces to return to their original configuration.

Let us consider in greater detail the case when plastic deformation
occurs. We again take the simple model of a hard sphere penetrating
the surface of a softer metal under a load W to form an indentation
of diameter d. Supposc we remove the sphere and then replace it with
the original load W. The indentation should now be in exactly the same
condition as it was when it was originally formed. Thus any change
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which has occurred in the configuration of the surfaces between remov-
ing and replacing the indenter must be reversible, i.e. it must be elastic.
This means that the surface of the indentation ‘recovers’ elastically
when the load is removed and deforms elastically when the load is
reapplied. Consequently the ‘recovered’ indentation will have a radius
of curvature larger than that of the indenter. This is well established
in practical hardness measurements and is referred to as a ‘shallowing’
effect. Suppose the indenter has a radius of curvature r, and the
recovered indentation a radius of curvature r,. When the indenter is
replaced in the recovered indentation and the original load W applied,
elastic deformation of both surfaces occurs. The radius of curvature of
the contacting surfaces reaches a value r, where r, > r > r,, and the
diameter of the region of elastic deformation reaches a value of d. The
whole of this process follows Hertz’s classical laws describing the elastic
deformation of spherical surfaces of radii of curvature »;, and 7,, and
there is close agreement between the observed value of r, and that
calculated from the elastic constants of the materials.t At any stage
in this process if the load is reduced, there is a relaxation of elastic
stresses, and the area over which the surfaces touch is still given by
the elastic cquation. At the stage where the load reaches the value W
the elastic deformation has reached its end. The whole of the surface
is in a state of ‘incipient’ plasticity, and if the load is increased by a
small amount, further plastic deformation occurs and the indentation
increases in size. .

We may now take the results in Fig. 6 one stage farther and describe
graphically the deformation of a metal surface by a hard spherical
indenter as the load W is increased and then reduced. Fig. 10 shows
the area of contact 4 as a function of W for a metal which does not
work-harden. Over the range OL the deformation is elastic and 4 is
proportional to W#, asin Fig. 6. At L the onset of plasticity commences
and the value of p,, gradually increases with the load. At M full plas-
ticity is reached, the yield pressure is now almost constant, and the
area A increases linearly with W along the straight line MN. If the
load is removed at N, the surfaces recover elastically and the area 4
varies again as Wi The curve NQO is reversible so long as the load
does not exceed Wy. When the load exceeds Wy further plastic deforma-
tion occurs and the area increases along the line NN'.

1 The clastic energy which is stored in the surfaces and which is rocoverable when the
load is removed may be readily estimated. Simple calculations show that this energy is
responsible for the rebound observed in the plastic deformation of surfaces during impact
(see Chapter XIII).
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Similar considerations apply to any bodies which deform one another
plastically. When the load is reduced there is relaxation of elastic
stresses in the bodies and the surfaces separate according to the laws
of elastic deformation. For clean metals the separation may be hindered
if there is strong adhesion between the surfaces when the load is first
applied. The metallic junctions so formed may not be broken by the

NI

/
[ A—Onset of plastic deformation

‘L Initis/ elostic deformation
0 w

F16.10. Area of contact 4 as a function of the load W for increasing and decreasing

load. Once full plasticity has been reached (M) the area 4 is proportional to W (full

line MNN’). For decreasing load tho area is detormined by the elastic oquations
and A is proportional to Wi (broken line NQO).

released elastic stresses when the load is reduced and the arca of contact
may not decrease appreciably. As we shall sce in Chapter XV, this is
particularly marked with soft metals. With harder metals or with
contaminated surfaces, however, the junctions appear to break readily
on reducing the load and the deccrease in area of contact follows the
elastic equations. This applies both to the surface irregularitics and to
any macroscopic plastic deformation that may occur. For example
in Fig. 9(c) both the tips of the surface irregularities and the contour
of the macroscopic indentation have recovered elastically. The reappli-
cation of the original load will cause both types of surface to deform
elastically until they reach the contour they occupied during the original
deformation.
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ELECTRICAL RESISTANCE AS A MEASURE OF
ArEa oF REAaL CoNTACT

So far our discussions have been based on the theory of plastic and
clastic deformation and on visual examination of the surfaces before and
after they have been placed in contact. We may now consider a method
which provides a measure of the arca of real contact whilst the surfaces
are actually in contact. This consists of determining the electrical

4
- 20 ]

Fic. 11. Flow of current through a circular constriction of radius @ in a massive
conductor of clectrical conductivity A. The constriction produces an effective
‘spreading resistance’ R of amount B = 1/(2a).

resistance between the touching surfaces (Holm, 1946; Bowden and
Tabor, 1939).

Let us suppose that two massive metal specimens A and B of specific
conductivity A make contact over a circle of radius a. If current flows
from A to B it is concentrated into the constriction and spreads out
on either side of it (Fig. 11). This constriction of the current stream
introduces a spreading resistance R (Ausbreitungswiderstand), the value
of which depends on A and a. Maxwell considered a similar problem in
1873 when he determined ‘the correction which must be applied to the
length of a cylindrical conductor of radius a when its extremity is placed
in metallic contact with a massive electrode’. He showed that to a very
close approximation, if @ is small compared with the size of the electrode,
the additional resistance produced by the spreading of the current is
equal to 1/(42)). In the above case the contact between the two massive
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specimens is equivalent to two such junctions in series, so that the
spreading resistance from A4 to B is given by

1
= 53"

This model assumes that over the circle of contact the surfaces are
within range of one another’s fields of force so that, from the point
of view of electrical conduction, the specimens 4 and B behave as a
continuous single conductor of uniform conductivity A. Those portions
of A and B which are a few Angstréms apart will also be partly con-
ducting on account of the ‘tunnel’ effect, though the effective conduc-
tivity will be very much lower than for a metal. For portions of the
surfaces more than about 5 A apart the tunnel effect is negligible.
Consequently the contact resistance, if the region of contact is essen-
tially metallic, provides a reasonably close measure of the real area of
contact between the surfaces, that is, the area over which onc surface
is within molecular range of the other.

In practice, however, most surfaces are covered with oxide layers and
other contaminant films, the resistance of which may readily dominate
the contact resistance. If we assume the surface films to be of constant
thickness on cach surface and to have a resistance per sq. cm. of o, the
combined resistance of the junction will be approximately

1 20
R, = %—l—

(10)

(11)

ma?
It is seen that the ‘true’ spreading resistance part is proportional to 1/a;
the film resistance to 1/a?.

Some measurements were made of the electrical contact resistance B
between various metal surfaces under various experimental conditions.
In nearly all cases the resistance was measured by a current-potential
method, as R is often small compared with the resistance of the leads.
Typical arrangements of crossed cylinders and of a sphere on a flat are
shown in Fig. 12.

When the metal surfaces were placed together with a light load the
resistance was at first variable. If a vibrating tuning-fork was held
against the surfaces the resistance decreased slightly and reached a
steady state which was comparatively reproducible. The technique was
first developed by Meyer (1898). For very heavy loads this procedure
was not effective, but a slight relative movement of the surfaces
produced the same effect. Itis probable that this process breaks through
the contaminating films at the regions of contact.
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If the geometry of the surfaces is such that the region of contact is
a circle and is localized in one region, as in Fig. 12, we may form an

Potentiometer -]

Current
(a)

Current

7

Potentiometer \
{ .

(®)

Fie. 12. Arrangement for measuring contact resistance.
(a) Crossed cylinders. (b) Sphere on a flat.

estimate of the actual area of contact between the surfaces in several
ways:

i. From the electrical resistance. Assuming the contact to be essen-
tially metallic the area of contact is given by ma? where a is
obtained from equation (10). In applying this equation we may
ignore the effect of pressure and work-hardening on the specific
conductivity of the metal, since these are second-order effects.

ii. From microscopic examination of the permanent impressions left
in the surfaces.
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iii. From the yield pressure p,, of the metals. If W is the load and
the specimens are fairly highly worked, W = Ap,,. The value of
P, may be found from simple indentation experiments.

Some typical results (Bowden and Tabor, 1939) for silver and steel
surfaces are given in Table III.

TasLE IIT
Load R Area of contact, A sq. cm.
Surfaces kg. ohms From R | Visually|From p,,
Silver
Crossed cylinders . . 0-5|100x 10-¢ [ 0-0002 .. 0-0002
50 30%x107¢| 0-002 .. 0-002
500 9x10-¢ | 0-018 0-019 0-02
500-0| 1-9%x107% | 0-15 0-19 0-2
Steel
Crossed cylinders . . 1 [1-0x10°% | 0-00012 .. 0-0001
5 |49x107¢| 0-00061 .. 0-0005
50 1-6x 1074 | 0-0045 0-0045 | 0-005
500 | 4-9x107% | 0-042 0-045 0-05
Sphere on flat . . . 5 |45x107®| 0-00065 .. 0-0005
50 | 1-6x 1072 | 0-0045 .. 0-005
500 | 4-7x107% | 0-045 .. 0-05

Three conclusions follow from the results given in this table. First
the contact resistance is extremely small even for very light loads. For
this reason considerable care must be taken in the electrical measurc-
ments. Secondly, there is good agreecment between the three methods
of determining 4. This means that when the contact occurs over a
single well-defined region the electrical measurements provide a reason-
able measure of 4, provided the surfaces have been subjected to vibra-
tion in the appropriate way. Thirdly, in such cases the area of contact
is not very different for surfaces of different shapes; A is determined
essentially by the load and the yield pressure.

Effect of load on contact resistance

If the surfaces are placed together and subjected to vibration the
contact resistance rcaches a low, relatively reproducible, value. If
the load is increased there is very little reduction in resistance (unless the
surfaces are again vibrated), presumably on account of the relatively
high resistance of the surface layers. If, however, the load is reduced
after the surfaces have been vibrated we may expect that the variation
in resistance with decreasing load will follow a well-defined relationship,
since the separating surfaces are now in a ‘reproducible’ state. For
example, the area of contact as the surfaces separate should follow the
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elastic equations so that ‘a’ should decrease as Wt. Consequently the
resistance should increase as W, if the resistance is mainly metallic,
and as W1 if the resistance is mainly due to very thin oxide films.
Numerous experiments show that as the load is decreased the resistance
increases in a fairly reproducible manner and follows a relation of the
type R = kW-", where » has a value ranging from about 1/2:2 to 1/2-6
according to the material of which the surfaces are made. This result
suggests that the contact is essentially metallic, but that small amounts
of oxide are still present which are sufficient to modify the ideal relation
R =FLEW-t.

The essentially metallic nature of the contact when the surfaces have
been subjected to vibration is confirmed in several other ways. Firstly,
the resistance is independent of the current over a very wide range of
currents, that is, it is ohmic. This is a well-marked characteristic of
metals, and metallic oxides do not as a rule show this behaviour. Tt is
true, however, that small amounts of oxide sufficient to affect the RB—W
relation would not produce a very noticeable change in the resistance~
current behaviour. Secondly, if the surfaces are deliberately covered
with a thin film of paraffin oil and then subjected to vibration the
resistance is essentially the same as for clean dry surfaces. This suggests
that the high pressures and the vibration break up and squeeze out the
oil film. Although the oxide film is considerably more rigid, we may
cxpect that there is a similar breaking through of the oxide layer.
The case with which these oxide films may be broken down is demon-
strated in Chapter 1V. Thirdly, as we saw in Table TII, there is close
quantitative agreement between the area of contact observed visually
and that calculated from the contact resistance, assuming metallic
contact. Here again, however, therc may still be small quantities of
oxide between the surfaces which may play a less significant role in this
type of measurement but a more important part in others. Holm has,
in fact, shown, by carrying out parallel measurements at liquid-air
temperatures where the metallic resistance becomes negligible, that
unless the most rigid precautions are taken the oxide resistance may
casily be comparable with the metallic resistance.

It follows that for surfaces prepared in the atmosphere, deductions
derived from the contact resistance must be viewed with some caution.
However, if suitable precautions are taken the results in Table III show
that this direct method of determining the electrical resistance can

provide a reasonable measure of the real area of contact between metal
surfaces.
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The contact of flat surfaces

Steel surfaces, finely ground and lapped flat to a few fringes, were
placed in contact and the electrical resistance across them mecasured.
One pair of flats had an area of 0-8 sq. cm., the other of 21 sq. cm.
The measurements showed two striking results (i) At any given load,
the contact resistance of both pairs of flats was almost the same
although their apparent area of contact was about 25:1. (ii) At any
given load the contact resistance for the flats was of the same order of
magnitude as that observed with crossed cylinders. For example, at a
load of 5 kg. the contact resistance for the crossed cylinders was about
5% 10-% ohms, corresponding to an arca of contact of about 5x 104
8q. cm. For the 21 sq. cm. flat which has an apparent area 40,000 times
as great, the contact resistance was only one-half this value, i.c. about
2:5x 10~4 ohms. Assuming that for both types of surfaces the contact
is metallic to the same degree, it is clear that only a small fraction of
the area of the flat surfaces can be in intimate contact; they must touch
only at the tips of the highest asperities. This would also explain the
observation that the contact resistance is almost the same for the large
and small flats.

It is difficult in the case of flat contacts to make an exact estimate
of the real area of contact from the conductance measurements alone.
The value of the conductance must depend both on the size of the
metallic bridges and on their number. Since the spreading resistance
of cach bridge is inversely proportional to its diameter, and the area
of contact is proportional to the square of the diameter, it follows that
for a given resistance the area of contact is inversely proportional to
the number of bridges. We do not know this number with any certainty,
though in the case of flat surfaces it is clear that that number of points
of contact on which they are supported cannot be less than three. If we
assume the number of bridges is, in fact, three, we may calculate the
area of contact from the contact resistance. The results indicate that
only a very small fraction of the macroscopic area of the surfaces is in
intimate contact.

It is, however, not very satisfactory to assume that the number of
legs remains constant at this value. A more satisfactory type of calcula-
tion may be carried out if we assume that the yield pressure p,, of the
asperitics is approximately the same as that of the bulk metal and that
the real area of contact A is determined essentially by the ratio
A = W/p,,. For the steel in these experiments, p = 100 kg./sq. mm. If
we assume that the surfaces are supported on n equal bridges of radius a,



Chap. I AREA OF CONTACT BETWEEN SOLIDS 31

the contact resistance when the bridges are relatively far apart is given
by R = 1/(2an)). Combining this equation with the relation

A = nma® = W/p,,

we obtain N 1:39 10-6 (12)
42 R2W RV
)
_ MR iwr. (13)
TPm

Results for the 21 sq. cm. steel flats are given in Table IV.

TasLE IV
Fraction of
Load | A = W/[p| macroscopic R a
kg. 8q.cm. | area in contact | 1075 ohms | n | 1072 cm.
1
05 —_— . 5 9.
500 0-05 100 0-9 35 21
100 0-01 ——1-— 2:5 22 1-2
2000
1
9 B —_— .
20 0-002 10000 9 9 09
1
. P 154
5 0-0005 20000 25 i3 0-6
1
N JE—— .5
2 0-0002 100000 §0 3 0-5

The absolute values of @ and n in this table must be viewed with
some reserve since the presence of a small amount of oxide will have
an appreciable effect on both these parameters. For example, if half
the resistance is due to an oxide film the value of » will be increased
fourfold whilst the value of a will be halved. Nevertheless it is probable
that the values given in the table are of the right order of magnitude.
The main point brought out is that the effect of increasing the load is
to increase the number and average size of the bridges. Further, it
should be noted that the number of bridges is not very large even at
the heaviest loads, whilst the area of the bridges lies between 10~3 and
10-4sq. cm. These results are in complete agreement with the discussion
on p. 22 and are consistent with the view that the surfaces are held apart
by small irregularities which flow under the applied load until their
total cross-section is sufficient to support the load.

It follows from the discussion in this chapter that the real area of
contact between metals is small and that at these points of real contact



2 AREA OF CONTACT BETWEEN SOLIDS Chap. T

the metals are deformed plastically. As we shall see in a later chapter,
welded metal junctions are formed at the points of intimate contact
and these junctions play a fundamental part in the mechanism of
friction and wear.
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Fia. 1. Cathode ray trace of thermal p.d. developed between a constantan slider on
a lapped steel surface. Load 500 gm, Speed of sliding 300 cm./sec. The temperature
flashes exceed 700° C. and their duration is less than 104 sec,
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Fre. 2. Cathode ray trace of radiant energy received from a single hot spot
developed between a steel slider and w rotating glass disk.  Load 330 gm.
Speed of sliding 700 em,jsee. The radiant energy is interrupted by a chopper
in which alternate segments are covered with u filter, The ratio of the filtered to
unfiltered peaks on the trace provides a measure of the temperature, The
maximum temperature of the hot spot is about 900" C. and it reaches this value
in about 2 10* see,
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SURFACE TEMPERATURE OF RUBBING SOLIDS

The very rapid friction of two thick bodies produces fire.
LEONARDO DA VINCI

WHEN one solid body slides over another most of the work done against
the frictional force opposing the motion will be liberated as heat between
the surfaces. This heat will be carried away from the surfaces by con-
duction and radiation, but quite primitive calculations indicate that
even under moderate conditions of speed and load the surface tempera-
tures may reach very high values. It is of course difficult to measure
these temperatures by ordinary methods. If we embed thermometers
or thermocouples in the solids near the rubbing surfaces, we find that
the temperature rise is very small. This is partly because of therelatively
large heat capacity of the thermometer (or thermocouple), but is mainly
due to the fact that the temperature falls off very rapidly as we move
away from the actual rubbing interface. We may, however, measure
the surface temperatures directly by using the surfaces themselves as
a thermometer. 1If the sliding surfaces are made of two different metals,
the thermo-electric potential generated on sliding provides a measure
of the surface temperature. It isevident that the thermo-electric effects
and the frictional processes occur at the same points of intimate contact
between the surfaces. These thermo-electric measurements therefore
yield information concerning the temperature of the surface layers of
the metals at the points where they are actually rubbing. The first part
of this chapter describes an investigation, by thermo-electric measure-
ments of this type, of the surface temperatures developed between
sliding metals. The second part of the chapter deals with the surface
temperatures developed between non-conducting solids, where the
thermo-electric method is inapplicable.

SURFACE TEMPERATURE OF SLIDING METALS
Calculation of Surface Temperature

Consider a cylinder whose face slides over a surface with a velocity
of v em. per second (Kig. 13). If all the frictional work is liberated as
heat, then the amount @ of heat developed is given by

_nWygv
Q= J

‘calories per second, (1)

b
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where p = coefficient of kinetic friction, W = load on the cylinder,
g = constant of gravity, J = mechanical equivalent of heat.

This heat will raise the temperature of the sliding bodies. We assume
that the temperature across the whole of the rubbing interface is con-
stant and that there is a steady temperature drop along the length of
the cylinder. We now consider the flow of heat through any clement

o———-—->v cm/ sec.

Sx
<t/
1

T - ] 'I
- )
- -
. - -
/ .- -
- -
- Ll
L] -
l X - -
Fra. 13. Diagram for calculating tho surface tomperatures developed between

sliding metals. The narrow cylinder is assumed to make thermal contact over the
whole of its lower face.

of the cylinder at a distance x from the surface. The amount of heat
gained by conduction (assuming the thermal conductivity £ is indepen-
dent of temperature) will be
2
kwrg((liT];Sx.
The amount of heat lost by emission will be
o2ar(T—1,) dx,

where o = cooling coefficient assuming Newton’s law of cooling,
T = temperature of emitting surface, 7, = temperature of the sur-
roundings. In the steady state these must be equal and

2 m
kear? %—% = o2mr(1'—1T}). (2)
Hence T—Ty = Aev@olknz, (2a)

where the constant A4 is still unspecified.

Of the frictional heat @ which is liberated some will go into the upper
body and some into the lower. We do not know exactly how it will be
divided, but we may consider that a certain fraction « will go into the
top cylinder. All the heat which goes into the cylinder must be emitted
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from it. Ifit is so long that the top end is sensibly at room temperature

we may write w

oQ = 2aro [ (T—T,) dx. (3)
0

From (2a) and (3) it follows that
T-T, = (.YQ __1_ - g~ (2o/knr (4)
mr o (20k7)
so that at the rubbing interface where a2 = 0 the rise in temperature
is given by o Wy [ 1 o)
7 Jar 20kr|” |

We may apply this calculation to an example which can be realized
experimentally. If a constantan cylinder 1 mm. in diameter, loaded
with 100 gm. wt., is slid over a mild steel surface with a velocity
of 200 cm./sec, the measured value of the kinetic friction is 0-3,
k is 0-05 cal. em.-1 sec.”! °C.-! and o is about 0-001 cal. cm.~2 °C.-1
Inserting these quantities in equation (5) and assuming that « is }
(a reasonable assumption for sliding surfaces of comparable conductivi-
ties), we find that the rise in temperature of the constantan surface is
given by T—1T, =~ 200° C.

This calculation is made on the assumption that the area of contact
is that of the end of the cylinder. This is eertainly not so (see Chap. I).
Even with carefully prepared surfaces, the actual rubbing area of contact
may be only a very small fraction of the apparent area, so that the
temperature rise in the small region of contact should be very much
greater. The above calculations make sweeping assumptions and can
only be regarded as crude approximations which would give minimum
temperatures. Nevertheless it is apparent from them that on simple
theoretical considerations we should expect the surface layers to reach
very high temperatures.

Measurement of surface temperature

The experimental arrangement (Bowden and Ridler, 1936) and the
method of measuring the surface temperature is shown in Fig. 14.
One of the metals 4 is in the form of a flat annular disk, which can
be rotated with a uniform velocity about the point O. A wire of the
same metal A leads down the axis of rotation and dips into a mercury
cup M. This is connected by a copper wire to one terminal of a high-
frequency galvanometer or cathode-ray oscilloscope G. The second
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metal which constitutes the other half of the thermocouple is in the
form of a cylinder B, which rests on the disk. The metal B is connected
by a copper wire to the other terminal of the galvanometer. All the
metal junctions except the sliding one at S are at room temperature.
A method which depends on the same principle has been devised by
Shore (1925) and Herbert (1926) and applied to the measurement of

%5 Copper

Fra. 14. Experimental arrangement for measuring the thermal e.m.f.
developed between sliding metals.

the temperature of cutting tools. The cylinder B is attached to a rigid
arm R which is carried on a gimbal J, so arranged that the cylinder
can move freely up and down or to and fro. Any required load can be
applied to the cylinder by adding weights to the arm at W. The
apparatus is heavily constructed and mounted on massive concrete
blocks. The rotating disk is mounted on ball bearings and is very
accurately machined. The surface of the disk can be ground flat to a
few fringes. The disk can, by a suitable arrangement of belts, be driven
at different rates so that the sliding speed can be varied from a fraction
of a centimetre per second up to high speeds. The gimbals J are not
rigidly fixed but are carried on an arm which is so arranged that a
rotation of a screw head causes the cylinder to move across the surface
of the disk. The reason for this will be apparent later.

When the metal disk rotates, the frictional force between the surfaces
at 8 will tend to drag the cylinder with it. This movement is prevented
by a fine wire which is fixed to the cylinder and comes off at a tangent
to the disk. If a measurement of the average friction is required the
other end of this wire is attached to a damped pendulum or a damped
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spring which records the average force acting on the wire. If an analysis
of the frictional force is required it is attached to an oscillograph.

The surface temperature is determined from the maximum thermo-
electric potential developed between the rubbing surfaces and recorded
on the galvanometer. Subsidiary calibrations are carried out with
thermocouples of the same combination as the sliding surfaces. There
are, however, two possible sources of error in these measurements.
Small changes in resistance take place between the surfaces during
sliding and this might alter the apparent e.m.f. The contact resistance
is only a few hundredths of an ohm. Since in these cxperiments the
thermocouple is always in series with a high resistance, any changes in
the contact resistance between the surfaces can have no appreciable
effect. A second possible source of error is connected with the fact that
the thermo-electric potential varies with the state of working of the
metals which form the couple. Because of this, any work-hardening of
the metal during sliding will cause a change in their thermo-electric
power. It is clear, however, that this effect is also small. The thermo-
electric potential between worked and annealed specimens of a metal
varies slightly with the direction of measurement on the specimen, but
it is always small. For constantan it is about 0-7x10-¢ V./°C., and for
iron and steel it is of the same order (Elam, 1935). The average thermo-
electric potential of the constantan—steel couple formed by the surfaces
was about 25X 108 V./°C., so that the state of working of the surfaces
can only affect the real potential by a few per cent. This variation is
within the limits of experimental error. Bridgman (1918) has shown
that pressure can also cause a change in the thermo-electric power of
a metal, but the magnitude of this effect is even smaller than that
discussed above.

Temperature of sliding metals

Experiments with a mild steel cylinder sliding over a mild steel
surface gave no potential difference even at the highest loads and
speeds. This is to be expected if the potential is a true thermo-electric
one. It shows that the electromotive force is not due just to rubbing,
nor to the disturbance of oxide or films on the metal surface, nor to any
electromagnetic effect. In order to test this further a number of
experiments was made with a scries of fusible metals sliding on steel.
Cylinders of gallium (m.p. 32°C.), Wood’s alloy (m.p. 72° C.), lead
(m.p. 327° C.), and constantan (m.p. 1,290° C.) were slid on a steel
surface and the thermal e.m.f. measured. Some typical results for the
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maximum temperatures developed are shown in Fig. 15, where the rise
of surface temperature calculated directly from the measured potential
is plotted against the speed. As will be shown later, the temperature
(as well as the friction) fluctuates during sliding and the temperature
values plotted are the peaks of the galvanometer record. For each
metal the results were similar: the temperature increased as the speed
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F1c. 15. Maximum temperatures reached when small cylinders of gallium, Wood’s
metal, lead, and constantan are slid on a steel surface. (Load 100 gm.) The
tomperature doos not excced the melting-point of the metal.

increased and rose to a maximum value which could not be exceeded.
This maximum corresponded numerically to the melting-point of the metal
as determined from separate calibrations of the thermo-couple. The
temperature of the room (7;) was 17° C., so that with gallium the
flattening occurred at 32° C., with Wood’s alloy at 72° C., and with lead
at 327°C. The melting-point of constantan (m.p. 1,290° C.) was not
approached at the loads and speeds employed and no flattening of the
curve occurs. It will be seen from Fig. 15, Fig. 17, and Plate IIla
that temperatures of 500 or 1,000° C. are easily reached on the metal
surfaces, even under moderate conditions of load and speed. There is
no obvious sign of this heating: the mass of the metal appears to be
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quite cool, and it is clear that the intense heating is confined to a thin
layer in the region where rubbing actually occurs.

The fact that the intense heating is confined to a thin layer at the
surface of contact is shown in an interesting way by the behaviour
during an experiment. If the cylinder of metal B was allowed to run
in the same track for a short time, the thermo-electric potential fell off
and reached a low value. This was not because of any real fall in surface

F1c6. 16. Conditions of contact between metal surfaces.

temperature, but because a thin layer of metal B was rubbed off on to
the stecl and the sliding surface was now B/B, and therefore gave no
thermo-electric potential. The thickness of the metal layer necessary
to cause this falling off was very small. Frequently the layer was too
small to be visible. In practice the cylinder was kept moving gradually
across the steel surface so as to expose continually a fresh rubbing
surface. Under these conditions there was no falling off in the potential.

It is apparent that the surface temperature will not be uniform over
the whole surface of the metal. Although the surfaces were carefully
prepared they cannot be perfectly flat, and the conditions of contact
may be represcnted diagrammatically in Fig. 16. It is only the areas
in contact 4, B,, 4, B,, ete., which are heated directly by friction, and
it is only these areas which constitute the thermo-junction. The areas
a, B are not heated by direct friction, nor can they make any contribu-
tion to the thermo-electric potential.

Even the rubbing areas will not necessarily all be at the same tempera-
ture. The shape of the surface irregularities and the distribution of load
will vary from point to point, so that the surface temperature at 4, B,
may be different from that at 4, B,. The electromotive force measured
at any instant is that of a number of thermo-junctions connected in
parallel, all of which are not at the same temperature. The observed
potential will be the integrated effect of all the thermocouples formed
by the parts of the surfaces which are in contact. It is apparent that
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some points at the surface may be at a temperature appreciably higher
than that indicated by the observed thermo-electric potential.

Temperature of lubricated surfaces

The experiments were repeated with various lubricants on the polished
surfaces. The conditions were those of ‘boundary lubrication’, that is,
the surfaces were not separated by a thick layer of fluid lubricant, but

1000 //
800 //
/
600 7
$ %
. 2
:Z 0 § / » /

1 L
200 5 —~--—~--—-/*

3

0 200 400 600 800 1000 1200
v cm. [ sae.

Fic. 17. Temperature developed at the points of rubbing contact between a con-

stantan pin and a steel disk. Load 102 gm. 1, oleic acid ; 2, commercial lubricant ;

3, no lubricant. It isseen that oven in the presenco of a lubricant, temperatures of
goveral hundred degrees C. are readily reached at moderato loads and speeds.

by a lubricant film of molecular dimensions (scc Chap. IX). As will be
shown later, there is strong evidence that this adsorbed film does not
remain intact, but is continuously being destroyed and repaired during
sliding. The fact that an electromotive force is developed on sliding
provides additional evidence that metallic contact occurs through the
boundary film.

The surface temperatures reached by stecl sliding on constantan lubri-
cated under ‘boundary conditions’ with various lubricants are shown
in Fig. 17.

It is evident from these experiments that even in the presence of
lubricant films the surface temperatures reached may be very high, and
may exceed several hundred degrees centigrade at relatively small loads
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and sliding speeds. It should again be emphasized that in these experi-
ments there is no obvious sign of bulk heating: the surfaces slide as
though they are well lubricated and the mass of the metal is quite cool.

The fact that these high temperatures are reached even by well-
lubricated surfaces obviously has an important bearing on the theory
and practice of boundary lubrication. Tt is true that these high tem-
peratures arc localized at the points of contact, but it is just at these
points that friction and lubrication are occurring. This will be discussed
in more detail in Chapters IX and XII.

Intermittent nature of surface temperature

It has already been pointed out that, in general, there are marked
fluctuations in the surface temperature during sliding. These fluctua-
tions arc of great interest since they yield information concerning the
detailed processes that occur between the sliding surfaces. They may
be analysed by means of a sensitive direct current amplifier and a
cathode-ray oscillograph. Fluctuations in the thermo-electric potential
lasting less than 10~ sec. can be followed by the cathode-ray beam
and a continuous record of the temperature obtained on a moving filin
camera.

Some typical results (Bowden, Stone, and Tudor, 1947) for a con-
stantan cylinder sliding on a steel surface are shown in Plate 11Ia for
a load of 500 gm. and a sliding speed of 300°cm./sec. It is scen that the
temperature is fluctuating very rapidly, and temperature flashes of
1,000° C. which may last less than 10—* sec. are recorded.

The results obtained when the surfaces are lubricated with a mineral
oil are similar except that the peak temperatures are reduced. It is
clear that very high temperatures and very rapid fluctuations can occur
at the points of real contact through the lubricant film.

Surface temperature and thermal conductivity

If the sliding solid is a poor thermal conductor the frictional heat
will not be conducted away so rapidly, and the surface temperature
will be correspondingly higher. According to equation (5) the surface
temperature should vary inversely as the square root of the thermal
conductivity k.

In Fig. 18 the rise in surface temperature of cylinders of copper,
nickel, lead, constantan, Wood’s metal, and bismuth sliding on polished
steel under identical conditions of load and speed is plotted against 1/vk
for these metals.
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These results are not corrected for slight differences of friction and
real area of contact, but it is clear that the surface temperature is
greater the smaller the thermal conductivity of the metals. For example,
the rise in surface temperature of bismuth, which is a poor thermal
conductor, is some five times as great as that of copper under the same
experimental conditions. These results are of further interest since they
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cnable us to form some idea of the temperature which might be reached
by rubbing surfaces of non-conductors such as glass or silk. Under the
same conditions of load and speed, we should expect that with surfaces
of glass (k = 0:0017), for example, the temperature rise would be greater
by an order of magnitude than that observed on copper (k= 0-92).
With rubbing surfaces of silk (£ = 0-0001) it would be greater still.
We should, therefore, expect that with non-conductors local high tem-
peratures at the points of rubbing contact should occur very much
more readily than with conducting surfaces.

SURFACE TEMPERATURE OF NON-CONDUCTING SOLIDS
Obviously the thermo-electric method cannot be used with non-
conducting solids such as glass or quartz, but it is possible to show the
existence of local high temperatures by visual means. If one or both
of the surfaces is made of transparent.material, such as glass or quartz,
and the apparatus so arranged that a clear image of the rubbing surfaces
can be seen, it is found that, when sliding starts, a number of tiny stars



Chap.II SURFACE TEMPERATURE OF RUBBING SOLIDS 43

of light appear at the interface between the rubbing surfaces. It is clear
that they correspond to small hot spots on the surface.

In the experiments described here the lower surface was usually a flat
glass disk, and a mirror was mounted beneath it in such a way that the
region of contact between the slider and the disk could be clearly seen.
In some of the experiments, when a transparent slider was used, the top
of the slider itself was optically polished and observations made through
it. The lower surface was set in motion at a fixed speed and the load on
the slider gradually increased. When the load reached a sufficiently high
value a number of small, dull red luminous points was observed on the
surface of the slider. The position of these points changed from instant
to instant as the points in intimate contact wore away and new regions
came into contact. If the speed (or load) was increased the spots
became brighter and whiter, corresponding to the higher temperatures
reached. (The possibility that these luminous spots are due to some
triboluminous effect other than a thermal heating must be considered,
but the evidence is against this.) The results in the following sections refer
to the conditions under which the first dull red hot spots were observed
visually in a completely darkened room. The experiments were carried
out for clean surfaces and for surfaces wetted with a mixture of glycerine

and water.

TaBLE V
Incidence of hot spots with sliders of different melting-points on glass
Composition | hardness m.p. Visual hot spots
of alloy V.D.H.t °C. on clean glass

80 Au, 20 Sn 230 300 None

80 Au, 20 Pb 108 420 s’

75 Au, 25 Te 120 450 ”»

73 Ag, 27 Sn 93 480 .

70 Ag, 30 Sb 120 480 ’

80 Ag, 20 As 170 500 .

50 Au, 50 Cd fa. 520 .

92 Au, 8 Al 221 570 Hot spots
Constantan 130 1,200 »

Nickel 170 1,450 »

Iron 130 1,600 »
Tungsten .. 3,000 ys

Temperature at which hot spots become visible
By using sliders of different melting-point it is possible to fix approxi-
mately the temperature at which the hot spots become visible. Experi-
ments were carrizd out with a number of metals and metallic alloys, the
t V.D.H. Vickers Diamond (Pyramid) Hardness in kg./sq. mm.
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melting-points of which covered a suitable range. These were selected
so that they did not oxidize readily even at elevated temperatures. The
results are collected in Table V.

The experiments showed that when metals or alloys melting below
520° (!. were slid on glass or quartz, no hot spots could be seen even
at the highest speeds and loads. With a gold—aluminium alloy melting
at 570" C., however, and with all metals melting above this, the hot
spots were readily scen. This would fix the temperature at which the
hot spots first become visible to the eye at between 520 and 570° C.
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Fra. 19. Tho generation of visible hot spots between metal pins sliding on a glass

surface. The vertical ordinate gives the frictional force at which hot spots appear

for various sliding speeds, using slidors of constantan, steel, nickel,"and tungsten.

The smaller the thermal conductivity of the pin, the more readily the hot spots
are produced.

Thermal conductivity and the incidence of hot spots
Fourhard metals of widely differing thermal conductivity were selectzd
as sliders. The metals used were constantan (£ = 0-05), steel (k = 0-10),
nickel (k£ = 0-186), and tungsten (k = 0-35 cal cm.™* sec.™* °C.7%).
Clean surfaces. The results for clean surfaces are shown in Fig. 19.
In this figure the frictional force at which visible hot spots occur (for
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anumber of fixed sliding speeds) is plotted against thermal conductivity.
It is seen that, in all cases, hot spots occur more readily the lower the
thermal conductivity of the slider. This is particularly marked at the
lower sliding speeds. For example, at a surface speed of 110 cm./sec. a
tungsten slider gives hot spots when the fri¢tional force is 2,600 gm.,
whilst with a constantan slider hot spots occur when the frictional force
is only 350 gm.
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F1a. 20. The generation of visual hot spots between metal pins sliding on a glass

surface covered with a mixture of glycerine and water. The results are similar to

those in Fig. 19, except that the frictional force necessary to produce visible hot
spots is 6 to 7 times higher.

Wet surfaces. The results for surfaces flooded with a mixture of
glycerine and water are shown in Fig. 20. It is seen that the curves are
of the same general form as those obtained with clean surfaces. The
‘main difference is that higher frictional forces (six- to sevenfold) are
required to produce visible hot spots when the surfaces are flooded with
liquid. Although this difference is relatively large, it is evident that the
presence of the liquid film is not able to prevent the occurrence of
extremely high local temperatures as a result of frictional heating.
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Photographic recording of hot spots

Although the occurrence of a transient hot spot is readily observable
visually, the intensity is too low to affect a photographic plate. If,
however, the slider is run over the same track a number of times, the
cumulative effect is sufficient to produce a record on a photographic
plate. A Super XX plate (6} x 8} in.) was held in a frame mounted on
a steel turntable with the emulsion side upwards. A glass plate of the

Fic. 21. Photographic hot spot trace of steel slider on lapped glass surface. Load
1,200 gm. Speed of sliding at innermost visible track 70 cm./sec. approximately.

same size was clamped on top, its upper surface being ground to a
uniform grease-free finish. The slider rested on the glass surface under
a given load, and was allowed to run on the same track for 2 min. It
was then moved in 1 cm. and again run for 2 min. The process was
repeated and, in this way, a series of concentric tracks was obtained at
various radii and therefore at various peripheral speeds. On developing
the plate a number of concentric dark rings appeared. The innermost
visible ring on the plate gave the lowest speed at which hot spots could
be recorded photographically under these conditions. A typical plate
is shown in Fig. 21. It is seen that, with a load of 1,200 gm., a sliding
speed of approximately 70 cm./sec. is just sufficient to produce a trace
on the photographic plate. The results obtained for clean surfaces using
four sliders of different thermal conductivities are shown in Fig. 22. In
this figure the minimum speed to give a record on the plate is plotted
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against the thermal conductivity for a number of fixed loads. The
results are similar to those obtained by the visual method and the actual
values of the loads and speeds agree with those obtained by visual
observation. It was also found that the results obtained photographi-
cally for surfaces lubricated with glycerine and water were similar to
those obtained visually.
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Fi1a. 22. Conditions necessary to produce photographic records of hot spots for

metal sliders rubbing on a clean glass surface. The sliders used were constantan,

steel, nickel, and tungsten and the results arc similar to those obtained by the
visual method as in Fig. 19.

Effect of grit on the incidence of hot spots

Some experiments were carried out to investigate the effect of grit
on the incidence of hot spots. Carborundum of known particle size was
used; this was mixed into a thick paste with glycerine and water and
added to the glass disk. The disk was set rotating and the load increased
until hot spots became visible.

It was found that with hard metal surfaces the presence of carborun-
dum particles had very little effect. With metals such as constantan
(V.D.H. 130) and tungsten (V.D.H. 750), the load and speed necessary
to produce hot spots was approximately the same as that required with
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wet surfaces in the absence of abrasive; also the size of the particles
(which was varied from 10 to 56 ) made no appreciable difference to
the incidence of hot spots. Apparently the grit does not become em-
bedded in the surface and so has relatively little effect. With soft
metals, however, the presence of carborundum particles causes the hot
spots to appear at much lower loads and speeds. Also hot spots are
readily obtained with low-melting metals such as tin or lead which
normally would not give them at all. Apparently the metal acts as a
lap, and the sliding really occurs between the embedded abrasive par-
ticles and the glass. Particles of 20 p and upwards are very effective:
smaller particles less so. The temperature éradient set, up in the abra-
sive particle during running must be quite high. For example, if we
assume that visual hot spots correspond to a temperature of about
550° C. and that the temperature of the metal slider cannot rise above
its bulk melting-point, then, in the case of the lead slider, when hot spots
are observed there must be a temperature drop of about 200° C. through
the abrasive particle, i.e. over a distance of about 10-3 em. This implies
a temperature gradient of the order of 10%° C./em. in the abrasive
particle. These high gradients will, of course, be transient since the
metal will rapidly soften around the particle allowing it to sink in,
whilst the load will be borne by new abrasive particles coming into
contact with the surface.

Influence of size and shape of slider

For any given combination of surfaces the incidence of hot spots is
determined primarily by the rate of liberation of frictional heat, that is
by. the product uWgv, where p is the coefficient of friction, W the load
between the surfaces, and v the speed of sliding. It is not greatly
influenced by the size and shape of the slider. If a large flat slider is
used the conditions of load and speed necessary arc much the same as
for a small curved one. The main difference is that with large flat
surfaces the hot spots may be thinly distributed over a wide area instead
of being concentrated into a smaller one. This is in harmony with the
view that contact between the solids occurs only locally at the summit
of the surface irregularities, so that the real area of contact is very small
and bears little relation to the apparent area of the surfaces. It means
that even with light loads the pressure at the points of real contact is
high and it is just at these points that the rubbing and the liberation
of frictional heat occurs. It is, of course, common knowledge that if
surfaces are rubbed hard enough they get hot, but a point brought out
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by these experiments is that the loads and speeds necessary .to give
detectable hot spots are very low. For example, with constantan sliding
on glass with a load of about 1kg., visible hot spots (temp. 520-570° C.)
can be seen when the sliding speed is as low as 1 or 2 feet per second.
If the upper slider of metal is replaced by a poor conductor such as
quartz (k = 0-0035), the hot spots appear even more readily.

Measurement of transient hot spots

An additional method for studying the occurrence of transient hot
spots is by the use of infra-red sensitive photocells such as the lead-
sulphide cell. These cells can be constructed with very small time

F1a. 23. Experimental arrangement for the investigation of frictional hot spots
using a lead sulphide infra-red cell.

constants so that transient hot spots of very short duration can be
detected and measured. In addition the cells are capable of responding
to radiations of wave-lengths greater than the visible spectrum, so that
hot spots of comparatively low temperature can be detected. It is of
course clear that in the application of this method one of the sliding
bodies must be transparent to infra-red radiation.

Mr. Thomas has recently applied this technique to a more detailed
study of the growth and decay of hot spots produced between sliding
solids and to a determination of their size and temperature. The general
arrangement of the apparatus is shown diagrammatically in Fig. 23.
The lower surface A is in the form of a glass disk about 0-2 cm. thick
and can be rotated by a motor to give linear speeds ranging from 100

to 700 cm./sec. The upper surface B, which is usually of metal, is in
35695.72 B
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the form of a cylinder with the rubbing face about 1 mm. in diameter.
The loading of the upper slider and the frictional measurements are made
in a manner similar to that shown in Fig. 14. The photo-sensitive cell C
(which has a time constant of about 10~* sec.) is enclosed in a brass
holder D below the glass disk. In the top of the brass holder is a narrow
slit in line with the direction of motion and immediately bencath the
centre of the slider. Between the glass disk and the cell a chopper £
may be inserted so that the radiation may be chopped at about 4,000
cycles/sec. The output from the cell is suitably amplified and observed
on a cathode-ray oscillograph.

The cell may be calibrated by placing a platinum filament of known
temperature in place of the slider B and observing the amount of
radiation received by the cell. In deducing surface temperatures from
this calibration certain assumptions must be made concerning the size
and cmissivity of the hot spots since the photocell provides a measure
of the total radiant energy reaching it rather than the temperature of
the radiating source. For this reason more satisfactory results may be
obtained by determining the spectral distribution of the radiation from
the hot spot. This may be done by comparing the total radiant energy
reaching the cell when it is exposed directly to the glass disk with that
observed when a filter is placed between the disk and the cell. Tf the
absorption/wave-length characteristies of the filter are known the ratio
provides a direct measure of the temperature of the hot spot and is
independent of its area and of its emissivity.

The reliability of this method may be demonstrated by measuring
the temperature at which hot spots first become visible. The photocell
method yields a value of about 600° C. for the highest temperatures
observed. As we have seen, the carlicr method described gives a value
of about 570° C. The agrecement is very satisfactory. The method also
confirms the earlier observation that the surface temperature is limited
by the melting-point of the surfaces. For example, with a slider made
of a gold aluminium alloy (m.p. 570° C.) the temperature of the largest
group of hot spots reaches an upper value of about 600° C., which is,
within the experimental limit, the same as the melting-point of the
alloy. That melting takes place is confirmed by the fact that the inter-
mittent smears of the metal arc clearly visible on the surface of the
glass disk. However, it is interesting to note that there is some evidence
for the occurrence of occasional hot spots which are considerably hotter.
These, however, occur very infrequently.

Finally, the investigation again shows that surface temperatures of
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several hundred degrees centigrade are developed readily between rub-
bing solids, although the mass of the bodies remains quite cold.

A modification of the above method has also been used to estimate
the size and temperature of the hot spot throughout its duration. For
this purpose the chopper was used and alternate segments were covered
with a perspex filter. A typical oscillogram for a single hot spot is shown
in Plate IIIb. From the ratio of successive peaks the temperature at
any instant in the life of the hot spot can be deduced. Similarly, the
area of the hot spot may be derived from these temperature values and
the absolute values of the radiant encrgy reaching the cell. An analysis
of this type shows that at a given load and speed the hot spots extend
over a wide range of temperatures and sizes, and that both temperature
and area vary throughout the duration of the hot spot.

In addition, the results bring out two further points which are of some
interest and which are consistent with the theoretical treatment de-
scribed in the next section. The first is that the time taken for the hot
spot to reach its maximum temperature depends on its size; the larger
the hot spot the longer it takes to reach its maximum temperature.
This is shown clearly in Table VI for the steel slider where the time
increases with the load. (Since these hot spots usually occur singly,
they constitute the main region of contact at any instant, so that their
area may be considered as being approximately proportional to the
load.) -

The second conclusion is that under uniform conditions of load and
speed the actual temperature of the hot spot and the rate at which the
hot spot reaches its maximum temperature depend on the thermal con-
ductivity of the slider as well as on the area of the hot spot. The higher
the thermal conductivity, the lower the maximum temperature reached,
but the greater the rate at which the maximum temperature is attained.
The effect of the thermal conductivity of the slider on the rate of rise
of the hot spot temperature is shown in the last three lines of Table VI
for sliders of steel, constantan, and tungsten, for which the thermal
conductivities are 0-10, 0-05, and 0-35 cal./sec./cm./°C. respectively
(the load and speed are approximately the same). The corresponding
times are 2, 3, and 0-5X 1073 sec. respectively.

It is interesting to note that a time of rise of 10~3 sec. at a sliding
speed of 380 cm./sec. corresponds to a linear displacement of the disk
of about 4 mm., that is, about four times the diameter of the tip of the
slider. This suggests that the larger hot spots observed are not produced
by the simple collision of an asperity on one surface with an asperity
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TasLE VI
Time of rise of
Thermal temperature of
Slider conductivity w v largest hot spot
material | cal.[sec.[em.[°C. gm. cm.[sec. sec.

Steel 0-10 150 380 = 0-5x1073
» 0-10 300 380 1-5x 1073
. 0-10 450 380 2:0x1073

Constantan 0-05 450 380 3-:0x1073

Tungsten 0-35 350 380 = 0-5%x1073

on the other, but by the relatively prolonged rubbing of a slider-asperity
on the surface of the disk.

The work shows that the dependence of the hot spot behaviour on
load, speed, thermal conductivity, and hardness is in general agreement
with the theoretical model described in the next section. In addition,
the behaviour is somewhat complicated by the thermal softening of the
glass at the higher rubbing temperatures (sce above). Nevertheless, over
a wide range of experimental conditions for various metal sliders rubbing
on a glass disk, the hottest hot spots have an area of the order of
103 8q. cm. and a duration of about 10~ to 10~ sec. It is interesting
to note that this duration is of the same order as that observed by the
thermo-electric method in the sliding of metal surfaces.

A MorE ExacT CALCULATION OF THE
SURFACE TEMPERATURE

The derivation of equation (5) is based on a relatively crude physical
picture in which it is assumed that the whole of the interface of the
slider is at the uniform temperature 7' and that the whole of the heat
is dissipated by emission from the surface. Although this may be
approximately true for cylindrical sliders of very small diameter where
the real area of contact may be an appreciable fraction of the cross-
section of the slider, it cannot in general be considered valid. In most
cases the points at which rubbing occurs are distributed over the rubbing
surface at relatively large intervals and the temperature over the rub-
bing surface will be very far from uniform. Under such conditions the
frictional heat is dissipated into the bulk of the solids surrounding the
points of real contact and the heat flow does not depend on the emissivity
of the surfaces but on their bulk conductivities. A detailed analysis of
the heat flow occurring when massive surfaces rub at a single small
region has been developed by Blok (1937) and also by Jaeger (1942).
Although their treatment involves relatively complicated mathematics,
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it is not difficult to obtain similar regults by a much simpler treatment.
This we shall now do. ,

We assume that two massive surfaces I and II of specific thermal
conductivities ¥, and k, touch over a small circular region of radius a.
As a result of friction at this region a quantity of heat @ is developed
per second and this heat flows away into the two metal surfaces. Sup-
pose a portion @, flows into body 1 and @, into body II, where

Q = @ +@:.
We now assume that a steady state is reached at which the junction
attains a steady temperature 7' whilst the bulk of the bodies remains

at a temperature 7}, (approximately room temperature). We may now
define the thermal conductance of this junction by the rclation

Heat flow per sec. = thermal conductance X temperature drop. (6)

By analogy with the electrical case described in Chapter I the thermal
conductance from the junction into body I is 4ak, and that into body II

is 4ak,. Then
Q, = 4ak(T—-1T,)

O T M@=t )

Hence T-T, = i% —k-l»_%:kz. (8)

Then, if the load is W, the coefficient of frictjon u, and the sliding speed v,
Q= MTQ”_

Hence T-T, = ’fggg—v ,;1—_%_7»; 9)

The result given by Jaeger for a square junction of side 2/ at low

sliding speeds is _ pWgv 1

T 424 kg key”
Except for the constant this is identical with equation (9). As we have
seen, these equations have been calculated for the steady thermal state.
As we should expect, therefore, the equations are only valid at relatively
low sliding speeds. At higher surface-speeds the slider is continuously
cooled by the oncoming portions of the rotating surface. As a result
the temperature rise is less than that given by equation (9), and in such
cases Jaeger gives the following equation for a square junction of side 2I:

7T, (10)

o i uWgv
T—T = 3-T61J {1125k, i+ ky/(0)} ()
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where hody I is the smooth surface (the disk), body II the surface which
carries the junction (the slider), and x, = k,/p, ¢, where p, is the density
and ¢, the specific heat of body I. The main effect is to make the tem-
perature risc 7— 7T, increase less rapidly than the first power of v.

3001 Tungsten
T 2001
v
Steel
100
A
b 4
1 ] L !
02 04 | 06 08

W —>
¥rc. 24. Sliding speed v necessary to produre hot spots of a fixed temperaturo
as a function of the load W. It is seen that for both tungsten and steel sliders,
v is proportional to 1-% in agrocinent with equation (12).

It is interesting to investigate the simple relation given by equation (9)
in greater detail. We assume that the area of contact between the
surfaces is determined by the yield pressure p,, of the softer of the two
sliding metals. If the geometry of the surfaces is such that contact
occurs over a single circular region of radius a, then as we have seen in
Chapter I, ma?p,, = W. Equation (9) then becomes

T—T, = f’f‘.f_g_\_/ﬂﬁml), (12)

We may compare these results with those obtained from the simpler
model. Firstly we see that in both cases the temperature rise is propor-
tional to the sliding speed v. Secondly the temperature risc increases
with the load. On the simple model where the effect of load on the area
of contact is ignored it increases linearly with W. Here, however, where
the effect of load on the area of contact is taken into account the
temperature rise increases only as W!. Thus for a fixed pair of surfaces,
a constant temperature rise should occur when vW! is a constant, that
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is, v should be proportional to W-t. In some careful measurements of the
incidence of visual hot spots (where 7'—7), is a constant) Thomas has
recently shown that this relation is indeed approximately obeyed. His
results for steel and tungsten cylinders sliding over the surface of a glass
disk are plotted in Fig. 24. It is seen that in each case the sliding
velocity at which hot spots are just observed is proportional to W-i.
The third and most important difference between the two models is
that the simple model does not indicate the way in which «, the fraction
of heat going into the upper slider, depends on the ratio k,/k,. In this
model « is assumed constant even for the most diverse combinations of
materials. Consequently the surface temperature depends only on the
conductivity k, of the upper slider and is proportional to k5 t. In contrast,
the present treatment shows that for low sliding speeds o = k,/(k;+k,)
and the surface temperature is proportional to 1/(k,--k,). Thus the
conductivity &, of the lower surface is as important as that of the upper
slider. This is shown in Table V1I (taken from Jaeger’s paper), which

shows the variation of 1/(k,+k,) and ;¥ for various contributions of
sliding solids.

TasLE VII
Slider Lower surface __l_ﬁ

substance 2 substance 1 k, ky byt kyt
Copper . Mild steel 0-918 0-144 0-94 1-04
Mild stoel ’ 0-14:1 0144 3-47 2-63
Lead » 0-0827 | 0-144 4-41 3-48
Bismuth » 0-0194 | 0-144 6-12 7-18
Copper . Copper 0918 0-918 0-54 1-04
Glass ’ 0-0017 | 0-918 1-09 24-0
Silk " 0-0001 | 0-918 1-09 | 100-0
Silk Glass 0:0001 | 0-0017 | 550-0 100-0

It is seen that even according to the Blok—Jacger model for ordinary
values of the thermal conductivity a fairly large variation in the tem-
perature can be obtained by varying the conductivity of one of the
sliding surfaces. Further, it is seen that this variation is of the same
order as that obtained with the k7% law. However, the effect of low
thermal conductivity on the surface temperature will be very marked
only if both the surfaces are poor conductors. These conclusions apply
to the model derived for low speeds of sliding. At higher sliding speeds,
where the cooling effect of the moving surface becomes important, the
temperature rise is still determined by the conductivity of both surfaces
but, as equation (11) shows, it is less dependent on the conductivity of
the moving surface.
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In using equation (12) there are two main difficulties which should
be borne in mind. The first is that the value of p,, should refer to the
yield pressure of those parts of the surfaces at which rubbing actually
occurs. If the temperature rise is high, this value may be appreciably
less than the values at room temperature. For example, when high-
melting metals produce visible hot spots on glass surfaces the tempera-
ture rise (approximately 500° C.) must produce a considerable softening
of the glass, and it is probable, as Mr. Thomas has recently shown, that
in all such cases the area of real contact is determined by the mean yield
pressure of the glass at this temperature, rather than by the hardness
of the metals themselves. The second difficulty arises if, as is usually
the case, the surfaces touch over more than one region. In such circum-
stances the calculation of the temperature rise is subject to the same
uncertainties as those discussed in Chapter I in estimating the area of
real contact from electrical resistance measurements.

Nevertheless equation (12) provides a reasonably satisfactory descrip-
tion of the main factors involved in the generation of frictional hot spots
when the sliding speed is low and the sliding surfaces are large. When
the sliding surfaces are small so that the real area of contact is com-
parable with the apparent area, equation (5) is more applicable. In
most cases, however, it is probable that the real temperature relation
lies between the two equations. At higher surface speeds, of course,
equation (12) should be replaced by equation (11) and equation (5) by
a similar modification derived by Jaeger.

The experiments described in this chapter show that when solid
bodies slide on one another extremely high surface temperatures may
be developed even under moderate conditions of load and speed. The
high temperatures are confined to a very thin layer of the bodies close
to the rubbing interface and there may be relatively little bulk heating.
The high temperatures are, indeed, localized at a number of very small
points or hot spots between the rubbing surfaces where intimate contact
occurs and their position changes from instant to instant as the surface
asperities wear away and new points come into contact. A more detailed
experimental analysis shows, in fact, that both the area of the hot spots
and their temperature vary throughout the life of the hot spot. In
general the hot spots show very rapid fluctuations and the time taken
for the hot spot to reach its maximum temperature depends on the area
of the hot spot and on the thermal conductivity of the surfaces. Al-
though, therefore, the duration depends on the experimental conditions,
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the results show that over a wide range of materials, loads, and speeds the
duration of the hot spot is of the order of 10-4 to 10-3 sec. Similarly
the area of the hottest hot spots between metals sliding on glass is of the
order of 10-8 sq. em. This is probably considerably larger than the size
of hot spots occurring between metal surfaces and is due to thermal
softening of the glass.

As the theory indicates, the surface temperature produced by fric-
tional heating increases with the sliding speed and with the load. It is
also profoundly influenced by the thermal conductivity of the surfaces.
The lower the conductivity of either of the surfaces, the higher the
temperatures observed, but the highest surface temperatures are ob-
tained only if both surfaces possess low thermal conductivities. How-
ever, even under the most severe conditions of sliding the surface
temperatt  cannot, in general, exceed the melting-point of the bodies.

Even in the presence of lubricant films surface temperatures exceeding
several hundred degrees centigrade may be reached at relatively small
loads and sliding speeds, although there may be little bulk heating of
the bodies and the surfaces may appear to remain well lubricated.
These high temperatures occur through the lubricant film at the points
of most intimate contact. This observation is of great significance in
the study of boundary lubrication since (as we shall see in Chap. X11)
the local high temperatures may produce a marked deterioration in the
lubricating properties of the lubricant film @t the very points where the
surfaces are rubbing. In addition, the high temperatures may cause
volatilization and decomposition of the lubricant.

The intense local heating produced at the surface of rubbing solids
has an important bearing on a number of surface phenomena, such as
the abrasion and seizure of metals, the ‘frictional welding’ of plastics
and other materials, and the initiation of chemical reaction and chemical
decomposition under friction and impact. The part that surface tem-
peratures play in the surface flow and polish of solids and in the surface
melting of ice will be discussed in the following chapter.
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III
EFFECT OF FRICTIONAL HEATING ON SURFACE FLOW
I~ this chapter we shall discuss the cffect of surface temperatures pro-
duced by frictional heating on surfacc melting and surface flow. The

first part deals with the process of polishing; the second with the sliding
on ice and snow.

PoLiSHING AND SURFACE FrLow oF SoLIDS

The usual method of polishing surfaces is to rub them together with
a fine powder between them. By this process a rough surface having
visible irregularities is changed into one where the irregularities are
invisible. If the surface gives specular reflection the height of these
irregularities will be less than half a wave-length of visible light. The
classical work on polishing is that of Sir George Beilby (1921), who
showed that the top layer of the polished solid is different in structure
from that of the underlying material. Tt has lost its obvious crystalline
properties and has apparently flowed over the surface, bridging the
chasms and filling up the irregularitics in it. This effect may be shown
by polishing a metal specimen with a suitable polishing powder until
its surface is covered with the typical polish layer. If part of the surface
is lightly etched, the etched portion reveals the original pre-polish
scratches in the surface. This is seen in Plate IV. 1 for a polished copper
surface, prepared by Mrs. Honeycombe, which was etched below the
line AB. The original scratches are clearly revealed, and it is apparent
that the polish layer which was smeared over the surface has been
dissolved away by the etchant.

The mechanism of the polishing process has been a subject of dis-
cussion for many years. Newton, Herschel, and Rayleigh considered
that polishing was essentially duc to abrasion. Beilby’s view was that
it is a surface tension effect—that the polisher tears off the surface
atoms and the layer below this ‘retains its mobility for an instant and
before solidification is smoothed over by the action of surface tension
forces’. The work described in the last chapter, however, and experi-
ments (Bowden and Hughes, 1937) which will be described in this,
suggest that the polishing is due to a high temperature softening or
melting at the points of rubbing contact.

Some information about the structure of the Beilby layer has been
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provided by electron diffraction. Experiments with metal surfaces
show that the crystals near the surface are broken down in size and
reach the crystal size of the bulk metal only at a depth of several hundred
Angstréms. The surface layer itself consists either of very fine crystals
or of an amorphous layer, but the electron diffraction technique is not
capable of distinguishing unambiguously between these two states.
The work of Hopkins (1935), Cochrane (1938), Finch (1937), and

ilocker (1942) supports the view that the surface layers are melted by
the polishing process and as a result of the high thermal conductivity
of the underlying metal are frozen rapidly to form an amorphous film
about 20 A thick. In the course of time, as Cochrane has shown, the
surface film may recrystallize since the amorphous state is not stable.
On the other hand, Raether (1947) has recently suggested that the polish
layer is always microcrystalline, but the crystal size is so small that the
interference pattern obtained approaches that obtained from amorphous
material. If the crystal size is sufficiently small the two views are, of
course, identical.

With non-metals, such as calcite, the conclusions are somewhat
different. There is considerable distortion of the underlying material to
a depth of several thousand Angstroms, but the crystals are not appre-
ciably broken down in size. Further, if the crystal is polished along a
cleavage plane the surface layers show no amorphous properties. If, for
example, calcite is polished along a cleavagde face the polish layer con-
sists of large crystal blocks tilted at small angles relative to the under-
lying material; but the layer still retains its single crystal structure.
Hopkins suggests that the surface layers which are melted during polish-
ing solidify relatively slowly on account of the poor thermal conductivity
of the underlying material, and during this process the underlying bulk
material is able to impose its erystal structure on the solidifying surface
layer. 1f, however, the crystal is polished along a plane making a sharp
angle with a cleavage face the polish layer is amorphous, but it becomes
crystalline again on heating to a temperature well below its melting-
point,

With ionic crystals such as rock-salt, Raether finds that the polish
layer consists of very fine crystals and he suggests that the action of
polishing very brittle materials of this type is a simple mechanical one
of breaking down the crystal size. Very hard substances such as diamond
and tourmaline show a single crystal structure, unaffected by polishing,
and Raether concludes that the nature of the polished surface of non-
metals is governed by the hardness or brittleness of the material. The
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harder the material, the less the surface is deformed, and the structure
of the polish layer covers a complete range from amorphous and micro-
crystalline to single crystal. On the other hand, with metals which can
undergo plastic flow, however hard they may be, the surface material
can be sheared along crystal planes without breaking up its general
cohesion so that the surface layer always consists of very small crystals.
This simple classification is not accepted by other workers, and Finch
in particular has emphasized the surface flow theory for non-metals as
well as metals.

With most metals it seems clear that the polish layer, whatever its
structure, will consist of a ‘fudge’ of oxide and metal. Dobinski (1937)
hasg indeed shown that in some cases the polish layer consists predomi-
nantly of the oxide, and Raether has suggested that the increased resis-
tance of many polished metals to corrosion is due to the protective oxide
film which is spread over the surface. In addition, as Brockway and
Karle (1947) have recently shown, the polish layer will often include
considerable quantitics of polishing material unless special precautions
are taken.

Whatever the nature or structure of the polish layer, it is evident
from the above discussion and from the conclusions of the previous
chapter that the frictional heat generated during polishing may play an
important part in the polishing process. The hot spots produced at the
points of rubbing contact between the polishing medium and the speci-
men may readily cause a local softening or melting of the surface layers,
and this material will be spread over the surface of the specimens by the
polishing action itself and solidify or crystallize to form the polish layer.
On this view, then, the polishing process is in general due to surface
softening or melting rather than to simple mechanical abrasion.

We may perform a simple experiment to test this hypothesis. If
polishing is due primarily to a mechanical abrasion and wearing away
of the specimen we may expect the relative hardness of the specimen
and of the polisher to be of major importance. If, however, it is due to
surface melting it is the relative melting points which will be the deter-
mining factor. If the polisher melts or softens at a lower temperature
than the specimen it will melt or flow first and will have comparatively
little effect on the specimen.

Influence of melting -point
Loss of weight. The first set of experiments (Bowden and Hughes,
1937) were carried out on the loss of weight experienced by various
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metals when they slide on a polisher of given material. The results in
Table VIII are for cylinders of lead, Wood’s alloy, and gallium sliding
over a polisher of thick filter-paper under conditions of constant load
and speed. The loss of weight may be compared with the hardness and
the melting-point.

TaBLE VIII

Cylinders 0-2 cm. diameter; load 100 gm.; speed 110 cm.[sec.

Melting-point | Vickers’ Loss of weight
Metal °C. hardness | gm.[em. of sliding
Lead . . 327 5 0-6x10°%
Wood’s alloy . 69 25 37x10°8
Gallium . . 30 6-6 53-:0x 108

There is no doubt as to the general trend. Lead is softer at room
temperature than Wood’s alloy, yet it loses much less weight. It is the
low-melting metal which loses the most weight. A microscopic examina-
tion of the filter-paper showed small globules of the metal adhering to
the fabric of the paper.

The result of rubbing on a block of pure camphor (m.p. 178° C.) is
shown in Table IX.

TaBLE IX
Nominal pressure 60 gm./cm.2; speed 205 cm.[sec.
Melting-point | Vickers’ Loss of weight
Metal °C. hardness | gm.[cm. of sliding
Lead . . 327 5 < 0:1x1077
Wood’s alloy . 69 25 3-2x1077
Gallium . . 30 6-6 165:0x 1077

Again the loss in weight depends primarily on the melting-point and
not on the hardness of the metal as measured at room temperature.

Surface flow. The second series of experiments consisted of a micro-
scopic examination of the surfaces of various materials when they slide
over different polishers. Generally the polishing material was in the
form of a fine powder which was embedded in a lead or camphor polish-
ing block. During the polishing experiment the surfaces were flooded
with water. A fine pin-scratch was made in the surface before each
experiment so that the same areas on the surface could be compared in
the photomicrographs at various stages. The result of rubbing Wood’s
metal (m.p. 75°) with a camphor block (m.p. 178°C.) is shown in
Plate IV. 2. Although the Wood’s metal (V.D.H. c. 25) is very much
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harder than the camphor, it melts at a lower temperature and it will
be seen that surface flow and polishing of the alloy occurs. On the other
hand, camphor will not polish tin (m.p. 232° C.), although its hardness
isonly c. V.D.H. 4. Similarly camphor will not polish lead, white metal,
or zine, which melt at a higher temperature. A polisher using a powder
of oxamide (m.p. 417°) will readily cause flow of all these metals but
does not produce any cffect on speculum metal (m.p. 745°) (see Plate
IV. 3) or copper (m.p. 1,083°) which melt at temperatures well above
417° C. Lead oxide (m.p. 888°) will polish speculum metal and all metals
melting below it, but has little effect on nickel and molybdenum, which
melt above it. These in turn are readily polished by the high-melting
oxides such as chromic oxide and stannic oxide.

Similar results are obtained with glasses, quartz, and some non-
metallic crystals; calcite, for example (Plate IV. 4), shows little flow on
cuprous oxide which melts slightly below it, but is readily polished by
zince oxide which melts above it.

Surface flow below the melting-point. Although these results point to
the view that polishing only takes place at temperatures above the
melting-point of the specimen, some experiments show that appreciable
flow sometimes occurs at temperatures which must be well below the
melting-point. This occurred with metals of very high melting-point
such as nickel (m.p. 1,452° C.), palladium (m.p. 1,555° C.), and molyb-
denum (m.p. 2,470° C.) on polishers which melt above 1,000° C., for
example, cuprous oxide (m.p. 1,235°(".). Again gold (m.p. 1,063°C.)
showed some surface flow on oxamide (m.p. 417° C.). These results,
however, are not inconsistent with the view that polishing is due to
surface flow. It is well known that the mechanical strength of many
metals and solids falls to a low value at temperatures well below the
melting-point. The rounding of sharp metal crystals and the low value
of tensile strength, hardness, and other mechanical properties, at these
temperatures show that metals may lose their rigidity and resistance to
shear at comparatively low temperatures. For such solids, surface flow
would be expected to take place at temperatures well below the melting-
point and experiment shows that, in certain cases, this can indeed occur.
The rate of flow and polish is, however, very much less and may take
hours, instead of the few minutes required by a high-melting polisher.

Mechanism of polishing
These experiments provide strong evidence, not only that high local
temperatures occur, but that they play a large part in the process of



Chap. IIT SURFACE FLOW 63

polishing. In many cases the frictional heat will raise the temperature
to a sufficiently high value to cause a real melting of the solid at the
points of sliding contact. The molten solid will flow or will be smeared
on to cooler areas, and will very quickly solidify to form the Beilby
layer. Polishing under these conditions is rapid. If the sliding is gentle
or the melting-point of the polisher is low, the surface of the solid may
not reach the temperature of melting. Polish and surface flow may still
occur under these conditions, provided the temperature reaches a point
at which the mechanical strength of the solid is sufficiently low for it
to yield under the applied stress or under surface tension forces. Polish-
ing under these conditions is usually a slower process.

The relative hardness of solid and polisher as normally measured at
room temperature is comparatively unimportant. This is shown clearly
in the case of Wood’s alloy and tin on camphor, or speculum metal and
nickel on lead oxide. The harder metal of low melting-point is polished,
while the softer metal of higher melting-point hardly flows at all.
Similarly zine oxide, which is comparatively soft (Mohs’ hardness 4),
readily polishes quartz (Mohs’ hardness 7). The amount of surface flow
is governed, not by the propertics of the solids at room temperature,
but by their relative mechanical properties at the high temperature
devcloped between the sliding surfaces.

It is not suggested that the smoothing or polishing of solid surfaces
can occur only as a result of surface flow. In the case of diamond, for
example, surface melting can hardly occur. Again, with many sub-
stances the surface irregularities may be removed by chemical attack:
clectrolytic polishing of metals is a clear example of this. In the
polishing of solids such as diamond it is possible that chemical attack
by oxygen and a burning away of the surface irregularities may be
important.

The action of a typical polisher

We may now consider briefly the action of a typical polisher. This
usually consists of a lead or pitch lap or polishing block in which are
embedded fine particles of the polishing powder, for example, alumina
or rouge. The polishing powder rubs on the surface of the specimen,
usually in the presence of a liquid such as water (Fig. 25). At the points
where rubbing occurs high localized temperatures may be developed,
and as we saw above, the amount of surface flow will depend on the
relative mechanical properties of the solids at these high temperatures.

It is clear that increasing the load will increase the polishing rate
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partly because it will increase the area over which the surface layers
are deformed and partly because it will increase the amount of heat
developed and consequently the amount of surface melting or softening.
Similarly an increase in speed will lead to an increase in the amount of
heat developed and hence in the rate of polishing. It follows that, other
conditions remaining constant, the polishing rate should increase with
the load and the speed.

V sher Partlcfes ’
L0

POLISHING , BLOCK

L L /

Fia. 25. Diagrammatic representation of a typical polisher.

A third variable in the polishing process is the liquid medium. As we
saw in the previous chapter, the presence of the liquid does not prevent
the occurrence of localized hot spots. It does, however, appear to localize
the heating by preventing it from spreading to a great distance from the
hot spot. In this way it prevents large-scale surface melting. 1f the
supply of liquid is insufficient and the load or sliding speed is high, this
large-scale surface melting or softening of the specimen may occur and
particles of the polishing powder may become embedded in its surface
over a considerable area. This effect can be observed, for example, when
silver is being polished with rouge. Under certain conditions the silver
surface takes on a reddish tinge which is due to embedded rouge. In
the same way the presence of the liquid prevents a large-scale melting
of the polishing block. In the case of a pitch block, for example, if this
is not prevented, the pitch is melted off and adheres to the surface of the
specimen.

It is clear that the physical propertics of the liquid, its heat capacity,
thermal conductivity, latent heat, and boiling-point will all influence



FPLATE 1

Fra. 1. Mechanically polished a. Start b. 1 hour ¢. 2 hours

copper when etched (below Fia. 2, Polishing of Wood’s alloy (M.P. 69° C.) on
AB)revealsoriginalscratches camphor (M.P. 178° C.). Surface flow occurs ( X 160).

(X 525).

Fic. 3. Rubbing speculum metal (M.P. 745° C.) on
oxamide (M.P. 417° C.). No surface flow occurs
(% 160).

Fia. 4. a. Rubbing calcite (M.P.
1333°C.) on cuprous oxido (M.P.
1235° C.) gives inappreciable surface
flow: b. on zine oxido (M.P. 1800° C.)
gives rapid surface flow (X 235).
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the rate of cooling and may all have considerable influence on its action
as a polishing medium. In addition its chemical properties may be
important since at the high temperatures developed there may be rapid
local chemical attack. In certain special cases the liquid may play a
major part in the polishing process. For example, Grebenschikov (1931,
1935) has suggested that in the polishing of glass the water used as the
liquid medium dissolves the top surface layers and forms a silica gel of
appreciable thickness; the polisher then wipes this layer away wherever
it projects above the common level. Tt is clear, however, that with most
other materials and especially with metals this mechanism is not pos-
sible. The polishing in these cases is essentially due to the surface flow
produced by frictional heating.

THE MECHANISM OF SLIDING ON ICE AND SNow

Define to me why one who slides on the ice does not fall.

LEONARDO DA VINCI
Another phenomenon where surface melting may play a part is in the
sliding of solids on ice and snow—in skating or ski-ing. Itis well known
that the friction under these conditions may be remarkably low
(p = €. 0-:03). The suggestion has often been made that in skating or
ski-ing the surfaces are lubricated by a layer of water formed by pressure
melting (Reynolds, 1901), but few experiments have been made to sup-

port or to disprove the suggestion.

Pressure melting

Experience shows that skis slide quite readily on snow at —20° C.
If we consider that the ski makes contact with the snow over the whole
of its under surface, the pressurc for an average man of 75 kg. weight
on skis of area 5,000 cm.? is 15 gm./em.? This pressure can only form
a water layer if the snow is at —0-00012° C. or a higher temperature.
The real area of contact is, of course, less than the apparent area. In
the case of metals the real area may be a minute fraction of the apparent
area of contact, and the mutual pressure between the two surfaces may
be the flow pressure of the metal (see Chap. I). With a powder such as
snow, which can pack down and conform to the shape of the ski, we
might expect the area of contact to be greater—perhaps not less than
1/1,000th of the area of the ski. If this were the case, then the pressure
is still only great enough to melt snow at —0:12° C. In order to have
sufficient pressure to melt snow at the low temperature of —20° C. the
real area of contact must be less than 0-031 cm.2, i.e. about 1 /100,000th

of its apparent area.
3595.72 F
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These calculations of the pressure melting are made on the assumption
that the pressure is applied equally to the solid and to the liquid phases.
Poynting (1881) has pointed out that if the pressure is applied to the
solid alone, the lowering of the melting-point is about 11} times as great.
(This effect and its bearing on flow pressures has been discussed by
Johnston (1912) and Jeffreys (1935).) We cannot, on theorctical
grounds, rule out the pressure-melting theory, but if it is true it means
that the real arca of contact is extremely small. The pressure itself is,
of course, not sufficient to cause melting. Heat must be supplied from
some source which is at a higher temperature than that corresponding
to the cquilibrium melting pressure.

Melting due to frictional heating

Simple calculations show that appreciable surface melting may be
produced by the frictional heat liberated at the sliding interfaces. In
the casc of a ski sliding on ice at —20° (., for example, if the coefficient
of friction is u == 0-05 and the weight carried is half that of an average
man, the amount of frictional heat liberated when the ski moves forward
a distance I of 1 cm. is given by

@ — Mgt _ 005X 3T5XBIXT000 _ 0.044 calories.
J 4-8x 107

This heat is concentrated at the points of contact of the snow crystals.
If the ski were making rubbing contact over its whole area, this heat
would be sufficient to raise the temperature from —20° to 0° C. and to
melt a layer over 6 molecules in thickness over this area. In actual
fact, the real area of contact must be very much less, and the heat is
concentrated at the points of contact of the snow crystals. Again we do
not know the real area of contact, but if the area of contact is about
1/1,000th of the ski, then the thickness of the water layer melted would
be 2x10-* em. or 10* molecular layers. 1t is clear that a great part
of the heat must be lost by conduction from the points of contact to
the surrounding snow and to the ski. These crude calculations cannot
be taken very seriously, but they do show that the frictional heat
liberated is considerable, and that the retention of a small fraction of it
may be sufficient to cause local melting at the points of contact of the
snow or ice crystals.

Formation of a water layer

Some experiments were carried out (Bowden and Hughes, 1939) at
the Jungfraujoch Research Station in Switzerland to determine whether
a water layer is formed at all, and if so, whether it is due to pressure
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melting or to frictional heating. A miniature ebonite ski was con-
structed and two metal electrodes were sealed into the ski about 0-2 cm.
apart. They projected at the bottom surface and were ground flat so
that they were level with the bottom surface of the ski. When placed
on salty ice at -—20° C. the resistance between the electrodes was
extremely high, of the order of 2 108 ohms, since there is virtually no
conducting material between them. As sliding commenced there was
little change in the resistance and the friction was relatively high. As
the ice was allowed to warm up, the friction gradually fell, but little
variation in the electrical resistance was observed. In the neighbourhood
of the melting-point, however, there was a sudden fall in resistance to
a value of about 2 x 104 ohms, showing that a continuous water film had
formed between the surfaces. The film was still invisible, but a crude
estimate from the electrical resistance suggests that its thickness was
of the order of 10~2 cm. or less. Under these conditions the friction had
the low value of p = 0-03. Thus the high resistance at the lower
temperatures of sliding indicates that surface melting occurred only at
isolated points of contact. This would also account for the higher
values of the coefficient of friction. We are therefore justified in con-
cluding that during sliding on ice a water film is formed between the
surfaces and its presence is largely responsible for the low friction
ohserved. This view is supported by the fact that the coefficient of
friction is not independent of the load but in general decreases somewhat
with increasing load. This deéparture from "Amontons’ law (seo later
chapters) is consistent with the view that the surfaces are separated by
a relatively thick liquid film so that the surfaces are sliding under partly
hydrodynamic conditions.

Effect of temperature

Similar experiments were carried out on the influence of temperature
on the friction of different solids sliding on ice. The results are shown
in Fig. 26. It will be seen that the friction increases markedly as the
temperature falls and at a temperature of —80° C. it is some five or six
times as great as it is at 0° C. The value for the coefficient of friction
(u; = 0-1) at these low temperatures is of the same order of magnitude
as that observed on other crystalline solids such as calcite. The large
influence of temperature on the friction of ice is in marked contrast to
the behaviour of most other solids where temperature has only a small
effect. The behaviour is consistent with the view that the low friction
is due to a lubricating water layer, and the effect is marked with ice
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since the underlying material retains its rigid character even though the
surface layers are molten. With metals this is not the case and, as we
shall see in Chapter V, the friction of metals does not vary in this
striking way with the temperature. Further, in agreement with this
view, the friction rises at low temperatures since it becomes increasingly
difticult for a water layer to be formed.

0-16

0-04

0

0°C —f0°  —a0°  —60°  —80°
Mean temperature —=

M1, 26. LEffeet of temperature on the friction of brass, ebonite, and ico sliding
on ice. The friction increases markedly as tho tomperature falls and is lower
for the slider possessing the lower thermal conductivity.

Effect of thermal conductivity

The influence of the thermal conductivity of the ski on the friction
at low temperatures sheds further light on the mechanism of water-
layer formation. If sufficient pressure is applied to the ice to lower the
melting-point to the actual temperature of the ice it is, of course,
capable of melting. An appreciable quantity cannot melt, however,
unless heat is supplied from some source at a temperature higher than
the pressure-melting-point equilibrium. Both the heat capacity of the
ice and its thermal conductivity are small, and this heat can most
readily be supplied from some outside source. If the temperature of
the atmosphere is higher than either of the ice surfaces, it could be
supplied by conduction from the air. Under these conditions we should
expect that the friction of a good thermal conductor would be less than
that of a bad one. The friction of a brass ski on cold ice should be less
than that of an ebonite one.
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If, however, the lubricating film is formed by frictional heating, the
converse will be true. The frictional heat is liberated at the interface
between the sliding surfaces, and if the ski is a good thermal conductor,
the heat will be carried away rapidly and less will be available for
surface melting. On this view the friction of a brass ski on cold ice
should be greater than that of an cbonite one. Fig. 26 shows the results
obtained using a miniature ski of brass and of ebonite.

At temperatures near 0° C. the frictions of both skis were the same.
At lower temperatures, however, the results showed that the friction of
the brass was considerably greater than that of the ebonite. The lower
the temperature the more pronounced this difference usually became.
These results provide evidence that the frictional heating plays an
important part in the formation of the water film.

Static and kinetic friction and the influence of speed

Some simple experiments were carried out on the sliding of ice on ice
at various temperatures and speeds. The main results comparing the
friction to start sliding u, with the friction during sliding itself yu; ave
incorporated in Fig. 27. (The measurements were not carried out at
exactly the same load so that, as Amontons’s law is not obeyed, the
values are not exactly comparable. The effect of this factor is, however,
small.) It is seen that at all temperatures the static friction is much
higher than the kinetic friction, though at 0° C. the ditference is less
marked.

These results support the view that the water layer is produced by
frictional heating. 1f the pressure-melting view is correct, there is no
particular reason why the static friction should be so much higher than
the kinetic friction. A water film should be present at the points of
contact, even though the surfaces are stationary. If, however, the water
is melted by frictional heating, we should expect the static friction to
be very much higher than the kinetic friction. This view is again
substantiated by the effect of speed of sliding. Provided the speed of
sliding is sufficient to produce a continuous layer of water, it should
have little effect on the kinetic friction. This is observed. 1f, however,
the sliding speed is too low to produce melting at the points of real
contact, the friction should rise. This again is observed. At very low
sliding speeds there is an appreciable increase in the coefficient of
kinetic friction.

Some additional work which supports the view that frictional heating
can produce local surface melting and therefore a low value of friction
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has been obtained by Mr. R. Hutchison (unpublished), who measured
the friction of solids sliding on benzophenone, dinitrobenzene, and
sodium hyposulphite. With these suhstances, which contract on melt-
ing, the application of a uniform pressure would lower the melting-point
and so hinder melting. Experiments showed that at very low speeds
of sliding, the coefficient of friction was relatively high (u = 0-2). At

6
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Coefficient of friction
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1 1 L 1 1
=20 —-40 —60 ~80 ~100
Mean temperature °C.

Fic. 27. Sliding of ico on ice. Influence of temperature on the static friction p,
and the kinetic friction u.

higher speeds of sliding, however, where the frictional heating was
appreciable so that local surface melting could occur, the kinetic fric-
tion fell to a very low value (u = 0-03) which is comparable with that
observed on ice.

These observations have an interesting bearing on sledging and ski-ing.
Few quantitative measurements of the friction of sledges seem to have
been published, but there is general agreement that the friction increases
at low temperatures. Many Arctic explorers (Wright, 1924, p. 44;
J. M. Scott, 1933, p. 273; Cherry-Garrard, 1922, pp. 456-7) have
recorded that at very low temperatures, —30° to —40° C., the friction
between the snow and the runners became so great that the sensation
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was that of pulling a sledge over sand. Wright, summarizing the con-
clusions of the Scott Polar Expedition of 1911-13, says:

‘Quite apart from any question of tho hardness of the snow, howover, the

surface temperature has an important influence. Our opinion was that the friction
decrcased steadily as the temperature rose above zero Fahrenheit (—18° C.), the
presence of brilliant sunlight having an effect, which was more than a psycho-
logical one, on tho speed of advance. Below zero FFahrenheit (—18° C.) the friction
seemed to increase progressively as the temperature fell, as if a greater and greater
proportion of the friction were due to relative movement between the snow grains
and less to sliding friction between the runner and snow.’
This steady increase in friction as the temperature of the ice or snow
falls is clearly shown in Fig. 26. The effect is less marked at very low
temperatures, and it is probable that below —40° C. very little surface
melting occurs under these conditions.

The influence of the thermal conductivity of the sliding body on the
friction, shown in Fig. 26, is also borne out by practical cxperience. It
will be seen from this figurc that at low temperatures the friction of a
good thermal conductor is considerably greater than that of a poor one.
Nansen (1898, pp. 445-6) compared two sledges, one having nickel-
plated runners and the other maple runners. The temperature was low—
the actual value isnot given, but the mean temperature during that month
was —36:8° C. (—34-2° ¥.). He found that the friction of the metal was
higher: ‘The difference was so great that it was at least half as hard again
to draw a sledge on the nickel runners as on the tarred maple runners.’

The thermal conductivity is also important in ski-ing. Many skis are
fitted with brass or stecl edges, although sometimes vulcanite or com-
position edges arc used. The friction measurements show that the latter
should be faster at low temperatures. If metal must be used, one of low
thermal conductivity such as German silver or constantan should be
better. Apart altogether from the thermal conductivity of the surfaces
their hydrophobic properties are also important. Skis coated with a
wax or lacquer, or skis made of plastic, in addition to being poor thermal
conductors are hydrophobic, so that water films will not adhere to the
surface. However, it seems in general that the formation of a water
layer between the ski and the ice or snow is the main condition for
facilitating sliding. As these expcriments show, it is the thermal con-
ditions favouring surface melting by frictional heating which are the most
important, particularly at temperatures considerably below 0° C. This
view has received direct confirmation in an extensive serics of practical
tests recently carried out by Klein (1947) on the sliding characteristics
of aircraft skis on ice and snow.
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b. Detailed view of surfaces e Diageam of apparatus
Fic. 1. Bowden-Leben apparatus for measuring friction between sliding surfaces, cither
dry or in the presence of boundary films.

A, lower surface; B, upper surface or slider: !, carriage holding lower surface and heating clement 2 D, rails;
L duratumin arm holding upper surface; Fand G, spring and serew for applying load ; I, stiffening spring;

K, massive supports for bifilar suspension ; L, pulleys and hook for determining normal load ; M, wmirror
responding to deflexion of hifilar suspension; N, surface thermocouple; P, galvanometer for determining
surface temperature, Recording camera not shown,



a. Steel on copper b. Copper on steel ¢. Nickel on nickel

Fia, 1. Three types of tracks formed during unlubricated sliding () hard on soft;
(b) soft on hard ; (¢) similar metals ( X 31).

Fia. 2. Taper section of track formed on cold rolled copper when
traversed once by a hard hemispherical steel slider (unlubricated).
Track width indicated by arrows. The track appears to be relatively
smooth but there is heavy deformation below the surface of the track.

Fra. 3. Taper section of track formed on steel when traversed by a

hemispherical copper slider (unlubricated). Track width indicated by

arrows. Large particles of copper (A4) aro left adhering to the stecl

surface showing that when the copper-steel junctions are sheared during

sliding the break usually occurs within the bulk of the copper. In some

cases, however, small fragments of steel may be plucked out of the
steel surface (C).



Fic. 1. Copper pick-up on steel in Fia. 2. Welding of copper fragment

greater detail. Note the rupture on steel. The junction is so strong
and penetration of the steel surface. that it has pulled the steel above
F = ferrite, P = pearlite, ¢ = its original level.

copper.

Fra. 3. Taper section ofacopper
surface after a hemispherical cop-
per slider has traversed the surface
once (unlubricated). The surface is
heavily torn and there is severe dis-
tortion below the track.

Fra. 4. Taper section of copper surface after a hemispherical copper slider has
passed over it eleven times (unlubricated). A particle of copper has become
deoply embedded in the surface.
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FIG. 1 PLATINUM ON SILVER . BEGINNING OF RUN,

COEFFICIENT OF F’RICTION
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FIG 2 PLATINUM ON SILVER . LATER IN RUN

FIG.6 PLAT!NUM SLIDER (x56)
AFTER RUN .

Friction and surface damage of platinum sliding on silver. At first the friction

and track correspond to those characteristic of dissimilar metals. After a short

time both change over to the behaviour characteristic of similar metals, Silver

has been picked up from the lower surface and has formed a welded blob at the
tip of the platinum slider.



IV
FRICTION AND SURFACE DAMAGE OF SLIDING METALS

That thing which is entirely consumed by the long movement of its
Sfriction will have part of it consumed at the beginning of this movement.
LEONARDO DA VINCT.

RETURNING again to the sliding of metallic surfaces, there are, as we
have seen, two major experimental observations. First that the area
of contact between them is very small so that the pressure at the local
regions of contact is very high and is sufficient to cause plastic flow of
the metal, and secondly that at sliding speeds frequently used in prac-
tice the surface temperatures may rise to very high values. The third
point we need to investigate is the type of interaction between the
moving surfaces and the physical changes which occur in them during
sliding.

THe MEASUREMENT OF¥ FRICTION

The methods used for measuring friction vary very widely. Obviously
any method which will give, at the same time, a measure of the normal
load between the surfaces and of the tangential force necessary to cause
sliding can be used to determine the cocflicient of friction. The frictional
results deseribed in this book were obtained by a variety of experimental
methods which were usually designed to suit the particular conditions
of the experiment. These methods include the use of a simple weight
hanging on a pulley, the tilting of an inclined plane, the deflexion of a
pendulum or of a spring, the measurement of the rate of deceleration
of the moving solid, and the use of piezo-electric crystals or resistance
strain gauges or electrical capacity methods to measure the normal and
tangential forces hetween the moving surfaces. In general, all these
methods give similar results provided the conditions between the rubbing
surfaces are the same. In many of the experimental methods which are
in common use, the moving solid and the measuring system possess a
high inertia, so that they only measure the average forces and are not
capable of recording any rapid changes or fluctuations which may occur
in the frictional force during the sliding process. It is often desirable
to analyse these forces in more detail, and for this purpose the electrical
methods mentioned above used in conjunction with a cathode-ray
oscillograph are suitable. If mechanical systems are used they must
possess a low inertia and a rapid response.
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One form of mechanical apparatus which has been found useful for
a wide range of experimental conditions is shown in Plate V (Bowden
and Leben, 1939). The friction recording device has a high natural
frequency and the system which applies the load has a natural frequency
which is as high or higher. The details of this are shown in Plate V. 2
and V. 3. The friction is measured between a flat sliding lower surface
(A4) and a stationary upper surface which is usually in the form of a
small curved slider (B). The lower surface is mounted on a carrier (C)
which runs on rails (D) and is driven steadily by water pressure with
a force much greater than the opposing friction. This ensures steady
uniform motion free from vibration. The speed of the lower surface is
adjustable and ranges from about 0-001 cm./sec. to a few cm./sec.

The upper surface is attached to a light rigid duralumin arm (£).
This is carried on a bifilar suspension of tightly stretched piano wire
supported on a rigid frame (K). The load is applied between the sur-
faces by means of a flat spring (#) bent into a circle. The extent of the
compression of this spring which is adjusted by means of the screw (&)
determines the load between the surfaces. A flat piece of spring steel ()
prevents lateral distortion of the spring when sliding. The normal load
acting between the surfaces can be measured by applying an equal and
opposite load to the upper surface by means of weights and the pulleys
(L). In this manner a load of up to 8 kg. can be applied by a device
weighing only a few grammes.

Movement of the lower surface thus sets up frictional forces between
the two surfaces. The torsion arm is deflected about a vertical axis and
the amount of deflexion is proportional to the frictional force exerted
between the two surfaces. The magnitude of the deflexion is measured
by a light beam reflected from the mirror (M) on to a horizontal slit
in a moving film camera.

The mounting of the lower surface contains a heating element by
which the surface can be heated rapidly during an experiment or held
at any desired temperature. A copper/constantan thermocouple (),
pressing in contact with the surface, gives a measure of the surface
temperature and simultaneously records the temperature on the camera
by means of the galvanometer (£). The distance travelled by the lower
surface is also recorded on the camera. This can be used in conjunction
with a small stroboscopic disk throwing time marks on the edge of the
film, to record the actual velocity of sliding of the surface.

This apparatus, which operates in general at high loads and at low
sliding speeds, is also suitable for measuring friction under conditions
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of boundary lubrication. Moreover, the low inertia and high frequency
(1,000 vibrations/sec.) of the measuring device make it very sensitive
to changes in friction. Provision is made for damping the measuring
device either with pads of piano felt or with air damping, but in
general we have found the apparatus more revealing and sensitive
when undamped.

Since the lower surface is clectrically insulated, a measure of the
electrical conductance between the surfaces, or the changes in it during
sliding, may be made and recorded on the camera simultancously with
the friction. Alternatively, if the surfaces are of different metals, the
thermo-electric p.d. between them may be measured so that a record
of the surface temperatures developed during sliding may also be
obtained.

The measurement of the temperature of stationary surfaces

One interesting point which is of some practical importance arises
when we attempt to measure the temperature of a surface by placing
a thermocouple against it. A very convenient method of doing this is
to press a wire of copper and of constantan against the surface and to
measure the thermal p.d. generated. This is a measure of the tem-
perature of the surface between the tips of the wires since the surface
itself constitutes a third ‘neutral’ junction. The thermocouple may be
calibrated by observing the p.d. at which materials of known melting-
point melt when heated on the surface.

There are, however, two sources of error in this method which may,
in some cases, be serious. 1f the thermocouple is calibrated on & surface
which is a poor thermal conductor, such as stainless steel, the calibration
will provide misleading results on a good thermal conductor such as
copper. For example Dr. Greenhill has recently shown that errors as
large as 10 per cent. may occur in such cases. This effect is due to the
temperature drop at the tips of the wires due to the conduction of heat
from the surface. Apart from the influence of conductivity the tempera-
ture drop at a metal junction, as we saw in Chapter II, also depends
on the size of the junction. Consequently we should expect that the
temperature drop at the tip of the thermocouple wires will depend on
the force with which the wires are pressed on to the surface. This is
observed and may often lead to variable results. These difficulties
may be overcome by using thermocouple wires of very fine gauge and
making the area of contact relatively large, so that it does not vary
critically with the load. One way of doing this is shown in Fig. 28 (a);
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another which was developed by Dr. Greenhill is shown in Fig. 28 (b).
This thermocouple gave results that were almost independent of the
load and were accurate to within 5 per cent. on copper surfaces atter
calibrating on a stainless steel surface.

L05 mm. diam. wire /e3ds

Thermocouple wires

. y 04 mm. diameter
Springs to press |_~glass envelope
thermocouple
wires on to surface

> | 0-035 mm. diameter
thermocouple wires

Wires sealed into
Wires sealed into envelope 05 mm aparé
-glass holders and ground flush to
surface

\ —Base sputtered with
(a) @ silver or copper
(b)

F1a. 28 (a) and (b). Two types of thermocouples used to measure the temperature
of solid surfaces. They are designed to produce only a small temperature drop when
pressed against the hot surface.

Although this thermocouple provides a reliable means of measuring
surface temperature, another complication arises in investigating fric-
tion as a function of surface temperature. This investigation is usually
carried out on the apparatus described above by recording the friction
and the temperature of the lower surface simultaneously on the camera
as the lower surface is heated up. The sliding speeds are so small that
the temperature rise due to frictional heating may be neglected. On the
other hand, as the cool upper slider passes over the lower hot surface
an appreciable temperature drop may occur between the surfaces at the
region of contact. Consequently the temperature where the surfaces
actually rub may be appreciably less than the temperature of the lower
surface as recorded by the thermocouple. This effect is most marked
when the lower surface is a poor conductor and the upper slider a good
conductor. For example, for copper on constantan the temperature drop
is of the order of 35 per cent. The effect is least for a bad conductor
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sliding on a good conductor: for a constantan slider on copper it is
about 5 per cent. For similar metals the temperature drop is inter-
mediate in value and is small for good conductors. Thus when the lower
surface is a good conductor a temperature drop of the order of 10° C.
in 200° C. may be cxpected and in general this may be ignored. For
a good conductor sliding on a poor conductor, however, the effect is
serious. This may be overcome by making the slider in the form of a
small metal tip, supported by alumina cement in a steel holder. For
copper on constantan the error is reduced from 35 per cent. to less than
10 per cent., as may be seen in Table X.

TaBLE X

Temperature of | Drop in temperature

Surfaces lower surface | atregion of contact
Copper slider on 150 57
constantan surface} 200 73
Constantan slider on 150 8
copper surface } 200 11
Copper on copper 155 5
Stoel on steel 155 ~10
Insulated copper slider 150 15
on constantan surface } 200 15

By taking the precautions mentioned above it is possible, when
investigating the friction between sliding surfaces as a function of the
surface temperature, to measure the temperature to within about 5 per
cent. Measurements of this type for lubricated surfaces will be discussed
in Chapters IX and X.

Preparation of surfaces

In order to obtain reproducible measurements of sliding friction, great
care must be taken in cleaning and preparing the metal surfaces. Since
boundary lubrication is a surface phenomenon, a trace of contaminating
grease often has a very great effect on the friction. These contaminants
may be only 1 molecule thick and may arise from fatty films migrating
from the fingers cven if the cleaned side is not handled. A trace of
abrasive material left in a soft metal will also give results which are not
characteristic of the metal. It must be recognized, of course, that
however carcfully they are ‘cleaned’ and prepared, all metallic surfaces
will, if they are exposed to the air, be covered with a layer of oxide,
and probably a physically adsorbed gas and water vapour layer as well.
It is only by taking elaborate precautions and working in a high vacuum
that these films can be eliminated and measurements made on naked
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metals (see Chap. VII). Under most conditions, therefore, both of
laboratory experiment and of practice, surface films of this nature are
normally present on the metals.

Experiment has shown that the frictional behaviour is not greatly
influenced by the actual degree of surface finish provided the surfaces
are finely ground and flat. For highly polished surfaces, on which a
Beilby layer has been formed, the results, though similar in character,
are less reproducible, probably because of the altered nature of the
Beilby layer. In general, the surfaces were prepared in a very finely
ground condition (similar to that shown in Plate I. 3 (d), Chap. I) using
standardized techniques, and were carefully degreased.

THE FRICTION OF METALS

_Measurements made with this apparatus show that under many
conditions the sliding between metal surfaces may not be a continuous
process but may proceed in a series of intermittent jerks. The friction
builds up to a maximum during the ‘stick’ and falls rapidly during the
‘slip’, and there are corresponding changes in the area of contact and
the surface temperature. The nature of the motion observed depends
on the physical and mechanical propertics of the friction-measuring
system as well as on the intrinsic frictional properties of the surfaces
themselves; these will be discussed in greater detail in Chapter V. In
what follows we shall deal mainly with the nature of the surface damage
produced between sliding metal surfaces (Bowden, Moore, and Tabor,
1943; Bowden, 1945).

The most striking conclusion drawn from an extensive study of the
friction of metals is that the magnitude of the frictional force and the
extent and type of surface damage caused by sliding are determined
primarily by the relative physical properties of the two sliding surfaces.
In particular the behaviour is very dependent upon the relative hardness
of the two surfaces and, if the sliding speeds are high, upon their relative
softening-points or melting-points. We may for convenience divide
them into three main types: (i) a hard metal sliding on a soft one, (ii) a
soft metal sliding on a hard one, (iii) similar metals sliding.

Careful examination of the metals shows that some surface damage
always occurs even with lightly loaded, well-lubricated surfaces. Plate
VI. 1 shows the tracks produced on a flat metal surface when a small
curved slider passes over it once. In these experiments, a heavy load
(4,000 gm.) was used and the surfaces were unlubricated, so that the
effect can be seen more clearly. As we shall see later, the surface damage
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with loads of only a few milligrams is essentially of the same nature
although it is, of course, on a greatly reduced scale. It should be
emphasized that in these experiments and in the ones below, the speed
of sliding is very small so that the temperature rise due to frictional
heating is inappreciable. Plate VI. 1 (@) is a typical result obtained when
the upper curved slider is a hard metal and the lower flat surface is a
softer one. In this case the curved slider was mild steel (V.D.H. 120) and
the flat surface was copper (V.D.H. 60). It will be seen that a shallow
groove has been ploughed out in the softer copper surface. The coeffi-
cient of friction under these conditions is about u = 0-9. Plate IV. 1 (b)
is characteristic of type (ii) where a curved slider of a softer metal
(copper) slides over a harder flat surface (steel). The harder metal is
comparatively little damaged, but the softer metal has welded on to it
and fragments of it remain adhering to the surface. Again, the coefficient
of friction with dissimilar metals is of the order of u = 0-7. With similar
metals sliding together, type (iii), the damage is much more profound
(sec Plate VI. 1 (c) for nickel on nickel) and the coefficient of friction
is considerably greater (u == 1-2-1-5).

Highly magnified taper sections which represent a cross-section of
these three types of track, cut at right angles to the direction of sliding,
are shown in Plates VI and VII. Plate VI. 2 shows a section of the track
produced on copper by a curved steel slider. It will be seen that the
groove is ploughed out of the copper to a depth of ¢. 1-2 microns, and
that the copper is built up at the edges to about the same height. Just
beneath the surface the metal is very severely deformed, and the
deformation and work-hardening of the copper extend to a great dis-
tance (15 microns or more) beneath the surface.

If the upper surface is of a softer metal, this ploughing out is not
observed. Instead, small fragments of the softer metal are left welded
on the harder one. Characteristic welded junctions of this type, formed
when copper is slid on mild steel at a low speed, are shown in Plate VI. 3.
The taper section was again cut at right angles to the direction of sliding,
and the conditions werc similar to those used on the steel surface. The
coefficient of friction in this case is about u = 1. The horizontal magni-
fication is 120. The greater part of the steel surface is undamaged,
and isolated fragments of copper A are left adhering to the steel and
distributed over it. For these junctions the shearing has occurred in the
copper itself. In other places, for example the hollows and pits C'shown
in Plate VI. 3, the copper has plucked out small fragments of the steel.
Photomicrographs of the copper-steel junctions at higher magnifications
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are shown in Plate VIL. 1 and 2. The white portion F of the steel in
Plate VII. 1 is ferrite, the dark portion P is pearlite, and C is a copper
fragment ¢. 10-3 cm. wide and c. 10-* cm. high. It is clear that the
copper is welded on to the steel and that the junction has sheared in the
copper itself. A similar copper fragment is shown in Plate VII. 2. It is
seen that the forces which sheared through the copper have also caused
appreciable deformation of the underlying steel, and have actually
raised portions of the steel above the general level of the steel surface.
Over a large portion of the surface, however, the break has occurred
between the copper and the steel, so that there is no apparent change
in the surface. The wear of a hard metal by a soft one which is
brought about in this way by a welding and plucking action is a much
slower process and is very different in appearance from the more
normal abrasive wear produced by rubbing with a harder surface (sce
Chap. XIV).

A taper section of the track formed when similar metals slide (copper
on copper) is shown in Plate VII. 3. In this case the friction is higher
(w0 == 1-1-5) and the damage is great. The ploughing and tearing is very
evident over a large area of the track; the metal may be torn out to
a depth of 20 microns or more beneath the surface. Beneath this still
farther, the metal is deformed and work-hardened to an additional
depth which may be greater than 50 microns. It is clear that when
similar metals arc in contact the local high pressures must cause an
equal flow of both surfaces so that they both contribute equally to the
formation of welded junctions and when sliding takes place, both sur-
faces will be distorted and torn. Moreover, since the metal will be
work-hardened at the interface the junction will be stronger than the
underlying metal, so that the break will occur in the bulk of the metal.
This welding and interchange of metal is illustrated in Plate VTII. 4,
which shows the track on the lower copper surface after the copper
slider has passed over it nine times (instead of once as in Plate VII. 3).
The damage is very great, and it is probable that the darker mass 4
of heavily worked copper has come from the upper slider.

An interesting confirmation that welding takes place between the
sliding metals was obtained from some experiments with platinum sliding
on silver. At the beginning of the run the behaviour was, as expected,
characteristic of dissimilar metals; the coefficient of friction was u = 0-5
(Plate VIIIL. 1) and the track was a smooth groove in the silver (sec
Plate VIII. 4). After the slider had moved a short distance the behaviour
changed to that characteristic of similar metals. The friction rose to
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u = 1-3 (Plate VIII. 2) and the torn track now resembled that found
in such cases (Plate VIIL. 5). A close examination showed that a small
amount of silver had become welded on to the platinum slider (Plate
VIII. 6) so that the sliding was in reality silver on silver.

The sliding of steel on steel is of some interest. At first thought we
might expect that the behaviour would be characteristic of similar
metals. Experiment shows, however, that with some steels this is not
the case—it resembles much more closely that of dissimilar metals.
The coefficient of friction is about p = 0-5 and the damage is corre-
spondingly smaller. A characteristic track formed on a mild steel
surface when a slightly worn slider of the same metal passes over it
once is shown in Plate IX. 1. The localized nature of the damage is at
once apparent. A considerable arca of surface within the track is
unchanged. At a number of points, however, penetration, ploughing,
and tearing of the metal have occurred. The depth of this localized
damage varies from 1 to 10 microns. At other points on the surface the
metal is raised above its former level: some of this metal comes from
the lower surface and some is probably left behind by the slider. The
reason why the friction is more characteristic of dissimilar metals is
probably that the steel itself is not a homogeneous alloy. It is probable
that the small localized points of contact between the upper and lower
surfaces will not, in general, be of identical composition, nor will they
possess identical physical properties. An extreme case of this is cast
iron, which is very heterogeneous. It gives a low coefticient of friction
(1 == 0-3) and comparatively little damage when it slides upon itself. It
is found that if a very uniform steel is used, such as an austenitic
stainless steel, or if pure iron is used, the behaviour is ilhlxlediately
characteristic of similar metals: the friction is high (u = 1-1-5) and the
typical torn track is produced. These results, that the friction and
mteraction are very dependent upon the relative physical properties of
the two metals, are quite gencral, and in the appendix at the end of the
book the values of the friction for a number of similar and dissimilar
metals are collected. It is apparent that, over a wide range, the friction
of dissimilar metals is always considerably less than that of similar
metals, and this is accompanicd by a corresponding diminution in the
surface damage.

In these experiments the speed of sliding was very slow, so that the
rise in the surface temperaturc was inappreciable; at high loads and
speeds this will no longer be so, and the nature of the interaction

between the metals will be determined by the relative mechanical
3585.72 G
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properties of the metals at high temperatures. The relative softening-
or melting-points of the metals become an important factor. These
observations have an obvious bearing on engineering practice and on
the wear and friction of metals sliding under actual working conditions
(see Chap. XII).

CHEMICAL AND RADIOACTIVE DETECTION OF
MzTAL TRANSFER

When the surfaces are lubricated, the metallic interchange between
the surfaces is very greatly reduced, so that its detection even by the
taper section method is very difficult. It may, however, be detected by
a sensitive chemical method which has been applied by Dr. Moore.
A gelatine-coated paper which has been immersed in a suitable electro-
lyte is placed on the surface of the metal to be examined and a current
passed so that the foreign metal is electro-dissolved into the gelatine.
If an appropriate reagent is present in the gelatine, very small quantities
of metal may be detected. For example dithio-oxamide may be used to
detect copper, and Plate IX. 2 shows the patterns obtained by allowing
the copper slider to pass once over polished steel (a) when clean and
(b) when lubricated with 1 per cent. lauric acid in paraffin. The black
areas indicate copper, and it will be scen that the adhesion of copper
to the lubricated steel surface is quite considerable. The track of the
slider is about 1 mm. wide, and adhesion has occurred at a number of
small points distributed over it. There is a tendency for these points to
lie on straight lines in the direction of sliding, and this probably corre-
sponds to high spots on the copper slider. Plate 1X. 2(c) and 2(d)
show corresponding results when the experiments are carricd out on a
steel surface which has been finely lapped. The lapping scratches run
at right angles to the track, and the pick-up of the copper is concen-
trated in the regions which correspond to the ridges of the lapping
scratches (Bowden and Moore, 1945).

Similar experiments of a more quantitative nature were carried out
with copper on platinum, both clean and lubricated with solid potas-
sium stearate. Any copper adhering to the flat platinum surface after
the copper slider had passed over it once was removed electrolytically
from an appropriate length of track and micro-estimations made. With
the clean metals the surface density of copper adhering to the platinum
was 2 X 10-5 gm. per mm 2 of track. With lubricated metals the amount
of copper adhering to the platinum was 1-7x10-7 gm./mm.? If this
copper were spread evenly over the platinum in the path of the slider,



Chap. IV SLIDING METALS ]3

it would correspond to a layer about 150 A thick; but as the photographs
show, it is distributed irregularly over the surface of the track in a
number of small discrete particles of varying size.

A still more sensitive method is to use a slider of radio-active metal
and to detect any pick-up on the other surface either by a Geiger
counter (Sakmann, Burwell, and Irvine, 1944) or by a photographic
method (Gregory, 1946). Plate 1X. 3 shows the results obtained by
Mr. Gregory when a radioactive slider of lead was slid once over a flat
steel surface. The stecl was then placed in contact with a photographic
plate and the presence of any lead detected by a fogging of the plate.
Plate IX. 3a is for unlubricated surfaces (coefficient of friction p = 0-4)
and Plate IX. 3b for surfaces lubricated with 1 per cent. stearic acid
in paraffin (u = 0-1). By comparison methods it is possible to estimate
approximately the amount of lead present.

It will be seen that the photographs bear a general resemblance to
those obtained by the chemical method. An estimate of the amount
of metallic pick-up shows that for unlubricated surfaces the amount of
lead which adheres to the steel is of the order of 4 10-7 gm./mm.? of
track. For the lubricated surfaces it is about 2 X 10-8 gm./mm.? of track.
If this were spread uniformly over the track it would correspond to a
film thickness of ¢. 20 A, but again it is concentrated mainly at the high
spots on the lapping scratches. It is clear that the reduction in friction
produced by a lubricant is accompanied by a marked reduction in the
amount of metallic pick-up, but even under the best conditions of
boundary lubrication, some localized breakdown of the film and localized
adhesion is observed. The bearing of this on the theory of lubrication
will be discussed more fully later.

FRICTION AND SURFACE DAMAGE AT LicuT Loabs

The experiments so far described were carried out at loads of the
order of kilograms. It may be theught that plastic flow is inevitable at
these loads and that the conclusions so far drawn are consequently only
valid under a restricted range of conditions. It is therefore of consider-
able interest to examine the friction and surface damage between sliding
surfaces at very light loads. An investigation of this kind has recently
been carried out by Dr. Whitehead using loads of the order of milli-
grams. The surface damage was examined with an electron micro-
scope and the friction determined by means of the apparatus shown in
Fig. 29,

The lower surface is in the form of a small block of metal A mounted
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at the edge of a brass turntable B. The turntable is driven by a suitably
geared electric clock-motor and the sliding speed of the surface B is of
the order of 0-01 em./sec. The upper surface or slider C, is in the form
of a small hemisphere of diameter about 0-8 mm. and is mounted at one
end of a steel wire D. The other end of the wire is suitably clamped at
the end E of a lever arm F. The load is applied to the slider by raising
the remote end G of the lever arm and so flexing the wire in a vertical

From
oscillator

To amplifier
and recorder

Load
agyustment >

Fia. 29. Apparatus used to meusure:tho friction between surfaces at very small
loads. By using suspension wires of various thicknosses the load range maj be
varied from a few milligrams to 100 gm.

plane. By using wires of various thicknesses a practicable range of loads
between 5 mg. and 20 gm. may be obtained. When the lower surface
is set in motion it drags the slider with it and flexes the wire D in a
horizontal direction until the restoring force is equal to the friction.
The deflexion of D in the horizontal direction is thus a measure of the
frictional force. This is recorded electrically in the following way. The
movement of D) deflects the needle H which rotates a moving coil
supported between a pair of soft iron pole-pieces (&). The magnetic
coils around the pole pieces are energized by an alternating current at
100 cycles/sec. Deflexion of the needle alters the induced voltage in the
moving coil and this is connected via an amplifier to a suitable pen
recorder. The resultant frequency of the system is limited by the fre-
quency of the pen recorder rather than by that of the electrical circuit
and is of the order of 10 cycles/sec. Thus the apparatus will respond to
fluctuations occurring in 1/10th sec. or longer, but will not give a reliable
record of more rapid fluctuations. A typical friction trace for steel
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sliding on electrolytically polished aluminium is shown in Fig. 30. It is
seen that the motion is irregular and that the coefficient of friction at
a load of about 0-12 gm. is of the order of u = 1-2. This is essentially
the same as that observed at loads of several kilograms.

In examining the surface damage by electron microscopy it is neces-
sary to make a thin film replica of the damaged surface. The simplest
method is to pour a 2 per cent. solution of Formvar (polyvinyl formal)
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F1a. 30. Typical friction trace obtained with apparatus shown in Fig. 29. The
record is for steel sliding on aluminium at a load of 0-12 gm. The cocfficient of
friction at the ‘sticks’ lios botween p -~ 1-2 and p -: 1-4.

in dioxanec over the surface and allow it to drain off and dry. The result-
ing film of Formvar, which is then stripped off for examination, is about
500 to 1,000 A thick. A typical electron micrograph taken by this
method is shown in Plate X. 1. 1t shows the surface damage produced
when a copper slider passes over an elec‘trolytically polished copper
surface under a load of 0-68 gm. The coefficient of friction was about
w = 0-5, and although the detail is not particularly good it is scen that
there is considerable low and displacement of the copper from the path
of the slider. It is also evident that the slider makes contact with the
surface at only a small number of points producing a series of parallel
tracks. It is also interesting to note that a ‘kink’ may be produced in
one of these tracks whilst the other tracks remain essentially straight
and continuous. This effect arises from the fact that the points on the
upper surface which rub on the lower surface are far apart in the direc-
tion of sliding, so that when the slider is displaced sideways (perhaps
as the result of a ‘slip’) the kinks in cach track occur at different posi-
tions along the main track. The micrograph covers a small field and
only includes one of these kinks. Another micrograph obtained with a
Formvar replica is shown in Plate X. 2 for sapphire sliding on sapphire
at a load of 064 gm. The friction was about u = 0-25 and the surface
damage so slight that it was not detectable by optical means. The
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micrograph, however, shows clearly that the surface of the sapphire has
been damaged by the sliding process.

If the damaged surface is of aluminium (or an aluminium alloy) a
more satisfactory replica is obtained by oxidizing the surface and strip-
ping off the oxide, which retains the shape of the surface deformation.
The specimen is oxidized anodically in a solution of acid sodium phos-
phate to a suitable thickness and the oxide removed in a solution of
mercuric chloride. Free mercury is liberated, the oxide becomes de-
tached from the surface and floats to the surface of the solution. The
oxide replica is picked up on a suitable grid, washed, dried, and trans-
ferred to the microscope. Typical micrographs obtained in this way are
shown in Plate X. 3 and 4 for steel sliding on electrolytically polished
aluminium. Plate X. 3 is for clean surfaces at a load of 0-34 gm. when
the coefficient of friction was about u = 1. It shows a typical ‘stick’
produced in the course of intermittent motion and it is apparent that
considerable deformation of the surface has occurred. Plate X. 4 shows
a similar track observed on an aluminium surface contaminated with
grease. The load was 0-34 gm. and the coefficient of friction about
p == 0:3. Tt is seen that the surface damage is less severe and consists
of a series of fine parallel scratches.

The micrographs obtained from aluminium oxide replicas may be
further improved by shadowing the replica with an opaque material
such as gold and palladium. The shadowing increases the contrast and
provides a fairly reliable method of estimating the height of the surface
irregularities. Typical results obtained in this way from replicas,
shadowed at an angle of 45° with gold and palladium by evaporation
in vacuo, are shown in Plate XI. 1 and 2. These micrographs show the
damage produced on an electrolytically polished aluminium surface by
a steel slider. The load was about 0-34 gm. and the coefficient of friction
about p = 1. Plate X1. 1 shows the ploughing and tearing of the
aluminium surface and the presence of minute particles of steel buried
in the surface. The edge of the track, shown in greater detail in
Plate XI. 2, reveals the deformation and flow of the aluminium on a
submicroscopic scale. The ‘waves’ set up at the edge of the track are
only about 100 A apart. It is interesting to compare the damage
observed on aluminium at these very small loads with the damage
produced at much higher loads when the track can be examined with
an ordinary optical microscope. Plate XI. 3 shows the track formed at
a load of 20 gm. for steel sliding on aluminium. The tearing of the
surface and the slip lines at the edge of the track are clearly visible.
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Plate XI. 4 shows the edge of a track formed at a load of 2,000 gm.
The slip lines are very marked indeed, and it is evident that the
deformation produced by sliding extends well beyond the edge of the
track itself. There is a marked similarity between this micrograph
taken at a magnification of 500 and the electron micrograph in Plate
XI. 2 (where the load is 6,000 times smaller) taken at a magnification
of 25,000.

These micrographs provide direct evidence for the occurrence of
plastic flow, tearing, and plucking of metals when sliding occurs.
Although the loads are 10,000 times smaller or less than those described
in the previous experiments, the value of the friction, the nature of the
motion, and the appearance of the surface damage are essentially the
same.

EARLY THEORIES OF METALLIC FRICTION

In 1699 Amontons published the result of his experimental investiga-
tion of the friction of unlubricated solids. He found that the frictional
force was independent of the area of the surfaces and was directly pro-
portional to the normal load. In fact he concluded that the frictional
force was always equal to one-third of the normal load. To explain
this result he assumed that irregularities on the surfaces of the two
bodies interlocked, and the relative motion necessitated lifting the load
from onec position of interlocking to anopher. This caused a loss of
energy which was manifested as a frictional force. Amontons’s conclu-
sions were tested by many investigators, notably de la Hire (1732) and
Euler (1750). The latter agreed with Amontons in giving to all surfaces
a frictional coefficient of one-third. The most systematic work was done
by Coulomb (1785), who examined the influence of a large number of
variables on the friction. He agreed that the friction was proportional
to the load and made the new observation that it was independent of
the velocity of sliding. Further work was done by Rennie (1829), Morin
(1835), and Hirn (1854). Hirn distinguished carefully between lubri-
cated and unlubricated solids, and he observed that the effect of
velocity, surface area, and load differed in the two cases. Few precau-
tions were taken by any of these experimenters to obtain clean and
reproducible surfaces. For example, Rennie's surfaces were almost
certainly contaminated, since the value he obtained for the coefficient
of friction was very low (c. 0-1 or less). All these earlier workers agreed
with Amontons in assuming that friction was caused by the interlocking
of asperities. Rennie pointed out that a more general theory should
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take into account the bending and fracture of these asperities. The
action of lubricants was explained by assuming that the lubricants filled
these irregularities and at the same time, by some means, made them
more ‘slippery’.

These earlier theories were questioned when Lord Rayleigh suggested
that the difference between a polished surface and the surface of a fluid
might not be very great. This view was confirmed by Beilby, who
showed that polishing and grinding were two essentially different pro-
cesses. The more recent view that friction had its origin in surface forces
and was due to molecular cohesion between the solids was then intro-
duced. Ewing (1892) considered that friction was due to the reaction
of molecular forces following the molecular displacement. This theory
has also been put forward and has received strong support from the
extensive work of Sir William Hardy (1936) on static friction. He con-
sidered that the friction could be explained in terms of the surface fields
of the solids. The results he obtained with lubricants were explained
by assuming that the lubricant caused, in a very definite and quantita-
tive way, the reduction of the molecular field of force at the surface of
the solid.

Au interesting attempt to correlate the interaction during sliding
between the surface molecules at the surface of two unlubricated solids
has been made by Tomlinson (1929). He considered that the friction
was due to the energy dissipated when the molecules were forced into
each other’s atomic fields and were then separated. He made the further
assumption that the molecular fields of force were approximately the
same for all substances, and the area of molecular contact could be
calculated from Hertz’s equation for elastic deformation. He found
approximate agrcement of experiment with theory, but many of his
experimental values for friction were very different from those found
by other workers.

These theories differ somewhat, but they all make the assumption
that the resistance to sliding is due to the surface fields of force only.
It is clear from the experiments which have just been described that
the frictional effects are not confined to the surface of the solid but
cause distortion and deformation to a very great depth beneath it.
Obviously the physical processes that occur during sliding are too
complex to yield easily to a simple mathematical treatment, but the
experiments show that, under the intense pressure which acts at the
summits of the surface irregularities, a localized adhesion and welding
together of the metal surfaces occurs. When sliding takes place, work
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is required to shear these welded junctions and also to plough out the
metal. We may inquire how far the friction of metals can be explained
in terms of this process.
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v
MECHANISM OF METALLIC FRICTION

THE ROLE OF SHEARING AND PLOUGHING

THE previous chapter has shown that the friction between metal surfaces
cannot be regarded purely as a surface effect. It is clear that during
sliding, metallic junctions, large compared with molecular dimensions,
arc formed and sheared. In addition, if one surface is harder than the
other the harder surface asperities plough out the softer material to an
appreciable depth below the surface. We may therefore expect that the
frictional force will be greatly influenced by the bulk properties of the
metals. It is evident that the physical processes which occur during
sliding are very complex and do not yicld readily to a quantitative
treatment. We may, however, express the frictional resistance as the
sum of two terms, one of which represents the shearing and the other
the ploughing process. In this way it is possible to obtain an approxi-
mate expression for the friction in terms of the bulk physical properties
of the metals. For a similar analysis sce Ernst and Merchant (1940).
In order to separate the forces of shearing and ploughing it is con-
venient to consider the frictional force between hard sliders of various
geometric shapes and a plane surface of a softer metal. Suppose a hard
hemispherical slider rests on the softer metal. If the load is W, the
hemisphere sinks into the softer metal until the area of contact is
sufficient to support the applied load (see Figs. 31 (a) and 31 (b)). Then
if A is the projected area of contact and p is the yield pressure of the

softer metal, A = W/p. (1)

For simplicity we assume that the surfaces are perfectly smooth so
that A, the real area of contact, is the same as the geometrical area.
If the slider is rough we may consider any one asperity to be approxi-
mately hemispherical, so that the present treatment will apply, on a
greatly reduced scale, to each of the asperities.

The force F required to move the slider in a direction parallel to the
surface is now considered to consist of two terms. The first is the force S
required to shear the metallic junctions formed at the points of intimate
contact between the two metals. This may be written as

S = As, (2)
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where s is the force per unit area which, acting in a direction tangential
to the interface, is required to shear the junctions.

The second term P is the force required to displace the softer metal
from the front of the slider. It will be equal to the cross-section of the

F1a. 31. Doformation of a soft metal by a hard curved surface. (a) Hemisphere,

stationary. (b) Homisphere, moving. (c) Horizontal cylinder normal to direction

of motion. (d) Flat spade normal to direction of motion. For (a), (b), and (c) the

frictional resistance involves a ploughing force P and a shearing force S. For
(d) the friction involves only the ploughing force P.

grooved track 4’ multiplied by the mean pressure p’ required to displace
the metal in the surface. Then

‘lJ — Alpl, (3)
where we may expect that p’ will be of the same order as p. If d is the

track width and r the radius of curvature of the slider, A’ is approxi-

1 d?
1 ——.
mately equal to 157

Hence P=_—_——19p. (4)

The total frictional force is then given by
F=S8+P = As+Ap. (5)
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In the above case this becomes
Fedst+E p (6)
150"

As another type of slider we may consider a cylinder of radius r and
length I (Fig. 31(c)). It is clear that the shearing term S will be equal
to the area of the curved surface, that is submerged, multiplied by s.
In gencral this will not be very different from the projected area, Id,
multiplied by s. The ploughing term P will be equal to the area of the
submerged segment of the front of the cylinder multiplied by the
pressure p’, so that to a first approximation

1d , . "

F’——’: -s'[(l—}‘]‘é;‘z). (I)

We may climinate the shearing term completely by considering a

eylinder of zero length, i.e. a slider in the form of a hemispherical spade

(Fig. 31(d)). In this case the shearing term is zcro and the force
resisting motion is entirely due to the ploughing term, so that

- (8)

This is the same as the ploughing term in equations (6) and (7). By
simple subtraction we may therefore calculate the shearing term for
both the hemispherical and the cylindrical slider. This provides a
simple means of determining the separate contributions of the shearing
and ploughing terms to the total frictional force.

Experiments were carried out to test the validity of these equations
using the apparatus already described. The upper slider, in the form
of a spade, a cylinder, and a hemisphere, was made of steel and the
lower plane surface of indium, which is a very soft metal. The speed
of sliding was very low, of the order of 0-01 cm./sec., so that the rise
in temperature due to frictional heating was negligibly small.

The ploughing term P’

"The theory shows that the ploughing force should, in the case of the
spade, be proportional to the cube of the track width. Experimental
measurements with steel spades on indium are shown in Fig. 32, and
it is seen that this is approximately true. Further the ploughing term
should not be influenced by the presence or absence of a lubricant film.
This again is directly confirmed by experiment, as may be seen in Fig. 32.
These values were obtained when the slider first begins to move. During
further sliding the displaced material accumulates in front of the slider
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and the force resisting motion gradually increases. At this stage a
lubricant may have an appreciable effect on the ploughing force.
Using equation (8) the pressure p’ resisting the movement of the
spade may be calculated. The result for indium is 1,500 gm./mm.?
compared with the static yield pressure obtained from indentation
measurements of 1,000 gm./mm.2 The higher value of »" may be due
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Fra. 32. Force P (in gm.) required to plough through indium with a flat steel
spade, as function of tho track width d. It is seen that P is cssentially the same
for clean and for lubricated surfaces, and that it is proportional to d*.

to the fact that the ploughing experiment involves the flow of the
metal at an appreciable rate, whercas the indentation tests are carried
out under static conditions.

In spite of the uncertainty as to the exact physical meaning of the
pressure p’, these results show that the ploughing term may be calcu-
lated in terms of the geometry of the moving surfaces and a factor
2’ that is of the same order of magnitude as the yield pressure p of
the softer metal. Since the depth of the track is itself dependent on the
yield pressurc p of the metal, it should be possible to express the
ploughing term as a general function of p. A simple analysis (in which
we assume that p’ is simply proportional to p) shows in fact that for
hemispherical sliders on metals of different hardness the ploughing term
should be proportional to 1/vp, so that it will be less important for hard
metals. For conical sliders, on the other hand, the analysis shows that,
for a fixed load, the ploughing force is independent of p but increases
the more pointed the cone. Finally, for flat surfaces making contact at
a number of hemispherical asperities the ploughing term, for a fixed
load, will be less the larger the number of the points of contact. In
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general the analysis suggests that for harder metals the ploughing term
is small. For softer metals, however, it may often constitute an appre-
ciable fraction of the total frictional force.

The shearing term S
In Fig. 33 the tangential force F' is plotted against the track width d
for a steel sphere, a steel cylinder, and a steel spade, all having the same
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Fic. 33. Frictional force F (in gm.) of curved steel surfaces on indium as a function
of the track width d. 1. Spade. 2. Sphere. 3. Cylinder. The difference betwoen
curves 1 and 3 gives the shearing term S for the cylinder.

radius of curvature. It is seen that for a given track width the friction
is least for the spade, as is to be expected, since the shearing term is
clearly absent. Further, as we might expect, the friction for the sphere
is intermediate in value between the spade and the cylinder.

The difference between curves 1 and 3 gives the shearing term S for
the cylinder, and from equation (7) we see that it should be proportional
to the first power of the track width d. In Fig. 34 the experimental
value of S thus obtained is plotted against d. It will be seen that experi-
ment is again in good agreement with theory, and from the slope of the
curve we obtain a value of s = 225 gm./mm.?

The difference between curves 1 and 2 gives, in a similar way, the
shearing term for the sphere, and this yields a value of s = 350 gm./mm.?

Experiments were also carried out with a curved indium slider on a
flat steel surface. The motion proceeded in very marked stick-slips and
at each stick the indium left a well-defined ‘patch’ of indium on the
surface, marking clearly the area over which the indium and steel
surfaces had welded together. Measurements showed that this area
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was proportional to the frictional force at the stick, and the shear
strength of the steel-indium junctions so formed gave a value of
§ = 325 gm./mm.?

A subsidiary test was carried out to determine the force required to
shear solid indium. Cylinders of indium of various diamecters were
sheared between two flat steel plates sliding over one another in close
contact. It was found that the shearing force was proportional to the
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Fra. 34. Force S required to shear metallic junctions formed between stecl

cylinder and indium. (Difference between curves 1 and 3 in IFig. 33.) The mean

slope is 900 gm./mm. Since tho length of the cylinder is 4 mm. the shear strength

§ == 290 — 225 gm./mm.?

area of cross-section of the cylinders, and for the same speed as that
used in the above friction cxperiments a value of s was obtained,
s = 220 gm./mm.2 Increasing the speed of shear by a factor of 150
caused s to increase by a factor of only 2.

The results obtained from the friction measurements for a variety of
experiments in which steel sliders of different shapes and sizes were

used are shown in Table XI.

TasrLe XI

Shear strength of steel-indium junctions calculated from
friction. (Sliding speed = 0-005 cm.[sec.)

Slider 8 in gm./mmS2
Small steel cylinder (r = 0-25 cm.) . . 225430
Large steel cylinder (» = 2:5 cm.) . . 250450
Small steel hemisphere (r == 0-25 cm.) . 300450
Large steel hemisphere (r = 2:5 cm.). . 270470
Curved indium slider on flat steel surface . 326

Shear strength of pure indium . . . 220
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It will be seen that, although the experimental methods were very
different in each case, the values obtained for s are in reasonable agree-
ment. Moreover, the value of s (i.e. the shear strength of the steel-
indium junction) is very nearly equal to the shear strength of pure
indium. We may reasonably assume, therefore, that the shearing has
actually occurred within the bulk of the indium itself. This is confirmed
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Fra. 35. Frictional foree F (in gm.) of a stecl hemispherical slider on indium, lead,
and copper, as a function of track width. 1t is scon that for any given track widvh
the friction on copper >~ leud > indium.

by a micro-examination of the steel slider which shows that the surface
is covered with numerous fragments of indium where the softer metal
has welded on to the steel.

Similar experiments were carried out with steel sliders on lead and
copper surfaces. With lead the ploughing term P is appreciably smaller
than with indium. If we neglect it and assume that the frictional force
is due entirely to the shearing term S, we obtain a value of 1,800
gm./inm.2 for the shear strength s of the lead-steel junctions. This may
be compared with the shear strength of pure lead of 750 gm./mm.2
obtained by the direct experimental method of shearing small cylinders
of the pure metal. With copper surfaces, the ploughing term P is
negligibly small and the shear strength s of the copper—steel junctions
obtained from the friction measurements is about 28,000 gm./mm.?
The shear strength of pure copper is about 16,000 gm./mm.?

The relative frictional properties of a steel hemisphere sliding on
indium, lead, and copper are shown in Fig. 35. It is seen that for any



Fic. 1. Electron micrograph of track

formed by sliding steel on aluminium,

Clean, Shadowed oxide replica
(% 8,500). Load 0-34 gm. p =~ 1.

Fig. 3. Optical micrograph of track

formed by steel sliding on aluminium.

Clean (x500). Load 20gm., p= 1.

Note heavy surface damage and slip
lines at edge of track.

Fia. 2. Larger magnification of edge of

track in 1 (% 25,000). The slip lines at

the edge of track are between 100 and
1000 A apart.

Fra. 4. Edge of track formed by steel
sliding on aluminium. Clean (X 500).
Load 2 kg., p &~ 1. The slip lines show
that the deformation extends beyond
the boundaries of the track itself.



Electrical conductance (hight trace): Friction (dark trace)

Time

Type 1. Constantan on steel

Type 2. Tin on steel

Type 3. Platinum on platinum

Friction and clectrical conductance traces for three types of sliding. Dark trace,
friction. Light trace, electrical conductance. Type I, hard metal on soft. Type 2,
soft metal on hard. Type 3, similar metals.
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given track width the friction of copper > lead > indium and that the
values of the friction for a fixed track width are roughly proportional
to the shear strength of these metals.

The shear strength of the metal junctions _

The shear strength s of the junctions formed between a steel slider
and surfaces of indium, lead, and copper are summarized in the second
column of Table XII, whilst the shear strengths of the pure metals are,
for comparison, given in the third column. As a matter of interest the
values obtained for a hard steel ball sliding on hard steel are included
at the bottom of the table.

TaBLE XIIT

Shear strength gm./mm.2
calculated from From shearing of
Jfriction measurements pure metals
Indium . . 325 220
Lead . . . 1,600 750
Copper . . 28,000 16,000
Steel ball . . 140,000 90,000

For metals such as indium and lead, where the surface asperities flow
into one another these values of s are the true values of the shear
strength of the junctions formed between the slider and the metal.
For metals such as copper and steel, however, where contact occurs at
the tips of surface asperities, the real area of contact will be less than
that given by equation (1), so that the effective values of s, deduced
from the friction experiments, will be somewhat higher than those given
in this table. Nevertheless, if we think of the shearing at the tip of any
asperity as being a process essentially similar, though greatly reduced
in scale, to the processes described above for indium and lead, it is clear
that the general picture of the frictional process still remains valid.

The results summarized in Table XII show that the shear strength s
calculated from the friction measurements is of the same order as the
shear strength of the pure metal, but is somewhat greater. There is also,
as we have seen, marked pick-up of the softer metal on the harder slider
at the points where metallic junctions have been formed and then
sheared. This suggests, therefore, that at those regions where the soft
metal flows plastically under the applied load, metallic junctions are
formed and shearing takes place within the bulk of the softer metal
itself. It should be noted that at the slow sliding speeds used in these

experiments the temperature rise due to frictional heating is only of the
3595.72 : H
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order of a few degrees. Consequently the metallic junctions must be
formed by a ‘cold-welding’ process. At higher speeds of sliding, how-
ever, where appreciable frictional heating occurs, the temperature rise
may play a significant role in facilitating the flow and welding of the
metallic junctions.

Amontons’s Law

We are now in a position to consider the reason for Amontons’s
observations that the frictional force is independent of the apparent
arca of the sliding bodies and directly proportional to the load.

As we have just seen, the real area of contact between two metals
is given by 4 = W/p, and metallic junctions are formed at thesc regions
of intimate contact. Ifsis the mean tangential stress necessary to shear
these junctions, the total force to shear all the junctions is given by 4s,
so that if the ploughing term is negligible, the frictional force is given by

F = As. (9)

It follows from the discussion in Chapter I that the real area of contact
A depends only on W and p and is almost independent of the apparent
area of the surfaces. Consequently F should be independent of the
apparent area of the surfaces. This is Amontons’s first ‘law’.

1f now we substitute for 4, we obtain

F = Ws/p. (10)

Thus the frictional force is directly proportional to the load, so that the
coefficient of friction is virtually independent of the load. This is
Amontons’s second ‘law’, and it holds over an extremely wide range
of experimental conditions. Dr. Whitehead, for example, has recently
carried out some friction experiments at very small loads using the
apparatus shown in Fig. 29 (see Chap. IV). Table XIII gives values
of the coefficient of friction observed for loads of a few milligrams and
these may be compared with values obtained with the identical surfaces
on the large friction apparatus where the load is of the order of kilo-
grams. Similar observations for steel sliding on aluminium are plotted
in Fig. 36.

TaBLE XIII
Surfaces Load gm. | Coefficient of friction p
Aluminium slider 0-037 1.5
on electrolytically 0-075 1-25
polished aluminium 0-150 1-5
surface 4,000 1-35
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It is seen that over a load range of 100,000 or more the coefficient
of friction remains sensibly independent of the load, and the same type
of agreement is found for surfaces lubricated under boundary conditions
(see Chap. IX). It is, however, important to note that Amontons’s law
holds only when the area of intimate contact increases with the applied
load. If by some artificial device, such as the use of thin metallic films,
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F1a. 36. Friction of steel sliding on electrolytically polished aluminium as a
function of load. The coeflicient of friction is almost constant for loads ranging
from about 10 mg. to 10 kg., i.c. over a load range of 108,

the area of contact is prevented from increasing proportionally with
the load, this law is no longer valid. The breakdown of Amontons’s law
for thin metallic films will be discussed in greater detail in the second
half of this chapter. A similar effect with oxide films will be discussed
in Chapter VII.

There is another case where Amontons’s law is no longer applicable.
This occurs with soft metals such as indium or lead sliding on a hard
metal; it is found that the friction is very variable and depends on the
previous history. If the load is first applied and then decreased or
removed altogether, the surfaces may continue to ‘stick’ together and
the tangential force necessary to cause sliding may remain high, although
there is no normal load between the surfaces. This is not observed with
harder, more elastic metals. For such metals the friction decreases when
the load is decreased. This is because there is a release of elastic stresses
around the deformed region and the small movements that result serve
to break the metallic junctions already formed (see Chap. XIV). Al-
though on the part of the load-area curve when the load decreases the
real area of contact is not proportional to the load (see Chap. I, Fig. 10)
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the deviation is not very marked and the friction decreases steadily
with the load. In the case of soft plastic metals like indium or lead,
however, in which the released elastic stresses are very small, this will
not always occur and once the clean surfaces are pressed together they
may continue to adhere even when the load is reduced or removed
completely. Similar effects have been observed on strongly outgassed
gold surfaces (see Chap. VII). For this reason measurements of the
‘coefficient of friction’ of an indium or lead slider on a flat steel plate
may have little meaning. If, however, the friction is measured as a
function of the real area of contact this difficulty does not arise and
consistent results are obtained. For example, frictional measurements
of indium sliding on steel show that Amontons’s law is not usually
obeyed but that the frictional force is directly proportional to the area
over which the indium and steel surfaces weld together. The shear
strength of these steel-indium junctions is about 325 gm./mm.? in
reasonable agreement with results obtained from other frictional
measurements and from direct shearing experiments. This adhesion
between soft plastic metals will be discussed more fully in Chapter X1V,

We may now rewrite equation (10) so that the coefficient of friction
(v = F/W) may be expressed in terms of the bulk properties of the
materials. From equation (10),

s shear strength of junctions
_— = . (11)
p  yield pressure of softer metal

u

As we have already seen, the shearing usually occurs within the softer
metal itself, so that s is approximately equal to the shear strength of
the softer metal. Consequently u becomes a function of the physical
properties of the softer of the two sliding bodies and may be expressed

as __ shear strength of softer metal

= . 12
yield pressure of softer metal (12)

Two conclusions at once follow from this result. The first is that s and p,
being strength properties of the same metal, vary together and their
ratio is roughly the same for the most diverse metals. This explains
the observation that the coefficient of friction of a very wide range of
metals does not vary by a very large factor: generally it lies between
p = 0-6 and pu = 1-2. This will be discussed again later in this chapter.
The second conclusion is that temperature should not have a very
marked effect on the friction of unlubricated metals since s and p should
vary together as the temperature is raised or lowered. This is generally
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found to be the case. Unless the heating is sufficient to affect the nature
of the surface films the friction does not depend markedly on the tem-
perature. On the other hand, if the temperature rise is due to frictional
heating it will be localized in the surface layers. Consequently sliding
at higher speeds or loads may produce a more marked change in s than
in p, so that there may be some reduction in the coefficient of friction.
This effect will be very marked when the decrease in s is restricted to
the surface layers, and when the underlying bulk material retains its
high value of p. In general this does not happen with metals to any
marked degree. With solids such as ice, however, which retain their
hardness at temperatures very close to their melting-point, a very large
reduction in friction may occur (see Chap. ITI).

THE INTERDEPENDENCE OF ) AND 8

There are two assumptions in the above theory which we may now
consider in greater detail. The first is concerned with the use of the
shear strength s. We have assumed that if a junction has an area 4
the force to break it by shearing is s4, and we have compared s with
the shear strength of cylinders of the metal constituting the junction.
This is valid if the junction is, in fact, sheared as a whole, so that at
the end of the shearing process its area is zero. This is approximately
true at a ‘stick’ when the motion is intermittent (sce later). If, however,
the motion is smooth the junction is never sheared across completely
but is continuously being formed and sheared. In such cases the shear-
ing force is more accurately determined by the critical yield stress in
shear, that is, the shear stress which just produces plastic low. It is
probable, however, that this parameter will be of the same order of
magnitude as the shear strength s, so that the simple treatment given
above remains approximately valid.

" Another assumption connected with this, but of greater importance,
is the interdependence of p and s. So far we have treated the yield
pressure and the shear stress as independent variables. According to
the theory of plasticity, however, both these stresses must play a part
in producing plastic flow of the metals. A simple case will make the
position clearer. Supposing a block of soft metal is pressed with one
of its flat faces on to a hard flat surface with a normal pressure . We
consider the block to be a long prism of uniform cross-section so that
we may, in effect, treat it as a two-dimensional problem in plasticity.
Suppose now the block is subjected to a tangential pull equivalent to
a shear stress s (Fig. 37 (a)). We now assume that o and s reach such
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values that the block forms a junction with the harder metal across the
whole of the interface 4 B and that shearing takes place in the softer
metal near 4B, in the slice A BCD (Fig. 37 (b)). Strictly speaking the
shear along (/D should fall to zero at D and C since there can be no
shear stress in the free surfaces 4D, CB. For simplicity, however, we
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¥1c. 37. The shearing of a block of soft metal making motallic contact over the
wholo of its lower face.

assume a constant average value for s (and also for ¢) with shears along
AD, CB to give equilibrium at the edges. Then von Mises’s criterion
for plastic yielding to occur in the slice 4 BCD is

02432 = T2, (13)
where Y is the yicld stress of the material A BCD in extension or friction-
less compression. Clearly an infinite number of solutions is possible
provided ¢ < Y and s < (1/¥3)Y. Let us consider two extreme cases:

(i) The block rests on the surface under a static pressure o = Y. This
is the simple condition of compression at the plastic yield stress. Accord-
ing to equation (13) the stress necessary to cause shear is given by s = 0..
Thus the coefticient of friction at the initial instant of sliding will be zero.
In practice, of course, as soon as plastic yielding begins, the cylinder
flows and increases the arca of contact so that o decreases and s corre-
spondingly increases.

(ii) The block is pressed on the surface so as to form a junction over
the whole interface A B and the normal stress is removed. Suppose the
recoverable elastic stresses arc not sufficient to break the junction. Then
o = 0, and according to equation (13) the section ABCD will flow
plastically under a shear stress s when s = (1/¥3)Y. This corresponds
to a simple shearing process where there is a finite shearing stress and
zero normal stress. In this case the coefficient of friction will be infinite.
In practice, of course, the recoverable elastic stresses will impose com-
plex normal stresses on the section 4 BC'D and this will probably reduce
the value of s. Further, the slightest tangential movement of the sur-
faces will, in the absence of all normal pressures, tend to separate them
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completely. However, in the presence of small but finite pressures we
may expect very high values of the frictional force if the formation of
the junctions across the interface 4 B can take place. This occurs with
very soft metals such as indium (see Chap. XIV). It also occurs with
other metals when the surfaces are thoroughly outgassed in a high
vacuum (see Chap. VII).

Under normal laboratory conditions the coefficient of friction of most
‘clean’ metals has a value of the order of unity. On the model con-
sidered above, this means that o = s. Consequently, from equation (13)
o = }Y, that is to say, the normal pressure corresponding to plastic
flow in the slice A BCD will be one-half of that necessary to produce
plastic flow under pure compression. This means that for a given load
the area of contact when sliding commences will be twice that observed
under pure compression, i.e. when the surfaces are stationary. An in-
crease of this order is often observed when soft metals such as indium
or lead slide on steel.

The model so far considered is, of course, very far indeed from most
practical cases. In practice, contact usually occurs between spherical
or conical or pyramidal asperitics on the surface. Under normal com-
pression the stress o at each point of real contact is no longer equal to ¥
but is equal to the yield pressure p where, as we saw in Chapter I,
p ~ 3Y. When shearing of the junctions formed at these points occurs
the relation between o, s, and Y becomes extremely complex, and has
not yet been solved. We may expect that it will be of the form

ao?-+Bs? = yY?, (14)

where «, 8, and y arc numerical coefficicnts so that the solutions will be
of the same type as those discussed for the simpler model. Thus we may
expect that if the surfaces are loaded normally to produce plastic flow
at the real points of contact an extremely small tangential force will
initiate shear. A smail displacement will, however, deform the softer
metal and so produce an increase in the area of contact. This will lead
to a decrease in the normal stress and a corresponding increase in
the tangential force. This build-up of the frictional force before macro-
scopic sliding commences has been observed (McFarlane and Tabor).
At the other extreme, if the surfaces are very soft or are so clean that
welding can occur very readily under very small normal pressures, the
tangential stress will be large so that the coefficient of friction will be
exceedingly high.

There are thus two established observations which confirm the general
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validity of equations (13) and (14). The first is the high friction for out-
gassed metals and for very soft metals. The second is the tendency for
the area of real contact to increase when sliding takes place. There is,
however, no a priori reason for the observed result that under normal
laboratory conditions o is of the same order of magnitude as s. Probably
the explanation for this result is that the oxide films on the metal sur-
faces are not broken down by shear alone; a normal pressure of the order
of the static yield pressure is needed for the breakdown of the surface
films and for the formation of metal-metal junctions. It is only when
these surface films are absent that the junctions can form under the
smallest normal forces and so give large coefficients of friction.

We may therefore conclude that the shear stress s and the normal
stress ¢ play a combined role in the formation and shearing of the
metallic junctions. Under normal laboratory conditions, however,
junctions are only formed when the normal stress approaches the yield
stress of the material. Consequently the simple picture which considers
s and o (or p) as independent variables gives results which are reliable
to within a factor of about 2.

INTIMACY OF CONTACT AND THE INFLUENCE OF
SurFAacCE FiLMs

Although the area of contact is, under any given conditions, deter-
mined primarily by the mechanical properties of the solids, it is clear
that the éntimacy of the contact and the strength of adhesion at the
points of contact will be greatly influenced by the presence of surface
films. Under most experimental conditions metal surfaces are covered
with a thin oxide layer and other contaminating films, and during sliding
these oxide and surface films will be torn and some metallic contact will
oceur. We should expect that the adhesion and shear strength of these
junctions, which consist of metal plus torn fragments of oxide and other
contaminants, would be less than that of the pure metal. Experiments
described in Chapter VII on the friction between outgassed metals show
that this is indeed the case. Similarly experiments show that the
deliberate addition of lubricant films reduces the intimacy of contact
and the mean strength of adhesion of the junctions.

If over the whole area of real contact 4 the contact is truly metallic
the junction is usually stronger than the softer metal and shearing occurs
within the softer metal itself. Consequently the force to shear the junc-
tion, as we have already seen, may be written as s; 4, where s, is the
shear strength of the softer metal. In practice, however, with surfaces
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prepared under normal laboratory conditions intipnate metallic contact
does not occur over the whole of the area of contact but only over a
fraction «, so that the force required to shear the metallic part of the
junctions will be as; 4. Over the rest of the area of contact, 4(1—a),
where the contaminant films have not been broken the adhesion will be
less intimate and the junctions will be appreciably weaker. The shear
strength of the regions where the contaminant films are unbroken will
not necessarily be constant. It may vary from a value which approaches
s, down to very small values. If s, is the average value, the force to
shear these weaker junctions will be 4(1—a)s, and the total frictional
force will be given by .
F = Alas;+ (1—a)s,]. (15)
From the fact that the shear strength of indium-steel junctions as
calculated from the friction experiments is almost equal to the shear
strength of pure indium, it would seem that for clean steel sliding on
indium « is very nearly equal to unity, s; to the shear strength of pure
indium. On the other hand, the taper section in Chapter IV, Plate VI. 3,
for copper on steel suggests that the adhesion is not sufficient to cause
shearing within the copper over the whole area of contact, and frequently
the breakdown occurs at the steel-copper interface. In this case a« must
be appreciably less than unity, and s, will be less than s;. As we shall
see in Chapter X, the main effect of adding a lubricant to clean metal
surfaces is to reduce both « and s,. :

INTERMITTENT MOTION

Since the friction between metal surfaces depends on the intimacy of
contact «, the yield pressure p, and the shear strength of the junctions,
s, and s,, it is clear that if any experimental variations arise which alter
one or more of these factors, there will be a corresponding alteration
in the frictional force. To a certain extent, therefore, the friction will
depend on the experimental conditions under which it is measured. For
example, at extremely slow speeds of sliding these factars vary in such
a way that the resultant strength of the metallic junctions is often
greater than that occurring at higher speeds of sliding. This means,
as many workers have shown, that the static friction is often higher
than the kinetic friction. If, therefore, one of the sliding surfaces has
a certain degree of elastic freedom, the motion may not be continuous,
but may be intermittent and proceed by a process of ‘stick-slip’. The
‘stick’ is due to the higher static friction between the surfaces, and the
‘slip’ to the lower kinetic friction during the slip itself.
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This is well exemplified by the friction traces obtained with the
Bowden-Leben apparatus described in Chapter IV. A typical record
of mild steel sliding on steel (unlubricated) is shown in Fig. 38 (Bowden
and Leben, 1939). It is seen that the motion is not steady but consists
of fluctuations in which the pull on the slider increases steadily (4B)
and then falls very rapidly (BC). A subsidiary calibration shows that
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Fia. 38. Typical friction-trace obtained with apparatus described on Plate V for
steel sliding on steel. During the interval AB the slidor sticks to the lower surface
and travels along with it. At B tho slider breaks free and slips rapidly to the
position corresponding to point C.

the slope of the line 4 B is such that the upper slider must be moving
forward with a velocity identical with that of the lower surface. Thus
the surfaces are ‘sticking’ together for the whole of the time interval
between 4 and C, which amounts to several seconds. Consequently the
friction at the maximum B is essentially the static friction between the
surface (p,). At B a rapid ‘slip’ of the upper surface occurs and When
the force has fallen to €' the surfaces ‘stick’ together again.

We may show by a very simple analysis that intermittent motion of
this type is a direct conscquence of the fact that the slider has a certain
degree of freedom and that the static friction is higher than the kinetic.
We consider the fairly general case of two sliding surfaces, where one
is driven at a steady uniform speed » and the other (the ‘free’ surface)
is supported by an elastic system so that its deflexion during sliding is
a measure of the frictional force. Suppose the inertial mass of this free
surface and its supporting parts is m and the force constant is k, so that
a deflexion by a distance z corresponds to a force F' = —kx, where the
negative sign indicates that the force is in the opposite direction of
increasing . The equation of motion of the surface in free oscillation,
assuming there is no damping, is simply

d*x

Thus the motion is simple harmonic of frequency n = Ol_J 1%
&
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Suppose now the surfaces press together with a load W, i.e. a force Wg
(point 4, Fig. 39). We assume that the surfaces travel together without
relative motion until the force on the free surface is equal to the static
friction F, = u, Wg. The deflexion of the surface is thus linear with
time and the deflexion BX = (u, Wg)/k. At the point B slip will occur
and we may assume, as a first approximation, that the kinetic friction
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Fic. 39. Analysis of ‘stick-slip’ or intermittont motion.

during the slip has a constant value yu, Wg. The equation of motion of
the surface is now modified from equation (16) to
m(-lz—x—;ung——— —kz, (16 a)
at?
where at the initial instant, say ¢ = 0 (point B), the deflexion
z = (1, Wg)lk

and the forward Velocity du/dt is equal to v. The solution is

- _-{ ;Lk)coswt+pk}+~s1nwt (17)

where w? = k/m. If the velocity v of the lower surface is small compared
with the mean velocity of the slip, the last term may be neglected, so
that we may write

= —{ — 1, )C0S wi--py} (17 a)

Thus the motion of the free surface has the same natural frequency as
before and it conies to rest relative to the lower surface, that is, it sticks
again when da/dt = v. If v can be neglected we may consider that
sticking recurs when dx/dt = 0, i.e. when wt = 7. This is half the
natural period of the system and by inserting this value of wt in equation
(17 a) we find that at this instant = CY = (2u—p,)Wg/k. Thus the
size of the slip BO' = BX—CY = (2u,—2u;)Wg/k. We see from this
relation that the larger p; the smaller the slip. In the limit when
;= g the slip becomes zero, so that the deflexion remains steady at B:
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this corresponds to the case of smooth sliding. As p; decreases the slips
increase in size. In the limit when p, = 0 the surface swings beyond
the zero position to a deflexion equal and opposite to BX; this corre-
sponds to the most marked stick-slip motion that could ever be obtained,
though since y;, can never be zero the intermittent motion could never,
in practice, be as pronounced.

The distance of the mid-point D of the slip from the zero is simply
equal to }(BX+-CY) = p(Wg/k). Thus, in units of Wy/k, the deflexion
at the end of the stick (point B) corresponds to the static friction u,,
whilst the mid-point of the slip (point D) corresponds to the kinetic
friction u;.

This analysis is, of course, greatly simplified. In general there will
be some damping of the moving parts and under critical conditions this
may completely eliminate the occurrence of intermittent motion even
though there is a finite difference between p, and ;. In addition p
may be a function of speed so that it will vary during the course of the
slip itself. Consequently the detailed behaviour may be very complex
indecd, as Morgan, Musket, and Reed (1941) have shown. Never-
theless, the above treatment brings out the main features of the inter-
mittent motion observed between sliding surfaces.

Tt is interesting to compare the fluctuating frictional force with the
electrical conductance (Bowden and Tabor, 1939). Some typical traces
for various metal combinations are reproduced in Plate XII. The black
traces refer to the friction measurements, the white traces to conduc-
tance measurements recorded by an Einthoven string galvanometer.
It is seen that with constantan on steel, the conductance and hence the
area of contact increases gradually during the stick as the upper surface
is pulled into more intimate contact with the lower surface by the
increasing tangential force. At the slip therc is a sudden fall in the
conductance corresponding to a rapid decrease in the area of contact
and the friction. The process is then repeated. Similar results are
obtained for steel on tin, constantan on zinc, and in genei'al this
behaviour is characteristic of harder metals sliding on softer ones.

With tin on steel there is again a sudden decrease in the conductance
at the slip. With these combinations, however, the conductance
decreases gradually during the later part of the stick as the welded
junctions of the upper surface are drawn out thinner and thinner until
finally they break at the ‘slip’. Similar results are obtained for lead on
steel, and in general this behaviour is characteristic of softer metals
sliding on harder ones.
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With similar metals the friction is very much higher and there are
large fluctuations, but no rapid slips are observed. Similarly the con-
ductance is high but shows no rapid variations. In this case both
surfaces flow equally and contribute in comparable measure to the
formation and the shearing of the metallic junctions. Consequently
the changes are less marked and less abrupt than with combinations
of dissimilar metals.

When intermittent motion occurs there is also a corresponding fluc-
tuation in the surface temperature. This is clearly shown in Plate XTII,
which records simultaneously the frictional force and the thermal e.m.f.
generated when constantan slides on steel. With the apparatus described
in these experiments the speed of the slip varies from zero to about
5 cm.[sec. and the temperature rise at the fastest part of the slip is not
greater than 10° or 20° C. Similar values have been obtained by Mor-
gan, Musket, and Reed, using a cathode-ray oscillograph instead of an
Einthoven galvanometer to record the thermal p.d. If, however, the
sliding system has a smaller inertia and large fluctuations occur in the
frictional force, the speed of sliding during the slip may be very much
greater. In such cases, as we saw in Chapter II, the surface temperature
may be appreciably higher. These temperatures may play an important
part in the formation of metallic junctions at the end of the ‘slip’. Thus
intermittent motion may produce significant fluctuations in the surface
temperature and hence in the frictional process as a whole, even though
the mean speed of sliding may be relatively low. This effect becomes
very much more marked with poor thermal conductors and, with
madterials such as plastics, thermal softening during the ‘slip’ may play
an important part in the sliding process (see Chap. VIII).

Experiments show that with a given apparatus the intermittent
motion does not depend on the shape of the surfaces or on the load,
i.e. Ap remains roughly constant for a given combination of metals.
The behaviour is, however, profoundly affected by the speed of sliding.
As the speed increases Au decreases in size until at a critical speed it
disappears and the motion is relatively smooth. This is what we should
expect. As the surface speed is increased the time during which the
surfaces can remain together at the ‘stick’ is reduced, u, becomes
smaller, and the difference between the processes of ‘stick’ and ‘slip’
becomes less and less marked. Consequently the two coefficients of
friction at the stick and during the slip become more nearly equal, with
a corresponding decrease in the magnitude of the fluctuations.

The incidence of intermittent motion depends markedly on the
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relation between p, and y; and on the general way in which the friction
varies with the speed of sliding. Those metal combinations which show
arapidly falling friction-speed characteristic, that is a marked disparity
between p, and u;, will tend to give intermittent motion under a very
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FIa. 40. Electrical conductance measurements between rigidly held metal surfaces.
For steel on steel the motion is intermittent and at light loads (a) the fluctuations
last for 103 to 10~*sec. At heavy loads (b) a resonant frequency in the supporting
system is set up and the conductance fluctuations are very marked. The surfaces
emit a loud squeak at the resonant frequency. With silver surfaces (c) the motion

is smooth and the conductance shows no rapid fluctuations at any load.
L]

wide range of experimental conditions. This is shown by some experi-
ments in which the upper surface was held by a rigid steel bar. The
friction was not measured, but the electrical conductance was recorded
on a cathode-ray oscillograph. A typical result for steel sliding on steel
at a speed of 0025 cm./sec. is shown in Fig. 40(a). It is seen that
extremely rapid fluctuations occur in the electrical conductance, each
fluctuation corresponding to a relative motion of the surfaces of the
order of 10-8 cm. At heavier loads the surfaces emitted a loud squeak
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corresponding to the natural frequency of the bar supporting the upper
surface and the conductance showed a similar periodic fluctuation
(Fig. 40 (b)). Similar results were obtained for Wood’s metal sliding on
steel. For silver sliding on silver, however, where there is no such
marked disparity between u, and p,, these rapid fluctuations were not
observed (Fig. 40 (c)) and at heavier loads the squeaking at the resonant
frequency of the bar did not occur.

It follows from the above discussion that the incidence of intermittent
motion depends on the metal combination considered, on its friction—
speed characteristic, and on the velocity of the main forward motion
(Blok, 1940; Bristow, 1942). It will also depend on the mechanical
properties of the system such as the natural frequency, the inertia, and
the damping of the moving parts (Bowden, Leben, and Tabor, 1939).
In addition, as Morgan, Musket, and Reed (1941) have shown in a
detailed investigation of the slip, the frictional behaviour will depend
on the sequence of events during the slip itself. This means that the
detailed mechanism of sliding is relatively complex and generalizations
as to the type of motion must be viewed with some reserve. Neverthe-
less, since many moving systems possess an appreciable degree of elastic
freedom and since the friction—speed characteristic for many metal
combinations is a falling one, we may expect that intermittent motion
of the type discussed above will be of frequent occurrence in practice.
Even when the moving parts are rigid, the surface irregularities may be
capable of microscopic elastic deformations of the order of 10-5 cm., as
Khaikin, Lissovsky, and Solomonovitch (1940) have shown, using quartz
crystals to measure the minute displacements involved. In such cases
the elasticity of the surface irregularitics themselves may, in the limit, be
sufficient to set up vibrations or intermittent motion in the moving parts.

Even in the presence of lubricant films, intermittent motion of a
similar nature may occur. This motion is superimposed on the general
forward motion of the sliding surfaces and may play an important part
in the friction and wear processes involved. As we shall see in a later
chapter, an analysis of the motion can give valuable information about
the mechanism of wear and the nature and properties of the lubricant
films.

LuBRrICcATING PROPERTIES OF THIN METALLIC FIiLMS
We have seen that of the two terms which are responsible for metallic
friction it is the shearing term which is the more important. If we
neglect the ploughing term, the frictional force F = A4s. It is apparent,
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therefore, that if we wish to reduce the friction between clean metals we
must make both 4 and s as small as possible. With most metals, how-
ever, this is not possible.

If we choose a metal with a low shear strength it is usually soft, so
that for a given load the area of contact A becomes larger (Fig. 41 (a)).
An obvious exception to this is an anisotropic solid with a plate-like

H .
F=As s 1s small
@ A~ but

Soft Metal A is large
Hard Metal
F=As A is small
A but
® Hard Metal s is large
Hard Metal

F=As Both A&s
ARl are small

©) Hard Metal

Thin film
of soft metal

J1g. 41. The friction between metal surfaces is not greatly dependent on their
hardness. A low friction may be obtained by depositing a thin filin of a soft metal
on a hard metal substrato. ’

structure which is able to withstand a pressure normal to the plates
but will shear readily when a tangential force is applied. It is possible
that this is the cause of the low friction observed with solids such as
tale or graphite (see, however, Chap. VIII). It is difficult to achieve
this condition for metals since their physical properties are far less
anisotropic. If, on the other hand, we choose a hard metal the area of
contact A will be small, but s will be correspondingly great (Fig. 41 (b)).
For this reason the coefficient of friction of most metals is of the same
order of magnitude and lies between about p = 0-6 and p = 1-2.

We may, however, achieve this condition by depositing a very thin
film of a soft metal on the surface of a hard one (Fig. 41 (c)). Provided
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Thermoelectrie potential developed between sliding surfaces. Constantan
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temperature fluctuates with the friction.



PLATE XIV

1 run 2" run ™ run 20 run

: | / /,»//////n,/,// / / / /

Fic. 1. Frictional behaviour of indium film on steel after repeated traversals of the same track.
After seven runs over the same track the friction begins to increase and this becomes very
marked by the twentieth run,
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Fi¢. 2. Photomicrographs of tracks formed on indium film deposited on steel after

repeated traversals of the same track (x 27). The wearing away of the indium film

Jeads to increased exposure of the underlying steel surface. This is accompanied by
a corresponding inerease in friction.
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the metallic film does not break down, the shear strength s will be that
of the soft metal. At the same time 4 will remain small even for heavy
loads, since the load is borne by the hard substrate and there will
therefore be little deformation. As a result the friction F = As will be
small. It is interesting to examine the general frictional properties of
thin metallic films and some study has been made of thin films of
indium, lead, and copper deposited on various substrates.
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Fic. 42. Friction of hemispherical steel slider on indium films deposited on steel

and nickel substrates, as a function of track width. The friction is determined

primarily by the track width, whether the friction is measured on the surface film
or on the bulk indium.

Friction as a function of track width

It is clear from the previous paragraph that when a hard hemi-
spherical surface slides on a thin metallic film the friction should depend
only on the shear strength of the film and on the track width, since this
determines the area of contact. It should not depend on the nature of
the substrate nor on the applied load. Simple frictional experiments
with a steel hemisphere sliding on thin films of indium and lead deposited
on various substrates show that this is the case, as is shown in Figs. 42
and 43. In these experiments the track width was altered by varying

the thickness of the deposited layer and the radius of curvature of the
3595.72 I
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slider. The main effect of increasing the load was to cause a slight
increase in the deformation of the underlying metal and so cause a slight
increase in the track width. With a soft substrate such as silver this
effect should be more marked than with a hard substrate such as steel.
This was observed. In all cases the frictional resistance was determined
primarily by the track width whether the friction was measured on the
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Fic. 43. Friction of hemispherical steel slider on lead films deposited on stoel,
silver, and copper substrates. The friction is deterinined primarily by tho track
width, whether the friction is measured on the surface film or on the bulk lead.

surface film or on the bulk metal. This shows that in these experiments
the shearing occurred in the metallic film.

The limiting film thickness

This picture of the action of thin metallic films is valid only when
there is no appreciable metallic contact through the film. We may
therefore expect that the behaviour will change when the metallic film
is less than a certain minimum thickness. This is shown in Fig. 44 for
an indium film on tool steel. The film thickness was calculated from
the quantity of electricity used to deposit it. The upper curved slider
was of hard steel (radius 0-:3 cm.) and the load was 4,000 gm. As one
might expect, the friction decreases as thinner films are used because
the track width and the area of contact 4 becomes smaller. There is,
however, a limit to this and a minimum friction is reached when the
thickness is of the order of 10-5 em. With thicknesses less than this,
e.g. 10-¢ cm. (or 30 atomic layers), the film ceases to be effeetive.



Chap. V MECHANISM OF METALLIC FRICTION 115

The underlying surface of the tool steel was not highly polished nor
was it homogeneous. These factors might easily cause the indium to be
deposited preferentially in certain regions, leaving patches of the surface
uncovered or only very thinly covered. It is possible that if highly
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Fra. 44, 'The effect of film thickness on the frictional properties of thin
films of indium deposited on tool steel. A minimum friction is obtained
for a film approximately 10~* to 10~° ¢m. thick.

polished surfaces of a uniform metal were used as a substrate, very
much thinner layers, even perhaps one or two molecular layers, might
prove cffective. )

Breakdown of the film

In a similar way, if the load is too high, we may expect breakdown
of the metallic film with increased metallic contact between the slider
and substrate and a corresponding increase in the frictional force.
Typical results which illustrate this effect are shown in Fig. 45 for an
indium film 3% 10-3 em. thick deposited on a steel substrate. The
slider was a steel hemisphere of 0-3 ecm. radius of curvature, and the
load was increased at the point 4 from 500 gm. to 8,000 gm. It is seen
that with the heavier loads the friction has increased markedly, even
though the track width has remained essentially unaltered. The fric-
tional behaviour suggests that the indium film has broken down and
that contact is occurring between the exposed steel surfaces. A micro-
scopic examination of the track after the slider has passed over it only
once shows that there is, indeed, a progressive breakdown of the indium
film as heavier loads are used.

Similar results were obtained with indium films on silver and with
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lead films on steel and copper. In all cases the load at which the break-
down occurs depends upon the thickness of the film, its strength of
adhesion to the underlying surface, and the hardness of the underlying
surface. It is also influenced by the shape of the slider and takes place
more readily the smaller its radius of curvature. As we shall see in
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Fig. 456. Breakdown of indium films under heavy loads. If no breakdown

occurred the friction would follow the continuous line. Because of break-

down there is metallic interaction between the underlying surfaces and
the friction is appreciably higher.

Chapter VII, the breakdown of the oxide film normally present on
metal surfaces may, under certain circumstances, produce a similar

frictional behaviour.

Wear of films

Apart from the effect of load, the metallic films may also be worn
away if the slider traverses the same track a sufficient number of times.
Some results obtained with an indium film 4 X 10-% em. thick deposited
on tool steel (hardness 800 V.D.H.) are shown in Plate XIV. The fric-
tional behaviour is shown in Plate XIV. 1, and it is seen that initially
the motion was smooth and the coefficient of friction was about
p = 0-08. With successive slidings over the same track the friction
gradually rose and after the seventh run small stick-slips set in. The
friction and the size of the stick-slips increased and, after 20 runs the
friction had risen to u = 0-4. The corresponding tracks are shown in
Plate XIV. 2 a, b, ¢, and d. It will be seen that after the seventh run
the steel surface is partially exposed and the original lapping marks can
be seen. After the twentieth run there is considerable breakdown of the
film. Similar results were obtained with indium films deposited on

gilver surfaces.
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The rise in friction with wear of indium films is shown in Fig. 46, and
it is seen that the thicker film is more resistant to wear. This behaviour
may be compared with the dotted curve, which represents the rate at
which nine molecular layers of stearic acid are worn off a steel surface.
It is clear that the metallic films resist wear quite well, but they are
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1. 46. Rise in friction with wear of indium f{ilms on various substrates.
For comparison, tho rate of wear of nine molecular layers of stearic acid
on steel is shown in the dotted curve.

-

more easily worn off the surface than a much thinner film of the fatty
acid (see Chap. IX). One factor that may be of importance here is the
surface mobility of the film. The fatty acid molecules have a certain
mobility and are able to move over the surface and repair the damaged
film. Many metals also possess this ability to wander over solid surfaces,
but it is probable that the rate at which this process occurs is less rapid
for solid metallic films than it is for the fatty acids.

Effect of temperature

The effect of temperature on the friction of an indium film is shown
in Figs. 47 (a) and (b). The friction decreases steadily as the tempera-
ture rises, and reaches a minimum at the melting-point of the indium.
When the melting is complete there is a sharp rise in friction (see
Fig. 47 (a)). If the film is allowed to solidify, the friction again falls to
a low value (see Fig. 47 (b)).

Similar results were observed with a lead film 3X 103 cm. thick
deposited on to tool steel. The friction fell to about half its value over
the temperature range 20° to 270° C. At the melting-point there was
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a further slight fall followed by a sudden rise as the film became com-
pletely liquid.

The decrease of friction with increasing temperature is of interest, and
should be contrasted with the effect of temperature on the friction of
pure metals. As we have already seen, the effect of temperature on pure
metals is relatively small, since with increasing temperature the decrcase
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T1c. 47. Friction of steel sliding on indium film as a function of temperature.
(@) On heating the friction falls slowly but rises rapidly at the melting-point of the
indium, 155° C. (b) On cooling the friction falls sharply when the {ilm solidifics.
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in shear strength is compensated by the increase in area of contact 4.
In the experiments with the thin films, however, where the substrate
has a very high softening temperature, the real area of contact 4
remains almost constant when the temperature is raised, since the load
is taken primarily by the hard underlying metal. We are therefore able
to evaluate separately the effects of 4 and s and to observe the decrecase
in F as s decreases.

With films of both lead and indium, F falls to about half its value
as the temperature is raised from room temperature to the melting-
point. The decrease in F' is almost linear with temperature. If we
consider the case of the lead film and call the frictional force at 20° K,
and at 300° Fyy,, we may define y the temperature coefficient of ¥ by

the equation
Fypp == Fyp(14-9t), where = 300—20,

then y = —0:0015.
With the indium films over the temperature range 20° to 150° C.
y = —0-:0025. Very close to the melting-point when incipient fusion

begins the friction falls still farther, and it is in this region that F
reaches its lowest value. Once melting is complete there is a sharp rise
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and F increases to a high value. For indium deposited on tool steel the
value reached is almost as high as that of uncoated tool steel, and it is
clear that the molten film affords little protection to the surface. Since
the molten indium does not readily wet the tool steel surface, this is
not surprising. With the lead film on the silver surface a similar abrupt
rise in friction was observed, but the extent of the rise was very much
less. The friction of the steel slider on the silver surface in the presence
of molten lead was only about one-quarter of that characteristic of steel
on clean silver. Molten lead readily wets the silver, and it is clear that
it is still able to afford some protection to the surface and to act as a
lubricant.

Some subsidiary experiments carricd out on mercury films are of some
interest in this connexion. It was found that minute quantities of mer-
cury on silver produced a very marked reduction in friction. The
mercury readily wets the silver and forms an amalgam with it, and this
apparently enables it to act as a fairly effective lubricant. This ability
of one metal to wet and spread over the surface of the underlying metal
may play an important part in the action of bearing metals and in the
friction and lubrication of other combinations of metals.

METATLLIC FILMS AS LUBRICANTS

Some experiments were carried out to determine the cxtent to which
the coefficient of friction deviates from Amontons’s law. The results
for tool steel surfaces are shown in Fig. 48 for loads varying from
400 to 8,000 gm. Curve I is for the unlubricated steel, curve IT for steel
lubricated with a film of mineral oil, and curve III for steel lubricated
with a thin film of indium approximately 4x10~% cm. thick. The
comparative behaviour is striking. The coefficient of friction for the
unlubricated steel and for the steel lubricated with the mineral oil obeys
Amontons’s law. With the indium film, however, u decreases markedly
as the load increases.

The reason for this difference has already been indicated. With
unlubricated steel (or with steel lubricated by the mineral oil) the area
over which metallic contact occurs is directly proportional to the
applied load. When a thin film of a soft metal is used as the lubricant,
however, the increased deformation of the underlying steel resulting
from an increase in load produces only a small increase in the area of
real contact. Consequently there is only a slight increase in the frictional
force as the load is increased. This leads to a corresponding decrease inp,
and as Fig. 48 shows, this effect can be quite marked. The coefficient
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of friction falls from p = 0-2 at the light load to p = 0-04 when the
heaviest load is used. If it were possible to lubricate the surfaces with
a metallic film of molecular dimensions, we should expect a closer agree-
ment with Amontons’s law.

In some ways the behaviour of the metallic films closely resembles
that of ordinary lubricant films. They produce a substantial reduction
in the friction, they can cause smooth
sliding, and they protect the under-
lying metal surfaces. In addition,
metallic films are worn off the surface
by successive sliding over the same
track in a manner similar to that of a
lubricant film, except that the metallic
films are worn away at a greater rate
than long-chain paraffins or fatty acid
5% films. A further point of striking

. similarity is the effect of melting. The

Fic. 48. Kffect of load on the fric- e . qs .
tional bohaviour of: I, unlubricated  transition from smooth sliding to stick-
tool steel ; II, steel lubricated with  slips when the metallic films are melted
imng}ir:llg;:;Iolfl’t;tizﬁlr}:s:'fitgi“éﬁ is closely analogous to the change ob-
The coefficient of friction is in- served when solid hydrocarbon films
;?}’;‘::";‘:p‘i’;rz‘:;‘;;;‘;”;’;:g lﬁ:g are heated through their melting-point.
for curve III. There are, however, several marked
differences between metallic films and
lubricant films. As we shall see in Chapter X, even on rough surfaces
a lubricant film need only be one or two molecules thick to be
effective as a boundary lubricant. A metallic film must be appreciably
thicker, of the order of 10-5 cm., if it is to be effective. A further
striking and fundamental difference is that lubricant films obey Amon-
tons’s law and metallic films do not. With metallic films the coefficient
of friction decreases as the load is increased, and at high loads the
coefficient of friction may be extremely low. With the indium films
described in this paper the value of u under heavy load (u = 0-04) is
as low as that observed with the best boundary lubricants. This value

is similar to that obtained on ice surfaces (see Chap. III).

These thin metallic films may have important applications in many
practical problems, particularly where the loads are very heavy and
also when the more conventional lubricants cannot be employed. For
example, very thin lead films are effective in deep drawing operations:
a film of lead 0-001 in. thick deposited on steel enables the drawing
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operation to be carried through with dry unlubricated dies and produces
an excellent finish on the surfaces (Moore and Tabor, 1943). Similarly
Attlee, Wilson, and Filmer (1940) have used films of barium for lubri-
cating the ball races in rotating anode X-ray tubes. In the same way
the smearing of a soft metallic film over a harder metal matrix provides
a very effective type of bearing alloy. This will be discussed in greater
detail in the next chapter.
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VI
ACTION OF BEARING ALLOYS

BEARINGS are normally designed to run with a finite film of oil separating
them from the rotating journal. The frictional resistance will then
depend on the clearance, the load, the speed, and the viscosity of the
oil film. Provided the oil film is maintained, the metal surfaces of the
journal and the bearing play no part, and there is no wear of either
journal or bearing. In practice, however, particularly in starting and
stopping, or if impulsive loading or excessive vibration occur, the finite
oil film may break down and only thin, boundary films of lubricant
may remain. In severe cases, considerable metallic contact may occur.
It is during this incidence of boundary lubrication and of metallic con-
tact that the wear and seizure of bearings takes place.

The general mechanism of boundary lubrication will be discussed in
Chapters VIII and IX, but even in the presence of boundary films the
basic frictional properties of the metals themselves are important. In
this chapter we shall discuss the basic frictional behaviour of a number
of typical bearing alloys.

Tt has been pointed out (Bowden and Tabor, 1943) that onc factor
of great importance is the temperature of the metal surfaces. When the
bearing is running, the frictional heat may cause a local softening or
melting at the regions where the moving metals are momentarily in
contact. It is therefore desirable that one of the constituents of a
bearing metal should have a relatively low melting-point, so that if
excessive heating occurs the metal may melt and flow to another region
and so prevent seizure. For this reason the great majority of bearing
alloys contains lead (m.p. 327° C.) or tin (m.p. 232° C.) or some other
low-melting constituent.

A number of theories have been proposed to explain the action of
typical bearing alloys, but the mechanism was by no means clear. It
has been maintained in the past, for example, that an essential feature
of a bearing alloy is that it should possess a duplex structure consisting
of hard crystals embedded in a relatively soft matrix. It is suggested
(see, for example, Bassett, 1937) that the function of the hard crystals
is to resist wear and that of the softer constituent to permit a more
uniform distribution of the load by allowing any of the hard crystals
which are heavily loaded to sink so that the load is spread over a greater
area. It is also suggested that the hollows worn in the softer material
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serve as reservoirs for the lubricating oil. It is certainly true that many
successful bearing alloys do possess a structure of this type, as may be
seen, for example, in the typical lead-base alloy in Plate XV. 3 and the
tin-base alloy in Plate XVII. 3, both of which consist of a soft matrix
in which are dispersed a number of hard particles. Nevertheless, other
workers have suggested that this theory is not satisfactory and that,
in fact, the hard particles play little part in the frictional properties
of the alloys.

- In any event, the theory of duplex bearing alloys described above
cannot be of general validity. There are many cases in which it cannot
be true. For example, with many modern bearing alloys the surface
layer does not possess a duplex structure at all but consists of a single-
phase alloy. Another very wide class of bearing ‘alloys’ consists of a
continuous matrix of the harder metal with a small amount of the
softer metal finely dispersed through it. Some of the copper-lead alloys
provide a good instance of this (see, for example, the copper-lead
alloys shown in Plate XV. 1 and 2). In this case the hard copper forms
the continuous phase, so that it is not possible for it to ‘sink’ into the
lead. It is evident that these alloys must function by a different
mechanism.

In this chapter we shall discuss the theory of action of two main types
of duplex bearing alloy. The first is the copper-lead type of alloy, in
which the matrix is the harder of the two phases; the second is the
‘white-metal’ type of alloy, in which the continuous matrix consists of
the softer phase.

CorPrPER-LEAD BEARING ALLOYS

Two typical copper-lead bearing alloys were selected for investiga-
tion. The first (see Plate XV. 1), which contained 27 per cent. lead,
was non-dendritic; the copper formed the continuous phase, and small
droplets of lead were distributed through it. The second (see Plate
XV. 2) contained 20 per cent. lead and was dendritic; the lead formed
a continuous network between the copper dendrites.

Microhardness measurements show that in both these alloys the
copper phase has a hardness of about 60 (V.D.H.), whilst the lead phase
has a hardness of about 8 (V.D.H.). There is, however, an appreciable
difference in the overall or macroscopic hardness of the alloys. In the
non-dendritic alloy, where the copper forms the continuous hard phase,
the macroscopic hardness is about 36 (V.D.H.). In the dendritic alloy
the lead phase plays a larger part in determining the overall physical
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propertiesof the alloy, and the macroscopic hardnessisabout 25(V.D.H.).
It is clear, however, that in both alloys the lead phase is considerably
softer than the average hardness of the alloys.

The frictional properties of these alloys were examined and compared
with those of pure copper, pure lead, and thin films of lead deposited
on a copper substrate. The friction apparatus described in Chapter IV
was used. The lower surface was in the form of a flat plate and the
upper surface a hemisphere of radius of curvature of about 0-3 cm.

Frictional behaviour of steel, copper, and lead

The friction of steel on copper or lead depends upon the experimental
conditions, but for a curved steel slider on copper or on lead it was of
the order of u = 0-9. An examination of the steel surface after sliding
showed the characteristic local adhesion and welding of the softer metal
on to the hard one. The friction of copper on copper and of lead on lead
was somewhat higher and varied from p~ 1 to p ~ 2, and the sur-
faces showed that considerable seizure and tearing had occurred.

Thin films of lead on copper

The friction of a steel slider rubbing on a copper surface coated with
a thin lead film depends on the dimensions of the slider and the thickness
of the film. With a hemispherical slider possessing a radius of curvature
of 0-3 cm. and a lead film of thickness 3X10-3 cm. the sliding was
smooth and the friction somewhat less than u = 0-3. Keceping the
curvature of the slider fixed, a series of friction measurements was made
with lead films of varying thickness. The relation between track width
and friction for films of various thickness is shown in Fig. 49.

It is seen that a film of lead 10-% ¢m. thick (curve II) causes very
little reduction in the friction. As the thickness of the film is increased,
the friction for any given track width decreases and reaches a minimum
when the film is 10-3 cm. thick (curve V). Further increase in film
thickness produces no further change. The frictional force is now
governed by the shear strength of the lead and the width of the track
and is not influenced by the substrate (except in so far as this may
affect the track width). When similar measurements are made on solid
lead, the points lie on curve V (Fig. 49). It is clear that after the film
has reached a thickness of about 10-3 cm. the friction is due to the
interaction between the steel and lead. This minimum film thickness of
10-3 cm. for lead films on copper is greater than that observed when the
films are deposited on steel. It is also greater than that observed with
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indium films on steel. As pointed out earlier, the minimum film thick-
ness for complete ‘lubrication’ is influenced by the hardness of the metal
substrate. With softer metal substrates, such as copper, which are more
readily deformed, thicker films are necessary. It is also influenced by
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¥1c. 49. Frictional behaviour of lead films deposited on copper substrates.

I, clean copper; II, lead film 107® cm. thick; III, lead film 10-% cin. thick;

IV, lead film 10~4 ¢m. thick; V, lead film 1073 cm. thick and more, and solid lead ;
VT, copper-lead alloy. Friction in gm.

the fineness of the original surface finish and by the state of cleanliness
of the substrate, since this affects the strength of adhesion of the

deposited layer.

Copper-lead alloys

The friction behaviour of both alloys at room temperature was
similar. Steel on the alloys gave smooth sliding and a coefficient of
friction of about u = 0-18. The tracks were smooth grooves showing
little tearing. Some signs of smearing of extruded lead could be detected.
The alloys on steel gave intermittent motion, the maximum value of
the friction being about u = 0-3. The tracks showed that some metal
from the upper contact had been welded on to the steel surface, but the
extent of this was considerably less than the welding observed with
pure cepper or lead.

The main frictional results for pure metals, a thin lead film, and the
copper-lead alloys are summarized in the following table. Where the
motion is intermittent, the maximum coefficient of friction is given.
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TasLE XIV
Coefficient of friction p,y

Upper curved surface
Lower flat Copper-lead
surface Steel Copper Lead alloys

Steel . . . 1-0 0-7 0-9 0-3
Copper . . . 09 2-0 1-0 ..
Lead . . . 1-2 1-3 1-6

Loead film on copper. 0-18 .. ..

Copper-lead alloys . 018

It is at once apparent that the friction of the copper-lead alloys does
not lie between the values of their constituents. The friction of steel
on copper, for example, is about u = 0-9, and for steel on lead u = 1-2.
With steel on the copper-lead alloys, however, the friction is about
w = 0-18. The alloys and the pure copper have approximately similar
yield pressures at room temperature, so that the area of contact A4 is
nearly the same for a given load. Nevertheless, the friction of the alloys
is very much less than that of their pure constituents.

The relation between the friction # and the track width d for the
alloy is plotted on the broken curve (curve V1) in Fig. 49. It will be
secn that these results lie very close to those obtained when a lead film
10~% cm. thick is artificially deposited on to copper. This at once
suggests that the lead in the alloy is extruded during sliding and forms
a thin ‘lubricating’ film of effective thickness between 10~* cm. and
103 em. on the copper. This is borne out by a microscopic examination
of the track, which showed traces of lead smeared over the surface.

Effect of wear on the friction

The values of the friction after repeated traversals of the same track
are summarized in Table XV for the various combinations of metals.

With pure metals the friction is not appreciably affected by wear.
The coefficient of friction after the slider has passed over the same track
20 times is similar to that observed on the first or second run. This is
to be expected since the area of contact is essentially the same and the
metallic junctions formed in each successive run are still of the same
nature as in the first run. With the thin metallic films, as we have seen,
the films are gradually worn away. As metallic contact occurs with the
underlying substrate which has a much higher shear strength than the
film materials, the friction rises. The track also shows the breakdown
of the film and the tearing of the underlying metal; the behaviour is
similar to that shown for indium films in Chapter V, Plate XIV.



Chap. VI ACTION OF BEARING ALLOYS 127

TABLE XV
Effect of repeated sliding over same track

Coefficient of friction ppmax

Surfaces Ist run 2nd run | 20th run

Steel on copper . . 0-9 09 0-8
Copper on steel . . . 0-7 0-8 0-85
Steel on lead . . . 1-2 1-4 1-4
Lead on steel . . . 09 1.0 0-8
Steel on alloy . . . 0-18 017 0-26
Alloy on steel . . . 03 0-28 0-28
Steel on lead film 10™¢ cm.

thick deposited on copper . 0-18 0-18 0-27

The wear results with the copper-lead alloys are similar to those
observed with lead films artificially deposited on to copper and again
bear out the view that the hard copper matrix is lubricated by a thin
lead film. At first the extruded lead offers a reasonably effective lubri-
cating film. The next few runs over the same track may produce a
more uniform smearing of the lead, and the friction may even decrease.
The value of u at this stage is about 0-17. With continued traversals
over the same track, however, the lead film is worn away, the alloy is
gradually exhausted of most of the lead in the vicinity of the track,
and the friction rises to a value of about u = 0-28. This is borne out
by an examination of the track. An interesting confirmation of this
view is to be found in the values obtained for the friction of a curved
slider of bearing metal on steel. In this case, all the wear is concen-
trated on a very small area of the alloy which may quickly be depleted
of lead, and the friction rises rapidly to a value of p = 0-28. This is
almost identical with the value observed with steel on the bearing metal,
after continuous running over the same track; i.e. it corresponds to the
friction between steel and bearing metal surfaces when most of the lead
between the surfaces has been exhausted.

It is interesting to note a slight difference in the wear properties of
the copper-lead alloys. The final value of the friction for the fully worn
surfaces was approximately the same for both alloys (x = 0-3). How-
ever, with the non-dendritic alloy, the first marked increase in the fric-
tion occurred after the 6th run, whilst with the dendritic alloy it did
not take place until the 20th run. It is apparent that the extruded lead
film on the surface of the dendritic alloy is more readily replenished
from the bulk of the alloy than is the case with the non-dendritic
alloy.
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Effect of temperature on friction

The effect of temperature on the friction of bulk metals and of thin
metallic films has been discussed in the previous chapter. With single-
phase metals the friction shows little change over a wide range of
temperatures. With thin metallic films on hard substrates, however,
the frictional force decreases steadily with temperature until the
melting-point of the film is reached. For example, with lead films on
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Fra. 50. Frictional behaviour of non-dendritic copper-lead bearing alloy as

function of tomperature. Full line: frictional force; broken lino: square of track

width which is a measure of the area of contact. Over the first 250° C. the alloy

retains its hardness and there is a slight decroase in friction as the temperature

rises. At about 280° C. the alloy softens rapidly (large increase in track width)
and thoro is a marked increase in friction.

a copper substrate, the temperature coefficient of friction between 20°
and 300° C. is about y = —0-0016.

The influence of temperature on the frictional properties of the non-
dendritic copper-lead alloy is shown in Fig. 50. The upper curved slider
was of steel. The full curve refers to the frictional force and the broken
curve to the square of the track width, which is a measure of the area
of contact. As the temperature is raised, the friction decreases in an
approximately linear manner up to 250° C., with a temperature coeffi-
cient of about y = —0:0015. The track width up to 250° C. increases
very slightly, involving an increase in area of contact of about 20 per
cent. over this range. Thus the temperature coefficient of friction
calculated on the basis of a constant area of contact yields a value of
approximately y = —0-0018. This value of y is about the same as that
obtained with a thin film of lead deposited on copper. This again
supports the view that the hard copper matrix of the alloy is lubricated



Fia. 1. Non-dendritic copper-lead alloy. The
lead (dark phase) is distributed as discrete
particles within the harder copper matrix

(X 208).

Fic. 3, Lead-base bearing alloy. The matrix

is a lead-tin-antimony cutectic. The hard

cuboids aro a tin-antimony compound and

each cuboid is surrounded with a lead-rich
solid solution ( X 250).

F1g, 2, Dendritic copper-lead alloy. The lead
(dark phase) is distributed as a continuous
network between the copper dendrites ( x 208).

Fic. 4. Lead-base ‘matrix’ alloy. Dendrites

of lead-rich solid solution are set in a back-

ground of a lead-tin-antimony cutectic. Thero

are no hard particles and the alloy is similar

to the matrix material of the bearing alloy
shown in 3 (X 250).



F16. 1 a. Portion of track formed in etched lead-base bearing
alloy when a steel slider passes over the surface once. The
hard erystallites have been completely obliterated (> 90).

F16. 1b. Taper section of a similar lead-base bearing alloy afterasteel slider has passed once over the
surfuce, The hard crystallites have been pushed under the surface and tho matrix material smeared
over the surface of the track. (Horizontal magnification X 18; vertical magnitication X 180.)
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by a thin film of extruded lead. Above 250° C. the alloy begins to soften
markedly, the area of contact increases, stick-slips set in, and the
friction ppa, rises. At 327° C. (the melting-point of lead) the friction
rises to almost twice its value at room temperature.

With the dendritic alloy, the behaviour is similar except that there
is little or no initial decrease in friction as the temperature is raised
(see Fig. 51). Tndeed, from 60° C. upwards both the friction and the
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T1g. 51. Frictional behaviour of dendritic copper—lead bearing alloy as a func-
tion of temperature. Iull line: frictional force; broken line: square of track
width which is a measure of the arca of contact. There is a continuous soften-
ing of the alloy as the temperature is raised (steady increase in track width)
and this is accompanied by an increase in friction. Above 300°C. there is a
further rapid softening of the alloy and a large increase in friction.

area of contact show a rapid increase with temperature. This behaviour
is due to the fact that the lead forms a continuous network between the
copper dendrites, so that the softening of the alloy as a whole occurs
at a relatively low temperature and is more marked than with the
non-dendritic alloy. Nevertheless, as we may see from inspection of
Fig. 51, the friction as a function of the area of contact shows little
change with temperature up to the melting-point of lead, so that the
behaviour is again consistent with the view that the surfaces are lubri-
cated by a thin film of extruded lead. Above 300° C. there is very marked
softening of the alloy and a large increase in friction, and at 327° C. the
friction is more than three times its value at room temperature.

Role of thin films in bearing alloys

We see, therefore, that the frictional behaviour of a copper-lead alloy
resembles very closely that of a copper surface on which a very thin
film of lead has been deposited. The actual value of the friction of the

3595.72 K
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alloy is the same as that of a copper surface on which a lead film 10— cm.
thick has been artificially deposited. The temperature coefficient of
friction is the same in each case. The increase in friction with wear is
also very similar except that, in the case of the alloy, there is evidence
that the potential supply of lead is greater since it may continue to be
expressed from the alloy during the sliding process. With a thin film of
lead deposited on copper the supply is, of course, limited to the amount
which is actually present on the surface at the beginning of sliding.

These results show the important part which may be played by thin
surface films of metal in reducing the friction and wear of bearing alloys
and support the view that in bearing alloys of the copper-lead type
the anti-frictional and anti-seizure properties are due, primarily, to the
spreading of thin films of the soft low-melting constituent over the
surface of the harder constituent.

As we saw in the last chapter, the effcctiveness of metallic-film
lubrication is due to the fact that it provides a surface for which both
the area of contact 4 and the shear strength s are small. At higher
temperatures the metallic film softens (s decreases) without an appre-
ciable increase in A occurring, so that there is a decrease in friction as
the temperature is first increased. It is clear, however, that as we
approach the melting-point of the metallic film the surface-tension
properties of the molten film become important. The film must spread
readily on the harder substrate. As we saw, for example, with films of
lead and mercury on copper and silver substrates, unless the soft metal
readily wets the hard one, it is at high temperatures of sliding relatively
ineffective as a lubricant.

In this account of the theory of action of the copper-lead alloys we
have only considered the lubricating properties of the extruded lead
film itself. We have not considered the effect of adding ordinary lubri-
cants to the surface. As we shall sce in later chapters, the whole
behaviour is profoundly modified by the presence of lubricants and by
the extent to which the surface layers of the various metals are capable
of adsorbing the lubricant films. Nevertheless, even in the presence of
a lubricant, metallic contact between the moving surfaces may readily
occur, so that the basic frictional properties of the alloys themselves are
of primary importance.

Comparative behaviour of the dendritic and non-dendritic alloys
The measurements described in this part of the chapter show that
there is very little difference between the frictional properties of the
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dendritic and non-dendritic alloys at room temperature. Both have a
coefficient of friction of about = 0-18, and when the rubbing surfaces
are denuded of extruded lead the friction in both cases rises to about
p = 0-3. With the dendritic alloy, however, the increase of friction with
wear is less rapid than with the non-dendritic alloy. This is probably
due to the greater ease with which the extruded film of lead is replaced
from the bulk of the dendritic alloy. As the micro-structure shows, the
pockets of lead in this alloy are all interconnected, so that potentially
a greater supply of lead is available to any particular area of the surface
which may be in need of it. With the non-dendritic alloy, however, the
pockets of lead are isolated, so that a local exhaustion of the lead may
occur and a seizure on to the copper surface may take place.

This difference in the distribution of the lead and in its availability
at the surface is shown by the comparative wear behaviour described
above. It isalso directly demonstrated by the ‘sweating’ out of the lead.
When the non-dendritic alloy is heated, the lead appears as a fine mist
of droplets over the surface. When the dendritic alloy is heated, the
lead collects in one or two large drops, by a surface-tension effect.
The dendritic alloy thus has a three-dimensional supply of lead to the
surface, while with the non-dendritic alloy it is restricted to the surface
layers. '

It is clear, therefore, that, quite apart from the surface wetting and
spreading effects discussed in the previous section, the availubility of
the lead phase is of great importance in the practical operation of the
bearing. For this reason we may expect the dendritic alloy to be more
resistant to seizure than the non-dendritic alloy under certain conditions
of sliding and wear.

On the other hand, the non-dendritic alloy is harder than the dendritic
alloy and has better mechanical properties. This is particularly marked
at higher temperatures, where the dendritic alloy softens very much
more rapidly than the non-dendritic alloy. As a result, although it has
a greater available supply of lead, its friction is higher than that of the
non-dendritic alloy.

Summarizing, we may say that, under mild conditions of sliding, both
alloys have similar frictional properties. However, the dendritic alloy
has a more readily available supply of lead and may therefore be less
likely to seize. On the other hand, under severe conditions of sliding,
the non-dendritic alloy will possess mechanical properties superior to
those of the dendritic alloy, whilst at high running temperatures its
frictional properties will also be better.
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WHITE-METAL BEARING ALLOYS

The structure of typical ‘lead-base’ and ‘tin-base’ bearing alloys is
different from that of the copper-lead alloys in that they contain hard
crystallites dispersed in a soft matrix. It was usually considered that
the hard particles play a fundamental part in the action of these alloys,
and to investigate this point special ‘matrix’ alloys were made up which
possessed approximately the same composition and structure as the
matrix material of the alloys but which contained no hard particles.
A comparison was then made of the properties of each bearing alloy and
of its corresponding matrix alloy, along three main lines: first, the
hardness and general plastic properties, secondly the frictional proper-
ties when clean, and thirdly the frictional properties in the presence of
lubricant filmg (Tabor, 1945).

Lead-base alloys: structure and hardness

The lead-base bearing alloy had the following composition: antimony
15-0 per cent., copper 0-5 per cent., tin 6-0 per cent., and lead 78-5 per
cent. The micro-structure is shown in Plate XV. 3, and it is seen that
the alloy consists of a lead-tin—antimony cutectic (possessing a fine
duplex structure) in which are dispersed the hard cuboids of tin—
antimony compound. The dark areas surrounding the cuboids consist
of a lead-rich solid solution. The matrix consists of the eutectic and
the solid solution.

This alloy was compared with a matrix alloy possessing the following
composition: antimony 10 per cent., lead 87 per cent., tin 3 per cent.,
and copper 0. The micro-structure is shown in Plate XV. 4, and it will
be seen that it consists of dendrites of lead-rich solid solution set in a
duplex matrix of lead-tin-antimony eutectic. There are no hard par-
ticles present, and the structure approximates to that of the matrix
material of the lead-base bearing alloy.

Microhardness measurements were made of the various phases of
these alloys, and the results, together with some macroscopic hardness
measurements, are summarized in Table XVI. As a matter of interest
the hardness values of the non-dendritic copper-lead alloy shown in
Plate XV. 1 are included.

Two conclusions follow from these hardness measurements. First,
that the hard crystallites in the bearing alloy contribute little to its
overall hardness. Thus the matrix material has a hardness of 19, whilst
the overall hardness of the alloy, in spite of the presence of numerous
hard cuboids of hardness 110, is only 21. This view is further confirmed
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TaBLE XVI

Hardness values of lead-base alloys

Macroscopic
hardness Microhardness in
Material Vickers equivalent Vickers units

Pure load . . 4 ..
Lead-bearing alloy . 21 Matrix 19 ; cuboids 110
Lead-matrix alloy . 18 Lead-rich solid solution 18;

duplex Pb—Sn—=Sb eutectic 18
Steel . . . 166 ..
Copper-lead alloy . 35 Copper matrix 56; lead phase 8

by hardness measurements at elevated temperatures. As the tempera-
ture is raised the hardness decreases, but the hardness-temperature
characteristic of the bearing alloy is almost identical both in trend and
in absolute values with that of the matrix alloy (Fig. 52). We may
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Fia. 52. Effoctive hardness of alloys as a function of temperature. I, lead-base
bearing alloy ; IT, lead-base matrix alloy ; III, lead.

conclude, therefore, that the hardness of the bearing alloy at room
temperature and at elevated temperatures is determined essentially by
the properties of the matrix material.

The second conclusion concerns the two-phase nature of the matrix
alloy. One phase consists of a lead-rich solid solution and the other of a
duplex Pb-Sn-Sb eutectic. Both, however, have the same hardness, so
that both phascs yield equally under an applied load. As we shall sec
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below, this alloy, from the point of view of its plastic and frictional
properties, does in fact behave as a homogeneous material. This also
applies to the matrix material of the bearing alloy.

Unlubricated surfaces

With a hemispherical steel slider rubbing on a plane surface of the
alloys the motion was smooth and the coefficient of friction approxi-
mately the same for the bearing alloy (u == 0-4-0-45) and for the matrix
alloy (u = 0-35-0-4). For a hemispherical slider of the alloy rubbing on
a plane surface of steel the motion was intermittent and the friction
was again similar for both alloys. There was no indication that the
presence of the hard particles produced any marked change in the
friction.

This observation is readily understandable if we examine the surface
damage of the bearing alloy when the steel slider has passed over the
surface once. The nature of the damage is shown clearly if the alloy is
polished and lightly etched before the friction experiment. Part of the
track is shown in Plate X VI. 1 a side by side with the unworn portion of
the surface, and it is seen that the hard particles have been pushed
under the surface during sliding. This effect is shown in a more striking
manner by a taper section recently made by Mr. E. Rabinowicz of the
track formed in a similar lead-base bearing alloy when a steel slider
passes over the surface once. The size of the crystallites in this alloy
was relatively large, and for this reason a much larger load was used
in order to give a track appreciably larger than the size of the crystal-
lites. In order to emphasize the behaviour of the hard particles the
alloy was vigorously etched before sliding took place so that the crystal-
lites should be well exposed above the surface of the matrix material.
The micrograph is shown in Plate XVI. 15. It is clear that the hard
crystallites have been buried under the surface of the alloy and the
matrix material smeared over the track as a result of the sliding process.
It is evident from these figures that the steel slider is rubbing on the
matrix material and not on the hard particles, so that the metallic
junctions which are sheared during sliding consist of the matrix material
itself.

A similar examination of the track formed in the surface of the matrix
alloy shows that there is no preferential smearing of one phase over the
other. The alloy as a whole welds on to the steel slider and is torn and
smeared during the run, so that from the frictional point of view the
alloy behaves as a homogeneous material. Since the matrix material of
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the bearing alloy has a similar composition and structure, we may
expect that it too will behave as a homogeneous material.

The view that the frictional properties of the bearing alloy are deter-
mined essentially by the properties of the matrix material itself is
supported by a number of other observations. First, the friction is
almost independent of temperature from 20° to 200° C. and is very
similar for both alloys (see Fig. 53). This behaviour is characteristic of
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Fic. 53. Variation of friction with temperature for unlubricated surfaces. I, steel
on lead-base bearing alloy ; II, steel on lead-base matrix alloy ; I1I, steel on lead.

pure metals and of homogeneous substances in general (see, for example,
the result for lead in Fig. 53), since the increase in area of contact which
occurs as the temperature is raised is compensated by a reduction in the
shear strength of the junctions formed between the surfaces. Secondly,
repeated sliding over the same track produces a gradual increase in
friction which is very similar for both alloys (see Table XVII). This is
probably due to thé cumulative pick-up of the alloy on the steel, since
the upper limit of the friction corresponds roughly to the friction of the
alloys sliding on themselves. Thirdly, the wear properties of both alloys
are similar. This was measured by repeatedly passing a slider made of
the alloy over a steel surface and determining the loss in weight of the
slider. The results are given in the last column of Table XVII, and it
is seen that after traversing a track 7-5 cm. long 400 times at a load
of 4 kg. the wear of the bearing alloy was 11 mgm. whilst that of the
matrix alloy was 14 mgm. This difference is not significant.
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TasrLE XVII
Friction of lead-base alloys. Unlubricated

Wear after

traversing

. C . 3,000 cm.

o Coefficient of friction | Tof track
Surfaces Ist run | 20th run | 100th run | 400th run mgm.
. Bearing alloy 0-45 0-7 .. ..

Steel on Matrix alloy 0-4 0-8 .. .. ..
Bearing alloy 0-55 0-8 1-0 1-0 11
On steel| yratrix alloy 0-65 11 1-2 1-2 14

Lubricated surfaces
Similar measurements were made of the friction between the alloys

and steel surfaces in the presence of a refined mineral oil. The frictional
behaviour of both alloys was again similar. It is interesting to examine
the track formed in the bearing alloy when the steel slider traverses the
same track a large number of times. The track formed for the first run
corresponding to a coefficient of friction of u = 0-12 is shown in Plate
XVII. 1, and it is seen that the arrangement of the hard cuboids has
been little disturbed by the passage of the slider. If this is compared
with Plate XVI. 1a for the unlubricated surface it is seen that the
presence of the oil film has greatly reduced the amount of smearing and
surface damage. The central position of the track formed during the
100th run is shown in Plate XVIL. 2, and it is seen that the hard crystal-
lites have been almost completely obliterated by the repeated passage
of the slider. The coefficient of friction is u = 0-11. The fact that the
friction for the first run, when the crystallites are still clearly visible in
the track, is nearly the same as for the 100th run, when the crystallites
have been almost completely wiped over by the smeared matrix
material, is strong evidence for the view that the friction is determined
essentially by the properties of the matrix material itself.
Experiments in which stearic acid was used as the lubricant again
show a close parallelism between the properties of the bearing alloy
and the matrix alloy. These results are summarized in Table X VIIIL.

The role of the matrix and the hard particles

These results show repeatedly the similarity between the properties
of the lead-base bearing alloy and those of the lead-base matrix alloy.
The friction when clean and lubricated, the behaviour with respect to
temperature and wear, the types of track formed, and the nature of
wear are all markedly alike.
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TasLe XVIII
Friction of lead-base alloys. Lubricated

Coefficient of friction
1 Stearic
Mineral oil ' acid
Surfaces 1st run 20th run 1()0th run . 1st run
) Bearing alloy 012 0-12 011 | 008
Steel On{Matrix alloy 014 015 016 | 007
Bearing alloy 0-32 .. .. ..
On Steel{Matrix alloy 0-35 %

A survey of the main results for the lead-base alloys (summarized in
Tables XVII and XVIII) indicates that, in general, the friction of the
lead-base bearing alloy is less by a few per cent. than that of the corre-
sponding matrix alloy. This difference may be due to the presence of
the hard crystallites in the bearing alloy. On the other hand, it is
extremely difficult to reproduce in a separate matrix alloy the complex
phase relationships existing in the matrix material of the bearing alloy.
This difference in friction may therefore be due to differences between
the comstitution and structure of the matrix alloy and the matrix
material of the bearing alloy. This difference in frictional behaviour,
however, is small.

When sliding takes place, the pressure and motion of the steel surface
impress the hard crystallites deeper into the matrix and cause an
extrusion and smearing of the matrix material over the surface of the
alloy. Welding takes place between the steel surfaces and the matrix
material, and the shearing takes place within metallic junctions com-
posed of the matrix material itself. When clean surfaces are used, this
smearing and tearing of the matrix material over the surface of the
track completely obliterates the arrangement of the hard crystallites.
When a lubricant is used, the seizure and smearing is far less, and this
process is much more gradual. For both clean and lubricated surfaces
the hard crystallites play no appreciable part in the frictional behaviour
of the bearing alloy.

Tin-base alloys: structure and hardness

A similar series of experiments was carried out on a tin-base bearing
alloy with the following composition: antimony 6-5 per cent., copper
4-2 per cent., tin 89-2 per cent., and nickel 0-1 per cent. The micro-
structure (see Plate XVII. 3) shows that it consists of a matrix of a
tin-rich solid solution, in which are embedded numerous hard needles
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of copper—tin compound. This alloy was compared with pure tin and
with a tin-base matrix alloy containing 7 per cent. antimony, no nickel,
and less than 0-4 per cent. copper. This alloy contained no hard par-
ticles and consisted essentially of a tin-rich solid solution. Its hardness,
compared with that of the tin-base bearing alloy, is given in Table XIX.

TaBLE XIX
Hardness of tin-base alloys

Macroscopic | Microhardness
hardness in equivalent
Material (Vickers) Vickers units
Pure tin . . ki 7
Tin-bearing alloy . 24 {lltrl[::;llzs 1(2)8
Tin-matrix alloy . 18 18

It is apparent that the matrix alloy is similar in hardness to the matrix
material of the bearing alloy.

Unlubricated surfaces

Frictional measurements of steel sliding on the alloys and of the alloys
sliding on steel showed that the motion was always intermittent. The
values of the coefficient of friction during the ‘stick’ are summarized

in Table XX.

TaBLE XX
Friction of tin-base alloys. Unlubricated
Wear after
. .. traversing
Cocﬁicwn"tn ZJ;; Sfriction 3,000 cm.
L . of track
Surfaces 1st run 20th run mgm.
Bearing alloy 0-7-0-8 0-65-0-8
Steel on{Matrix alloy 07-0-8 | 085 .
Bearing alloy 0-7 0-8 0-2
On s“’e‘{Matrix alloy 08 085 03

It is seen that the friction of the two tin alloys is similar. Further,
there is no appreciable increase in friction for the first 20 runs, and even
after 400 runs the increase in friction was not marked. This may be
due to the fact that the pick-up of the tin alloys on the steel surfaces
is relatively small. For example, a photo-micrograph of the steel surface
after the tin-matrix alloy has passed over the same track 400 times
(total track length 3,000 em.) shows relatively slight smearing of the
alloy over the steel, so that the lapping marks in the steel surface are
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still visible (Plate XVII. 4). This behaviour is in marked contrast to
that of the lead-base alloy, where the pick-up of the alloy on the steel
almost completely obliterates the lapping marks in the steel surface
(Plate XVII. 5). Corresponding to this large amount of metallic transfer
the wear of the lead-base alloys is very much heavier than that of the
tin-base alloys (see Chap. XIV).

The effect of temperature on the frictional properties of the tin-base
alloys is similar to that of the lead-base alloys. Over a temperature
range of 20° to 200° C. the coefficient of friction for both alloys remains
approximately constant.

Lubricated surfaces
The main friction results are shown in Table X XI for surfaces lubrica-
ted with a mineral oil and with pure stearic acid. In all cases the motion

was smooth. It is seen that the behaviour of the bearing alloy is similar
to that of the matrix alloy.

TaBLE XXI
Friction of tin-base alloys. Lubricated
Coefficient of friction
Mineral oil Stearic acid
Surfaces 1st run l 20th run | 100th run 1st run
Stoe] on{Beari_ng alloy 0-13 ‘ 013 011 0-07
Matrix alloy 013 013 0-12 0-09

It is evident from these results that for both lubricated and unlubri-
cated surfaces the frictional properties of the tin-base bearing alloy are
similar to those of the tin-base matrix alloy. The actual values of the
friction, the frictional behaviour for repeated traversals of the same
track, the types of track formed, and the nature of wear are all markedly
alike. This again shows that the frictional properties of the bearing alloy
are determined mainly by the matrix itself. The agreement is not as
close as with the corresponding lead-base alloys and this is discussed
more fully in the original papers.

Comparison of lead-base and tin-base bearing alloys

A point of some interest is the comparison between the lead-base and
tin-base alloys. The frictional properties of the lead-base bearing alloy
when clean and when lubricated, at room temperature and at elevated
temperatures, are generally slightly better than those of the tin-base
bearing alloy. However, its wear on steel surfaces is very much heavier.
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Tts hardness (measured in Vickers units) is also about 15 per cent. less.
Apart, therefore, from the question of mechanical properties which may
play a vital role in the practical behaviour of a bearing, the lead-base
bearing alloy should, in practice, be at least as satisfactory as the tin-
base alloy from the point of view of its frictional behaviour. Under
severe conditions, however, the rate of wear of the lead-base bearing

alloy may be very much higher.

SiLVER-LEAD BEARINGS

This bearing is not an alloy but consists of silver on which a very thin
layer of lead has been deposited. A thick layer of silver is cast or electro-
deposited on to a steel shell which serves as a backing and gives added
strength to the bearing. The silver has good mechanical properties in
that it has an appropriate hardness and ductility and is resistant to
fatigue. It also has a very good thermal conductivity and so is effective
in carrying away heat from the surface. As we shall see later, however,
silver gives a high friction and is very difficult to lubricate. For this
reason a very thin film of lead (a few thousandths of an inch thick) is
deposited on it. This serves a double role. It enables the fatty acids in
the oil to lubricate the surface (see Chap. X), and it also gives metallic
film lubrication in the manner that has been described.

Under high temperatures and oxidizing conditions the chemical attack
of the lead by the lubricating oil may be too rapid, and in order to
prevent this a small amount of indium or of tin is alloyed with the lead
film. The presence of these metals in the lead film render it resistant
to excessive corrosion by the fatty acids in the oil. These bearings are
effective under very severe conditions and provide a good practical
example of metallic film lubrication.

ErrecT OoF TEMPERATURE CHANGES ON
BEARING ALLOYS

Under practical conditions, the frictional heat liberated during run-
ning may raise the temperature of the surface layer of a bearing to high
values, and this may have a marked effect on the mechanical and
frictional properties of the bearing. In addition, however, to this local-
ized surface heating, the bearing as a whole may be gradually warmed
up and cooled down as the engine is started or stopped, or as the
temperature of the oil changes, and we may inquire what effect these
thermal cycles may have on the bearing alloy. If, as is frequently the
case, the alloy is bonded on to another metal, we may expect that the
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difference in the thermal expansion of the two metals may set up thermal
stresses near the boundary. In the case of a typical lead-base alloy the
coefficient of thermal expansion is 24 x 10-%/°C., while for steel it is
c. 12x10-%/°C, If the bearing is heated and cooled through 100° C. or
so, the difference in expansion may cause deformation and cracking of
the softer metal. A characteristic example of this is shown in Plate
XVIILI. 1. This ‘bimetallic expansion effect’ is of considerable practical
importance since it may lead to premature failure of the bearing.
Another effect of considerable interest has recently been described by
Boas and Honcycombe (1947). They have found that if certain metals
such as tin, cadmium, or zinc, unattached to any other metals, are
heated and cooled, deformation and cracking occur. The deformation
becomes more marked the larger the number of heating-and-cooling
cycles to which the metals are subjected. With lead, however, no such
deformation is observed. This effect has been explained in terms of the
thermal expansion of the metals themselves. Pure lead is a cubic metal
and its coefficient of thermal expansion is the same in all directions in the
crystal. Tin, cadmium, and zinc are non-cubic metals and their coeffi-
cients of thermal expansion differ along the various crystal axes. In a
polycrystalline specimen of an anisotropic metal the orientation of any
two neighbouring grains will in general be dissimilar, so that when the
metal is heated the expansion on two sides of the grain boundary is
different. The stresses set up are usually sufficient to produce plastic
deformation and slip in the crystals, and the amount of deformation will
increase with the number of cycles. This is shown very clearly in Plate
XVIIL. 3, 4, 5, and 6 for tin and cadmium specimens when heated
between 30° and 150° C. through 50 and 200 cycles. This behaviour is
therefore a fundamental property of non-cubic polycrystalline metals
themselves. It follows that it is very difficult to prepare any anisotropic
crystalline solid in a strain-free state since the preparation usually
involves some heating or cooling. Even if the solid is initially free from
strain, these strains are readily set up by small changes in temperature.
These observations have been extended to a study of the behaviour
of lead-base and tin-base bearing alloys. With lead-base alloys the
matrix is essentially isotropic and there is no appreciable deformation
produced in the mass of the alloy by cyclic heating (see Plate XVIIL. 1).
With tin-base alloys, however, the matrix is markedly anisotropic and
marked deformation readily occurs (see Plate XVIIIL. 2). Indeed, as
Boas and Honeycombe (1947) have shown, the deformation by aniso-
tropic expansion is generally far more marked for tin-base alloys than
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that produced by the ‘bimetallic expansion effect’ described above. It
is found, however, that increasing the quantity of hard particles reduces
the ‘anisotropic effect’ in tin-base alloys, since the hard particles have
a thermal expansion which lies between the two principal coefficients
of expansion of the matrix. Further, the hard particles appear to have
a ‘stiffening’ effect on the alloy as a whole. Unfortunately there is a
limit to this, since the alloy becomes increasingly hard and brittle, and
therefore less suitable for most bearing applications.

It is clear from this discussion that there is a marked difference in
the behaviour of lead-base and tin-base alloys on cyclic thermal treat-
ment. The lead-base alloys suffer only from the ‘bimetallic effect’ at
the interfaces where they are bonded to the steel backing. The tin-base
alloys, however, show marked deformation within the alloy due to the
anisotropic effect and, if this is sufficiently acute, it may lead to failure
by ‘thermal fatigue’.

THE RoLE OF THE SOFT CONSTITUENT IN
BEARING ALLOYS

The results described in this chapter show one feature that is common
to both the copper-lead and the white-metal bearing alloys. Both types
of alloys contain a soft low-melting constituent in which the actual
shearing, during sliding, takes place. With the copper-lead alloys the
shearing takes place in the extruded lead film; with the white-metal
alloys, in the lead-base or tin-base matrix material. It is clear that this
characteristic will prevent excessive seizure, since the high local tempera-
tures developed under severe conditions of running will readily cause a
local softening or melting of the low-melting constituent at the regions
of momentary contact. The molten or plastic material will then be
carried round to a cooler portion of the bearing.

The major difference between these two types of bearing alloys lies
in the manner in which the load is supported. In the non-dendritic
copper-lead alloy the hard copper matrix takes the load, so that the
area of contact A is relatively small, whilst the shear strength s of the
junctions formed in the lead film is also small. As a result, the frictional
force, given by F = As, is also small, and the coefficient of friction
for the unlubricated surfaces has a value of about u = 0-2. With the
white-metal alloys, however, the hard constituent plays practically
no part in supporting the load, and from the frictional point of view
the alloys bchave as homogeneous materials of the same composition
and properties as their matrices. The friction is thus characteristic of
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most homogeneous materials, and the coefficient of friction for the
unlubricated surfaces has a value lying between about x = 0-6-0-9.

The dendritic copper-lead alloy is of considerable interest in this
connexion, since it occupies an intermediate position between the non-
dendritic copper-lead alloy and the white-metal bearing alloys. In
the dendritic alloy the lead phase forms a continuous network between
the copper dendrites and, strictly speaking, constitutes the matrix of the
alloy. However, as an examination of the micro-structure shows, about
75 per cent. of the area of any surface consists of the hard copper phase.t
As a result, the major portion of the load is still borne by the copper
phase, and at room temperatures the friction is of the same order as that
obtained with the non-dendritic alloy.

At higher temperatures the basic difference between the non-dendritic
copper-lead alloy and the white-metal alloys is again apparent. With
the non-dendritic copper-lead alloy the lead phase softens as the tem-
perature is raised, whilst the copper matrix retains very largely its
original hardness. As a result, s decreases whilst 4 scarcely changes,
so that there is a gradual decrease in friction as the temperature
increases. This proceeds until a temperature is reached at which there
is a very rapid softening of the alloy as a whole (above 300° C.) and a
correspondingly rapid increase in the friction. With the white-metal
alloys there is a continuous softening of the matrix of the alloy as the
temperature israised, so that s decreases and 4 increases proportionately.
As a result, the friction remains almost independent of temperature
almost up to the melting-point of the alloy. Here again the dendritic
copper—lead alloy occupies an intermediate position: the softening of the
lead phase continues as before with a corresponding decrease in s. How-
ever, the softening of the lead network between the copper dendrites
leads to a relatively rapid decrease in the overall hardness of the alloy,
with a corresponding increase in A. As a result, the friction rises rapidly,
and the coefficient of friction approaches that of the lead-base white-
metal alloy.

It is clear that the hard copper matrix in the non-dendritic copper—
lead alloy plays a well-defined part in the frictional mechanism of the
alloy. It imparts greater strength and hardness to the alloy and by
supporting the thin extruded lead surface-film produces a relatively low
friction even for unlubricated surfaces. The dendritic alloy lacks the
superior physical and mechanical properties of the non-dendritic alloy,

1 In contrast to this, the hard particles of the white-metal alloys occupy only about
15 per cent. of the area of any surface.
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but its supply of lead is very much more readily available at any surface.
With the white-metal bearing alloys, however, the hard particles con-
tribute little to the overall hardness or frictional properties of the alloys.
Tt is possible that, as the white-metal type of bearing alloy was developed
empirically, the hard particles are simply arelic of an historical accident.
Nevertheless, it should be borne in mind that the frictional and wear
properties are not the only factors which determine the suitability of an
alloy for use as a bearing metal. For example, the hollows and crevices
which may develop in the softer phase, particularly at the boundaries
of the hard particles, may serve as minute reservoirs for the lubricating
oil. Again, it is possible that many of the mechanical properties, such
as the hardness and its variation with temperature, the compressive
strength and the resistance to mechanical fatigue, may all play a vital
part in the practical performance. For example, as we saw above in the
work of Boas and Honeycombe, the presence of hard particles in a softer
matrix may ‘stiffen’ the whole alloy and increase its resistance to
‘thermal fatigue’. It is possible, therefore, that some of the significant
differences between the mechanical properties of the white-metal bear-
ing alloys and their corresponding matrix alloys may be due, in some
measure, to the presence of the hard particles. It is clear, however, that
in the white-metal alloys described in this chapter the basic frictional
properties are determined essentially by the matrix material itself and
that the hard particles play little part.
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VII

FRICTION OF CLEAN SURFACES: EFFECT OF
CONTAMINANT FILMS

All things and everything whatsoever however thin it be which 18 inter-
posed in the middle between objects that rub together lighten the difficulty
of this friction. LEONARDO DA VINCI

INFLUENCE OF SURFACE FiLms

I the previous chapters we have dealt with friction experiments carried
out on metal surfaces which have been cleaned in the atmosphere. It
is clear, however, that when solids are cleaned in air their surfaces are
still covered by a thin film of oxide, water vapour, and other adsorbed
impurities. The contaminant film is usually at least several molecular
layers in thickness, and any complete theory of friction must take this
film into consideration. As we shall see, even the thinnest surface films
may have a profound effect on the friction.

The grosser surface contaminations may be removed by lapping or
polishing and even more effectively by scraping with a degreased dia-
mond tool (see Chap. X). None of these methods can, however, remove
the last remaining adsorbed film from the surface. The only really
effective method is to heat the metal surfaces in vacuo, and some earlier
investigations along these lines have been described by Jacob (1912),
Shaw and Leavey (1930), and Holm (1931). In what follows we shall
describe some work carried out by Bowden and Hughes in 1939 and
recently by Mr. J. E. Young on the friction of metals outgassed in high
vacuum. The influence of surface films will also be discussed in relation
to the effect of interfacial potential on friction. It is also of interest in
this connexion to discuss some work carried out by Savage on the
friction of graphite in vacuo.

The friction apparatus used by Dr. Hughes is shown in Fig. 54. The
friction surfaces consist of the wire or cylinder XY and the larger
cylinder C which hangs on it. The method consists essentially of pro-
jecting the suspended cylinder C along XY and photographically esti-
mating its deceleration. From this the frictional force between the
surfaces can be calculated. The cylinder is projected by the spring S
which is released by the electromagnet M. The lower surface is degassed
by passing a suitable heating current through it, while the cylinder is

lifted off the lower surface on to the molybdenum rails B and heated
3595.72 L
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by bombarding with 2,000- or 5,000-volt electrons from the filament F.
Both metals are kept at a temperature just below that at which exces-
sive cvaporation sets in during the final stages of degassing. In these
experiments the pressure in the envelope was maintained below 10-¢mm,

F1a. 54. Apparatus used for measuring the friction between outgassed metal surfaces.
X7, stationary surface ; C, moving surface; R, rails, and F, filament for supporting and
heating surface C; S, spring for propelling C'; M, magnet.
during the friction measurements, and, except when otherwise stated,
the friction was measured immediately after the degassed surfaces had

been allowed to cool to room temperature.

Effect of adsorbed gases on metallic friction

The main results for two different combinations of metals are shown
in Figs. 55 (a) and (¢). It is seen that the coefficient of friction of the
surfaces at the beginning of the experiments lies around pu = 0-5. After
prolonged heating in vacuo at bright red heat and subsequent cooling
the friction increases to values lying between p = 4-5 and p = 6.

These values show that the removal of the surface tilms leads to a very
great increase in the friction. This is due largely to the ease with which
the metal surfaces can weld together in the absence of contaminant films.
It would also seem that the shearing action of the sliding process itself
produces an increase in the area over which metallic junctions are formed.
These results, therefore, support the more detailed theory of metallic
friction developed in Chapter V.

If the clean surfaces are allowed to stand at room temperature in a
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vacuum of 105 to 10-8 mm. a steady decrease in friction occurs. This
decrease takes place in a few minutes and is presumably due to the
gradual contamination of the surfaces by residual gases in the apparatus.
Since rapid contamination occurs under these conditions, it is clearly
impossible under ordinary atmospheric experimental conditions in the
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Fig. 55. (a) and (c) Effect of removing the adsorbed film of oxygen and other

contaminants from metal surfaces: (a) nickel gn tungsten; (¢) copper on copper.

The friction rises by a factor of 10 or more. (b) and (d) Effect of deliberately

adding a trace of oxygon to clean outgassed motals: (b) nickel on tungsten;
(d) copper on copper. There is a rapid reduction in friction.

laboratory to produce surfaces which, from the frictional point of view,
are really clean.

The effect of deliberately admitting a trace of oxygen to the surfaces
is shown in Figs. 55 (b) and (d). It is seen that there is a sudden large
reduction in friction followed by a slower reduction which continues
with time. On the other hand, the admission of pure hydrogen or pure
nitrogen has little effect on the friction of the clean surfaces.

These results have been generally supported in recent work carried
out by Mr. J. E. Young (1949). His apparatus is shown in Fig. 56. The
envelope and the whole of the moving parts are made of fused silica to
facilitate degassing of the surfaces. Its main point of difference from
Dr. Hughes’s apparatus is that the upper surface is dragged slowly over
the lower surface instead of being projected along it. Further, the load
is appreciably higher, being of the order of 15 gm., whereas in Dr.
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Hughes’s apparatus it is less than 1 gm. In addition the region of
contact between the surfaces is more clearly defined as it occurs between
a small curved protrusion and a flat surface. The degassing is carried
out by high-frequency induction heating as shown in the figure.

With nickel surfaces as prepared ‘clean’ in the atmosphere the coeffi-
cient of friction is about u = 1-4. When the surfaces are heated in a
vacuum at 1,000° C. they are gradually freed of contaminant films. If
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F1a. 56. Later apparatus (diagrammatic) for measuring the friction between outgassed

motal surfaces. The specimens A4 and B are in the form of hollow cylinders to facilitate

heating by high-frequency induction. 4, fixed lower surface with flattened faco;

B, moving upper surface with ‘pip’ to give localized contact; C, connecting links of

silica ; D, sealed bulb of soft iron ; %, electromagnet to move D and hence the surface B ;

F, silica spring device for measuring frictional force on 4 ; @, induction heating coil;
H, silica envelope connected to vacuum system.

friction measurements are carried out in vacuo after the surfaces have
been allowed to cool to room temperature, it is found that the friction
increases steadily as the outgassing becomes more thorough and readily
reaches a value of about 4 = 9. On admitting air or a trace of oxygen
the friction falls gradually to a low value and there is a further slow
decrease with time. On the other hand, hydrogen even after a pro-
longed period of time produces no appreciable reduction in friction. If
friction measurements are carried out with surfaces which are even
more thoroughly outgassed, such large-scale seizure occurs on contact
that the surfaces can only be separated by prizing them apart and the
friction is too high to be measured (u ~ 100).

The fact that adsorbed films often take a finite time to produce their
maximum reduction in friction has also been observed by Hughes when
caproic acid vapour is admitted to clean gold surfaces. The friction of
the degassed gold is about p = 4. On admitting caproic acid vapour at
room temperature the friction falls immediately by about 10 per cent.,
in the course of the next 16 hours it falls to a value of about u = 2.

These experiments again show the marked effect of small quantities
of adsorbed films on the friction of clean metals. With oxygen there is
a large reduction in friction, and on tungsten the main effect is extremely
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rapid (Fig. 55 (b)) presumably due to the chemisorption of oxygen on
the metallic surface. As Roberts (1935) has shown, the chemisorption
here is almost instantaneous. The further increase in thickness of the
adsorbed layer with time has relatively little effect on the friction. On
other metals, however, the reduction in friction by oxygen is consider-
ably slower and may proceed over many hours or days. Here it would
seem that the effect is due essentially to the gradual growth of the thick
oxide film, which provides increased protection of the surfaces and pro-
duces a corresponding reduction in friction. A similar time effect is
observed with caproic acid on gold.

These results with specific contaminant films again support the view
that metallic friction is due to the shearing of welded metallic junctions
formed between the contacting surfaces. In the absence of contaminant
films, as we have seen, these junctions are formed very easily and the
friction is very high. The experiments also show that extremely small
quantities of surface contamination may produce a marked reduction
in the intimacy of contact, and hence in the frictional force.

Simple considerations of the kinetic theory show that in a vacuum
of the order of 10-7 mm. of Hg the number of molecules striking the
surface would, in a minute or so, be sufficient to form a monolayer.
Even under the conditions described above, we cannot expect that the
surfaces, after they have cooled, will be entirely free from adsorbed gas.
Nevertheless the experiments show that when the surfaces are placed
in contact under these conditions the metal atoms on each surface are
able to fit together in a lattice and a comparatively large-scale ‘crystal
growth’ can occur across the interface.

Influence of oxide films on friction

The oxidation of most metals is a fast process which is only retarded
by the protection provided by the oxide layer itself (Evans, 1946).
Under ordinary room-temperature conditions exposed metal surfaces
will soon be oxidized. Most freshly cleaned metals (lapped, ground, etc.)
will acquire a layer of oxide between 10 and 100 A thick in about
5 minutes or less (cf. Mott). This applies to copper, iron, aluminium,
nickel, zine, chromium, and numbers of other similar metals. This
oxidation will go on at even very low oxygen pressures, and copper will
oxidize as fast at 103 mm. Hg pressure of oxygen as at atmospheric
pressure (cf. Mrs. Garforth). During the process of oxidation the oxide
layer formed may either take on the parameter of the parent metal
(copper to about 100 A thick of oxide) or a completely independent
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oxide structure may be formed (aluminium) which is bonded to the
metal at the coincident points of the two lattices. According to Frank,
if the atomic lattice of the metal and of the oxide match to within 10
to 15 per cent. the oxide will take up the metal lattice parameter. If
the match is poorer than 15 to 20 per cent. the oxide structure will
form immediately. In the intermediate region of match from 10 to 20
per cent. patches of both structural types may be present.
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Fis. 57. ¥riction of copper on copper as a function of load. Curve 1: elcctro-
lytically polished copper. At loads above 100 gm. the coefficient of friction y is
sensibly independent of load and p =~ 1-6. As the load falls tho oxide films present
on the copper surface are incompletely ruptured and tho friction decreases. The
value of tho friction at very small loads (u = 0-4) is essentially the friction of
copper oxide. 1f the thickness of the oxide film is deliberately increased by oxidiz-
ing the copper surface, the effect is similar but the low friction persists up to a
higher load (Curve II).

As the oxide layer on copper increases in thickness the internal com-
pressive force will increase. At some thickness of about 200 A the oxide
layer probably breaks up and re-forms and oxidation may then continue.
This makes for a weak layer as opposed to the much stronger Al,0,
layers where the original arrangement is permanent.

A series of experiments which shows the importance of oxide films in
ordinary friction measurements has recently been carried out by
Dr. Whitehead (1950). With copper sliding on electrolytically polished
copper he finds that the coefficient of friction is independent of load and
has a value of about p = 1-6 for loads above about 100 gm. With
decreasing load the friction falls off and reaches a steady value of
p = 0-4 at loads below about 10 gm. (see Fig. 57, curve I). There is
also a marked change in the appearance of the surface damage as is
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shown in Plate XIX. 1, 2, 3, and 4. For the lower loads where the
friction is small the track has the appearance of a relatively smooth
groove, which is comparable with that observed on lubricated surfaces.
As the load is increased the track shows more tearing and plucking, and
at loads giving a friction of u = 1-6 the surface damage is very heavy
and is characteristic of that observed with unlubricated metals. It is
clear that this effect is due to the gradual break-through of the surface
oxide film. At the lower loads the friction is essentially that of copper
oxide sliding on copper oxide and this is sheared more easily than the
metal. At the higher loads the oxide film is ruptured and considerably
more metallic adhesion occurs. This is confirmed by the fact that if the
copper surface is deliberately oxidized after polishing to produce a
thicker oxide film the low friction persists up to a higher load (Fig. 57,
curve II).

The behaviour of aluminium is in marked contrast to this (see p. 99).
The friction remains constant at a high value of p = 1-2 from 10* to
10-2 gm. Further, the oxide film is broken up and there is characteristic
metallic welding even at the smallest loads (Plate XI). This difference
in behaviour might be attributed to the ‘fit-misfit’ nature of the oxide
layers; or to their state of tension or compression. The evidence, how-
ever, suggests that the main factor is the relative mechanical properties
of the oxide and the underlying metal. If the oxide forms a very hard
film on the surface of a soft metal as with aluminium (Mohs’s hardness
of Al = 2, of Al,0; =~ 9) its behaviour may be analogous to that of a
thin film of ice on mud. The slightest load will deform the substrate so
that break-through of the surface will occur. If,however,the mechanical
properties of both metal and oxide are similar as with copper (Mohs’s
hardness of Cu = 3, of oxides =~ 3-5) the surface film will deform with
the underlying metal; break-through will not occur and the friction and
surface damage will be small. (Whitehead 1950.)

INFLUENCE OF TEMPERATURE ON
FricrioNn oF CLEAN METALS

Bowden and Hughes (1939) have carried out some experiments on the
effect of temperature on the friction of clean metals. The apparatus used
was that described in Fig. 54, and the results show at once that unless
elaborate precautions are taken to degas the metals very thoroughly
the results are erratic and irreproducible. This is presumably due to
the influence of incompletely removed surface films superimposed on
any purely thermal effect.
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If the surfaces are first thoroughly outgassed and a good vacuum
subsequently maintained the results are reproducible and reversible.
Typical results for several metals are shown in Fig. 58. In general the
friction decreases as the temperature is raised, but the effect is slight,
and even at 1,000° C. the friction has fallen to only about half its value.
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Fi1c. 58. The effect of temperature on the friction between cloan outgassed metal surfaces:

(@) nickel sliding on tungsten ; (b) nickel on nickel ; (c) copper on copper ; (d) gold on gold.

In general the friction decreases somewhat as the temperature is raised. With gold there

is a sudden large rise in friction when the surfaces begin to soften (c. 600° C.) and large-
scale welding occurs.

The behaviour with gold is exceptional as the friction shows little change
until a temperature of about 600° C. is reached, when the friction rises
suddenly to a value of about u = 20. This is probably due to the pro-
nounced softening of gold which occurs at this temperature, so that the
metal flows readily and the sliding surfaces would weld together over a
large area. Similar results are obtained by Mr. J. E. Young with out-
gassed nickel surfaces when the friction is measured at 1,000° C.
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The fact that the measurements recorded in Fig. 58 are reversible,
i.e. that the friction returns to its original value when the surfaces are
cooled down, is important since it shows that the frictional decrease is
due to the temperature alone and not to any irreversible change in the
state of the surface. The fact that the friction actually decreases as the
temperature is raised also suggests that the surfaces are reasonably
clean, for in the presence of contaminating films a high temperature
would diminish their concentration and so cause an increase in the
friction.

The results show that the decrease in the coefficient of friction for
most metals is only a few per cent. over a temperature rise of 100° C.
This small effect is in harmony with the theory of metallic friction
described in Chapter V, and may be accounted for as follows. The area,
of contact over which welded metallic junctions are formed depends on
the load and the yield pressure of the metal. At high temperatures the
yield pressure diminishes so that, for a given load, the total cross-
section of the metallic junctions is increased. However, the shear
strength of the metal will similarly fall off, so that the force to shear
the junctions, which is the frictional force, should remain approximately
the same. For this reason the friction of clean metals is not markedly
dependent on the temperature unless the temperature is so high that
marked thermal softening occurs. This behaviour may be contrasted
with that of a solid which retains its bulk hardness up to the melting-
point, so that a soft or molten surface film can be formed on top of a
relatively hard substrate. In this case, as we saw in earlier chapters,
the friction may fall to a very low value.

INFLUENCE OF INTERFACIAL POTENTIAL OoN FRICTION

Effect of electrodeposited hydrogen and oxygen

It is clear that the adsorption of a layer of gas on the metal surface
may have a profound effect on the friction, and in this connexion it is
interesting to consider the friction of metals which are immersed in an
electrolyte. If an inert metal such as platinum, for example, is im-
mersed in an acid electrolyte it is possible, by suitably varying the
interfacial potential, to bring about the electrodeposition of either
hydrogen or of oxygen. When the interfacial potential is in the region
of 4-1:0 volt on the hydrogen scale (thc metal being positive) the
electrode surface becomes covered with a monolayer of oxygen, and if
the potential is made more positive still, oxygen is evolved, and we are
in the region of oxygen overpotential. If the interfacial potential is
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reduced below about 4-1-0 volt, the monolayer of oxygen is removed
and, in the region of 0 volt on the hydrogen scale, a monolayer of
hydrogen is deposited (Bowden, 1929). If the potential is made more
negative still, hydrogen is evolved and we are in the region of hydrogen
overpotential. In the intermediate region of potential, that is, round
about 0-3 to 0-6 volt on the hydrogen scale, the electrode surface should
be reasonably free from either oxygen or hydrogen.

Fic. 59. Apparatus for measuring tho friction us a function of the interfacial

potential. B, glass bow supporting platinum wire W (stationary surface);

C, platinum cylinder (sliding surface) suspended on W ; E, electrode; 7', tap lecding

to referenco olectrode. The coefficient of friction is determined from the angle of
inclination of W necessary to cause C to slide.

It would clearly be of interest to investigate the friction of metal
surfaces in an electrolyte at different interfacial potentials. Several
workers have reported changes in the friction between a metallic surface
and some other material such as glass or chalk as the metal surface was
polarized. Such effects were first demonstrated by Edison (1877-9) and
subsequently studied by Koch (1879), Krouchkoll (1882), and Waitz
(1883). It has also been shown (Bastow, 1936; Clark, 1940) that the
friction of immersed solids is dependent upon the hydrogen-ion concen-
tration of the solution. The results, however, cannot be easily inter-
preted since the interfacial potentials of the surfaces are not clearly
defined.

Measurements of the friction of platinum, as the interfacial potential
is varied under controlled conditions, have been made recently by
Dr. G. C. Barker (1947) and the investigations are being continued
by Dr. L. Young (1949). One method used is illustrated in Fig. 59.
The friction is measured between a stretched platinum wire W and a
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platinum cylinder C (weighing about 2 gm.) which can slide on it. The
platinum wire is stretched taut by the glass bow B. These are contained
in a glass cell which can be freed from gas and filled with an electrolyte.
A large platinized platinum electrode E serves as the polarizing electrode
through which a current can be passed to the wire and cylinder, and the
interfacial potential of the wire and cylinder can be measured against
a reversible hydrogen electrode immersed in a similar electrolyte. Elec-
trical connexion to the hydrogen electrode is made through the tap 7'.
The whole cell can be rotated so that the wire W can be tilted through
180°. The angle at which sliding occurs gives a measure of the
friction.

It was found that great care must be taken to free the system from
traces of impurity, but when this was done results similar to those shown
in Fig. 60 were obtained. Curve 1 shows the results obtained by
Dr. L. Young for the static friction of platinum on platinum in pure
dilute sulphuric acid (0-1 N). It will be seen that the changes in friction
as the potential is varied are very great indeed. In the region of 4-1:0
volt, which corresponds to oxygen deposition, u = 0-7. As the potential
is decreased and the oxygen is removed, the friction rises, and in the
region of 0-3 volt has recached a value of u = 3-4. As the potential is
reduced below this, and we come into the region of hydrogen deposition,
the friction falls to a value of u == 2-3. At still more negative potential,
that is, in the region of hydrogen overpotential, there is a further
decrease, but the friction is still high (u = 2) compared with the values
obtained in the region of oxygen deposition (u = 0-7). (It will be seen
that in the region of oxygen overpotential, i.e. as the surface becomes
more positive than -+1-0 volt, there is a small increase in the friction.
The reason for this is more complex and will not be discussed here.)

The change in friction with potential is accompanied by a correspond-
ing change in the damage to the surface. Plate XIX. 5 and 6 show the
tracks formed on a platinum surface when a small platinum slider
passes over it once under a load of 20 gm. Plate XIX. 5 shows the
damage when the interfacial potential is ¢. 10 volt and the friction is
a minimum. The surface damage is slight. Plate XIX. 6 shows the
corresponding damage when the potential is ¢. 0-3 volt and the friction
is a maximum. In this region there is profound damage, welding, and
seizure of the metals. It is frequently found that the surfaces stick
together at this potential so that the coefficient of friction cannot be
measured.

If a trace of impurity is present, these high frictions are not observed.
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Curve II shows the results obtained by Barker when the solution is
contaminated with a trace of H,S. The friction stays at a low value
over the whole potential range. This suggests that the nature of the
film adsorbed on the surface can be more important in determining the
friction than the value of the interfacial potential itself.
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Fra. 60. Effect of interfacial potential on friction of platinum surfaces in dilute
sulphuric acid. Curve I shows that the friction is & maximum in tho range where
neither hydrogen nor oxygen is doposited and a minimum where oxygen is
present. The maximum friction corresponds to the potential at which the surface
tension of platinum is a maximuin. This is shown in curve ITI, taken from results
by Gorodetskaja and Kabanov, where the surface tension is plotted in arbitrary
units. Curve Il is the friction of platinum surfaces in sulphuric acid when the
solution is contaminated with a trace of H,S. The friction is scarcely affected
by the interfacial potential.

These results are consistent with the observations on the friction of
outgassed metals. The accumulation of a monolayer of oxygen on the
surface reduces the friction to a low value. A film of hydrogen is much
less effective as a lubricant than the corresponding film of oxygen. In
the intermediate region, where neither is present, the friction is very
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high indeed and seizure may readily occur when the surfaces are placed
in contact. Apparently water itself is a very poor lubricant.

Friction and surface tension

Tt is well known from electrocapillary curves that the surface tension
at a mercury surface in contact with an electrolyte is dependent upon
the interfacial potential. If, for example, a mercury surface is placed
in contact with a dilute solution of sulphuric acid containing a few
mercury ions, the surface of the mercury will be positively charged.
These charges on the surface will mutually repel one another and will
reduce the surface tension. If the interfacial potential is made less
positive by applying a polarizing current (or in any other way), the
surface tension will rise as the positive charge on the surface is reduced
and will reach a maximum when the surface charge is zero. Further
reduction in the interfacial potential will result in the accumulation of
electrons on the mercury surface and the mutual repulsion of these will
again decrease the surface tension. Corresponding to the charge on the
surface, positive or negative ions will be attracted from the solution to
form the electrical double layer and these also will influence the surface
tension. With a mercury surface in 0-1 N H,SO, the maximum of the
electrocapillary curve would be approximately + 0-56 on the N calomel
electrode, and at this point therc should be effectively no charge on the
surface. -

In the case of platinum we cannot measure the surface tension direct,
but Gorodetskaja and Kabanov (1934) have measured the contact
angle between a gas bubble and a platinum surface immersed in
0-1 N Na,SO, solution and have shown that it is a maximum (corre-
sponding to maximum surface tension between the platinum and the
clectrolyte) when the interfacial potential is ¢. 0 on the calomel scale,
i.e. about +0-28 on the hydrogen scale. Their results are plotted on
curve III, Fig. 60. It will be seen that the position of maximum surface
tension corresponds roughly to the position of maximum friction.

Since the surface tension is a measure of the attractive force between
the metal atoms and the friction is due to the attraction between the
metal atoms on the two adjacent surfaces (with consequent localized
welding), we might expect to find a correlation between them and it is
interesting to see that this is so.

In general, we have two effects operating. The first is the presence
on the surface of gas or other films which may reduce the friction. If
these films are removed when the interfacial potential is changed there
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will be a corresponding change in the friction (cf. oxygen). If they are
not removed and the films are effective lubricants, the friction may
remain at a low value even when the interfacial potential is changed
(cf. H,S, Fig. 60, curve II). In addition to this, there will be the effect
of the electrical charge on the surface. If there is a concentration of
positive charge (or of electrons) on the surface, the electrical repulsion
will reduce the surface tension at the metal electrolyte interface. At the
same time the repulsion between the charges will reduce the attraction
and adhesion between the two metal surfaces and hence reduce the
friction. At the point where this surface charge is reduced to zero the
surface tension will be a maximum and the adhesion and friction
between the two surfaces will also be a maximum. This relation
between the interfacial potential and the friction and adhesion of the
surfaces is of considerable interest in connexion with a number of other
physical phenomena, such as the variation of strength properties of
solids in the presence of surfacc active materials or when immersed in
electrolytes (e.g. Rehbinder and Wenstrom, 1937; Andrade, 1949).

FricTiON OF GRAPHITE

It has long been known that the friction of graphite is low even in the
absence of lubricants, and it has generally been considered that this is
due to the lamellar structure of graphite. According to this view the
structure imposes marked anisotropy of physical properties: in a direc-
tion normal to the lamellae the graphite is strong and resists com-
pression, whilst in the plane of the lamellae it is weak and hence shearing
occurs readily. As we have seen in Chapter V, these properties provide
the necessary conditions for a low coefficient of friction.

Recent work by Savage (1948) in America has shown, however, that
this explanation of the action of graphite is not satisfactory. Most of
his experiments have been carried out with graphite sliding on copper
in order to simulate the conditions operating between commutator
brushes and slip rings. A few experiments with graphite sliding on
graphite, described below, yield, however, very similar results. Savage
finds that for graphite surfaces freed from contaminant films by heating
in a vacuum the friction is higher, and the wear very heavy. In addition
the abraded graphite dust possesses very high adsorptive power; for
example it adsorbs more hydrogen at room temperature than charcoal
at —195° C. The same behaviour was observed with all types of graphite
examined under these conditions. This suggests that the wear is due to
fragmentation, with tearing apart of the crystals across the lamellae,
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rather than to flaking along the lamellae. Such a mechanism would
account for the high friction and wear, whilst the exposed valence arms
would explain the high adsorptive power of the graphite dust.

The high friction is still observed with decontaminated graphite after
hydrogen or nitrogen is admitted to the surface. If, however, certain
organic vapours or water vapour, are admitted at pressures as small as
6-7 mm. the friction is reduced to the usual low value and the wear is
entirely eliminated. Oxygen has a similar lubricating effect at pressures
above about 600 mm.

It would appear from Savage’s work that the low friction and wear
normally associated with graphite surfaces are due to the presence of
adsorbed layers. Under normal conditions this adsorbed layer is pro-
vided by atmospheric moisture, and is hence self-forming and self-
repairing. Savage has offered an explanation for the fact that, although
contaminated graphite has a finite though very small coefficient of
friction, its rate of wear is infinitesimally small. He suggests that this
sliding is essentially a surface process so that, by applying the earlier
theory of Tomlinson (1929), he is able to express the friction in terms
of the surface tension of the adsorbed moisture film. Further work,
however, must be done before this can be finally accepted. In particular
it is necessary to know whether adsorbed vapours have any effect on
the physical properties of graphite and whether, by penetrating the
lattice, they are able to accentuate the anisotropic properties of it.

Nevertheless, the results provide striking evidence for the important
part played by small quantities of contaminant films in reducing the
friction between sliding solids.
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1. Track formed on electrolytically
polished copper when traversed once by
a copper slider. Load 16 gm., p = 1-5.
The surface is heavily torn (x 820).

3. Track formed on electrolytically

polished copper when traversed once by

a copper slider. Load 1 gm., p = 08,

The surface oxide film is penetrated only

slightly and there is little metallic seizure
(% 820).

5. Track formed on platinum surface

when traversed once by a platinumslider

(X 110). Surfaces immersed in N/10 sul-

phuric acid. Potential 1 volt (hydrogen

scale) giving minimum friction (see IYig.
60). Light surfuce damago.

e

2. Track 'formed on electrolytically

polished copper when traversed once by

a copper slider. Load 3 gm., p = I.

There is still appreciable metallic seizure
and tearing ( x 820).

L 5
4. Track formed on electrolytically
polished copper when traversed once by
a copper slider. Load 0-15 gm., p = 0:5
The surface oxide film has not been pene
trated and the friction and surface dam
age are characteristic of the oxide, rathe:

than of the metal ( x 820).

6. Track formed on platinum surface
when traversed once by a platinumslider
(x 110). Surfaces immersed in N/10 sul-
phuric acid. Potential 0-3 volts (hydro-
gen scale) giving maximum friction (see
Fig. 60). Heavy surface damage.



Fia. 1. Glasssurface after titanium
slider has passed over the surface

Fia. 2. Glass surface after tung-
sten carbide slider has passed over

the surface once (x130). Load

4 kg. Direction of sliding from

top to bottom. The cracks pro-

duced in the surface show the ex-
tent of the stresses.

'3 times ( x 130). The smearing and
transfer of metal on to the glass is
very marked,

3 a. Zine surface, room temperature 3b. Zine surface, 130° C.

Fic. 3. Micrographs of track produced when zinc slides on zine lubricated

by a 19, solution of lauric acid (x15). At room temperature when the

friction is low, the surface damage is slight. At elevated temperatures

when the friction rises to high values the surface damage is heavy (see
Fig. 66).

e S

120°

®
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Trc. 4. Friction and surface damnage produced when a copper slider (radioactive)
traverses a copper surface lubricated with palmitic acid (M.P. 63° C.). (a) Friction
trace, shows breakdown of lubrication at about 110° C. (b) Radioactive autograph
shows increased metallic interaction and transfer at about 100° C. (c¢) Optical
micrograph of track formed in copper surface. Length of track = 3 em.



VIII
FRICTION OF NON-METALS

It is interesting to consider the friction of non-metals and to compare
their behaviour with that of metals. As we saw earlier, the characteristic
frictional properties of metals are due largely to their ability to flow
plastically and to weld together under load. The welded junctions so
formed are sheared during the sliding process. With many non-metals,
such as glass and certain plastics, flow and welding may occur as with
metals. With other materials, particularly those which arc markedly
crystalline in structure, it is difficult to envisage plastic flow and subse-
quent welding. Nevertheless many non-metals, even of a crystalline
nature, have frictional properties similar to those of metals and it is
possible that other mechanisms analogous to the welding process are
responsible for the frictional behaviour observed. In other cases, as we
shall see, the friction is very different from that of metals.

The coefficient of friction of most metals exposed to the air lies within
a relatively small range of values (u = 0-5 to about 1:5), and as we saw
in Chapter V this is due to the fact that with metals we usually deal
with polycrystalline specimens which are comparatively isotropic in
their ‘strength’ properties. With some non-metals we have to work
with single crystals and these are often appreciably anisotropic. Conse-
quently we may expect these materials to possess exceptional frictional
properties. Materials such as diamond and sapphire have, in fact,
exceptionally low coefficients of friction, and the same is true of
graphite. It is clear that the low coefficient of friction is not always
due to anisotropic ‘strength’ properties. For example with graphite,
which has a marked lamellar structure, recent work of Savage (1948)
suggests that the low coefficient of friction is due to surface films rather
than to the intrinsic structural properties of the graphite. This raises
one interesting point in the investigation of non-metallic friction. With
metals, although it is difficult to prepare the surfaces in a reproducible
state, we do in general know the nature of the surface films or contami-
nant layers that are present. With non-metals we know considerably
less about the nature of these surface layers and the frictional measure-
ments are often variable and irreproducible.
Crystalline solids

Some frictional measurements carried out by Mr. R. Hutchison (un-
published) some years ago, on crystals of NaNO,;, KNO,, and NH,CI,

3595.72 M -
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showed that for the materials sliding on themselves the coefficient of
friction was of the order of u = 0-5. He did not observe any clear
distinction between electrovalent and covalent solids; for example the
friction of sulphur on sulphur was not very different from that of
rock-salt on rock-salt. He concluded that the friction depended more
on the bulk mechanical properties of the solid than on its chemical
nature.

More recent experiments by Hutchinson and Rideal (1947) have
confirmed these results and have shown that Amontons’s law holds over
an appreciable range of loads. Sliding is accompanied by considerable
fragmentation and surface damage of the solids. In the presence of
surface films of long-chain polar compounds the friction is reduced to
about u = 0-12, a value which is close to that observed with metals
(see Chap. IX). Although these materials are relatively brittle it is
apparent that there is marked adhesion between the surfaces during
sliding and considerable surface damage. The coefficient of friction for
both clean and lubricated sliding is of the same order as that observed
with metals.

Sapphire and diamond

Sapphire and diamond are very hard crystalline materials with excep-
tional frictional properties. The frictional behaviour of sapphire depends
somewhat on the crystal plane exposed to the rubbing process, but the
effect is small and the friction is always low. For sapphire sliding on
itself the friction is about u == 0-2, and the damage produced on the
surface is not generally visible. However, more refined methods such as
electron microscopy (see Chap. IV, PL. X. 2) show that some surface
damage does occur. For a steel slider on a sapphire surface the coeffi-
cient of friction is about u = 0-12 and Dr. Tingle finds that mineral or
vegetable oils have little effect on the friction. Silicones, however,
produce a marked ¢ncrease in friction, in some cases the coefficient
reaching a value of p = 0-25. It is suggested that for unlubricated
sliding the friction occurs between the sapphire and a protective oxide
film on the steel slider: this film is continuously re-formed during sliding
so that the friction remains low. In the presence of silicone, however,
the oxidation is strongly inhibited, so that once the oxide is worn off
the slider, the sliding takes place on a relatively clean steel surface.
The friction now reaches a value comparable to that of sapphire on
sapphire. This view is supported by the observation that when a
sapphire slider rubs on a steel surface the coefficient of friction is scarcely
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affected by the presence of silicones and remains at the low value of
about u = 0-15.

In specific practical applications the oxide film on the steel surface
may play a very important part. Shotter (1937), for example, finds that
in a jewelled bearing the ferric oxide formed at the tip of the steel pivot
acts as an abrasive and increases the wear of the sapphire cup. For this
reason unlubricated sliding is unsatisfactory. Similarly Stott (1937)
finds that in the absence of lubricants the accumulation of oxide detritus
in the cup may lead to an actual increase in the friction. This effect is
presumably due to a ‘clogging’ action of the detritus.

The friction of diamond is exceptionally low. For unlubricated surfaces
of diamond on diamond the coefficient may be as low as pu = 0-05 and
the surface damage is extremely small. When metals slide on diamond
the friction is of the same order, and the amount of metallic transfer is
again very small. For these reasons diamond cutting-tools are very
effective in the machining of hard metals. In addition, since diamond
has an extremely high melting-point and retains its hardness to very
high temperatures, it is very effective as a polishing powder.

The low friction of sapphire and diamond is probably not due to
appreciable anisotropy of physical properties. The strength properties
do vary somewhat according to the crystallographic direction, but the
effect is not large. The same applies to the friction. As mentioned
above, there is only a small variation of friction with the crystal face
exposed. It is evident that when surfaces slide on sapphire or diamond
the adhesion is small, but it was not clear whether this is an intrinsic
property of the material or whether it is due to adsorbed surface films.
Recent experiments by Mr. J. E. Young (unpublished) show that when
the surface films are removed from diamond by heating in a vacuum,
the friction of diamond sliding on diamond may rise to a high value.

Carbon, graphite, and molybdenum disulphide

It has long been known that the friction of carbon, especially when
it is in the form of graphite, is low. For hard non-graphitic carbon
surfaces, Mr. Burns found that the friction of steel on carbon and of
carbon on carbon was approximately u = 0-16. This was reduced by
about 20 per cent. in the presence of a lubricant. With graphite the
friction is considerably less (u = 0-1) and it remains low up to very high
temperatures. The amount of wear is also very small. For these reasons
lubricants containing graphite have proved very effective under con-
ditions where more conventional lubricants are unsuitable or ineffective.
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The more recent work by.Savage (1948) on outgassed graphite has
already been discussed in Chapter VII.

Another material of considerable interest is molybdenum disulphide
(MoS,). This possesses a laminar structure and has the added advantage
of being stable at high temperatures. Experiments by Mr. K. Shooter
show that the friction of MoS, on itself is low. Further, a thin film on
metal surfaces gives a very low coefficient of friction (u = 0-05) which
is maintained up to elevated temperatures. A study of the frictional
behaviour of MoS, and of its performance at high speeds of sliding has
been made by Johnson, Godfrey, and Bisson (1948).

Mica

The friction of mica is of considerable interest since it also possesses
a well-defined lamellar structure. It is well known that freshly cleaved
faces of mica adhere very strongly to one another and the adhesion
decreases with exposure of the mica to the atmosphere. Derjaguin and
Lazarev (1934) found a corresponding change in the friction. For freshly
cleaved mica the friction was high (u =: 1), but with prolonged exposure
it fell to about p = 0-4. If liquids were added to the surface the friction
was even lower, of the order u = 0-2. It is clear from these results that
with mica there are strong adhesive forces between freshly cleaved
crystal faces. These forces are comparable with the interlattice forces,
since when sliding occurs portions of mica are plucked out on either side
of the original plane of cleavage. Recently Dr. Courtney-Pratt (1950)
has made the interesting observation that occasionally the mica mole-
cule is cut in half during cleavage (see also Tolansky, 1948).

Plastics

The frictional properties of plastics are markedly dependent on the
type of plastic considered. Recently Mr. Shooter and Mr. Thomas (1949)
have carried out some frictional measurements on four types of plastic
summarized in Table XXII. The friction was measured on the apparatus
described in Chapter IV, Plate V, between a hemispherical slider and
a flat surface. Over the range of loads used (1 to 4 kg.) Amontons’s law
was obeyed. With polystyrene the friction was determined for three
samples of molecular weight 130,000, 90,000, and 66,000 and the results
were essentially the same. With perspex the friction was determined
for an unplasticized specimen containing titanium oxide filler and for
a plasticized specimen containing no filler. The friction was again
essentially the same for both specimens. The main results are given in
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TasLE XXII
Brinell
Polymer Chemical formula Characteristics hardness
Teflon . [—CF;—CFy—1], (I.C.I.) 1-2
Polythene . [—CH,—CH,—], Alkathene grade 20 1-2
(IC.1.)
Molecular weight
CeHs 130,000
Polystyrene [ | ] &'3 90,000 20-25
—CH,—CH—I, | ;) 66,000
CH
l s (a) plasticized
Perspox —CH,—C— (b) unplasticized con- | 95 39
taining titanium
COOMe n oxide filler.

Table XXIII. Tt is seen that the coefficients of friction for polystyrene
and perspex are of the same order as for metals. The values for Teflon
and polythene are very much lower.

TaBLE XXIIT

Polymer sliding | Polymer sliding | Steel sliding
Polymer on polymer on steel on polymer
Teflon 0-04 0-04 0-10
Polythene 0-1 0-15 0-2
Polystyrene 0-5t 0-3 0-35
Perspex (a) 0-8% ~ 057 0-45t

1 Intermittent motion.

The variation of the friction with temperature for the four plastics
is summarized in Table XX1V, and it is seen that, as with metals, the
friction is not markedly dependent on the temperature. With perspex
and polystyrene the plastics became too soft for reliable friction measure-
ments above 80° C. With Teflon, on the other hand, there is little sign
of thermal softening even at 200° C. and the friction remains low
throughout. :

These results show that the frictional properties of Teflon are excep-
tionally good. With unlubricated metals the coefficient of friction is of
the order of u = 1, whilst with Teflon it is about p = 0-04. Even in the
presence of the best boundary lubricants, metal surfaces rarely give a
friction as low as u = 0-04. Indeed, the friction of Teflon on Teflon is
comparable with that of ice on ice. The friction is unaffected by
lubricants, and the friction and mechanical properties remain unchanged
up to a temperature of almost 300° C.
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TasLE XX1V

Sliding surfaces 20°C. | 50°C. | 80°C. | 100° C. | 150° C. | 200° C.

Polystyreno on polystyrene . 0-5t 0-651 0-65—
0-7%
Perspex on perspex . . 0-8F .. 0-85} .. .. ..
Teflon on Teflon . . 0-04 0-04 0-04 0-04 0-04— 0-04—
0-05 0-05

Teflon on steel . . . 0-04 0-04 0-04 0-04 0-04 0-04
Steel on Teflon . . . 0-09 0-09 0-10 0-10 0-11 0-14

1 Intermittent motion.

Hanford and Joyce (1946) have suggested that in Teflon the com-
paratively large fluorine atoms screen the positive charge on the carbon
atoms. On this view the interaction of the negative charges on the
fluorine atoms of neighbouring molecules results in a low molecular
cohesion. This effect will also occur in polythene, but to a much less
extent, since the hydrogen atoms are much smaller than the fluorine
atoms and consequently have less screening power. The presence of
aromatic groups as in polystyrene and polar groups as in perspex should
still further increase the molecular cohesion. The friction of polymer
sliding on polymer depends upon the adhesion of the two surfaces and
this in turn depends upon the molecular cohesion. One would therefore
expect the friction to increase in the order (i) Teflon, (ii) polythene, and
(iii) polystyrene and perspex. This is observed. The results so far
obtained arc insufficient to warrant a more detailed discussion. Here
again it would be desirable to determine the frictional properties when,
adsorbed surface films have been removed.

Frictional welding of plastics

It is of interest to consider the rise in temperature of the sliding
surfaces produced by frictional heating. The frictional measurements
on the plastics were carried out at a load of about 2 kg. and a sliding
speed of 0-01 cm./sec. For polythene and Teflon, where the sliding is
smooth, the temperature rise of the slider can be calculated using the
equations given in Chapter IT and the value is of the order of 10°.
Polystyrene and perspex, on the other hand, give intermittent motion
and the relative velocity of the two surfaces during slip is of the order
of 1 or 2 ecm./sec. This higher sliding velocity combined with the low
thermal conductivity of these materials (10~% compared with 1-10-1
c.g.s. units for metals) might be expected to give rise to considerable
increases in the temperature at the area of contact. Indeed, using
Jaeger’s equations for high-speed sliding, calculations indicate that the
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rise of temperature will be of the order 100-500° C. The equation,
however, assumes that thermal equilibrium has been attained: more
detailed considerations show that in the very small time during which
slip occurs the actual rise in temperature is only a small fraction
(~ 10 per cent.) of the temperature resulting after a long time. It is
probable, therefore, that even during intermittent motion, under the
conditions of these experiments the frictional heating will not be
sufficient to produce appreciable thermal softening of the plastic. At
steady speeds of sliding of the order of a few cm./sec., however, marked
thermal softening may be expected.

The occurrence of thermal softening as a result of frictional heating
may be demonstrated in the following manner. A rod of polystyrene
is held in a lathe chuck and rotated at a uniform speed. A flat plate
of the same material is pressed against the end of the rod with a known
force. With suitable loads and speeds thermal softening occurs at the
interface and the rubbing surfaces become tacky. At this stage the
rotation is stopped and the surfaces allowed to cool. The bond formed
at the interface has the strength of the bulk material, i.e. on breaking
the joint the break does not necessarily occur along the joint. This
technique forms the basis of the industrial process of friction welding
(Freres, 1945).

The load and speed required to produce thermal softening can be
calculated by using the equation of Jagger for the temperature rise 7'
at the interface between a cylinder rubbing on a flat plate of the same
material (Chap. II, equation (11)). Experiments show that there is good
agreement between the calculated loads and speeds, and those necessary
to produce thermal welding.

For rods of diameter about 1 em., polystyrene, plasticized perspex,
and polythene can be welded quite easily at a load of 5 kg. and a speed
of 500 r.p.m. Under these conditions unplasticized perspex containing
titanium oxide filler cannot be welded, much of the frictional energy
being dissipated in chip formation or wear, unless the surfaces are pre-
heated by immersion in boiling water. An alternative technique for
friction welding this material is to increase the speed to 3,000 r.p.m.
with a corresponding reduction of the load.

With Teflon it was not possible to form a thermal weld even under
the most severe conditions of load and speed. Although much wear and
chipping of the rubbing surfaces occurred, the dissipation of the fric-
tional energy involved did not prevent the temperature of the interface
rising above 300°. The occurrence of temperatures of this order was
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shown by the onset of thermal decomposition. This resistance to seizure
and the low coefficient of friction suggest that Teflon may find many
important applications as an ‘anti-friction’ and ‘anti-welding’ material
in bearings and other sliding mechanisms.

Tungsten carbide

Tungsten carbide is a very hard material which has been widely used
as a material for cutting-tools. The carbide as prepared commercially
consists of very fine crystals bonded together (sometimes in the presence
of titanium or tantalum carbide) by a metal such as cobalt. The result-
ing material consists of a sintered mass of tungsten carbide, titanium
carbide, and cobalt, of which the cobalt is the softest constituent. Fric-
tional measurements of some typical ‘tungsten carbide’ specimens have
recently been made by Mr. Shooter. He finds that for the carbide
sliding on itself (unlubricated) the friction is low, u = 0-2. For a curved
slider of tungsten carbide sliding on steel u = 0-6, while for a curved
steel slider on the carbide u = 0-45.

The friction of commercial tungsten carbide sliding on itself is reduced
to about u = 0-12 in the presence of a wide range of lubricants, as Bar-
well and Milne (1948) have recently shown, and the friction is not
appreciably different for steel sliding on the carbide. These experiments
have all been carried out at very slow sliding speeds where the frictional
heating is small. At higher speeds of sliding, such as those occurring
between the cutting face of a tool and the chip in a machining operation,
much higher surface temperatures will be developed. Under these con-
ditions the frictional and wear behaviour may be substantially different
from that described above. The wear or ‘cratering’ of cutting tools in
actual machining operations is described in Chap. XI, pp. 240-4.

Glass

The early experiments of Hardy showed that the coefficient of friction
of clean glass on glass is about u = 0-9 and that fragments of glass are
flaked off the surface during sliding. These fragments are doubly
refracting showing that they have been heavily deformed. Here again
the results suggest that strong glass—glass junctions are formed at the
points of contact and that these junctions are sheared during the sliding
process. The view that the frictional mechanism is similar to that of
metals is supported by the fact that Amontons’s law is obeyed. Further,
some experiments of Shaw and Leavey (1930) show that the friction
remains essentially constant over temperatures ranging from 20° to
300° C.
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The formation of welded junctions is also observed when metals slide
on glass. Wooster and Macdonald (1947), for example, have shown that
titanium, when slid over glass, adheres to the surface. Adhesion of
titanium is also observed on quartz, tourmaline, topaz and other jewels.
A photomicrograph by Mr. J. E. Young of a glass surface, after a
titanium slider has passed over it three times, is shown in Plate XX. 1.
There is marked transfer of titanium on to the glass and similar metallic
pick-up is observed with steel and other metals. The nature of the
damage produced in the surface of glass when sliding takes place is
shown in another photomicrograph taken by Mr. J. E. Young (Plate
XX. 2). In this experiment tungsten carbide was used as the slider
and the adhesion and friction were both small. It is seen, however,
that the stresses produce intermittent cracking of the glass which
extends far beyond the boundaries of the track. This may be contrasted
with the slip-lines beyond the track which are observed with metals
(Chap. IV, Pl. XI; see also Preston, 1922.)

Rubber

The friction of rubber has been investigated by Roth, Driscoll, and
Holt (1942). They find that Amontons’s law is obeyed over a fairly wide
range of loads. On glass and steel surfaces the friction of rubber is
higher on smooth surfaces than on rough. As with most metals the
friction at first falls with increasing speed, but at higher velocities the
friction increases with speed. At a sliding speed of about 10 cm./sec.
the friction of rubber on steel is as high as p = 4. However, other
workers find that for a wide range of solids sliding on rubber, the
friction is of the order of u = 1. It is, of course, clear that standardiza-
tion of surface cleanliness will be very difficult with such a material.
The compounded ingredients appear to have little effect since Roth
et al. find that the friction depends mainly on the nature of the rubber
matrix rather than on the fillers incorporated in the rubber.

Fibres

The friction of fibres is of considerable practical importance. In the
spinning of cotton, for example, the friction between the fibres raises
a number of technical problems. In certain operations the high electro-
static charge which is generated between the fibres may produce a large
electrostatic force between them. Since the mechanical loads applied
to the fibres are usually very small, this electrostatic attraction may
play a predominant part in the friction between the fibres.

The problem of frictional electricity is not discussed in this book.
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It is rather odd that so old a physical phenomenon as the charging of a
picce of amber when it is rubbed should still be so little understood. It
is not even certain how much the charge is due to ‘contact potential’
and how much to the frictional rubbing. It is probable that both effects
come in. Most of the experimental observations which have been made
are complicated by the presence of surface films on the solids and these
naturally have a profound influence on the size and magnitude of the
charge (see, for example, Richards, 1920, 1923). If the rubbing speeds
are appreciable, the local high temperatures developed at the points of
rubbing contact will play an important part, particularly with non-
conductors such as amber or ‘catskin and vulcanite’. These tempera-
tures would be sufficiently high to cause a local chemical decomposition
of the solids.

Apart from the possible electrostatic effects there will, of course, be
the ordinary frictional interaction between the fibres. With wool fibres
the frictional properties play a fundamental part in shrinking and
‘felting’. The wool fibre, like all natural fibres (hair, nails, horn, hides),
has a very fine scale-like structure at the surface. Mecasurements have
shown that in general the friction from the tip to the root u, (that is
against the scales) is greater than the friction x, from the root to the tip.
Consequently when wool fibres are rubbed together there is a tendency
for them to travel preferentially in the direction of smaller friction and
it has been suggested that this process leads to a knotting or ‘felting’
of wool. This is supported by the general observation that most treat-
ments which reduce felting in practice do in fact reduce the ditfcrence
between the two coefficients of friction.

Although it is clearly very difficult to prepare wool fibres of the same
degree of cleanliness, there is a surprisingly broad basis of agreement
in the frictional measurements of various workers. Most measurements
arc made with one wool fibre (or a bundle of fibres) sliding over another,
or with a horn-like material (which also possesses scales) sliding on wool.
Over the small range of loads used (about 0-1 to 1 gm.) it is found that
Amontons’s law is approximately true. For cleaned wool rubbing on
horn, for example, u, = 0-:8-1-0 and p, = 0-4-0-7, whilst for greasy
fibres p, = 0:6-0-8 and p, = 0-3-0-4. If the ‘directional coefficient’ &

is defined as
— Ko

prtpe’

it is found that both the friction and the directional coefficient are
profoundly affected by the presence of liquids and especially by the pH.
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For example, the directional coefficient is considerably increased by
wetting the fibre, the increase being apprecidbly greater in acid and
alkaline solutions than it is in natural media. As mentioned above,
there is a corresponding change in the felting; the rate of felting is greater
in acid and alkali than in neutral solutions. The effect of pH on the
friction of fibres has been used by Clark (1940) as a means of measuring
the end-point of certain titrations.

Other liquids have specific effects on the frictional properties. For
example, Mercer (1945) has shown that alcoholic KOH and SOCl, may
increase the friction but the two coefficients become much more nearly
equal so that the directional coefficient is reduced. On the other hand,
chlorine and bromine reduce both the friction and the directional coeffi-
cient. All these substances are effective in reducing felting. However,
mercuric acetate, which is a good antifelting agent, does not produce
an appreciable change in the directional coefficient (Lipson and Mercer,
1946). It would seem that, although the directional coefficient is often
associated with the felting, it is not the only factor.

A number of workers have attempted to explain the directional fric-
tion properties of wool fibres. Thomson and Speakman (1946) coated
wool fibres with very thin metal films and found that the directional
friction effect still remained. Photomicrographs showed that the scale-
like structure was still visible. Thicker metallic films, however, elimi-
nated the effect. This suggests that the directional properties are due
to a ratchet-like action of the scales. This view has been strongly sup-
ported by Mercer, who has compared the frictional properties of a wool
fibre with its structure as revealed by the electron microscope (Mercer
and Rees, 1946). It is found that the scale normally protrudes from the
surface as a well-defined ratchet, but that after treatment with SOC,,
which reduces the directional effect, the projecting tip of the ratchet
has been eaten away. On the other hand, Martin (1944) has suggested
that the directional effect is due to an asymmetrical molecular field at
the surface of the fibre. Recenrtly Makinson (1948) has developed a more
quantitative treatment of the ratchet theory which is of wider interest
since it can be extended to the general effect of surface roughness on
friction.

Suppose one surface consists of a series of scales or faces making a
small angle 6, with the general surface (Fig. 61 (a)), and the other body
rests at a number of well-defined points on these faces. If the true
coefficient of friction at each face is u, then the angle of friction A, that
is the angle of tilt which would just cause sliding, is given by p = tanA.
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On account of the inclination of the faces the apparent coefficient of
friction when sliding occurs from left to right will be

pr = tan(A+-6,). (1)

The friction from right to left would similarly be u, = tan(A—#6,), but
this ignores the interaction between the surfaces on the steep faces of
the scales.

TR
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Fi1c. 61. Effect of asperities on friction of fibres.

Consider the more typical type of contact between a wool fibre and
a piece of horn under a given load W (Fig. 61(b)). The load may be
assumed to be distributed over contacts of type I on the flat face of a
scale and of type 1I between the steep face of a scale and an asperity
or a fissure on the horn. From geometric considerations we may expect
that the number of type I contacts will be much larger than type IIT.
For motion with the scales the simple relation given earlier is still
approximately valid, so that again p, = tan(A+-6,). For motion against
the scale (since 6, is generally smaller than A) true sliding:cannot occur
at contacts of type II. Rupture or deformation of the scale or of the
asperity on the horn must occur: suppose this requires a total force ¥
for all the type IT contacts. The value of F will probably depend more
on the geometry of the surfaces than on the load. If m is the fraction
of the load W borne by all the contacts of type II, the fraction borne by
all the contacts of type I will be (1—m). We may now express the coeffi-
cient of friction u, as the sum of two terms. The first is the sliding
component on the face of the scales and is equal to (L—m)tan(A—6,);
the second is the ploughing or tearing term representing the force to
tear off the tips of the scales and is equal to F/W. Hence the friction
in sliding against the scales will be given by

g = (L—m)tan(\—6,)+ F/W. (2)
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In equation (2) the unknowns are m, A, 6,, and F. From microscopic
examination it is known that 6, is approximately 5°. Hence if we
measure pu, we can, from equation (1), calculate A. From geometric
considerations (see above) we may assume that m is small and lies
between, say, 0-01 and 0-1. If we measure p, we may now calculate F'.
It turns out that the value of ¥ obtained does not depend very critically
on m although F may be relatively large. This indicates that contacts
of type II do not contribute much to the support of the load but they
do contribute a large part to the friction against the scales. A check on
the method is obtained by lubricating the fibre. This alters A but should
not affect m or F. In fact Mrs. Makinson’s measurements show that
the values of F obtained for ‘clean’ fibres agree very well with those
obtained for lubricated fibres. In some cases the lubricant layer was
5X 1075 cm. thick, so that asymmetric molecular fields could scarcely
be effective. Experiments also show that the directional coefficient is
greatly reduced by squeezing the scales flat or by chemical treatment
which etches away the tips of the scales or weakens them in shear.
These observations directly support the ratchet theory.

SURFACE IRREGULARITIES AND THE FRICTION OF METALS

We may now consider how far this treatment is applicable to the
sliding of metals. For simplicity let us consider a two-dimensional
model in which a soft metal rests on = harder metal with asperities
tilted in one direction at an angle 6, to the surface (Fig. 62(a)). The
coefficient of friction on the sloping faces is again taken to be equal to u
and the applied load is W. If now we try to slide the upper surface from
left to right there will be, in addition to the friction on the sloping faces,
a component of the weight W, since we must raise the upper surface in
order to allow sliding. Here again the exact treatment shows that the
coefficient of friction y, is given by equation (1), which may be expanded
to give

tan @
M == pttant, (1a)

1—ptan,’
It is interesting to note that if 6, is small and u is not too large this
reduces to = p-tané, (1b)

which is the relation suggested by Ernst and Merchant (1940). This
value of pu; may be considered as the sum of the ordinary friction
component u and the component tan 6, of the weight. The summation
is, of course, only valid for small values of 6;.
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These equations may be expected to apply if the asperities are large
compared with the area over which metallic junctions are formed. If,
for example, the metal flows so that the asperitics are completely
covered by flowed metal (Fig. 62 (b)) it is clear that the frictional force
given by equation (1a) or (1b) will be greater than the force required
to shear the metal in the plane BB’. Consequently shearing will occur
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Fia. 62. Effect of surface asperities on the friction of metals.

in this plane and the upper surface will not be raised along the asperi-
ties. The friction will now be independent of the surface roughnesses
and will in fact revert to the original value u.

The same arguments apply for sliding from right to left. If the regions
of contact are small compared with the surface roughnesses, the fric-
tional component will be approximately u—tan 6, if, as above, 0, is
small. To this we must add the force to shear off the ratchets XY
(Fig. 62(c)). It is clear that this part of the frictional force corresponds
to the ploughing term in the derivation given in Chapter V. We may
calculate the ploughing term in a very simple way if the surface asperi-
ties are completely filled as in Fig. 62 (b). If the overall area of contact
is 4, the area to be ploughed out is the sum of all the faces PQ and
equals 4 tan 0;. But, as we saw in Chapter I, A = W/p, where p is the
yield pressure of the softer metal. Hence the area to be ploughed out
is (W /p)tan 6,. Since the ploughing pressure is approximately equal to p,
(see Chap. V) the ploughing force becomes W tan#,, so that it adds to
the frictional coefficient a term tan 6,. Hence the total friction becomes

The reason for this result is simple. The model we have just considered
is equivalent to shearing across the plane B’B, and this, of course, gives
the value p, = p.

It is clear from these considerations that the separation of the fric-
tion into a sliding and ploughing term is possible only when the two
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processes are more or less independent. This occurs, for example, in the
sliding of a hard hemisphere on a softer metal (as in Chap. V). It also
probably occurs in the sliding of fibres where the regions of contact are
small compared with the size of the scales. In the model considered in
Fig. 62 (b), however, this separation is artificial and the sliding process
becomes almost independent of the surface asperities. It is probable
that these conditions apply to most sliding operations between finely
ground or polished metal surfaces. For this reason, over a wide range
of surface finish, the friction of metals is nearly independent of the
degree of surface roughness.
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IX
BOUNDARY FRICTION OF LUBRICATED METALS

. . . it 18 necessary to know the nature of the contact which this weight has
with the smooth surface where it produces friction by its Movement,
because different bodies have different kinds of friction; because if there
shall be two bodies with different surfaces, that is that one is soft and
polished and well greased or soaped, and it is moved upon a smooth
surface of a similar kind, it will move much more easily than that which
has been made rough by the use of lime or a rasping-file. :
LEONARDO DA VINCI

IN hydrodynamic or fluid lubrication the surfaces in relative motion are
separated by a lubricant layer of appreciable thickness and under ‘ideal’
conditions there is no wear of the solid surface. The resistance to motion
is due entirely to the viscosity of the interposed layer. In practice, how-
ever, it is often impossible to obtain fluid lubrication, particularly if the
sliding speeds are low or the loads are high. In such cases the thick
lubricant layer breaks down and the surfaces are separated by lubricant
films of only molecular dimensions. Under these conditions, which
Hardy (1936) referred to as boundary conditions, the friction is in-
fluenced by the nature of the underlying surface as well as by the
chemical constitution of the lubricant. The bulk viscosity plays little
or no part in the frictional behaviour.

Boundary lubrication is of great importance in engineering practice.
It governs the behaviour of most sliding mechanisms, and in the case
where fluid lubrication breaks down, it determines whether serious wear
or seizure will take place. The coefficient of friction for unlubricated
metal surfaces is about 1-0, whilst the value for surfaces lubricated with
boundary films is of the order of 0-05-0-15. This is considerably less
than for clean surfaces but is much higher than for fluid lubrication.

FLuip LUBRICATION

In this chapter we shall describe the main characteristics of boundary
lubrication and the chief properties of boundary films. Before doing so,
however, we may mention briefly some of the more recent trends-in
fluid lubrication. As Reynolds (1886) showed in his classical hydro-
dynamic treatment of the problem, fluid lubrication occurs when the
pressures developed in a converging film of liquid of given viscosity are
sufficient to keep the solid surfaces apart (see, for example, Hersey
1938). In recent years, however, with the development of mechanisms
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operating under more extreme conditions it has become evident that
Reynolds’s simple theoretical picture is rarely applicable in its original
form. In particular, when bearings are run at heavy loads the thickness
of the lubricant film may become comparable with the size of the surface
asperities. The simple hydrodynamic theory is no longer valid and the
detailed theoretical treatment presents difficulties which have not yet
been satisfactorily solved. In addition, the viscosity of the lubricant
may be considerably affected by the running conditions themselves.
For example, Everett (1937) has shown that the viscosity of most
lubricants is modified and usually increased by pressure. As the hydro-
dynamic pressures developed in modern bearings may be very high, the
effective viscosity of the lubricant wedge may be higher than the bulk
viscosity. On the other hand, Blok (1946) has shown that the tempera-
tures developed in the lubricant film as a result of the dissipation of
viscous energy may appreciably reduce the effective viscosity of the
lubricant wedge. Finally, with some lubricants, particularly of the
synthetic polymer type, the high rates of shear may produce thixo-
tropy in the film, or may lead to a breakdown of the lubricant molecule,
and thus to a reduction in the viscosity of the lubricant. All these factors
may seriously modify the hydrodynamic behaviour of the system.

In general, the viscosity will be affected simultaneously by the pres-
sure, temperature, and rate of shear. In practice, however, the most
marked effect is usually due to temperature. This may be seen from the
fact that, even with a high-grade conventional type lubricant, a tem-
perature rise of 10° C. may reduce the viscosity by one-half. For this
reason, a great deal of applied research has been devoted to the develop-
ment of additives which improve the viscosity index of a lubricating oil.
Most of these additives are extremely long-chain organic polymers such
as polybutenes, polyethylenes, vinyl polymers, polystyrenes, meth-
acrylates, etc. Another line of great promise has been the development
of synthetic lubricants, containing silicon, which in themselves show a
particularly small variation of viscosity with temperature. These com-
pounds consist of relatively short-chain and ring polymers and their
molecules show no tendency to break down physically under high rates
of shear. They are, therefore, well suited theoretically for use as hydro-
dynamic lubricants. In practice, however, silicones have two main
disadvantages. Firstly, although they are far more stable than the
corresponding hydrocarbons, extremely severe conditions may lead to
chemical decomposition, one of the products of which is likely to be

silica (SiO,). This may have very serious abrasive action on the rubbing
8595.72 N
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surfaces. A second and far more serious disadvantage is that they are
very poor boundary lubricants. Thus if for any reason thick-film lubri-
cation fails, they are unable to prevent seizure and wear of the rubbing
surfaces. For this reason, silicones have been mainly used as hydraulic
fluids and as damping fluids. However, by suitable chemical modifica-
tions, silicone products have recently been prepared which have slightly
better boundary lubricating properties than straight mineral oils. As
further progress is made in this direction, it is probable that silicones
and other synthetic polymers, such as polyethylene oxides, will find
increasing use in a number of practical applications.

"In parallel with the development of lubricants possessing improved
lubricating properties, there has been an interesting development in the
design of hydrodynamic bearings. In the past it has gencrally been
considered that the essential condition for fluid lubrication is the exis-
tence of an oil wedge in which a hydrodynamic pressure can be developed
sufficient to keep the two sliding surfaces completely separated. This
formed the basis of the lubrication of journal bearings and of the opera-
tion of the Michell thrust bearing, and of the more recent Michell pad
bearing. Recently Fogg (1945) has shown that a thrust bearing in which
the oil film is of uniform thickness may also function very effectively
under conditions of hydrodynamic lubrication. Tt has been suggested
that this type of bearing functions by the formation of a ‘thermal
wedge’, but the detailed theory of its action is still the subject of
discussion. Nevertheless the Fogg bearing has already been used with
considerable success.

BouNDARY LUBRICATION BY LONG-CHAIN COMPOUNDS

Influence of chain length

The transition from hydrodynamic to boundary lubrication is rela-
tively gradual. As the sliding speed is decreased (or the load increased)
the wedge of lubricant separating the surfaces becomes thinner and
thinner and the number of surface asperities penetrating the film becomes
more and more numerous. At the tips of these asperities the lubrication
is of a boundary nature, so that the amount of boundary lubrication
increases gradually whilst the amount of fluid lubrication decreases.
This type of ‘mixed’ lubrication extends over a very wide range of
experimental conditions, and experiments by Beeck, Givens, and Smith
(1940), Forrester (1946), Kenyon (1946), and others show that even at
sliding speeds of a few cm./sec. an appreciable fraction of the load is
supported by a hydrodynamic film. For this reason investigations of
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boundary lubrication necessitate the use of experimental methods where
the pressures are extremely high and the sliding speeds are also very
low. These conditions are satisfied in the friction apparatus described
in Chapter V, where the pressure between the surfaces is of the same
order as the yield pressure of the metals and the sliding speed is of the
order of 0-01 cm./sec.
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Fra. 63. Coefficient of friction as a function of molecular weight. Straight-chain
paraffins on stoel surfacos.

Experiments were carried out with homologous series of paraffins,
alcohols, and fatty acids. The lubricants when liquid were applied as
a thin smear; when solid they werc applied in a volatile solvent. The
friction results are somewhat complicated by the fact that for paraffins
and alcohols the motion was intermittent for compounds which were
liquid at room temperature and smooth for solid lubricant films. With
fatty acids (except for the short-chain acids which gave marked corro-
sion) the motion was smooth, even when the acid was liquid. As with
intermittent motion on unlubricated surfaces, the friction at the stick
corresponds to the static friction and refers to conditions far more
reproducible and precise than those occurring during the rapid ‘slip’.
In what follows, therefore, whenever the motion is intermittent we shall
consider the maximum friction at the stick. In Figs. 63, 64, and 65 the
coefficient of friction u, has been plotted against the chain length for
paraffins, alcohols, and fatty acids on steel respectively. It is seen that
in all cases there is a steady decrease in friction with increasing chain
length. Similar results for the static boundary friction were obtained
by Hardy and are shown in the dotted lines. It is seen that, according
to Hardy, at a sufficiently long chain length the coefficient of friction
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approaches zero; the results given here, however, show that the friction
reaches a lower limit of about . = 0-07 however long the chain may be.
In agreement with Hardy’s observations it was found that essentially

— Friction at "Stick"
~—-- Static Friction (Hardy)

w
~T

F
/

o
T

T

COEFFICIENT OF STATIC FRICTION (i)
o & o

100 200 300
MOLECULAR WEIGHT OF LUBRICANT

Fia. 64. Coofficiont of friction as a function of molecular weight. Saturated
straight-chain alcohols on steel surfaces.

o

“»

3 — Friction at "Stick”
% 5t —----Static Friction (Hardy)
3]

= -4t

[

O

|—<— .3 L

5

6 2}

—

&

o-lr

o

L

8 1 1 '

O O 100 200 300

MOLECULAR WEIGHT OF LUBRICANT

Fig. 65. Coefficient of friction as a function of molecular woight. Saturated
fatty acids on steel surfaces.

the same results were obtained whatever the surface finish of the metal
surfaces. .

With these lubricants there is a fairly direct correlation between the
friction and the amount of surface damage. Using paraffins, alcohols,
and fatty acids with chain lengths sufficiently long to give the minimum
value of the friction, the track formed is relatively light and the surface
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shows very small surface damage. With shorter chain molecules where
the friction increases, the track formed is of approximately the same
width but it is more deeply grooved and there is heavier surface damage.
It is important to note, however, that even under the most favourable
conditions some surface damage is always observed. This is shown very
clearly in Chapter IV, Plate IX, where the electrographic surface
analysis and the radio-active tracer technique show the existence of
metallic pick-up and surface damage through the lubricant film.

Effect of temperature

The friction between metal surfaces sliding under conditions of
boundary lubrication does not, in general, vary continuously with the
temperature. There is usually a sharp rise or transition in the friction
at a certain temperature, with a corresponding increase in the wear and
damage of the surfaces. Provided the heating has not been too high to
cause appreciable oxidation of the lubricant, these changes are reversible
on cooling.

For pure paraffins and aleohols the transition is well defined and occurs
at the bulk melting-point of the lubricant. For example, docosane
(m.p. 43° C.) gives a low friction and smooth sliding until a temperature
of 43° C. is reached, when there is a sudden rise in friction. Similarly,
cetyl alcohol (m.p. 49-5° C.) gives a transition temperature of 50° C.
These transition temperatures are independent of the nature of the
underlying metal, and it would seem that the breakdown occurs at the
melting of the boundary film.

The behaviour of these lubricant films is thus similar to that observed
in the lubrication of surfaces by thin metallic films. In both cases,
effective lubrication is provided until the melting-point of the film is
reached. It is clear that in these cases the main function of the lubricant
film is to diminish the amount of intimate metallic contact between the
sliding surfaces. With hydrocarbon films the lateral adhesion between
the molecules in the boundary film is of primary importance in protect-
ing the surfaces. When the temperature is raised and melting occurs,
the lateral adhesion is diminished and breakdown of the film takes
place. The increased metallic contact which now occurs through the
lubricant film leads to an increase in the friction and the amount of
surface damage.

The behaviour of fatty acids is significantly different. These also
show a transition effect, but in general the transition temperature
(although dependent somewhat on the experimental conditions) is very
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much higher than the bulk melting-point of the fatty acid (Tabor, 1940,
1941). For example, lauric acid (m.p. 43° C.) will lubricate zinc surfaces
effectively up to a temperature of about 110° C. This is shown in
Fig. 66 where the friction is plotted against the temperature and shows
a rapid increase above 100° C. This transition is accompanied by
increased surface damage and wear, as may be seen in Plate XX. 3a
and 36 for zinc surfaces below and above the transition temperature
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¥ra. 66. Trictional behaviour of zine surfacos lubricated with 1 por cent. solution
of lauric acid in paraffin oil, as a function of temperature. Tho friction increases
rapidly above 110° C.

(Gregory, 1943). The effcct is reversible, and on cooling the surfaces the
friction falls to its original low value and the surface damage becomes
very slight.

The effect of temperature on the breakdown of the lubricant film is
also shown very graphically by some experiments recently carried out
by Mr. E. Rabinowicz using the radio-active technique described in
Chapter IV. The lower surface was of copper and the upper surface was
a radio-active copper slider. The lubricant was palmitic acid and the
friction was recorded as the temperature of the surfaces was raised to
150° C. After the run the lower surface was placed against a photo-
graphic plate and produced a record of the amount of radio-active
copper transferred from the slider. The results are shown in Plate XX. 4,
where the friction trace has -been reproduced on such a scale that there
is point-to-point correspondence between the friction and the track. It
is seen that the friction at room temperature is low, the motion smooth,
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and the amount of pick-up very small.t At 110° C. there is a relatively
rapid increase in friction and a large increase in the amount of pick-up.
Each large ‘stick’ in the friction above this temperature is associated
with a large amount of metallic transfer. Here again the effect is
reversible, and on cooling the surface the friction and pick-up become
small. At higher temperatures or under more prolonged heating irre-
versible effects may occur largely as a result of oxidation. Both the
reversible and irreversible changes which occur when lubricant films
are heated are of considerable practical importance and will be discussed
in greater detail in a later chapter.

Fatty acids in solution

Several workers have observed that the addition of a small trace of
a fatty acid to a non-polar mineral oil or to a pure hydrocarbon can
bring about a considerable reduction in the friction and wear. This is
demonstrated very strikingly in Fig. 67 for cadmium surfaces lubricated
with a highly refined paraffin oil. The friction is very high and at the
‘stick’ reaches a value of about u = 0:6. At the point 4 a small amount
of lauric acid was added to the surfaces and it is seen that there is a
sudden drop in friction to a value of about u = 0-07. The tracks show
a corresponding decrease in the amount of surface damage.

Gregory (1943) has investigated the minimum concentration of fatty
acid necessary to provide effective lubrication. Using cadmium surfaces
he found that a 1 per cent. solution of lauric acid in paraffin oil gave a
coefficient of friction of about u = 0-05. A concentration of 0-01 per
cent. gave a coefficient of friction of about u = 0-1, whilst a 0-001
per cent. solution gave a large friction (u = 0-45) comparable with that
observed with pure paraffin oil. With this dilute solution, however, the
friction decreased slowly with time and after 12 hours it had fallen to
a value of about u = 0-26. (See also Hardy, 1936.)

This investigation has been extended by Gregory to estimate the
thickness of the fatty acid film responsible for effective boundary
lubrication. A small quantity of 0-1 per cent. lauric acid in paraffin oil
was placed on a clean cadmium surface and gave a low coefficient of
friction. The area of the cadmium surface covered by the oil was
increased in stages using a micro-pipette until the newly covered regions
gave increased friction and surface damage. The total area covered by

t The radio-activity of the slider in this experiment was not sufficient to show
appreciable metallic pick-up at room temperature. With a more strongly irradiated

slider, however, some metallic interaction is observed through the lubricant film (see
Chap. IV, Pl IX. 3b). .
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the lubricant at this stage was measured. From these observations it
was possible to calculate the amount of lauric acid which was just
sufficient to give good boundary lubrication. The thickness was found
to be of the order of 1 to 2 molecular layers. Thus the effective lubrica-
tion observed with the fatty acid is due to a boundary film, 1 or 2
molecules thick.
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F1g. 67. Frictional behaviour of cadmium surfaces lubricated with a highly

refined paraffinic oil. A drop of lauric acid is placed on the surfaces at the point
A and thero is a marked change in the friction and in the charactor of the motion.

Coeffic

These results emphasize the extremely marked effect of very small
quantitics of fatty acids on the boundary properties of lubricants.
There is little doubt that the effectiveness of many mineral oils as
boundary lubricants is due to the presence of minute quantities of fatty
acids or similar materials. (See Southcombe and Wells, 1920.)

LUBRICATING PROPERTIES OF
MONOLAYERS AND MULTILAYERS

It is interesting to consider the frictional behaviour of metal surfaces
covered with thin films of molecular dimensions and of known thickness.
In this investigation (Bowden and Leben, 1939) the films were deposited
by the Langmuir-Blodgett technique. Although there is some uncer-
tainty as to the exact structure of these films (see, for example, Biker-

» man, 1939), this technique is a very convenient one for the deposition
of films of known and controllable thickness.

In these experiments the surfaces were of stainless steel and two
substances were used as lubricants. One was a long-chain fatty acid
(stearic acid) and the other a large flat polar molecule (cholesterol).
The fatty acid film was first spread as a monolayer on tap water and
then picked up in the standard way on the metal surface by successive
dippings. Later work has shown that the film deposited in this way
consists not of pure acid but of a mixture of stearic acid and calcium
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stearate. The film, however, is close packed and regularly oriented
with the polar group in the water surface. The cholesterol, which is a
large flat molecule containing a complex ring system and a single OH
group, was spread in the same way on water. It forms a stable con-
densed film with the OH group in the water and the molecule oriented
normally to the surface. As we shall see, although the cholesterol film
is very stable and well oriented it is far less effective as a boundary
lubricant than the stearic acid film.

The films were deposited either on the upper or lower surface. In the
first set of experiments the small upper curved slider was covered with
a known number of films while the lower surface was unlubricated. The
lower surface was then started moving at a speed of 1-0 cm./sec. and
the friction recorded from the beginning of the sliding.

In the second set of experiments a known number of films was
deposited on the lower plate while the upper surface was kept unlubri-
cated. The surfaces were allowed to slide together and the friction
recorded at intervals. The upper slider was then run repeatedly over
the same track on the lower surface and the friction during each run
observed. The process was continued for 100 runs, or until the friction
had risen to a very high value and the surfaces were badly torn.

Stearic acid films

1. Films on upper surface only. Fig. 68 shows the friction results
obtained with various numbers of molecular films on the upper surface
and these results are summarized in Fig. 69. It is seen that in every case
immediately after motion began the friction was low at about u = 0-1.
The friction, however, soon began to rise, the rate of increase in friction
being more marked the fewer the number of films on the upper surface.
Photomicrographs of the tracks formed in the lower surface showed a
corresponding increase in the amount of tearing and surface damage as
sliding proceeded. In these experiments the wear on the upper slider
was concentrated on one small area of the surface and it is clear that
this gradual increase in friction and surface damage is associated with
the removal of the protective film from this region. Experiments
carried out at much slower speeds of sliding (0-001 cm./sec.) showed that
the rate of wear of the film per cm. of track was approximately the same
as when the surface speed was 1 cm./sec.

2. Films on lower surface. When two surfaces slide together under
these conditions fresh portions of the film are continually coming under
the upper slider, and consequently during any particular run over the
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surface no change in the friction could be observed. When only one film
was present on the surface (Plate XXI. a) the coefficient of friction
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F1ao. 68. Friction traces of stainless steel sliding on stainless steel when the upper surface
or slider is covered with stearic acid films of various thicknesses. Tho horizontal ordinate
corresponds to tho distance traversed by the slider. The monolayer is worn away very
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during the first run was low (u = 0-1) and was similar to that observed
when a large number of films (e.g. 53) was present (Plate XXI. b).
The track formed during the first run is shown in Plate XXI. ¢, and it
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is seen that there is very little surface damage. However, on repeatedly
running over the same track, the friction soon began to rise and even-
tually attained the high value characteristic of unlubricated surfaces
(see Fig. 70). At the same time the wear between the surfaces increased
greatly, and the appearance of the track after 20 runs is shown in
Plate XXI. d. It is clear that as a result of the repeated sliding the
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F1d. 70. Wear of stearic acid films deposited on the lower surfaco (stainloss steel
surfaces). A single molecular layer produces the same reduction in friction as a
thick film but it is worn away far more rapidly.

protective film is rapidly worn off the lower surface, with a correspond-
ing increase in the friction and in the amount of surface damage.

Similar results were obtained in the presence of other thicknesses of
film, but the curves given in Fig. 70 show that the thicker films wear
away less rapidly. Eventually, when a sufficiently large number of films
was present, no rise in friction was observed even after 100 runs over
the lower surface. The coefficient of friction during the first run on a
film 53 molecules thick was p = 0-1 (Plate XXI. b) and the correspond-
ing surface damage, which was slight, is shown in Plate XXI. e. These
results show that both the friction and surface damage are not very
different from those obtained during the first run on only one film. The
track formed after 100 runs on the 53 films is illustrated in Plate XXI. f,
and it will be seen that there was very little tearing of the surfaces.
This result stands in marked contrast to the extensive wear observed
after only 20 runs on the single film, Plate XXI. d.
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Fi1a. 71. Wear of cholesterol films deposited on upper surface or slider (stainless steel
surfaces). The films are worn away more rapidly than stearic acid (see Fig. 69).

o'
IS
1

i

(0]
w
1

1

CHOLESTEROL _FILMS

Excess Cholesterol

AVERAGE COEFFICIENT OF FRICTION WL
o]
N
1

TR PP T | ! | | 1 ]

[¢] {e] 20 30 40 50
NUMBER OF RUNS OVER SAME TRACK
Fia. 72. Wear of cholesterol films deposited on the lower surface. (Stainless steel
surfaces.) A single molocular layer does not produce as great a reduction in friction
as a thick film and the wear-resisting properties are inferior to those of stearic acid
(see Fig. 70).

Cholesterol films .

The experiments were repeated with cholesterol films, and the main
friction results obtained are plotted in Figs. 71 and 72. It will be seen
that in many ways the behaviour was similar to that observed with
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‘stearic acid’ films. With films on the upper surface only, a rapid rise
in the friction and wear was observed during the sliding, and the rate
of this rise was dependent on the number of films present. When the
films were placed on the lower surface the friction and wear remained
unchanged during each run, but, as before, showed an increase during
subsequent runs. The rate at which the lubricating layer wore off again
depended on the number of molecular films of which it was composed.
One important difference in the behaviour of these two lubricants
will be seen, however. With ‘stearic acid’ a unimolecular film was able
to reduce the friction almost to the same value as that observed when
many films were present. With cholesterol, however, the friction for a
unimolecular film was comparatively high and the minimum value was
only attained when several films had been deposited on the surface.

Wear properties of lubricant layers

Three interesting conclusions follow from these experiments. The
first is that the rate of wear of the film is roughly independent of the
speed of sliding, for speeds ranging from 0-001 to 1 cm./sec. It is clear
that the rise in friction depends essentially on the relative distance
moved by the surfaces and not on the time during which they have been
sliding together.

The second conclusion is that as the thickness of the lubricant film
increases, there is a gradual decrease in the rate at which this film wears
off the surface. This effect has been generally observed by other workers,
especially Langmuir (1934) and Claypoole (1939).

The third conclusion is that substances which give the same coefficient
of friction are not necessarily equally efficient as lubricants. Thus a
comparison between Fig. 72 for cholesterol films and Fig. 70 for stearic
acid films shows that with cholesterol the lubricant film wears off more
rapidly than with stearic acid. It is apparent, therefore, that stearic
acid is a better boundary lubricant than cholesterol under these condi-
tions. Similar differences have been observed between various fatty
acids. Dacus, Coleman, and Roess (1944) have recently developed a
special apparatus for measuring the rate at which a lubricant film is
worn away during sliding. Their results show that with monolayers of
fatty acids there is a marked increase in the ‘durability’ of the lubricant
film with increasing chain length.

Minimum film thickness for effective lubrication
The direct experiments of Gregory quoted earlier in the chapter show
that in the lubrication of cadmium surfaces by lauric acid the lubricating
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film is of the order of 1-2 molecules thick. It is, of course, difficult to
carry out systematic experiments on the minimum film thickness for
effective lubrication by any method other than that involving the use
of the Langmuir trough, since, as has already been pointed out, this
provides the most direct means of depositing films of known thickness.
Although there is some evidence that the deposited films are less robust
than adsorbed monolayers (see Chap. X), experiments carried out with
deposited films generally confirm conclusions derived from other cxperi-
ments. For example, the results described above show that with stearic
acid films deposited on steel surfaces from the Langmuir trough a single
monolayer produces a coefficient of friction almost as low as stearic acid
applied in bulk. This result directly confirms the early observations of
Langmuir (1920), who was the first to show that a monolayer of fatty
acid deposited on glass surfaces was sufficient to reduce the friction from
about u = 1-0 for clean glass to about u = 0-1. Similar results have
been obtained by Isemura (1940), Hughes and Whittingham (1942),
Frewing (1942), and other workers with films deposited from the Lang-
muir trough.

In some cases, however, a monolayer of fatty acid is insufficient to
provide adequate lubrication even for a single run. Some recent experi-
ments, for example by Gregory and Spink (1947), and especially by
Greenhill (1949), on molecular layers of stearic acid deposited from the
Langmuir trough, are summarized in Table XXYV.

TarrLeE XXV

Lubrication of metal surfaces by layers of stearic acid and metal
stearates deposited from the Langmuir trough (pH 9-5)

No. of layers for effective lubrication
Metal Stearic acid | Soap (Cu or Ag stearate)
Platinum . . > 10 7-9
Stainless steel . 3 1
Silver . . 7 3
Nickel . . 3 3
Cobalt .. 1
Copper . . 3 3

It is seen that with some metals 1 or 3 monolayers give good lubrica-
tion. With others, such as platinum, at least 7 molecular layers must
be present for effective lubrication. These results fall in line with the
earlier investigations of Bowden and Hughes (see Chap. VII) on the
friction of outgassed gold. In the absence of all surface films the friction
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was high. When a trace of caproic acid vapour was admitted to the
surface, a slight decrease in friction occurred which decreased with time
as a thicker film of lubricant, formed on the surface.

With materials other than fatty acids or metallic soaps, the film
thickness necessary for effective lubrication is usually considerably more
than a single molecular layer. For example, as we saw above, with
cholesterol on stainless steel surfaces, 9 molecular layers are necessary.
Similar observations have been made by Isemura for long-chain alcohols
and esters deposited on glass surfaces.

It is clear from these results that the lubrication properties of
boundary films depend on the nature of the underlying surfaces as well
as on the lubricant itself. In many cases the first monolayer of the
lubricant is responsible for the lubrication observed. This single layer
is usually unable to provide adequate protection for continuous traver-
sals of the same track; for effective lubrication in such cases a multilayer
of lubricant should be present and the thicker the film the slower the
rate at which it will be worn away. The best protection is afforded by
an excess of lubricant on the surface. In some cases a single molecular
layer is unable to give effective boundary lubrication even for the first
run; a comparatively thick film is necessary to produce smooth sliding
and low friction. The rate of wear of such films is usually relatively high.

LUBRICATING PROPERTIES OF SILICONES AND OF
FruorinaTED HYDROCARBONS (FLUOROLUBES)

It is interesting to consider briefly the boundary lubricating properties
of non-hydrocarbon lubricants such as the silicones and the fluorolubes.
The silicones consist of long-chain polymers containing chains, rings, or
three-dimensional networks of silicon and oxygen atoms.
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These substances may be obtained in various ranges of viscosity accord-
ing to the nature of the polymer and its length, and the viscosity is very
much less dependent on temperature than is the case with petroleum
oils. In addition the silicones are more stable to heat, oxidation, and
chemical attack, and they are in fact capable of providing anti-corrosion
protection to most metal surfaces. For these reasons silicones are of
considerable interest as hydrodynamic lubricants or hydraulic fluids.
Unfortunately their boundary properties are very poor. This is shown
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by some recent measurements by Dr. Tingle (1948), who determined the
friction between metal surfaces lubricated with silicones ranging in’
viscosity from 20 centistokes (at 20° C.) to 1,000 centistokes (at 20° C.).
With copper surfaces the friction for the lubricated surfaces was u = 1-4
and there was very heavy tearing of the surfaces. The friction was not
markedly dependent on the viscosity of the silicone lubricant. With
steel surfaces the friction was somewhat lower, of the order of p = 0-4
to u = 0-8, but the lubrication was always worse than that of a highly
refined mineral oil such as medicinal paraffin. Only one silicone, which
was stated to be a copolymer of dimethyl and diphenyl siloxane, gave
reasonably satisfactory lubrication. The coefficient of friction at room
temperature on steel surfaces was about . = 0-2 and the surface damage
was less marked. At 100° C., however, the lubrication had rapidly
deteriorated and the friction was high, x = 0-5. Under certain con-
ditions, for example with steel sliding on sapphire, as we saw in Chapter
VIII, silicones may actually produce an increase in the friction if they
inhibit the oxidation of the surfaces during sliding.

It is clear from these results that silicones are poor boundary lubri-
cants. This is to be expected from their structure. As we shall see later,
effective lubrication is provided only if the lubricant film can react with
the surface to form a surface layer with strong lateral adhesion between
the molecules. On account of their marked chemical stability the sili-
cones are unable to react with the metal surface. In addition, the
lateral cohesive forces between the silicone molecules are relatively
weak.

It is possible by suitably ‘tailoring’ the silicone molecule to provide
it with a means of attaching itself more firmly to the metal surface. In
this. way more effective lubrication may be obtained. For example,
Gregory and Newing (1948) have shown that polymers formed by the
hydrolysis of alkyl chlorosilicones possess very good lubricating proper-
ties on copper, silver, and other metals. Similarly, Hunter et al. (1947)
have shown that dichlorosilanes effectively lubricate glass surfaces.
There are, however, complicating factors which militate against the use
of these materials in practice. It is evident that there is still consider-
able scope for further work in the development of silicones which have
good boundary properties while still retaining the desirable bulk proper-
ties of silicones. An alternative approach which has already met with
some success is the development of good boundary lubricants which can
be dissolved in small quantities in the silicone.

Another type of non-hydrocarbon lubricant of considerable interest
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is the class known as ‘fluorolubes’. These consist of hydrocarbon mole-
cules in which most, or all, of the hydrogen is replaced by fluorine.
These compounds often possess high chemical and thermal stability and
are non-inflammable. We are indebted to Professor M. Stacey, who is
largely responsible for the development of these compounds, for supply-
ing us with some of them. Dr. Tingle has recently examined their
lubricating properties and finds that in general they are effective on
steel surfaces over a temperature range of 20°-150° C. For example, a
typical fluorolube possessing an average molecular weight corresponding
to the formula C, F,, gave a value of u = 0-1 at 20° C. and a value of
= 0-15at 100° C. A typical chlorolube, made by the action of chlorine
on ethyl-benzene under intense ultra-violet light, gave even better
results. For example, on steel surfaces u = 0-12 at 20° C. and u = 0-05
at 200° C. It is possible that at higher temperatures the chlorolubes
react with the surface to form the metallic chloride which helps to pro-
vide good lubrication (see Chap. XI). It is doubtful whether this occurs
with the fluorolubes since the molecules are far too stable. It would
seem that the fluorolubes in themselves are intrinsically fairly good
boundary lubricants. This may be connected with the observation
described in Chapter VIII that polymerized fluorinated hydrocarbons
which are solid at room temperature (e.g. Teflon) have exceptionally
good frictional properties with values of u of the order of u = 0-05.
However, until more is known of the structure and composition of the
fluorolubes it would be difficult to provide a more complete explanation.
The results, however, suggest that under conditions where extreme
chemical inertness is required, the fluorolubes may find many practical
applications as boundary lubricants.

INFLUENCE OF LOAD AND SPEED ON FRICTION OF
LUBRICATED SURFACES

In the experiments described in the earlier part of this chapter the
frictional measurements on paraffins, alcohols, and fatty acids were
carried out at a constant speed (about 0-01 cm./sec.), and a constant
load (about 4 kg.). 1t is interesting to consider the way in which the
frictional behaviour depends on the load and speed.

Effect of load
Frictional measurements were carried out at loads ranging from 500
to 6,000 gm. Exactly as for unlubricated surfaces, it is found that the

main effect of increasing the load is to increase the magnitude of the
3595.72 0
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frictional force. If the motion is smooth, as for fatty acids, the frictional
force is directly proportional to the load, so that Amontons’s law is
accurately obeyed. A typical result for pelargonic acid on steel is given
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F1a. 73 (a). Effect of load on the friction of steel surfaces lubricated with pelargonic
acid. The frictional force is directly proportional to the load.
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F1q. 73 (b). Friction of steel surfaces lubricated with decanc as a function of load.
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in Fig. 73 (a). If the motion is intermittent, the maximum friction, the
mean friction, and the size of the fluctuations increase proportionately
with the load. A typical result for decane on steel is shown in Fig. 73 (b).



Chap.IX BOUNDARY FRICTION OF LUBRICATED METALS 195

These results show that, as with unlubricated surfaces, increasing the
load causes the whole friction process to take place on a proportionately
increasing scale.

Friction of lubricated surfaces at very light loads
Under most conditions of sliding, penetration of the lubricant film

occurs. For this reason it is of considerable interest to cxamine the
friction at very light loads, where the penetration of the film may be
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Fia. 74. TFriction of copper surfaces lubricated with fatty acids as a function of load.
Continuous curve: lauric acid; broken curve: ogtacostmoic acid. Amontons’s law is
obeyod for loads above about 10 gm., but at small loads the coefficient of friction steadily
increases as the load is reduced. It is seen that at a load of 1072 gm., u > 0-5. For
unlubricated surfaces at this load, u = 0-4 (soe Fig. 57), so that the friction for the
lubricated surfaces is actually higher than for tho unlubricated surfaces.

avoided and .a change in the frictional behaviour may be expected.
These experiments have recently been carried out by Dr. Whitehead
using the apparatus described in Chapter IV, Fig. 29. He finds that
with copper surfaces lubricated with lauric acid the coefficient of friction
at a load of 10 gm. is u = 0-1, at 100 gm. u = 0-1, and on a heavier
apparatus at a load of 4,000 gm. the friction has again a value of about
p = 0-1. Thus Amontons’s law holds over a load range of 400 or more.
At loads below 10 gm., however, there is a change in the frictional
behaviour and a marked deviation from Amontons’s law is observed.
The coefficient of friction steadily increases as the load is reduced and
at a load of 0-01 gm., p = 0-5 for lauric acid, while for octacosanoic acid
u = 0-8 (see Fig. 74). With unlubricated surfaces, as we saw in Fig. 57,
the coefficient of friction at these loads is of the order of u = 0-4, so that
with octacosanoic acid the friction of the lubricated surfaces is actually
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higher than for the unlubricated surfaces. This exceptional behaviour
is probably due to the fact that at these very small loads the deformation
of the surface is insufficient to produce penetration of the lubricant film
(see Chap. X) and we are measuring the interaction of the hydrocarbon
film itself. Nevertheless, for loads above about 10 gm. the frictional
behaviour is independent of the load and Amontons’s law is closely
obeyed.

Effect of speed

When the motion is smooth the friction shows little change when the
speed varies from 0-001 cm./sec. to 2 cm./sec. A typical result for
pelargonic acid on steel is shown in Fig. 75.
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F1c. 75. Friction of steel surfaces lubricated with pelargonic acid. The
coefficient of friction is almost independent of the speed.

When the motion is intermittent, as with decanc on steel, the beha-
viour is different (Fig. 76). The friction at the ‘stick’ decreases relatively
rapidly with increasing speed. The mean friction during the ‘slip’
decreases more gradually. Consequently as the speed increases the
friction at the stick approaches the mean friction during slip, with a
corresponding decrease in the size of the fluctuations. This result is
consistent with the discussion in Chapter V on intermittent motion;
as the surface speed increases the processes during stick approach more
nearly the processes occurring during slip, so that the fluctuations
steadily diminish in size. The converse of this is equally true. If the
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friction-speed characteristic is flat (as in Fig. 75) the sliding will always
be smooth. Ifit shows a marked falling characteristic, the motion may
be intermittent if the elastic constants of the moving parts are suitable
(Bristow, 1942). The fact that intermittent motion can occur with
lubricated surfaces is of great importance in many practical operations
where it may be essential to avoid vibration. The experiments show
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F1c. 76. Friction of steel surfaces lubricated with decane as a function of speed of

sliding. The friction during the slip (kinetic friction) is alinost independent of the

speed, but the friction at the stick (static friction) decreases as the speed increases
and gradually approaches the valué of the kinetic friction.

that lubricants containing fatty acids are much more likely to provide
smooth sliding than lubricants containing only paraffins or alcohols.
There is, however, an additional factor with lubricated surfaces that
makes intermittent motion more general than may at first sight appear.
If “slip’ does occur the motion is usually relatively rapid. Under these
conditions the oil film may be drawn between the sliding surfaces and
provide, at least partially, hydrodynamic lubrication. If this occurs the
frictional force may be appreciably smaller than the friction at lower
speeds where the conditions are predominantly those of boundary
lubrication. Thus a relatively rapid change in friction with speed may
occur and this will facilitate the onset of intermittent motion. In
contrast to ‘true’ boundary lubrication, the occurrence of quasi-hydro-
dynamic lubrication of this type depends on the viscosity of the Iubri-
cant film, on the area of the sliding surfaces, and on the surface finish.}
t Beeck, Givens, and Smith (1940) find that quasi-hydrodynamic lubrication is also

favoured by the presence of polar bodies in the lubricant. This will be discussed in the
next chapter.
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As we shall see in the next chapter, the viscosity of the lubricating film
between the sliding surfaces may bear little relation to the bulk viscosity
of the lubricant. It may also be profoundly affected by the high rates
of shear and the transient temperature flashes occurring during sliding.
Further, the area of the surfaces over which the hydrodynamic film may
act and the surface finish will depend on the detailed wear processes
oceurring during sliding itself. It follows that the conditions favouring
the incidence of fluid lubrication will be complicated and extremely
difficult to estimate quantitatively.t We may therefore expect con-
siderable difficulty in generalizing about the type of motion to be
expected between lubricated metal surfaces.

It is apparent from these observations that under boundary con-
ditions the coefficient of friction is sensibly independent of the load
over a very wide range, i.e. Amontons’s law is obeyed. It is only when
the load is very light that deviations from Amontons’s law are observed.
The effect of speed, however, is more involved. For fatty acids the
coefficient of friction does not vary appreciably with speed unless the
speed of sliding is sufficient to initiate fluid lubrication. For paraffins
and alcohols the friction decreases as the sliding speed is increased but
at higher sliding speeds reaches a fairly steady value. The falling
friction—velocity characteristic for these substances implies that the
sliding may be intermittent. However, the general conditions for inter-
mittent motion in the presence of boundary films are complex and we
may expect considerable difficulty in generalizing about the type of
motion to be expected.

+ An interesting discussion of these and other factors has beon recontly given by
Forrester (1946).
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X
MECHANISM OF BOUNDARY LUBRICATION

IMPORTANCE OF CHEMICAL ATTACK

It has already been indicated that the boundary properties of lubricant
films depend on the nature of the metal surfaces as well as on the
composition of the lubricant itself. Nevertheless, little work of a con-
sistent nature has been carried out on the effect of the underlying metal
on boundary lubrication. Hardy (1936) made some comparative
measurements of the coefficient of static friction u, on steel, glass, and
bismuth surfaces and found that for any given hydrocarbon, fatty acid,
or alcohol, u, for glass > u, for steel > p, for bismuth.

Sameshima (1940) described some similar experiments on steel, glass,
and silver surfaces. He found that glass was poorly lubricated whilst
steel was well lubricated by fatty acids and alcohols. Silver showed an
intermediate behaviour.

A more systematic investigation has been carried out by Dr. Hughes
and Dr. Whittingham (1942), who examined the lubricating properties
and transition temperatures of stearic acid and a commercial oil on
various metal surfaces. In these experiments, however, they used an
upper slider of a fixed metal throughout (steel). This introduced a
serious uncertainty into the interpretation of the results.

It is clearly more satisfactory to carry out experiments using similar
metals for the upper and lower surfaces. An investigation of this type
was recently carried out (Gregory, 1943; Bowden, Gregory, and Tabor,
1945) on the large friction apparatus described in Chapter V. The load
used was about 4,000 gm. and the sliding speed about 0-01 cm./sec.
A pure fatty acid (lauric acid) was used as the lubricant and it was
applied as a thin smear. In some experiments it was applied pure in
the molten state: in other cases as a dilute solution in paraffin oil.

The results show that the lubricating properties of the fatty acid
depend markedly on the nature of the metal. One of the most striking
results is that for unreactive surfaces such as nickel, chromium, platinum,
silver, and glass, the fatty acid is scarcely more effective as a boundary
lubricant than paraffin oil itself. The results are shown in Table XXVIa.
It is seen that the lauric acid does not lubricate these unreactive
surfaces effectively.

However, pure lauric acid below its melting-point, when present as
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TaBLE XXVIa

Coefficient of friction
Pure lauric acid
Paraffin oil, 19, lauric acid in Just above the

Surfaces Clean room temp. paraffin, room temp. m.p.
Nickel . . 0-7 | 0-3 intermittent 0-28 intermittent 0-26
Chromium . 04 |03 » 0-3 . 0-25
Platinum . . 1-2 0-28 » 0-25 » 0-28
Silver . . 1-4 |08 »» 0-7 » 0-7
Glass . . 0-9 .. 0-4 ’ 0-6

a relatively thick film, gave effective lubrication with a low coefficient
of friction of the order of u = 0-1. As soon as it was melted, however,
the friction rose to the relatively high values given in Table XXV1 a,
column 5. Here again, therefore, lauric acid is scarcely better as a
boundary lubricant than a solid long-chain paraffin.

In contrast, the results for the reactive metals show that very effective
lubrication may be obtained with a 1 per cent. solution of lauric acid
in paraffin oil (Table XXVIb).

TaBLE XXVIb

Coefficient of friction
Paraffin oil, 1%, lauric acid in

Surfaces Clean room temp. paraffin, room temp.
Copper . . 1-4 | 0-3 intermittent 0-08 smooth
Cadmium . 0-5 0-45 »s 005 ,,
Zine . . 06 |02 ' 004 ,,
Magnesium . 06 |05 ’ 0-08 ,,
Iron . . 1-0 0-3 . 0-2 irregular smooth
Aluminium . 1-4 |07 ’ 0-3 stick slips

These results led to a study by Gregory of the chemical reactivity of
the various surfaces with fatty acids under standard conditions. Lauric
acid was used and the metal surface heated up to 150° C. with the acid
in contact with it. The results at once showed that the metals examined
fall into two distinct classes: (a) in which chemical attack is absent or
very slighf (magnesium, iron, silver, aluminium, nickel, chromium,
glass), and (b) those for which chemical attack is marked (copper, cad-
mium, zinc).

A comparison of the chemical reactivity and lubricating properties
shows a striking correlation, as may be seen from Table XXVII.

These results show that the boundary lubricating properties of fatty
acids are profoundly affected by the nature of the metal surfaces. Those
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TaBLE XXVII

Efficiency of lubrication with 1 per cent. lauric acid in paraffin oil compared
with reactivity of the metal to lauric acid

Type of

Coefficient of Transition % acidt sliding at

Metal friction (20° C.)| temperature °C. | reacting 20° C.

Zinc . . 0-04 94 10-0 Smooth
Cadmium . 0-05 103 93 ’

. Copper . . 0-08 97 46 »»
Magnesium . 0-08 80 -| Trace .
Platinum . 0-25 20 0-0 Intermittent
Nickel . . 0-28 20 0-0 »»
Aluminium . 0-30 20 0-0 ’»
Chromium . 0-34 20 Trace .
Glass . . 0-3-0-4 20 0-0 Intermittent

(irregular)
Silver . . 0-55 20 0-0 Intermittent
(marked)

+ Estimated amount of acid involved in the reaction assuming formation of a normal
salt.

metals which are most readily attacked by the fatty acid are those which
are most effectively lubricated. On the other hand, the unreactive
metals (and glass) are poorly lubricated and give intermittent motion
with a relatively high coefficient of friction. It is not suggested that
there is a quantitative relation between the amount of chemical reaction
and the coefficient of friction. It is, however, clear that unreactive
metals are not well lubricated by fatty acid solutions whilst, in general,
reactive metals are. In addition the less reactive metals such as alumi-
nium (and iron) which are not lubricated by a 1 per cent. solution of
fatty acid are well lubricated by a more concentrated solution. All these
results strongly suggest that, under these conditions of sliding, lubrica-
tion is effected mot by the fatty acid itself but by the metallic soap formed
as a result of chemical reaction between the metal and the fatty acid.

. This view is supported by an examination of the effect of temperature
on the breakdown of lubricant films. As we saw in the last chapter,
hydrocarbon films cease to lubricate effectively at their melting-points.
With fatty acids on reactive metals, however, the breakdown does not
occur at the temperature at which the fatty acids melt but at consider-
ably higher temperatures. This is shown in Fig. 77 for a series of fatty
acids on steel surfaces, and it is seen that the breakdown occurs at 50°
to 70° C. above the melting-point (Tabor, 1941). The actual value of
the breakdown temperature depends on the nature of the metals and
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on the load and speed of sliding, but as we shall now show, it corresponds
approximately to the stage at which the metallic soap film, formed by
chemical reaction, softens or melts. This may be shown by comparing
the lubricating properties of a fatty acid (C,H,,,,COOH) with those of
the corresponding metallic soap (C,H,,,;COOM).

Emperature °C.
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Fic. 77. Breakdown or transition temperature of fatty acids on steel surfaces
as o function of chain length. Lubrication ceases to bo effective at a temperature
considerably above the bulk melting-point of the fatty acid (Tabor 1941).

Lubricating properties of metallic soaps

(@) Lauric acid and metellic laurates. Results for lauric acid
(C;;H;,COOH, m.p. 44° C.) and copper laurate ([CH,COO0],Cu,
softening-point about 100° C.) are summarized in Table XXVIII. Itis
seen that lauric acid on copper gives the same behaviour as copper
laurate whether the soap is deposited on copper or on platinum.
Further, the breakdown temperature is very close to the softening-point
of the soap. Results for zinc laurate ([ C,,H,, COO],Zn, softening-point
about 120° C.) and for lauric acid on zinc are also included and show
a similar behaviour. Results for magnesium are also given, and these
again behave in a similar way.
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TasrLE XXVIII

Coefficient of Breakdown

Surfaces Lubricant [riction at 20° C. | temperature °C.
Copper . . | 19, lauric acid in paraffin 0-08, smooth 100
’s . . | Smear of copper laurate 0-08, ,, 100
Platinum » »s s o0-10, ,, 100
Zinc . . . | 19 lauric acid 0-05, ,, 130
by e Smear of zinc laurate 005, ,, 120
Platinum . s . »s 0-10, ,, 130
Magnesium . . | 1% lauric acid 012, ,, 150
. . . | Smear of magnesium laurate 0-12, ,, 150
Platinum . . s »s s 012, ,, 160

(b) Stearic acid and metallic stearates. Table XXIX summarizes
results obtained with stearic acid (C,;Hz;COOH, m.p. 69° C.) on copper
and cadmium surfaces. The results are compared with the corresponding
metallic soaps. In addition results are given for sodium stearate
(C,;H35COO0Na, softening-point about 260° C.). on steel. As we should
expect, lubrication is effective up to about 280° C.

TasLE XXIX

Coefficient of Breakdown
Surfaces Lubricant friction at 20° C. | temperature °C.

Copper . . | 19% stearic acid 0-08, siooth 90
” Smear coppor stearate 0-08, . 94
Platinum . . 55 » s 0-1, s 110
Cadmium . . | 19 stearic acid 0-05, ,, 130
»s . . | Cadmium stearate 0-04, ,, ' 140
Platinum . . ’ ’ 0-08, ,, 140
Steel . . . | Smear sodium stearate 0-1, ’s 280

(¢) Cetyl mercaptan and corresponding copper and cadmium compounds.
The lubricating properties of cetyl mercaptan (CH,(CH,),,CH,SH,
m.p. 15° C.) on copper and cadmium were compared with those of
cupric cetyl mercaptide ([C,;H3CH,S]|,Cu, softening-point about
115° C.) and cadmium cetyl mercaptide ([C,;H;,CH,S],Cd, softening-
point about 120° C.) when applied to an unreactive surface such as
platinum. The results are summarized in Table XX X. Cetyl mercaptan
is not a fatty acid, but it reacts with metals to form compounds which
are analogous to the metallic soaps. This substance is cornmonly con-
sidered to be an extreme pressure lubricant (see next chapter), but the
results are included here to illustrate the importance of the softening-
point of the film formed by chemical reaction.
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TABLE XXX

Coefficient of I Breakdown
Surfaces Lubricant [riction at 20° C. | temperature, °C.
Copper 19 cetyl mercaptan in paraffin oil 0-1 smooth 130
Platinum | Smear of cupric cetyl mercaptide (123 100
Cadmium | 19, cetyl mercaptan in paraffin oil olr 140
Platinum | Smear of cadmium cetyl mercaptide 0-1 » 100

It is seen that the lubrication breaks down with the copper compound
at approximately the same temperature as with cetyl mercaptan on a
copper surface. The same applics to cadmium. The breakdown tem-
peratures correspond roughly to the bulk softening-points of the metallic
compounds concerned.

(d) a-mercapto-palmitic acid and cadmium compound. Similar experi-
ments were also carried out with a-mercapto-palmitic acid

(CH;—(CH,),5—H.C.SH—COOH, m.p. 71° C))
which reacts with cadmium to form cadmium mercapto-palmitate
([CiHyy . HCSH.COO],Cd, softening-point about 140° C.). The acid
is directly analogous to a fatty acid and the cadmium compound to a
metallic soap. The results are given in Table XXXI.

TaBLE XXXI
Surfaces Lubricant Friction at 20° C. ’ Breakdown °C.
Cadmium | 19, mercapto-palmitic acid in paraffin®{  0-08 smooth 140
’» 1% cadmium mercapto-palmitate in 0-08 ,, 145
paraffin
Platinum | Smear of cadmium mercapto-palmitate 0-1 ’ 140

It is seen that the metallic compound gives the same frictional
behaviour on both cadmium and platinum. The behaviour is also
similar to that of the acid when applied to cadmium surfaces. The
temperature of breakdown corresponds approximately to the softening-
point of the cadmium compound.

(e) Metallic soaps in presence of paraffin oil. The results already
described indicate that metallic soaps and analogous metallic com-
pounds lubricate metal surfaces up to the stage at which they soften.
If, however, there is a relatively weak attachment between the soap
and the metal surface, then in the presence of excess paraffin oil the
soap may leave the surface at a relatively low temperature due to its
increased solubility in the superincumbent oil. As a result, breakdown
of the lubricant film occurs at a lower temperature than the softening-
point. This is shown in Table XXXII.
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TaBLE XXXII

Coefficient of Breakdown
Surface Lubricant Sriction at 20° C. | temperature, °C.

Platinum | Smear of cadmium mercapto-palmitate 0-1 smooth 140

» Smear of cadmium mercapto-palmitate ’ 50
covered with paraffin oil

»» Smear of cupric mercapto-palmitate ’ 180

» Smear of cupric mercapto-palmitate ’ 50
covered with paraffin oil

. Smear of cupric laurate ’ 100

» Cupric laurate in paraffin oil ’ 60

(f) The physical state of the soap film. Some interesting experiments
were carried out on relatively thick films of sodium stearate deposited
on steel surfaces. If the soap film was applied from an aqueous solution
as a wet smear breakdown occurred around 100° C. This is apparently
due to the ebullition of the excess water which disrupts the lubricating
layer. If, however, the soap is applied from an ethereal solution which
is allowed to dry by evaporation it retains its lubricating properties up
to 280° C., which corresponds closely to the temperature at which
sodium stearate softens markedly (Peart and Tabor, 1944).

(9) Soap films formed by chemical attack and by deposition. As we have
seen, metallic soap films, when deposited on solid surfaces, can provide
effective lubrication even on non-reactive metals such as platinum (or
glass). They give smooth sliding and low friction, and under suitable
conditions the breakdown occurs at the bulk softening-point of the soap.
In some cases even a monolayer of a metallic soap will provide effective
lubrication. For example a monolayer of cadmium stearate will lubri-
cate glass and steel surfaces.

There is, however, a marked difference between soap films produced
on the surface by reaction between the fatty acid and the metal, and
soap films deposited on to the metal surfaces in any other way. The
soap film formed in situ by chemical reaction is, as a rule, firmly linked
to the metal surface. Kven if it is covered with excess paraffin oil, it
will in general lubricate up to its softening-point. With soap films
deposited on metal surfaces, however, in the presence of excess paraffin
oil, breakdown may occur at a lower temperature due to the increased
solubility of the soap in the superincumbent liquid and its weak attach-
ment to the surface. Furthermore, as we have seen, the physical texture
of the soap film may have a profound effect on its lubricating properties.

These results show that there is a general similarity between the
lubricating properties of long-chain hydrocarbons, alcohols, fatty acids,
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and metal-soap films and the frictional behaviour of thin films of soft
metals deposited on hard metal substrates. Provided the lubricant film
is sufficiently thick to prevent appreciable contact between the rubbing
surfaces, the friction is low and the lubricating properties are main-
tained until the melting-point of the lubricant film is reached. At this

0 100 20 - 300 400
Ternp. C.
Fia. 78. Effect of temperature on friction of lubricated surfaces. I. Solid docosane
(m.p. 44° C.) on platinum surfaces. II. Solid stearic acid (m.p. 69°C.) on platinum
surfaces. IIL. Solid copper laurate (softening-point 110°C.) on platinum surfaces.
IV. One per cent. lauric acid in paraffin oil on copper surfaces. V. ‘Dry’ film of sodium
stearate (softening-point 280° C.) on steel surfaces. VI. Thin film of lead (m.p. 327° C.)
on hard steel surfaces. In all cases lubrication coases to be effective at the melting- or
softening-puint of the lubricant film.
point breakdown occurs. These similarities are shown in Fig. 78, where
it is seen that docosane (m.p. 44° C.) and stearic acid (m.p. 69° C.)
lubricate platinum surfaces until they melt; a thin film of lead (m.p.
327° C.) lubricates steel until the melting-point of the lead film is
reached; sodium stearate lubricates steel until the stearate softens and
melts (about 300° C.). Finally, lauric acid in paraffin lubricates copper

until the softening-point of copper laurate is reached (about 100° C.).

STRUCTURE OF THE LUBRICATING LAYER:
ELECTRON DIFFRACTION EXPERIMENTS
The study of the structure of lubricant layers provides general sup-
port for the frictional results described above. Early work by Bragg
(1925), Miiller (1923), and Trillat (1925) using X-rays revealed the
structure of thick films, providing information on the basic dimensions
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of the hydrocarbon molecules and the crystalline forms in which they
appear. Later work using electron diffraction has provided a much more
complete picture of the structure and orientation of hydrocarbon films
deposited on solid substrates. The great advantage of electron diffrac-
tion methods over X-ray methods is the comparatively small penetrat-
ing power of the former. Thus in reflection experiments where a beam
of electrons, accelerated by a potential of the order of 40 kV., strikes
the surface at a very small glancing angle, the depth of penetration
normal to the surface is only of the order of 20 A. This means that the
diffraction patterns obtained reveal the structure of the uppermost
layers only. In some cases this may be a disadvantage, particularly if
we are interested in the general structure of thick films, since the electron
beam will be entirely absorbed by the first few molecular layers. How-
ever, for films which are only a few molecules thick the diffraction of
electrons at glancing incidence is probably the most suitable known
method of examining molecular structure and orientation. Hydro-
carbon films may also be examined by the transmission technique which
gives greater resolving power. In addition it yields pictures in which
the pattern from the substrate may be more readily distinguished from
that of the hydrocarbon film. By use of the transmission technique,
specimens several hundred Angstréms in thickness may be investigated.
This method has, however, considerable technical difficulties, since the
solid surface on which the filins are supported must be continuous and
extremely thin. For an original account of electron diffraction see
Thomson and Cochrane (1939) and Finch and Wilman (1937).
Experiments have shown that for paraffins exceeding a certain mini-
mum chain length, the surface layers have an ortho-rhombic structure
in which the carbon chains are normal to the solid surface. This struc-
ture remains essentially unchanged whatever the thickness of the film.
Fatty acids, however, show the striking result that the orientation of
the first monolayer is different from that of subsequent layers. Provided
the acid chain contains more than about 12 carbon atoms, a diffraction
pattern may be obtained showing that the first monolayer is oriented
with the chains approximately normal to the surface. On reactive metal
surfaces 8 carbon atoms are sufficient to give an oriented monolayer.
The layers on top of the monolayer, however, usually crystallize into
the standard crystalline form of the fatty acid (generally monoclinic)
and the hydrocarbon chains are inclined at an appreciable angle to the
surface normal. The structure of these upper layers can be modified by
rubbing with a degreased cloth, whereas the first monolayer remains
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unaffected. This suggests that the first layer is more firmly attached
to the substrate than subsequent layers.

It is interesting to note that a monolayer of a soap such as barium
stearate is more completely oriented than stearic acid itself on a non-
reactive surface. Some workers have indeed suggested that when the
orientation of a fatty acid on a metal substrate is very well defined it
means that chemical action has occurred at the surface with the forma-
tion of a soap.

More recently, several workers, for example Tanaka (1941), Cowley
(1948), Brummage (1947), have examined the effect of temperature on
the orientation of hydrocarbon films deposited on solid surfaces. As the
temperature is raised, there is increased thermal agitation of the mole-
cules and the diffraction pattern grows more diffuse until at a critical
transition temperature when the molecules become almost completely
disoriented it fades out altogether. Dr. Menter (1949) and Mr. Sanders
(unpublished) have investigated a range of acids from caprylic to
octacosanoic on a number of different metals. The layers were deposited
by melting the acid on to the clean polished surface and rubbing off the
excess with filter-paper. They find with platinum that disorientation
occurs about 10° C. below the melting-point of the acid. Typical diffrac-
tion patterns of stearic acid (m.p. 69° C.) on platinum are shown in
Plate XXII. a, b. It is seen that a few degrees below the melting-point
the oriented structure has completely disappeared. Moreover, after the
disorientation has occurred the diffraction pattern from the platinum
substrate becomes progressively clearer. 1f the specimen is heated to
about 40° C. above the transition temperature it is found that, after
removal from the camera, it can be wetted by water. This indicates that
after disorientation the molecules are very poorly adsorbed on to the
surface and can easily be removed by evaporation when the temperature
is raised. On the other hand, with zinc, cadmium, and mild steel,
disorientation does not occur until the temperature is well above the
melting-point of the acid. For example, with stearic acid (m.p. 69° C.)
on cadmium the transition does not occur until about 135° C., as is
shown in the diffraction patterns in Plate XXII. ¢, d, ¢, and f. The
results for other fatty acids are shown graphically in Fig. 79, where the
transition temperature on various substrates is plotted against the chain
length of the acid. The temperature at which the films on zinc, cadmium,
and mild steel lose their orientation corresponds approximately to the
melting-point of the metallic soap formed by chemical reaction with the

metal surface. This temperature is close to that at which lubrication
3595.72 P
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ceases to be effective, as may be seen in Fig. 77. It is also interesting
to note that with these metals the pattern of the metal substrate is not
clear immediately after disorientation of the surface film has occurred.
It remains diffuse for a considerable further rise of temperature. This
suggests that even after disorientation, the soap film remains well
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Fia. 79. Disorientation temperature of fatty acid films on substrates of Zn, Cd, mild

steel, Cu, and Pt, as function of chain length. The broken line represents thoe bulk

melting-point of the fatty acid. It is seen that on reactive metals the disorientation

temperature is considerably higher than the melting-point of the acid and corresponds

approximately to the softening temperature of the metallic soap formed by chemical
reaction on the surface.

adsorbed on to the surface. This is confirmed by the observation that
the surface is still hydrophobic on removal from the camera, even after
this drastic heating.

The results with copper suggest that soap formation occurs readily
only with the shorter chain fatty acids. For example, with lauric acid
(m.p. 44° C.) disorientation is observed at about 80° C. With octa-
cosanoic acid (m.p. 90° C.) disorientation occurs at the melting-point
of the acid itself. It is possible that under different surface conditions,
reaction with the longer chain acids could also occur. As we shall see,
the lubrication of copper by fatty acids often depends on the way in
which the copper surface is prepared.
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It is clear from these results that the electron diffraction studies are
in reasonably close agreement with the friction results. The first mono-
layer is strongly adsorbed on the solid surface and subsequent layers are
well oriented, in their characteristic crystalline form, on top of the
monolayer. As the temperature is raised, the lateral adhesion between
the lubricant molecules is increasingly overcome by the thermal motion
and the diffraction pattern grows less distinct. The transition tempera-
ture at which the pattern disappears corresponds closely to the bulk
melting-point of the surface film and is close to the temperature at
which the film ceases to be effective as a boundary lubricant. There is
indeed close agreement between the friction results plotted in Fig. 77
and the electron diffraction results plotted in Fig. 79 for mild steel
surfaces. The importance of soap formation is borne out in both types
of measurement.

MECHANISM OF S0AP FORMATION: INFLUENCE OF WATER

We have alrcady scen that with many metals the lubrication provided
by fatty acids is really duc to the formation of a metal soap as a result
of chemical reaction with the metal surface. We may now ask, What
is the mechanism of this chemical reaction? Experiments by Dubrisay
(1940) and Prutton (1945) on the corrosion of metals by solutions of
fatty acids in hydrocarbons show that for copper, cadmium, zine, and
other metals reaction takes place via the oxide film. On this view,
therefore, fatty acids should not react with an electropositive metal such
as copper or lead if metal oxide and oxygen are completely excluded.
Under such conditions, therefore, fatty acids should prove incapable of
providing effective lubrication.

Some experiments were recently carried out to test this view by
Dr. Tingle (1947). Measurements were made of the lubrication obtained
with a 1 per cent. solution of lauric acid in paraffin oil on metal surfaces
which were freed from oxide and surface films by cutting a fresh surface
under the applied lubricant. The large friction apparatus described
earlier was used. By means of a specially designed cutting-tool, a smooth
shallow track was laid bare on the lower metal surface immediately
before its passage under the loaded hemispherical slider used to measure
the force of friction; this is illustrated in Fig. 80 (a). The results show
at once that a 1 per cent. solution of lauric acid in paraffin oil ts no more
effective in lubricating the freshly cut metal surface than the paraffin oil
itself. Further, if the lubricant is left on the surface for several hours,
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the lubrication remains poor, and this is true even if the temperature
is raised to 100° C.

In other experiments newly cut tracks were exposed to air for varying
periods up to 24 hours; attempts were then made to lubricate them with
the fatty acid solution. In the case of copper, lubrication was still in-
effective even after 24 hours’ exposure. Magnesium and cadmium showed
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FIG. 80(a). Experimental arrangement for laying bare a shallow track of *clean’

metal in the lower surface, before it passes under the slider.
the same effect, although to a lesser degrce. In all cases, however, if
the newly cut track was made wet with distilled water and dried before
application of the lubricant, or was exposed to an atmosphere saturated
with water vapour, good lubrication was obtained after a relatively
short period. For effective lubrication it is apparently necessary for
water to have been present as well as oxygen.

The effect of surface treatment on the lubrication of various metals
is shown diagrammatically in Fig. 80 (b). The friction was measured
when a 1 per cent. solution of lauric acid in paraffin oil was applied to
the metal surfaces prepared in the following three ways:

A. Surfaces abraded on fine emery paper under cold water and then
washed with warm water.

B. Surfaces from which surface oxide films had been removed under
a pool of lubricant.

C. Surfaces cut in air to remove surface oxide films: cut tracks then
washed with cold, warm, or boiling distilled water for various
periods, the detailed treatment depending upon the metal.

The results show at once that for the metals Mg, Cd, Zn, Cu, and Fe
the friction on the surfaces freed of oxide films (B) is very high and



Chap. X MECHANISM OF BOUNDARY LUBRICATION 213

examination of the track shows that there is considerable plucking and
tearing of the surfaces. The behaviour is, in fact, essentially the same
as that observed with the paraffin oil alone. With the surfaces abraded
under water (A) and with the cut track exposed to water (C) the friction
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¥ic. 80 (b). Friction of metals lubricated by 1 per cent. solution of lauric acid in

paraflin oil. A4, abraded surface; B, surface cut under pool of lubricant; C, cut

surface, wetted. Lubrication of the cut surface B is no better than that observed

with the paraffin oil alone. On abraded or wetted surfaces effective lubrication is

obtained with the reactive motals. The non-reactive motals (Pt and Ag) are not
lubricated whatover the surface treatment.

is low and the lubrication is effective. Aluminium shows a similar effect,
though it is less marked. It is clear that with these metals the surface
treatment plays an important part in determining whether chemical
reaction will occur and consequently whether effective lubrication will
be obtained. On the other hand, as we should expect, with platinum
and silver the friction is high and has approximately the same value on
surfaces prepared in the three different ways. It is evident that with
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the noble metals, chemical reaction does not occur whatever the way
in which the surface is prepared.

These results provide strong additional evidence for the view that
chemical reaction, with the formation of a soap film, is necessary for the
effcctive lubrication of metal surfaces by solutions of fatty acids in
paraffin oil. It is also evident that with dilute solutions of fatty acid
the chemical attack is favoured by the presence of water as well as
oxygen. The water may lead to the formation of a loose hydroxide or
hydrated oxide layer of a character suitable for penetration and reaction
by the acid. Alternatively, water may facilitate a local ionization of the
acid molecules at the seat of reaction.

With more concentrated acid solutions, or with pure fatty acids,
chemical attack and subsequent lubrication may occur in the absence
of water, as Mr. Shooter has recently shown. On general grounds, how-
ever, we should expect that even with the pure fatty acid some oxide
must be present on electropositive metals for this to occur.

The fact that metal surfaces which are freshly cut or exposed under
the oil are difficult to lubricate cffectively by fatty acid solutions is of
some interest. Under practical conditions, where metal surfaces slide on
one another in’ the presence of a lubricant the abrasion of the surfaces
through the lubricant film may expose portions of metal free from sur-
face oxide. These portions of the surface may not readily be lubricated
by fatty acids in the oil unless oxygen (and water) is present to enable
chemical attack to occur.

INVESTIGATION OF SURFACE ADSORPTION BY
RADIO-ACTIVE METHODS

The use of artificially radio-active metals provides a sensitive method
for investigating the nature of the boundary film present on the surface.
Consider, for example, a monolayer of a fatty acid which is adsorbed
on to the surface of a radio-active metal and is then removed. If it has
merely been adsorbed on the surface by physical van der Waals forces it
will, when desorbed and examined, show no radio-activity. If, however,
it was chemisorbed and has reacted with the metal to form the soap,
the removal of the film will bring the metal atom with it, so that the
film when desorbed should be radio-active. A series of experiments has
been carried out by Mr. A. C. Moore to investigate the nature of the
boundary layers of fatty acids of alcohols and of esters when they are
adsorbed from solution on to a number of metal surfaces.

The general method involves the use of thin spectroscopically pure
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sheets of various metals which were made artificially radio-active in
G.L.E.E.P. The cleaned metal sheet was then immersed in a dilute
benzene solution of the alcohol, acid, or ester so that adsorption could
occur. The sheet was removed from the solution, washed in cold ben-
zene, and then the adsorbed film of hydrocarbon present on its surface
was removed by refluxing with hot benzene in a soxhlet. The radio-
activity of the solution was then estimated (Bowden and Moore, 1949).

Fatty acids

The non-reactive metals such as platinum and gold gave no evidence
at all of chemical reaction or soap formation with stearic acid. The
desorbed film showed no radio-activity. The method is a sensitive one
and in the case of gold, metal equivalent to about one-thousandth of a
monolayer of soap could have been detected. It was clear that the acid
was physically adsorbed on the surface. With reactive metals such as
zinc and cadmium, however, chemical attack occurred. The film, when
removed from the surface, was highly radio-active and corresponded to
the formation of soap films several molecular layers thick. The thickness
of the surface film increased with time and in addition there was a slow
but continuous dissolution of the metal into the benzene solution of the
fatty acid.

Alcohols

Long-chain alcohols formed an adsorbed film (probably a monolayer)
on the surface, but when this was removed it showed no radio-activity.
The behaviour was the same on base metals such as zinc and cadmium
as it was on the noble metals, showing that in all cases the adsorption
was physical.

Esters

The behaviour of an ester was interesting. Experiments were carried
out with ethyl stearate. Again this was adsorbed and on the noble
metals there was no reaction. On the base metals, however, there was
evidence for a slight but definite chemical attack. It is probable that
the reaction with the ester is due to hydrolysis. Although the benzene
solution was dried by refluxing and redistillation over sodium, it is most
difficult to remove the last trace of water. The hydrolysis of the ester
would lead to the formation of a very small amount of the fatty acid
which when adsorbed could attack the metal to form the corresponding
soap film. This offers an explanation of the previously rather puzzling
observation (Frewing, 1944) that esters can lubricate steel surfaces at
temperatures above the melting-point of the ester.
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ADSORPTION OF FAaTTY ACIDS, ALCOHOLS,
AND ESTERS ON METALS

We have assumed that when a metal is placed in contact with a dilute
solution of a fatty acid, alcohol, or ester a complete monolayer is
rapidly adsorbed on the surface. Zisman'’s (1946) experiments on oleo-
phobic films lend strong support to this view. Some experiments have
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Fi1c. 81 (a). Adsorption of stoaric acid O, octadecyl alcohol X, and ethyl stearate ®
on nickel powder at 23° C. The kink in the curve for the alcohol probably corresponds
to a phase change in the adsorbed layer.

recently been carried out by Dr. Greenhill (1949) and Dr. Daniel to
determine by direct experiment the amount adsorbed as a function of
the concentration of the solution and of time (Daniel, 1949).

The method employed by Akamatsu (1942) and more recently in
England by Hutchinson (1947) was used. Briefly, the method consists of
shaking a solution (in a volatile solvent) of the compound under inves-
tigation with a weighed quantity of metal powder. The concentration
of the solution before and after adsorption is determined by spreading
a suitable volume (if necessary, after dilution) by means of a micro-
pipette on a Langmuir trough and compressing the monolayer so formed
to a predetermined surface pressure. The concentrations are then
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proportional to the area covered by the monolayer. From a knowledge
of the force-area curve of the adsorbate (Adam, 1941), it is then a simple
matter to calculate the adsorption which has taken place. Some typical
isotherms determined in this manner are shown in Figs. 81 (), (b), and (c).

Experiments showed that about 90 per cent. of the adsorption occurs
during the first 5 minutes, but final equilibrium does not appear to be
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F1a. 81 (b). Adsorption of fatty acids on nickel powder at 23° C. Curve I, lauric
acid ; curvo LI, palmitic acid; curve III, stearic acid; curve IV, octacosanoic acid.
established for a considerable period of time. So far only silver, nickel,
platinum, iron, and copper powders have been examined and in all cases
the general behaviour is the same. With all metals, rapid adsorption
occurs and the adsorption of the alcohol appears to be complete after
about 1-4 hours, a further increase of a few per cent. (barely outside
experimental error) occurring in the following 24 hours. With fatty
acids, the same holds true for nickel, platinum, silver, and iron. With
copper, however, the adsorption increases steadily with time (see below).
It is apparent that a slow but continuous chemical reaction is occurring

between the acid and the copper.
In the isotherms given in Figs. 81 (a) and (b) the concentration of
solution in contact with the powder after 4 hours has been termed the
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equilibrium concentration. It is seen (Fig. 81 (a)) that for the three
compounds containing the C,q4 chain, the fatty acid is the most strongly
adsorbed, 90 per cent. of the maximum uptake being reached at a con-
centration of about 1 mgm./c.c. The same uptake is reached with the
alcohol at about 20 mgm./c.c., while the ester requires about 40 mgm./c.c.
(The inflexion in the curve for the alcohol is probably due to a phase-
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Fia. 81 (c). Adsorption of stearic acid O and octadecyl alcohol X on copper powder at
23° C. The steady increase of adsorption of the fatty acid indicates continuous reaction
between the acid and the copper.

change in the adsorbed layer.) There is considerable evidence that the
fatty acid is adsorbed as a unimolecular layer; in fact, by assuming that
each molecule occupies an area of 20 A? several workers (Harkins and
Gans, 1931; Smith and Fuzek, 1946) have used the maximum uptake
to obtain a value for the surface area of a powder. It is evident from
Fig. 81 (a), therefore, that at maximum uptake, the acid, the alcohol,
and the ester are adsorbed as close-packed monolayers.

Considering the fatty acids, Fig. 81 (b), it is seen that the longer the
CH, chain, the more strongly is the acid adsorbed at a given concentra-
tion. Thus, with stearic acid the monolayer is practically complete at
5 mgm./c.c., palmitic at 12 mgm./c.c., while lauric acid is only about
90 per cent. complete even at a concentration of 30 mgm./c.c. Thisis
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undoubtedly closely related with the solubility of the acid in the solvent.
In this connexion it is interesting and somewhat surprising to find that
octacosanoic acid does not form a complete monolayer from benzene
solution. This must presumably be due to the extremely small solubility
of octacosanoic acid in benzene. If, in fact, the concentrations in
Fig. 81 (b) are plotted as fractional concentrations of the solubility, we
should expect the isotherms for all the acids to lie on the same curve.

The adsorption of some of these compounds on copper has been
examined in some detail (see Fig. 81 (c)). The alcohol gives an isotherm
very similar to that observed on nickel. Stearic acid, however, reacts
slowly with the copper; solutions in contact with it develop a pale blue
colour after some hours. In addition, assuming that at maximum up-
take the alcohol forms a close-packed monolayer, then Fig. 81 (c) shows
that more than onc layer is adsorbed on the copper. It is also evident
that the adsorbed layer gradually increases in thickness with time as
the reaction proceeds.

The solvent employed does not, within the narrow limits examined,
have any appreciable influence on the maximum uptake. For example,
a 1 per cent. solution of stearic acid in benzene, cyclohexane, octane,
and hexane gave adsorptions of 3-32, 3-43, 3-38, and 3-25 mgm./gm. on
the same sample of nickel powder. However, it is possible that more
polar solvents may influence the maximum adsorption. On more re-
active metals, such as zinc and cadmium, we should again expect to find
a continuous uptake of the acid due to chemical attack.

Some experiments have also been carried out to measure the heats
of adsorption of these compounds on metal surfaces. The difference in
the heat of physical and chemical adsorption for these compounds is
small. However, recent results indicate that with non-reactive metals
(silver, nickel) the adsorption is physical whilst with reactive metals
(iron, copper) the adsorption involves chemical reaction (Daniel, 1949).

MECHANISM OF BOUNDARY LUBRICATION

According to the earliest workers, the friction of clean solid surfaces
was due to the interlocking of surface asperities and the frictional work
was dissipated in raising one set of surface roughnesses over the other.
On this view, the effect of a lubricant was to form a film so thick that
the roughnesses of the surfaces could not come into contact with one
another, interlock, and so cause friction.

The more modern theories of boundary lubrication, however, assume
that the resistance to motion is due to intermolecular forces at the
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points of contact. The most systematic formulation of this theory is due
to the work of Hardy, who showed that the friction was not only
influenced by the chemical nature of the lubricant but also by the
nature of the underlying surface. Working with homologous series of
paraffins, alcohols, and fatty acids on various surfaces, Hardy found
that the static friction was a function of separate contributions by the
solid surfaces, the chemical series to which the lubricant belonged, and
the number of carbon atoms in its chain. To interpret these data Hardy
assumed that the friction between unlubricated surfaces is due to the
surface fields of force. When the lubricant is added, the lubricant
molecules are physically adsorbed and orientate themselves at each of
the solid surfaces to form a unimolecular film. The solids sink through
the lubricant layer until they are separated by only the unimolecular
adsorbed film. Since the polar groups adhere to the mectal surface,
contact takes place, not between the metal surfaces themselves, but
between the non-polar groups at the other end of the lubricant mole-
cules. Slip then takes place between these non-polar molecular sheets,
and the efficiency of a boundary lubricant is measured by the extent to
which these films can mask the field of force of the underlying surfaces.
It is apparent that this effect will depend on the polarity of the lubricant
molecule and on its chain length. Along these lines Hardy was able to
explain the linear relationship observed between the friction and the
molecular weight for different members of a homologous series. This
theory received indirect confirmation from the X-ray experiments of
Trillat, Bragg, and Miiller, who showed the existence of orientated films
at the surface of a metal. It also received some support from the
electron diffraction investigations described above on the structure of
surface films.

Nevertheless, the results quoted in the preceding chapters indicate
that Hardy’s theory of boundary lubrication is an over-simplification.
Even with the best boundary lubricants and with very light loads there
is some wear of the underlying surface once sliding has commenced.
A detailed microscopic examination of the surfaces such as that de-
scribed in Chapter IV shows, in fact, that the metal is torn to a depth
which is large compared with the dimensions of a molecule. Even more
striking are the results obtained using electrographic surface analysis,
and radio-active tracer techniques where the adhesion and smearing of
one metal surface on to the other, through the lubricant film, are clearly
demonstrated. With some metals the same effects are observed (using
the electron microscope) at loads much less than a gramme. These
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results mean that the friction of lubricated metals cannot, in general,
be due simply to the sliding of one lubricant monolayer over the other,
nor indeed can it be merely a function of the surface forces as Hardy
supposed. It must be greatly influenced by the bulk properties of the
metals concerned.

Further, as we have seen, physically adsorbed monolayers of long-
chain polar compounds may not give effective lubrication. For example,
liquid alcohols which are highly polar and are presumably well adsorbed
at the metal surface are poor boundary lubricants and scarcely better
than liquid paraffins. Again, on unreactive surfaces, liquid fatty acids
are almost as ineffective as liquid paraffins and alcohols. Finally,
though the friction decrcases with increasing chain length the longest
chain molecules do not in fact give zero friction as Hardy suggested;
the friction reaches a low but finite value.

As has been pointed out with unlubricated surfaces, the processes
occurring during sliding are complex and it is difficult at this stage to
give a really satisfactory quantitative theory of boundary lubrication
which is applicable to ordinary conditions of sliding. It is clear that any
such theory must take into account the metallic adhesion which occurs
through the lubricant film. We may do this by modifying the theory
of unlubricated surfaces to allow for the protection provided by the
lubricant film. If the ploughing term is small, the frictional resistance
of unlubricated surfaces may be writterr as ' = A4s, where 4 is the real
area of contact between the metals and s is the shear strength of the
metallic junctions formed at the points of contact. With clean metals the
welding is strong and the break frequently occurs within the metal
itself. In this case s will be equal to the shear strength of the metal. With
lubricated surfaces there is considerably less tearing of the metal
surface and the amount of intimate metallic contact is very greatly
reduced.

When lubricated metals are placed in contact under an applied load,
plastic flow occurs until the aiea is large enough to support the applied
load. As a result of this deformation a film of lubricant will be trapped
between the two metal surfaces and there subjected to very high pres-
sures. The pressure, however, will not be uniform over the whole region
of contact. In the regions where the pressure is highest a local break-
down of the lubricant film may occur, resulting in metallic adhesion.
The extent of this breakdown will naturally depend on the nature of the
lubricant film. Further, if the speed of sliding is appreciable, it will be
aided by local high temperatures developed during sliding. As a result
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of the partial breakdown of the lubricant film, metallic junctions which
are large in comparison with the size of a molecule are formed between
the surfaces.

The resistance to motion consists partly of the force necessary to
break these junctions. There will also be some resistance to sliding by
the lubricant film itself, and we may write:

F = A{Otsm—l-—(l—~a)81}, (1)
where A = the area which supports the applied load,
o = the fraction of this area over which breakdown of the film
has occurred,
s,, = the shear strength of the junctions at the metal-metal
contact,
8 = the shear strength of the lubricating film.

Thus if « remains essentially constant for a given lubricant and surface,
the frictional force will be proportional to 4, so that Amontons’s law will
hold as for unlubricated surfaces. This is observed over a very large
range of loads. For very small loads, as we saw in Fig. 74, Amontons’s
law may no longer be valid and the coefficient of friction may reach very
high values. It is probable that at these loads the deformation of the
underlying metal is too small to produce appreciable breakdown of the
lubricant film. The frictional force is largely due to the interaction of
the hydrocarbon film itself and the area over which shearing occurs is
no longer proportional to the applied load. The behaviour is not unlike
that observed with thin metallic films where at small loads the coeffi-
cient of friction may be very high (see Fig. 48). This would explain the
surprising observation that at very small loads the friction of a lubricated
surface may be higher than that observed with unlubricated surfaces.

In general, however, at loads above a few grammes, there is some
breakdown of the lubricant film and the load is supported by the under-
lying surfaces so that Amontons’s law is obeyed. With a good lubricant
the area over which the metallic junctions are formed may be very small
indeed. Nevertheless, the shear strength of these junctions may be so
high compared with that of the lubricant that they may be responsible
for some part of the resistance to motion.

The main difference between this view of the mechanism of boundary
lubrication and that suggested by Hardy is shown diagrammatically in
Fig. 82. Fig. 82 (a) depicts the mechanism proposed by Hardy where
interaction between the outer surfaces of the adsorbed monolayers is
envisaged, but where no metallic contact occurs. Fig. 82 (b) depicts the
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mechanism described above which involves a breakdown of the lubri-
cant film at small localized regions. The metallic junctions so formed
are partly responsible for the friction and almost entirely responsible
for the wear and surface damage involved.
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F1c. 82. Thesliding of solid surfaces under conditions of boundary lubrication. (a)Hardy’s
view which envisages physical adsorption of the hydrocarbon, alcohol, or fatty acid.
The frictional resistance is duo to interaction botween the outer surfaces of the adsorbed
monolayers without any metallic contact occurring. (b) Mechanism involving breakdown
of the lubricant film at small localized regions. The load is supported over an area A,
whilst metallic junctions are formed through the lubricant film over a much smaller area
ad. The force to shear these metallic junctions (x4s,) in general constitutes part of
the friction observed. The remainder of the frictional force is involved in shearing
the lubricant film {(1—a)4s;}. Further, if the lubricant is a fatty acid it may react with
the metal to form a metallic soap.

On this view, therefore, the main function of the lubricant film is to
reduce the amount of intimate metallic contact between the surfaces by
interposing a layer that is not easily penetrated and that possesses a
relatively low shear strength. In order to prevent appreciable contact
the lubricating layer must, in addition to being firmly attached to the



224 MECHANISM OF BOUNDARY LUBRICATION Chap. X

surface, possess strong lateral adhesion between the hydrocarbon chains.
The results described in this and the previous chapter suggest that the
lateral adhesion between the long chains of the lubricant molecules are at
least as important as the strength of attachment to the surface. For
example, liquid long-chain alcohols (or liquid fatty acids on unreactive
surfaces) which are highly polar and well adsorbed at the surface are worse
boundary lubricants than solid paraffins which are only weakly adsorbed
at the metal surfaces. When these solid paraffins are melted, however,
the lateral adhesion falls to a low value and metallic welding occurs
with a corresponding increase in friction and wear.

In the liquid state, paraffins, alcohols, esters, etc., are not good
boundary lubricants. They give a relatively high coefficient of friction
and there is appreciable seizure and wear of the surfaces. Nevertheless,
they do reduce the friction and wear considerably. For example, clean
copper surfaces have a coefficient of friction of p = 1-4; with liquid
paraffin oil, the friction is reduced to about u =~ 0-8 and there is a corre-
sponding reduction in wear. It is clear that the liquid paraffin molecules
have been able to reduce the amount of metallic contact even though
they possess little lateral adhesion and relatively weak attachment to
the surface. Further, with the pure liquid paraffins, alcohols, and acids
there is a steady decrease of friction with increasing chain length. This
effect is seen in Hardy’s results and in the results quoted in the previous
chapter. Apparently the longer chain length gives a greater measure
of lateral adhesion between the lubricant molecules or provides a greater
separation between the surfaces so that the lubricant film is better able
to prevent breakdown and metallic seizure. The decrease in friction
continues with increasing chain length until the stage is reached at
which the molecule is solid at room temperature. The friction now
reaches its minimum value, which does not fall below about u = 0-05-0-1.
Even at this stage the solid film of paraffin or alcohol is usually unable
to prevent some metallic contact occurring between the metal surfaces.

The importance of strong lateral adhesion between the lubricant
molecules is again shown by the lubricating properties of fatty acids.
At the loads and speeds used in the experiments described in this
chapter, fatty acids on non-reactive metals prove to be hardly more
effective as boundary lubricants than aliphatic hydrocarbons. Even
when they form well-adsorbed and oriented films on platinum and nickel
surfaces, the fatty acids do not lubricate effectively above their bulk
melting-points. That is to say that, though they produce a marked
reduction in friction and wear, their behaviour is similar to that of
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liquid aliphatic hydrocarbons. If, however, they are applied to surfaces
with which they can react they readily form a film of metallic soap.
These soap films possess strong lateral cohesion and their softening-point
is usually very much higher than the melting-point of the pure acid.
As a result the lubricating film so formed is capable of providing effec-
tive lubrication to a higher temperature. In addition the metal soap is
formed #n sitw and will, in general, be well attached to the surface. On
account of their high lateral cohesion and the fact that they can with-
stand appreciable deformation without rupture, these soap films are
usually very protective and with some metals even a monolayer is suffi-
cient to reduce the penetration and metallic contact to a very low value.
With other metals, however, considerably thicker films may be neces-
sary. These films maintain their lubricating properties with increasing
temperature until the softening-point of the soap is reached. At this
stage the film softens or melts and increased metallic contact occurs
through it, with a corresponding increase in friction and wear. As the
soap film loses its lateral cohesion its linkage to the metal surface also
grows weaker and the breakdown of the lubricant film is often accom-
panied by its dissolution into the superincumbent oil or excess acid.

We see, therefore, that fatty acids are ‘good’ boundary lubricants
because of the special properties possessed by the metallic soap. There
is, however, another way in which the formation of a metallic soap may
affect the frictional behaviour of sliding surfaces. At higher sliding
speeds the formation of a viscous soap film of appreciable thickness may
lead to a relatively large separation of the surfaces even at speeds well
below those at which hydrodynamic lubrication might be expected to
begin. As a result, the conditions are no longer those of true boundary
lubrication and the friction and wear may fall to very low values. This
effect has been described in an interesting paper on quasi-hydrodynamic
lubrication by Beeck, Givens, and Smith (1940).

Because of their remarkable protective properties thin films of metallic
soaps may be applied directly to metal surfaces where they will often
function as extremely effective boundary lubricants. With these films,
however, the physical texture and the mode of deposition may be very
important. The best frictional properties are obtained when the soap
film has a close coherent texture, is evenly deposited over the surfaces,
and is firmly adsorbed. These films will lubricate until the softening-
point of the soap occurs. If, however, the attachment of the soap to the
surface is weak and there is a superincumbent layer of oil present, it may

dissolve in the excess oil at a temperature lower than its softening-point.
3696.72
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Again, if there are solvents present in appreciable quantities in the soap
film, violent ebullition may cause them to disrupt the lubricant film.
Under these conditions, the breakdown of the lubricant film will occur
at temperatures below the softening-point of the metallic soap.

The softening-point of a soap is not clearly defined and may cover
a wide temperature range. The actual temperature at which the weaken-
ing of the soap film will allow sufficient penetration to cause an appre-
ciable increase in metallic adhesion (and hence in the friction and wear)
may depend on the physical conditions of the experiment. With any
given metal and lubricant the transition temperature is in fact depen-
dent upon the load, speed, and shape of the sliding surfaces.

A comparison has already been made between the lubricating proper-
ties of thin metallic films and of boundary lubricant films. As we saw,
both types of film can produce a substantial reduction in friction, and
their behaviour with respect to wear and temperature is similar. There
are, however, two marked differences. Firstly the melting-point of
metallic films and films of pure paraffins, alcohols, etc., is clearly defined
and the breakdown occurs sharply at the melting-point. With metal
soaps, however, the softening-point is not at all clearly defined and the
breakdown occurs at temperatures depending on the physical constants
of the apparatus. The second and most striking difference between thin
metallic films and soap films is that even on rough surfaces a single
molecular layer of soap may provide effective lubrication, whereas metal
films must be appreciably thicker to be effective (c. 10-% ecm.). Solid
hydrocarbons and alcohols also need to be relatively thick to provide
effective lubrication. The extremely high tenacity of the soap mono-
layer and its ability to prevent metallic seizure is, indeed, remarkable.
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XI
ACTION OF EXTREME PRESSURE LUBRICANTS

IN the previous chapters we saw that the main function of a lubricant
film is to reduce the amount of intimate metallic contact between
sliding metal surfaces. Under extreme conditions of load and speed,
even the best boundary lubricants of the fatty acid or metallic soap
type may break down with a consequent increase in the friction and
amount of surface damage. This occurs, for example, with hypoid
gears where the rubbing surfaces are made of very hard steel and the
gliding speeds are relatively high. Here it is customary to use lubricants
to which certain active radicals or groups have been added. These addi-
tives are referred to as ‘extreme pressure’ additives, and the resultant
lubricants are termed ‘extreme pressure’ or ‘E.P. lubricants, since
they enable the rubbing surfaces to run satisfactorily under-conditions
where ordinary mineral or vegetable oils would prove inadequate. The
term ‘extreme pressure’ lubricant is somewhat misleading. It is true
that with hard surfaces the area of contact for a given load will be
smaller so that the pressure on the lubricant film will be greater. But
it is the high temperatures developed between the rubbing surfaces under
these severe conditions of sliding that are primarily responsible for the
breakdown of the lubricant film, and this temperature effect will be
more marked if the surfaces are hard. In addition, as we shall see, it is
the high surface temperatures which play an important part in rendering
these ‘extreme pressure’ lubricants effective.

A review of the patent literature over the last fifteen years indicates
that almost every element in the periodic table has, in one form or
another, been claimed to possess ‘extreme pressure’ properties. A more
systematic survey shows, however, that the most widely used substances
in ‘extreme pressure’ additives are sulphur, chlorine, and phosphorus.
The general view of the action of these substances is that, owing to the
thermal decomposition of the additive during running, a compound is
formed with the metal surface which reduces the friction or the amount
of surface damage. Thus Beeck, Givens, and Williams (1940) have shown
that materials such as tricresyl phosphate react with the metal surfaces
to form phosphides which have a very specific effect on the frictional
properties of the surfaces. Davey (1945), working with additives con-
taining chlorine, has shown that they function by the liberation of free
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chlorine and the formation of metal chlorides, while sulphurized addi-
tives have long been known to form sulphide films. In the first part of
this chapter we shall describe an investigation carried out mainly by
Mr. Gregory on the lubricating properties of thin films of metallic
chlorides and on the way in which their behaviour compares with that
observed when stirfaces are lubricated with certain organic compounds
containing chlorine. In this investigation a study has been made of the
frictional properties of these compounds over a wide temperature range.
In the second part we shall describe a similar investigation carried out
mainly by Dr. Greenhill (1948) on sulphide films and compounds con-
taining sulphur. In the third part we shall discuss an investigation on
the use of typical extreme pressure lubricants in certain machining
operations.

EY 100 150 200 250 300
Temperature C.

Fi1c. 83. Friction of chloride films on steel as a function of temporature. I, Chlorido film
alone. II, Chloride film covered with paraffin oil. III, Ferric chloride filin,

LuBRICATION OF METALS BY COMPOUNDS
CONTAINING CHLORINE

Chloride films

Experiments were carried out on chloride films produced by exposing
steel, copper, and cadmium surfaces to dry chlorine gas for a definite
period. The frictional measurements show that if the films are thick
enough to produce interference colours, i.e. about 1,000 A thick, they
can cause a very large reduction in friction and surface damage up to
elevated temperatures. If the chloride film is covered with paraffin oil
the friction is reduced even further. The effect of chloride films is
particularly marked with steel surfaces, where the coefficient of friction
does not exceed p = 0-2 even at a temperature of 300° C., as is seen in
Fig. 83 (curves I and II). That this is due to the chloride film is
supported by the fact that ferric chloride deposited on steel from an
ethereal solution gives similar results (Fig. 83, curve III).
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With copper and cadmium surfaces the reduction in friction is not so
marked [u lies between 03 and 0-4], but the low coefficient of friction
is maintained up to temperatures excecding 300° C. In all cases the
chloride films are readily hydrolysed by the presence of moisture in the
air and rapidly lose their lubricating properties. This is especially
marked with steel surfaces, and special precautions were taken to form
the chloride film in a desiccator and carry out the frictional measure-
ments immediately after removal from the desiccator.

Compounds containing chlorine
Long-chain paraffinic halides. Frictional experiments were carried out
using octadecyl chloride, cetyl bromide, and cetyl iodide (m.p. ca. 20°C.).

CH, CH, CI|'I3
(CI% 21 (Cl‘|[2)u (C}Tz)u
HCH HCH HCH
Cl Br I
Octadecyl Cetyl Cetyl
chlorido bromido iodido

In all cases these compounds gave a low friction and slight surface
damage when solid, but increased friction and surface damage above
their melting-points, ca. 20° C. This behaviour is similar to that of
straight-chain paraffins except that the coefficient of friction is some-
what lower. It would appear, therefore, that under the experimental
conditions involved there is no reaction between the compounds and the
surface to form a metallic chloride film. Even at elevated temperatures
the friction remains high, showing that the compounds do not react.

Compounds contatning the »SeCl, group. Friction measurements
show that a number of selenium compounds containing the »SeCl,
group are very effective as boundary lubricants. A typical compound
investigated was BB’-dichlor dicetyl selenium dichloride, prepared by
the reaction of cetene with selenium tetrachloride according to the
following equation:

CH,(CH,),;—CHCl—CH,
>Se -

CH,(CH,),;—CHCl—CH;
Results obtained on steel surfaces with this compound are shown in
Fig. 84. It is seen that at a temperature between 150° and 180° C. a
large reduction in friction occurs (curve I) and this effect is more
marked at higher concentrations (curve II). This is due to the reaction
of the compound at this temperature with the steel surface to form the
metal chloride. Since stearic acid lubricates steel surfaces up to about

2CH,(CH,);;—CH=CH, +SeCl, -
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160° C., effective lubrication up to the temperature of reaction may be
expected if we add a small quantity of stearic acid to the lubricant.
Fig. 84, curve III, shows that, with a solution of paraffin oil containing
1 per cent. of the chloride and 1 per cent. stearic acid, this does in fact
occur. A low coefficient of friction is obtained from room temperature
to over 300° C.

0 50 100 150 200 250
Temperature °C.

F1c. 84. Friction of chlorine-containing compounds on stoel surfaces as a function of

temperature. I, 0-1 per cent. solution of 4 in paraffin oil. II, 1-0 por cent. solution of 4

in paraffin oil. III, 1 per cent. solution of 4+ 1 per cent. solution stearic acid in paraffin
oil. A4 is BB’-dichlor dicetyl selonium dichloride.

With copper and cadmium surfaces a solution of the compound in
paraffin gave better results than the paraffin oil alone, but the behaviour
in no way resembled the extremely good lubrication obtained with steel
surfaces.

The effectiveness of this compound and of other compounds con-
taining the »SeCl, group is not due primarily to the presence of the
selenium atom, but to the presence of the chlorine attached to the
selenium. If the chlorine is removed by hydrolysis (so producing
the dihydroxide) or removed with zinc dust (to give the selenide), the
resulting compounds are poor boundary lubricants and show no sudden
decrease in u at a critical temperature. Further, in the lubrication of
steel surfaces with »SeCl, compounds, there was direct evidence that
the lubricating film formed at the higher temperatures was the metal
chloride. This was shown by refluxing iron filings with an alcoholic
solution of a typical selenium dichloride compound. After reaction it
was found that iron chloride had been formed, and titration in aqueous
solution showed that about 80 per cent. was ferrous chloride, the
remainder being ferric.

Long-chain acid chlorides. A few experiments were carried out using
dilute solutions of stearyl chloride in paraffin oil. Stearyl chloride has
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the formula CH,(CH,),,COCI, and it differs from a long-chain paraffinic
halide (e.g. octadecyl chloride) in that the end group is COCI, in which
the chlorine is reactive, instead of CH,Cl. With steel surfaces a solution
containing as little as 0-5 per cent. stearyl chloride gave smooth sliding
and low friction up to 300° C. With copper surfaces, however, solutions
containing up to 5 per cent. stearyl chloride did not provide effective
lubrication. '

Importance of chloride formation

As we have seen, chloride films themselves can be very efficient
boundary lubricants on steel surfaces, both when dry and when in the
presence of paraffin oil. They are less effective on copper or on cadmium
surfaces. On steel surfaces a thin film of iron chloride causes a great
reduction both in the frictional force and in the amount of wear and
seizure. This means, in terms of equation (1), Chapter X, that the
chloride film formed on steel gives a low value to both s; and «. These
films have a lamellar structure and are sheared easily. They are, how-
ever, only effective when they are anhydrous. Hydrolysis due to
moisture causes a rapid deterioration in their lubricating properties.
In addition the formation of hydrochloric acid may lecad to excessive
corrosion of the surfaces.

The lubricating behaviour of organic compounds containing chlorine
varies with the stability of the compounds and with the nature of the
metal surfaces. Long-chain halides, such as octadecyl chloride, are
stable even at 300° C., so that no chloride film is formed; these com-
pounds are relatively poor lubricants. On the other hand, compounds
containing labile chlorine atoms which may become unstable at moderate
temperatures are efficient lubricants, particularly on steel surfaces. The
properties of the compounds containing the >SeCl, group seem to be
mainly dependent on the chlorine atoms and not on the selenium. This
is shown by hydrolysis or dechlorination. If the chlorine is removed
by cither method, the lubricating properties disappear. Further, the
formation of the chloride film may be observed visually at a temperature
characteristic of the given compound, and the drop in friction occurs
just at this temperature.

Although it is clear that the lubrication produced on steel surfaces
is due to the formation of the metal chloride, it is not clear whether
the film is ferric, ferrous, or both. Chemical tests indicate that the
anhydrous chloride produced from the )SeCl, compounds is predomi-
nantly ferrous. On the other hand, the film formed by exposing steel
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to chlorine is ferric chloride, but it is possible that at higher tempera-
tures the reaction 2FeCl; + Fe — 3FeCl, may occur. On the other
hand, recent electron diffraction work by Brummage shows that at
high temperatures the film may be an oxychloride. The composition of
the lubricating film, therefore, is not exactly known, nor is it clear
whether the composition is the same at high temperatures as at room
temperature.

These experiments show that compounds containing a labile chlorine
atom may provide very effective lubrication of steel surfaces by the
formation of a surface film of chloride. With copper and cadmium,
however, although similar surface films may be formed the lubrication
is far less cffective, and this is presumably due to the fact that these
chloride films do not possess the appropriate shear properties.

LuBricaTioN OF METALS BY COMPOUNDS
CONTAINING SULPHUR
Sulphide films

Thin films of metal sulphides were formed on steel, copper, silver, and
cadmium surfaces by immersing the metals in an ammonium poly-
sulphide solution or in a dilute solution of sodium sulphide. Friction
experiments show that these films produce their maximum reduction
in friction when their thickness exceeds about 1,500 A. This is shown
in Fig. 85 for copper surfaces where the thickness of the film has been
estimated from an optical interference method due to Constable (1929).
It is seen that the coefficient of friction does not fall below about 0-5,
so that the reduction in friction is not as marked as with chloride films.
However, these films arc not sensitive to the presence of moisture and
they retain their properties up to very high temperatures. Further,
taper sections of the tracks formed show that they produce a very
marked reduction in the amount of seizure and surface damage. Typical
results for copper surfaces are shown in Plate XXIII. @ and b.

If the sulphide films are covered with paraffin oil the frictional beha-
viour is better than that obtained with either paraffin oil or a sulphide
film alone. The best results, however, are obtained if the paraffin oil
contains a small percentage of fatty acid. Here the fatty acid provides
a low coefficient of friction up to about 160° C., whilst above this
temperature, when the acid or soap film breaks down, the sulphide film
prevents heavy seizure. Fig. 86 shows a comparison of these friction
results on steel. Photomicrographs of the tracks formed show corre-
sponding reductions in the amount of surface damage.
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Sulphurized compounds

Sulphurized oleic acid and sulphurized cetene. Some friction measure-
ments were made with two sulphurized compounds which approximate
to the conventional sulphurized lubricants used in machining operations
and other extreme pressure processes. The first was sulphurized oleic
acid and was made by heating oleic acid with the calculated amount of
sulphur. The second was sulphurized cetene and was prepared in a
similar manner. The formulae of these substances are doubtful, but the
sulphur is probably attached across the double bond and is therefore
loosely bound to the molecule. Both lubricants gave similar results on
steel and silver. The friction was low (x = 0-1) and the surface damage
slight over the whole temperature range from 20° to over 300° C.
A visible sulphide film was formed in all cases and it was evident that
the behaviour was essentially the same as that of sulphided surfaces
covered with a layer of oleic acid or of cetene respectively.

Pure long-chain sulphur compounds. Frictional experiments were
carried out using long-chain aliphatic compounds containing sulphur.
These compounds, which are described below, are highly polar but are
readily soluble in paraffin oil and were usually tested as a 1 per cent.
solution. Not one of the compounds examined had any appreciable
effect on platinum or silver surfaces. The friction remained as high
as when paraffin oil itself was used. On steel, copper, and cadmium
surfaces, however, it was found that the compounds could be divided
into three main classes. The first class consists of long-chain sulphides,
disulphides, and thiocyanates such as:

CH, CH, CH, CH, CH, c1|{,
(CH,),y  (CH,)yy (CH,)y,  (CHy)yy (CHy)s (CHyyy
CH, CH, CH, CHCl  CHCI Cl{2

L ~s— | | ‘

S CH, CH, S—CN

™~

CH, s
Cetyl Dicetyl BB’-dichlor Cetyl
methyl sulphide dicetyl sulphide thiocyanate
sulphide

None of these compounds was effective, and it was evident that under
the conditions of the experiment there was no chemical reaction with
the surfaces. Similar results were obtained with two aromatic sulphur
compounds, though there was evidence that at very much higher tem-
peratures they broke down and attacked the surface to form the metal
sulphide.
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The second class consists of sulphur compounds possessing a replace-
able hydrogen atom. The compounds investigated included:

CH, CH;, CH, CH,
(CHy)1e (CH)1q (CHz)io (C |2)1s

CH, C}|Iz CH, H—C—SH

SH 0=8=0 C—SH |‘=O
OH . S OH

Cetyl Cetyl Di-thio a-mercapto

mercaptan  sulphonic  tridecylic palmitic acid

acid acid

These substances showed little sign of reacting with the metal surface
to form a sulphide film. Further, although they provided cffective
lubrication on steel, copper, and cadmium surfaces they were no more
effective than paraffin oil alone on silver or platinum. The frictional
behaviour of these compounds is thus very similar to that of fatty acids
and the results suggest that their effectiveness as boundary lubricants
is due to their reaction with the metal to form a compound analogous
to a metallic soap. This view is confirmed by experiments carried out
on the lubricating propertics of the copper and cadmium derivatives of
cetyl mercaptan and «-mercapto-palmitic acid. Their frictional beha-
viour on any metal surface is similar to that observed when the original .
compounds are applied to copper or cadmium surfaces. This similarity
has already been discussed in Chapter X.

The third class consists of active compounds not containing a replace-
able hydrogen atom, such as dithiocyanates. Dithiocyano-stearic acid
prepared from oleic acid and free thiocyanogen (SCN), provides very
good lubrication on steel, the friction remaining low up to 300° C.
(de Kadt, unpublished). This compound is of uncertain composition but
the CNS group is present. It is not, however, effcctive on copper or
cadmium. Similar results are obtained with a compound prepared from
cetene and thiocyanogen. The behaviour of these compounds is ob-
viously not due to sulphide film formation, and the evidence points to
the formation of a film of ferric thiocyanate. This view is confirmed by
experiments on the lubricating properties of thin films of ferric thio-
cyanate deposited on steel surfaces from an ethereal solution and by
direct exposure of the steel to ethereal solutions of thiocyanogen. If
these films are kept dry by covering with a thin layer of paraffin oil,
they give smooth sliding and a low friction up to temperatures well over
~ 200° C. In the presence of moisture, however, these films hydrolyse and
cease to provide effective lubrication.
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Importance of chemical attack and of nature of surface film

We see that sulphide films, provided they are above a critical thick-
ness, are able to reduce the friction and surface damage between sliding
metals. The reduction in friction, however, is not as marked as that
observed with chloride films. In terms of equation (1), Chapter X, we
may say that sulphide films produce a great reduction in «, so that the
wear and surface damage are reduced, but s, is still fairly high. The
coefficient of friction for sulphide films in fact never falls below about
p == 0-50. In contrast, chloride films give a low value for both s and «,
so that both the friction and the wear are greatly diminished. The low
friction of the chloride films on iron is probably bound up with the
physical structure of iron chloride, which has a lamellar structure and
is readily sheared. The measurements show, in fact, that its frictional
properties are similar to those obtained with fatty acid lubrication. On
other metals the chloride films do not give so low a friction, probably
because of the different structure of these films. Sulphide films on iron
and other metals are comparatively hard, and although they are effec-
tive in preventing metallic contact they do not give a particularly low
friction. They are, however, very stable, are unaffected by the presence
of moisture, and retain their anti-seizing properties up to very high
temperatures.

When paraffin oil containing a small proportion of fatty acid is added
to the sulphide film, the fatty acid reacts to form a metallic soap on top
of the sulphide layer. This produces a very low coefficient of friction
up to the temperature at which the metallic soap softens or melts.
Although the friction increases rapidly at this stage, the presence of the
sulphide film prevents excessive wear and seizure up to very much
higher temperatures. As the experiments with sulphurized oleic acid
and sulphurized cetene show, this mechanism probably accounts for the
behaviour of the majority of extreme pressure lubricants containing
sulphur. These results therefore, confirm the accepted view that for a
very large class of sulphurized lubricants the essential action of the
lubricant is to react with the sliding surfaces to form a sulphide film.
If the compounds are so stable that they do not react with the surface
they are no more effective in paraffin oil solutions than the paraffin
oil itself. Thus long-chain sulphides and disulphides which are non-
reactive under the conditions,of the experiments do not lubricate any
metal.

The experiments show, however, that some sulphur compounds
which do not form sulphide films may yet provide effective boundary
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lubrication. This occurs, for example, with sulphur compounds which
are acidic in nature. They function by reacting with the surface to form
metallic compounds analogous to metal soaps, so that the sulphur really
plays no part in their operation. These ‘soaps’ may serve as very effec-
tive lubricating films if their softening-points are high. At sufficiently
elevated temperatures, however, they probably decompose to form
sulphide films.

Another type of sulphur compound which is effective as a boundary
lubricant but which does not form a sulphide film is the group con-
taining the thiocyanate radical CNS. These substances decompose
and the thiocyanate group attacks the surface, forming a thiocyanate
film. Such compounds only appear to be effective on steel surfaces
and therefore resemble the chlorine extreme pressure additives very
closely. Indeed, anhydrous ferric thiocyanate Fe(CNS); and ferric
chloride FeCl; are both efficient boundary lubricants up to high
temperatures.

Tt is not suggested that the compounds described in this and the pre-
ceding part are necessarily good practical ‘cxtreme pressure’ additives,
but that the action of these compounds is similar to that of conventional
‘E.P.’ additives. The results show, as with chlorine compounds, that
many additives containing sulphur are specific for a given metal or group
of metals. The problem of choosing an extreme pressure additive de-
pends, therefore, not only on the conditions such as temperature and
pressure, but also on the type of metal to be lubricated.

PHOSPHORUS ADDITIVES

Beeck, Givens, and Williams (1940) have shown that some phos-
phorus additives function by reacting with the metal surface to form
metal phosphides. These workers suggest that the phosphide film pro-
duced at the high spots forms a low-melting eutectic with the underlying
metal and this material is wiped or polished away by the sliding process
to leave a smooth surface. On this view the ‘extreme pressure’ proper-
ties (or load-carrying capacity) of phosphorus additives are essentially
due to a process of ‘chemical polishing’. In some cases it would seem
that chemical polishing is not the main factor, but more work needs to
be done on this. It is probable that the phosphorus compounds often
act in a manner similar to that of compounds containing sulphur and
chlorine in that surface films are formed which are protective and which,
with some metals, may possess a low shear strength.
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REAcTIVITY OF EXTREME PRESSURE ADDITIVES

With many types of extreme pressure additives, reaction with the
metal surface does not take place very rapidly at room temperature.
Consequently until the temperature of reaction is reached, these sub-
stances may prove relatively ineffective as boundary lubricants. For
this reason it is often advantageous to include in the lubricant a small
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F1c. 87. Frictional behaviour (schematic) of various lubricants, as a function of

temperature. I, paraffin oil; II, fatty acid; 11T, E.P. lubricant which reacts with

the surfaces at tomperature T',; IV, mixture of E.P.lubricant and fatty acid. The

fatty acid provides effective lubrication up to the temperaturc at which the E.P.
additive reacts with the surface.

quantity of fatty acid which may provide effective lubrication at tem-
peratures below the reaction temperature of the additive. A stylized
description of this behaviour is shown in Fig. 87 where the coefficient
of friction is plotted against the temperature. Curve I is for paraffin oil
and shows that the friction is initially high and increases as the tempera-
ture is raised. Curve II is for a fatty acid which reacts with the surface
to form a metallic soap; this provides good lubrication from room
temperature up to the temperature at which the soap begins to soften.
Curve 111 is for a typical extreme pressure additive which reacts very
slowly below the temperature 7, so that in this range the lubrication is
poor: above T, the protective film is formed and effective lubrication
is provided up to a very high temperature. Curve IV is the result
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obtained when some fatty acid is added to the additive. Good lubrica-
tion is provided by the fatty acid below 7, whilst above this tempera-
ture the greater part of the lubrication is due to the additive. At still
higher temperatures, not shown on this figure, a deterioration in lubri-
cating properties will also occur for both curves III and IV.

The rcactivity of the additive will, of course, depend largely on the
type of operation for which it is being used. It is clear that for such
processes as cutting and drawing a relatively unstable compound may
be used, since corrosion is not of very great importance. In a running
machine, however, an additive which is too unstable under running
conditions may do more harm than good if the high reactivity of the
additive results in excessive chemical corrosion. In this type of machine
the additive should be one which will give rise to chemical reaction only
at temperatures or pressures in the region of danger, i.e. when welding
and tearing become so great that high wear and subscquent seizure will
otherwise occur. It follows from these considerations that extreme
pressure lubrication is, in fact, largely a problem in controlled corrosion.
The stability of the additive must be so chosen that under mild condi-
tions no appreciable reaction occurs whilst under severe conditions there
is adequate chemical reaction without excessive corrosion. When the
reaction product is formed on the surface it should have the appropriate
physical properties for reducing intermetallic contact at the operating
temperature. It is an additional advantage if it possesses a low shear
strength so that it also gives a low coefficient of friction.

EXTREME PRESSURE LUBRICANTS IN THE
CUTTING AND DRAWING OF METALS

When metals are machined or cut as in planing, turning, or grinding
operations, the work required to separate the removed material from
the parent material depends on the strength of the metal and on the
friction between the nose of the cutter and the chip. As the removed
material is continuously exposing clean metal to the nose of the tool,
the frictional force involved may be very high indeed. The friction may,
in fact, constitute an undesirably large part of the total work required
in the cutting operation. This energy appears very largely as heat and,
as Herbert (1926) showed many years ago, may produce temperatures
of many hundreds of degrees at the rubbing surfaces. Further, the
rubbing action between the work and the tool may produce very heavy
wear of the tool nose. This in turn may lead to a deterioration in the
surface finish of the machined material and to a marked reduction in
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Fia. a. Taper section of track produced on a copper
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the rubbing of the chip (X 5)
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the effective life of the tool. These factors and the general physical
processes involved in the cutting operation have been described in an
admirable booklet by Ernst and Merchant (1940).

For these reasons it is customary to use cutting fluids in all but the
lightest cutting operations. The main function of the cutting fluid is
to cool the work and to reduce the friction and wear between the rubbing
surfaces. In spite of the cooling action of the fluid, the temperature
between the metal and the nose of the tool may be very high. This is
particularly marked if the metal is tough. For this reason a good cutting
fluid should act as a boundary lubricant which can operate effectively
at high temperatures and high pressures.

In a great number of machining operations the continuous rubbing
of the metal on the tool rapidly leads to the formation of a very thin
strongly-adhering layer of metal on the nose of the tool. As a result,
most of the cutting takes place between this ‘built-up’ edge and the
metal itself. If the lubrication is poor or completely absent, the built-up
edge gradually grows in size until finally it is torn off together with a
portion of the tool material. A damaged tool nose together with a
typical wear ‘ crater’ is shown in Plate XXTIII. ¢. If, however, the lubrica-
tion is effective, the built-up edge remains small and protects the nose
of the tool from excessive wear. It is clear, therefore, that a great part
of the rubbing action may occur not between the tool surface and the
metal but between the metal and the ‘built-up’ edge. That is to say in
many machining operations lubrication is largely a problem of lubricat-
ing a metal sliding on itself at high temperatures.

It is interesting to compare the lubricating properties of an oil with
its effectiveness as a cutting fluid. Investigations show that, under some
conditions, there may be a close correlation between the two. Some
experiments were carried out on the lubricating properties of a number
of oils up to temperatures of 250° C. on surfaces consisting of a 3 per cent.
Ni steel (Vickers hardness 200). The results were compared with the
performance of the same oils in an actual machining operation (Brook-
man and Ham, 1941).

The frictional behaviour of some of the lubricants is shown in Fig. 88.
It is seen that with some oils lubrication breaks down at a comparatively
low temperature; the friction rises to a high value and intermittent
motion occurs. This rise in friction is accompanied by a corresponding
increase in surface damage. This is very marked for example with oils
Nos. 1, 2, and 3, which must therefore be judged as possessing poor

lubricating properties at high temperatures. With other lubricants,
3595.72 R
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however, smooth sliding and low friction are maintained up to very
high temperatures. A systematic survey of the effect of various in-
gredients showed that on the whole the best results were to be expected
if the lubricant contained a few per cent. of fatty oils, between 2 and
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F1o. 88. Frictional behaviour of a number of cutting oils as a function of temperature.
Steel surfaces. Oils 1 and 3 break down at temperatures below 100° C. Oils 5, 6, and 7
provide effective lubrication up to temperatures exceeding 200° C.

4 per cent. sulphur, and between 0-5 and 1 per cent. of chlorine. On
the basis of these conclusions further samples of lubricants were pre-
pared with this range of composition and their lubricating properties
examined. The laboratory experiments showed that of all the oils
tested, this group of lubricants possessed the best boundary lubricating
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properties. The frictional behaviour of some of these products is shown
in Fig. 88, the best results being given by Nos. 4, 5, 6, and 7 in increasing
order of performance.

Some practical tests were then carried out on a cutting operation in
the production shop. The machining performance was judged in terms
of the tool life consistent with a certain quality of surface finish. The
investigations showed that on the whole there was a good correlation
between the lubricating properties of the oils at elevated temperatures
as measured in the laboratory and the practical performance.

An interesting point, however, was the anomalous behaviour of oil 7.
Oils 4, 5, and 6, which had increasingly good lubricating properties, gave
an increasingly good performance in practice. Oil 7, however, which had
the best lubricating properties, gave a worse performance; it gave a good
finish but a smaller tool life. This result was interpreted as being due
to the fact that as the lubrication was improved the built-up edge was
reduced in size. If the lubrication was too good, however, as apparently
occurred with oil 7, no built-up edge was formed. As a result the surface
finish was good but the tool wear was greatly increased. These conclu-
sions emphasize the important role of friction between the work and the
tool in machining operations, a factor which has frequently been stressed
by Ernst and Merchant and other workers.

It is of course clear that correlation between the frictional properties
of a lubricant as measured in the laboratory and its performance as
observed in a practical machining operation will not always be close.
In some circumstances the actual conditions in the machining process
may be very different from those applying in the laboratory experi-
ments. The correlation between laboratory frictional measurements
and practical performance may then be very poor indeed. Two very
important factors, for example, are the sliding speeds and the accessi-
bility of the work to the lubricant. As we have seen in Chapter IX, the
frictional behaviour of lubricated surfaces may be markedly dependent
on the speed of sliding. If the laboratory experiments are carried out
at speeds very different from those at which the removed material slides
over the nose of the tool, the frictional behaviour in the two cases may
be significantly different. Again, in the laboratory experiments the
lubricant is usually applied in a manner that ensures the presence of a
Iubricant film between the sliding surfaces. In a cutting operation,
however, the lubricant must penetrate into the very narrow crevices
ahead of the tool nose and it must react with the metal so rapidly hat
by the time the chip has reached the tool nose the lubricating film has
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been formed. It is clear, therefore, that the accessibility of the work
to the lubricant and the rate at which the lubricating film can be formed
on the metal are of the very greatest practical importance. These factors
may under some conditions prove more significant than the intrinsic
lubricating properties of the lubricant film itself.

Another metal-forming operation in which lubrication is of great
importance is the drawing of metals. In this operation the metal is
forced through a hard steel die and takes up the shape imposed by the
geometry of the die and the plunger. The plastic deformation which takes
place involves high pressures between the surface of the metal and the
die and high surface temperatures. If lubrication is poor there is marked
adhesion to the surface of the die. This causes bad scratching and
tearing of the surface of the drawn article and the die must be resurfaced.
Here, again, as with machining operations, drawing fluids are used to
cool the work, to reduce the friction between the die and the work, and
to diminish the amount of pick-up and seizure.

For lighter drawing operations a solution of soap, e.g. sodium stearate,
is often satisfactory. For more extreme operations, however, where the
amount of deformation of the metal is greatly increased, active ingre-
dients, such as chlorine and sulphur, must be added to the lubricant.
It is interesting to note that here again a close correlation exists between
the lubricating properties of the drawing fluid and its performance in a
drawing operation. This was shown in an examination of the lubricating
properties of a number of lubricants over a temperature range of 20° to
250° C. The lower surface was of brass and the upper surface was a
hemispherical slider of die steel which was covered, before each experi-
ment, with a thin film of brass. The lubricant was applied to the surface
in the form of a water emulsion (Greenhill, Ham, and Tabor, 1945).

The friction measurements showed that sulphur in the lubricant
improved the lubricating properties at high temperatures, though if the
‘free’ sulphur content was too high it caused excessive staining of the
brass surface. ‘Combined’ sulphur, that is, sulphur more firmly bound
to the lubricant molecule, reduced the amount of staining but did not
provide such effective lubrication. It was also found that the presence
of reactive chlorine produced an additional improvement in the fric-
tional behaviour. These results are in direct agreement with those
described in the earlier portions of this chapter. On the basis of the
frictional measurements a lubricant was prepared, as in the cutting
cxperiments described above, which gave very effective lubrication up
to a temperature of over 200° C.
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Parallel with the laboratory investigation, a series of practical tests
was carried out in the factory. In particular a comparison was made
of the extent to which pick-up occurred on the die (necessitating re-
surfacing of the die) when various types of drawing fluid were used.
Results for the six chief types of lubricant tested are shown in Table

XXXIII.
TasLE XXXIII

Product Main constituents Frictional behaviour Practical performance
Com- Sodium stearate Average. Marked break- | Satisfactory under
mercial down above 150° C. favourable conditions.
soap Little margin of safety.

EF 228 | Sodium soap, potas- | Averago. Marked break- | Slightly better than ordi-
sium soap, olein. down abovo 150° C. nary soap.

EF 221 | Sulphurized olein, cas- | Very good. Slight break- | Very satisfactory. Supe-
tor oil, ammoniwmm | down at 180° C. rior to ordinary soap.
soap. Staining.

EF¥ 231 | Sulphurized olein, cas- | Very good. Low friction. | Extremoly satisfactory.
tor oil, sodium soap. | Slight brecakdown at| Far superior to ordinary

200° C. soap. Staining.

EF 256 | Chlorinated  mixed | Very low friction up to | Somewhat better than
acids, sodium soap. 120° C. Marked break- | ordinary soap. Staining.

down above 150° C.

EF 268 | Chlorinated mixed | Very low friction up to | Extremely successful in
acids, sodium soap, 200° C. drawing steel. Far supe-
sulphurized fatty oils. rior to ordinary soap.

Little staining.

These results show that there is, on the whole, a general correlation
between the lubricating properties as measured in the laboratory and
the performance as shown by practical drawing tests.

A further point of interest that developed in this investigation was
the method of application of the lubricant emulsion. If the lubricating
properties of a soap emulsion are examined in the laboratory it is found
that even for chlorinated and sulphurized soaps there is a tendency for
the lubricant to break down at 100° C. because of the ebullition of the
water from the lubricant film. If, however, the lubricant film is de-
posited from a volatile solvent so that the water content of the lubricant
film is extremely small, it lubricates effectively up to very much higher
temperatures. This has alrcady been described in Chapter X. This
observation was found to have a direct application in practical drawing
operations. If the lubricant emulsion is applied to the metal surface as
a ‘dry’ film (by immersing it in a hot emulsion and taking it out so that
most of the water in the film rapidly evaporates) a much better per-
formance is obtained. The use of ‘dry’ films of this type in deep drawing
has now become very widespread.



246 ACTION OF EXTREME PRESSURE LUBRICANTS Chap. XI

REFERENCES

0. BEEck, J. W. GivENs, and E. C. WiLLiams (1940), Proc. Roy. Soc. A 177, 103.

J. G. BrookmaN and R. B. Ham (1941), C.S.L.R. (Australia) Tribophysics Division
Report A 37.

F. H. ConstasLE (1929), Proc. Roy. Soc. A 125, 630.

W. Davey (1945), J. Jnst. Petrol. 31, 73.

H. Ernst and M. E. MERrcHANT (1940), Chip Formation, Friction and Surface Finish.
Cincinnati Milling Machine Co.

E. B. GrReeNHILL (1948), .J. Inst. Petrol. 34, 659.

—— R.B.Hawm, and D. Tanor (1945), C.S.I.R. (Australia) Tribophysics Division Report
A 140.

J. N. GreGORyY (1948), J. Inst. Petrol. 34, 670.

E. G. HerBerT (1926), Proc. Inst. Mech. Eng. 2, 289.
A useful survey of the various types of sulphurized E.P. lubricants has recently been

given by H. Sellei (1949), Petroleum Processing, Sept., Oct.



XII
BREAKDOWN OF LUBRICANT FILMS

As we have already scen, when surfaces slide under ideal hydrodynamie
conditions there is no wear of the moving parts. In many mechanisms,
however, it is not always possible to maintain completely hydrodynamic
conditions and there may be a considerable amount of boundary lubrica-
tion during which wear of the surfaces may occur. For this reason it is
important to be able to estimate the amount of non-hydrodynamic
lubrication since this determines the life of the running parts. In prac-
tical tests the effectiveness of the lubrication in any particular mechan-
ism is usually determined by measuring the amount of wear which
occurs under given conditions, or the critical load and speed at which
a marked increasc of wear and seizure takes place. This method often
provides useful empirical information, but it may shed little light on the
detailed processes occurring during sliding.

A simple method of determining the extent to which fluid lubrication
is occurring between any pair of sliding surfaces is to measure the
electrical resistance between them. This method has already been
described in Chapter V and we shall use the same method in Chapter
XIII to investigate the mechanism of impact. If the surfaces are com-
pletely separated by a liquid hydrodynamic film the resistance will be
large. For example the resistance of an oil film 10~% cm. thick may be
108 to 101° ohms/sq. cm. On the other hand, if metallic contact occurs
across a metallic bridge only 10-¢ sq. cm. in area the spreading resistance
for a metal such as steel is of the order of ;3; ohm. Thus electrical resis-
tance measurements provide a very sensitive means of discriminating
between complete fluid lubrication and the smallest amount of metallic
contact. The main disadvantage of this method is that it does not make
a clear distinction between metallic contact and the centact between
metal surfaces covered with boundary films. As we saw in Chapter I,
if a lubricant film is placed between metal surfaces under loads sufficient
to cause plastic flow of the metals at the regions of real contact, the
electrical resistance between the surfaces is essentially the same as that
observed with unlubricated surfaces. Similarly, when the surfaces are
sliding, the electrical resistance for unlubricated metals is almost in-
distinguishable from that observed at the same load for the same metals
lubricated with a boundary film, even though the coefficient of friction
and the amount of surface damage may be very much lower.
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It is clear, however, that the least separation of the surfaces beyond
the region of boundary lubrication introduces resistance values ranging
from several ohms to millions of ohms. Consequently a contact resis-
tance exceeding, say, 100 ohms means that the surfaces are completely
scparated by a lubricant film, and no wear of the moving parts is
possible. On the other hand, a contact resistance considerably less than
1 ohm means that there is either intimate metallic contact between the
surfaces or at best.a regime of boundary lubrication. If there is intimate
metallic contact the wear may be high; if there is good boundary
lubrication the wear may be slight, but it is clear that the wear cannot
be less than that occurring under conditions of fluid lubrication. Conse-
quently we may say that a high resistance means no metallic contact
and no wear; whilst a very low resistance implies some wear, the extent
of which depends on the effectiveness of the boundary film (Tabor,
1946). With these general observations in mind we may use resistance
measurements to investigate the condition of lubrication between rub-
bing metal surfaces. In what follows we shall describe the application
of this technique to an analysis of the lubrication between the piston
rings and cylinder wall of a running engine, and between a journal and
its bearing.

LUBRICATION BETWEEN THE P1sTON RINGS AND
CYLINDER WALL OoF A RuNNING ENGINE

In this investigation, which was carried out by Mr. Courtney-Pratt
and Mr. Tudor (1946), a small single-cylinder water-cooled engine was
used. One of the piston rings was electrically insulated {from the piston
and leads were taken from the ring through a scissor link-motion to the
bottom of the crankcase. The resistance of the oil film between the
piston ring and the cylinder wall was measured by a current-potential
method. Preliminary measurements showed that electrical breakdown
of the oil film could be avoided if the potential drop across the film was
less than 0-3 volt. In most of the measurements a considerably lower
value was used. The resistance was recorded on a cathode-ray oscillo-
graph the sweep of which could be synchronized with each cycle of the
engine.

Effect of speed

The first and most striking result is that the surfaces of the piston
ring and the cylinder wall are never separated by a continuous film of
lubricant throughout the entire cycle. The resistance continuously
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fluctuates from ‘infinity’ to ‘zero’, indicating an intermittent break-
down of the oil film during the cycle. A typical result obtained with
a given oil at three different speeds is shown in Plate XXIV. 1. When
the trace is at the top of the figure it means that there is complete hydro-
dynamic lubrication. Any breakdown is shown by a drop in the resis-
tance. It isseen that the amount of hydrodynamic lubrication is greatly
increased with increasing speed. Nevertheless, even at the highest
specds there is a definite amount of breakdown of the hydrodynamic
film.

This effect is shown in a different way in Plate XXIV. 2, where the
resistance measurements are more sensitive and the cathode-ray trace
has been synchronized with a single cycle of the engine. It is scen that
the breakdown of the lubricant film is most marked near the ends of the
stroke where the relative sliding velocity of the surfaces is the lowest
during the cycle. It is clear that the slow speed of sliding accounts, at
least in part, for the more rapid rate of wear observed in practice near
the top and bottom dead centres.

Effect of viscosity and temperature

Two other results of considerable interest are the effect of viscosity
and the effect of temperature. A series of oils was selected all of which
were ‘straight’ mineral oils of varying viscosity but all distilled from the
same crude. Their viscosities at the mgan temperatures at which the
runs were carried out are given below, and it is seen that the viscosities
cover a range of 27:1.,

0il G 926 at 17°C. . . . 968 centistokes
» G917at 18°C. . . . 264 s

s, G915at 20°C. . . . 108 .

5s G913 at 20°C. . . . 354 »

The resistance traces are shown in Plate XXIV. 3. It is secn that the
amount of hydrodynamic lubrication increases markedly for the oils
of higher viscosity. This is in general agreement with practical observa-
tions. However, a reduction in the rate of wear cannot be effected
simply by increasing the viscosity of the oil. In practice it is consider-
ably more difficult to pump a thicker oil through the engine, so that
there may be an appreciable delay at starting before the oil reaches the
rubbing surfaces. Further, a thicker oil involves increased viscous-
frictional resistance in the engine. It should also be noted that although
the lubrication is improved by using an oil of high viscosity, hydro-
dynamic lubrication is never completely maintained throughout the
entire cycle. '
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Similar experiments show that the temperature at which the oil is
circulated through the engine has a marked effect on the lubrication.
A typical result is shown in Plate XXIV. 4, where it is seen that a small
temperature increase from 28° to 54° C. with a corresponding decrease
in viscosity from 330 to 64 centistokes causes a very marked deteriora-
tion in the lubrication. This effect is reversible on cooling and is not
due solely to the decrease in viscosity. This was shown very clearly by
a second set of experiments carried out at 20° C. with oils which had
the same viscosities as the hot oils used in Plate XXIV. 4. In every
case the lubrication with the hot oil was worse than that obtained with
the cool oil of equal viscosity. Thus apart from considerations of
viscosity there is a marked deterioration in lubrication with increasing
oil temperature, an effect that appears to be directly connected with the
breakdown of boundary lubricants as the temperature is raised (sce
Chap. IX). These results suggest that, from the point of view of wear-
reduction, the engine should be run as cool as possible; in practice,
however, as the researches of C. G. Williams (1940) show, the lower
limit is determined by the temperature at which the products of com-
bustion condense on the cylinder and so produce increased corrosive
wear. A good general account of the part played by corrosion in the
wear of an internal combustion engine has been given by Williams
(1940).

LUBRICATION BETWEEN A JOURNAL AND BEARING

Similar experiments have been carried out by Mr. Tudor (1947) on
the lubrication of a steel shaft running in a white-metal sleeve bearing.
The bearing, which was of conventional design, was 1% in. diameter and
13 in. long and the nominal loading could be varied from about 200 to
600 lb./sq. in. By a technique similar to that described above the
electrical resistance of the oil film was recorded on a cathode-ray
oscillograph. No measurements were made of the frictional torque.
Under ideal conditions the rotating shaft drags a converging wedge of
oil between it and the bearing and the hydrodynamic pressures developed
in the lubricant film are sufficient to keep the surfaces completely
separate (Reynolds, 1886). The pressure distribution in the oil film is
shown in Fig. 89. There is no wear of the rotating parts and the
electrical resistance of the oil film is very high. Under these conditions
the coefficient of friction is directly proportional to the dimensionless
parameter ZN/P, where Z is the viscosity of the oil, NV is the speed of
revolution of the shaft, and P is the nominal pressure on the bearing.
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Earlier experiments in which the frictional torque was measured show
that this is generally true for larger values of ZN/P; below a critical
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Fic. 89. Approximate distribution of pressure in the oil wedge betwecn a journal
and a 180°-bearing, under conditions of hydrodynamic lubrication.
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Frc. 90. Frictional behaviour of a journal and bearing as the operating conditions are

varied. p = coefficiont of friction, Z = viscosity of lubricant, N = number of revs. per

min., P = nominal pressure. Under purely hydrodynamic conditions p is low and is

proportional to ZN/P. Under less favourable conditions the lubricant film breaks down
and there is a marked rise in friction.

value of ZN/P, however, there is a rise in friction which may be very
steep (Fig. 90). This transition marks the stage at which there is no
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longer complete fluid lubrication (see, for example, Hersey, 1938).
Consequently in this range the electrical resistance is low whilst the
amount of surface damage and seizure may be high. In order to reduce
the amount of wear every effort is made in engineering practice to keep
the journal running on the straight portion of the curve where conditions
are those of purely hydrodynamic lubrication. As we shall see below,
however, it is very difficult in practice to attain complete separation of
the rotating surfaces.

Effect of load, speed, viscosity, and temperature

The effect of load, speed, and viscosity on the electrical resistance
between the shaft and the bearing is shown in Plate XXV. In these
figures cach trace represents approximately onc complete revolution of
the shaft. 1t is seen that the smaller the load, the less is the amount
of breakdown of the lubricant film (Plate XXV, 1). A similar effect is
observed when the speed of rotation (Plate XXYV. 2) or the viscosity of
the oil (Plate XXV. 3) is increased. These results are in direct agreement,
with the ZN/P characteristics discussed above. The traces show, how-
ever, that even under the most favourable conditions of low load, high
speed, and high viscosity, there is a definite amount of breakdown of
the hydrodynamic film. )

The effect of the temperature of the circulating oil is shown in Plate
XXVI. 1. 1t is scen that a temperature rise of only 11° (', (from 19° to
30°) is sufficient to change the resistance trace from one that is predomi-
nantly hydrodynamic (trace (1a)) to one that is almost completely non-
hydrodynamic (trace (1¢)). This effect is mainly due to the decrease in
viscosity of the oil with increasing temperature.

There are two other effects of particular interest that the investiga-
tion reveals. The first is the influence of ‘running-in’. Plate XXVI. 2
shows the results obtained at various stages of an experiment, cach
section representing approximately a single revolution of the shaft,
commencing at approximately the same relative position of the shaft
and bearing. It is seen that 5 minutes after starting therc is a great
deal of non-hydrodynamiec lubrication. As the time of running increases
the amount of breakdown decreases and after about 2 hours a consider-
able portion of the revolution is operating under hydrodynamic con-
ditions. Because of the running-in effect the comparative traces in
Plates XXV and XXVI. 1 were carried out after equal periods of
running from standstill.

The running-in process presumably consists in removing surface
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asperities which normally penetrate the lubricant film, and in slightly
modifying the contour of the bearing to provide a better ‘fit’ for the
journal. These conclusions are in complete agreement with experi-
mental measurements of the frictional torque. Fig. 91 shows some
friction-ZN/P curves obtained by McKee (1927) in his classical work
on the lubrication of a bearing. It is seen that the point at which the
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Fia. 91. Coefficient of friction of a journal and bearing as running-in proceeds. From
McKee’s paper (1927). u = coefficient of friction, Z = viscosity, N = rovs. per min.,
P = nominal pressure. As running-in proceeds through cight consecutive runs the
range over which hydrodynamic lubrication is “obtained is extended into the more

unfavourable region of ZN/P. Comparo, for example, run No. 8 after prolonged running-
in, with run No. 1 at the commencement of the experiment.

minimum value of the friction occurs moves down the ZN/P axis as
the time of running proceeds. This means that hydrodynamic lubrica-
tion persists into a more extreme range of loads, speeds, and viscosities
as the bearing is run in.

Similar experiments show that the ‘running-in’ process may be
greatly facilitated if the bearing is run at a heavier load for a few hours.
Nevertheless the resistance measurements show that although the
‘running-in’ of the bearing may greatly reduce the extent to which
asperities break through the hydrodynamic film, the breakdown is
never entirely eliminated in the experiments described above.

The second effect is the rate of ‘building-up’ of the lubricant film.
As the shaft starts rotating there is a rapid improvement in the lubrica-
tion over the first 10 or 20 revolutions of the shaft. After this, as a
result of the running-in effect already described, a much slower improve-
ment is observed. The early build-up of the hydrodynamic film at a
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speed of 335 r.p.m. is shown in Plate XXVII for the first 9 revolutions
of the shaft and the progressive improvement in the lubrication is
clearly visible. It should be emphasized that this is not due to a gradual
speeding up of the shaft: the experiment was so arranged that the shaft
reached full speed during the first revolution. Similar experiments at
other speeds of rotation show that the early build-up of the hydro-
dynamic film is more rapid the higher the speed of rotation. This effect
is probably due to hydrodynamic factors governing the establishment
of equilibrium conditions. It is also possible that there is a more effec-
tive removal of the initial surface asperities at higher speeds of rotation.

EFfreEcT OF TEMPERATURE ON LUBRICANT FiLms

It is clear from the previous discussion that even under the most
favourable conditions of a journal running in a bearing it is very
difficult to obtain completely hydrodynamic conditions. For this reason
the wear of the sliding surfaces will, in the last resort, be determined by
the efficacy of the boundary film which remains when the hydrodynamic
film is broken down. As we have scen, the lubricating properties of the
boundary film are determined by the nature of the underlying metals,
the speed of sliding, and other variables. One of the most important
of these is the temperature developed between the rubbing surfaces.
The boundary lubricating properties of hydrocarbons, alcohols, and
fatty acids break down when the temperature is sufficiently high to
produce a softening or melting of the lubricant film. This behaviour is
observed with practically all boundary films, and provided the heating
is so rapid that there is not sufficient time for appreciable oxidation of
the lubricant to occur, the changes in friction and surface damage are
reversible on cooling.

This behaviour is shown in Plate XX VIII for a typical commercial
lubricant possessing ‘good’ boundary lubricating properties (Tabor,
1941). At room temperature the motion is smooth and the friction low,
and this persists up to a temperature of about 70° C. (Plate XXVIII. 1,
portion A). The track shows a correspondingly light wear (Plate
XXVIII. 2a). At 70° C. the lubrication begins to break down (Plate
XXVIII. 1, portion B), and the deterioration becomes more marked
as the temperature is increased further (Plate XXVI1II. 1, portion C).
At 200° C. the friction has increased to a high value (u ~ 0-4) with
intermittent motion, while the tracks show a corresponding increase in
surface damage (Plate XXVIIIL. 2b, 2¢, and 2d). If now the surface
is rapidly cooled (to prevent appreciable oxidation) the motion becomes
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smooth, the friction reverts to its original low value of u =~ 0-1, and the
surface damage again becomes light (Plate XXVIII. 2e).

It is clear that this type of change may have a very significant effect
on the practical performance of a lubricant. This is particularly true
with ‘undoped’ oils, since for most commercial lubricants of this type
the breakdown of the boundary film occurs at moderate temperatures.
Further, since the effect is reversible, increased seizure and surface
damage may take place even though no detectable change occurs in the
bulk properties of the lubricant.

A different type of change which is not reversible is observed if the
heating is prolonged and more severe, so that appreciable oxidation of
the oil can occur. At an early stage the oxidation products may produce
an improvement in the lubricating properties of the oil, comparable to
that produced by the addition of a small quantity of fatty acid. At a
later stage, however, the oxidation leads to a marked deterioration in
the lubrication. These effects are illustrated in Plate XXIX for a typical
mineral oil on steel surfaces (Bowden, Leben, and Tabor, 1939). Plate
XXIX. 1la shows the frictional behaviour of the mineral oil at room
temperature and Plate XXIX. 1b the corresponding track. DPlates
XXIX. 2a and 2b show the effect of adding 1 per cent. caprylic acid
to the oil. It is seen that the friction is decreased, the motion becomes
smooth, and the surface damage is considerably reduced. (This effect
has alrcady been described in ChapterIX.)

If now the steel surface covered with a thin film of the straight
mineral oil is heated, the oxidation of the oil can be followed by its
effect on the frictional behaviour. For example, if the surface is main-
tained at 150° C. a marked change in the friction is observed after
30 minutes’ heating. The friction becomes low, the motion smooth, and
the surface damage slight. At 200° C. similar effects occur after only
15 minutes’ heating. The friction and track are shown in Plate XXIX.
3a and 3b respectively, and it is seen that the behaviour is very similar
to that observed when a small quantity of fatty acid is added to the
mineral oil (Plate XXIX. 2a and 2b). At 300° C. the change occurs
even more rapidly and low friction is observed after less than 2 minutes’
heating. If the heating is continued for 20 minutes, however, another
change takes place. The oil forms a thick gum, the friction rises to a
high value, and the track shows greatly increased wear (Plate XXIX.
4a and 4b).

The fact that these effects are due to oxidation of the oil is shown
by treatment of the mineral oil in bulk before use. If the oil is
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heated while air is bubbled through it, similar frictional changes are
observed. There is a slow improvement in lubrication at first, accom-
panied by a faint discoloration of the oil. After prolonged heating the
lubrication again deteriorates and the oil turns dark brown in colour.
If the air is excluded during heating, these changes do not occur.
Similarly if ozone is bubbled through the oil at 0° C. there is a gradual
improvement in the frictional behaviour. These changes are all analogous
to those observed when the oil film is heated on the steel surface. 1t
may, however, be noted that in the latter case the changes occur much
more rapidly. This suggests that the formation of the oxidation products
may be catalysed by the steel surface itself.

These results show that when a mineral oil in contact with a steel
surface is heated in air, compounds are formed which improve its
lubricating properties; the friction is decrcased and the amount of
surface damage considerably reduced. At low temperatures the rate
of formation of these compounds in the oil is very slow, but it is greatly
accelerated by a rise in temperature. At temperatures up to 200° C. the
oil film maintains its improved lubricating properties even after pro-
longed heating. At 300° C., however, further rapid changes take place.
Most of the oil is driven off; the residue forms a thick gum and there
is an increase in friction and wear.

The fact that these compounds are so readily formed on metal surfaces
means that in practice a fresh oil may be a worse lubricant than an old
one. The results suggest that if the temperature is about 200° C. the
compounds favouring lubrication are produced quite rapidly and may
decrease the friction and surface damage. It does not follow, of course,
that the resultant effect of these compounds will be beneficial. As oxida-
tion proceeds the acidic products may lead to corrosive wear of the
metal surfaces. At alater stage oxidation combined with polymerization
may produce an increase in the viscosity of the lubricating oil and the
formation of products which are insoluble in the bulk of the oil. These
products appear in the form of sludge or as gum-like deposits and in
internal combustion engines they give rise to sticking of the piston rings
and the valve stems. Further, as the experiments at 300° C. show, these
products in themselves have poor boundary properties and may lead to
increased friction and wear.

Thus although a small amount of oxidation may be beneficial, con-
tinuous oxidation may be disadvantageous. The position is rendered
more difficult by the fact that the oxidation process appears to be auto-
catalytic. For this reason it is now common practice to add substances
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Fi1a. 4. Mineral oil on steel surfaces after heating to 300° C. for 20 minutes.
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in small proportions to lubricating oils in order to inhibit or counteract
the effect of oxidation. A review of these substances, which cover a
very wide range of chemicals, has recently been given by Webber (1945).
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NATURE OF CONTACT BETWEEN COLLIDING SOLIDS

Ix this chapter we shall consider briefly the nature of contact between
colliding surfaces. This is of general interest in a number of fields
involving resistance to deformation under impact. For example, it is
of importance in the dynamic hardness of metals and in lubrication
problems where vibrations in the moving parts may produce rapid
changes in the normal force between the rubbing surfaces. The processes
involved in the impact of solids are also of importance in other problems
such as the initiation of explosives by impact.

The study of impact between colliding solid bodies received its first
theoretical treatment at the hands of St.-Venant (1867), who suggested
that the total period of the collision is determined by the time required
for an elastic compression wave to travel through the solid and be
reflected back again. Since the velocity of a compression wave in a
metal is of the order of 105 cm./sec., this would give a value of a few
microseconds for impacts between bodies which are a few centimetres in
length. As we shall sce later, the cxperimental results give a very much
longer collision period and the evidence suggests that for small bodies
the collision process is determined mainly by the deformations occurring
at the regions of contact. If the deformations are elastic, the Hertzian
equation may be applied (Hertz, 1881). If, as is generally the case,
plastic deformation occurs the plastic equations of Chapter I must be
used. In both cases the deforming processes at the region of contact are
relatively protracted and the elastic compression waves have sufficient
time to travel to and fro several times and dissipate themselves uniformly
throughout the colliding bodies. Itisonly when the bodies are relatively
long that the period of collision is determined by St.-Venant’s relation.

In what follows we shall deal with collisions between solid bodies that
are of the order of a few centimetres in length. Consequently we may
ignore the problem of the compression wave and concentrate on the
forces and deformations occurring at the actual regions of contact. We
shall deal with spherical surfaces and flat surfaces in collision, and then
consider the effect of liquid films interposed between them.

SPHERICAL SURFACES
Suppose a hard sphere of radius r,, the indenter, is dropped on to the
horizontal flat surface of a softer metal, the anvil (Fig. 92). The impact
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may be divided into four main stages. At first the region of contact will
be deformed elastically, and if the impact is sufficiently gentle the
surfaces will then recover elastically and separate without residual
deformation. The collision in this case
is purely elastic, and the time of impact, @/ ,
mean pressures, and deformations are
given by Hertz’s equation. The second
stage occurs if the impact is such that
the mean pressure exceeds about 1-1Y
when a slight amount of plastic deforma-
tion will occur at a critical region and
the collision will no longer be truly A
elastic (see Chap. I). Consequently N
Hertz’s equations will no longer be ]
strietly valid. It is interesting to note I
that this onset of plastic deformation by
occurs very readily in the bulk of the l
anvil, quite apart from the deformation ==
of the surface asperities. For example,
a ball of radius 1 cm., mass 4 gm.,
dropped from a height of only 2 cm.
will produce a permanent impression in F10.92. A har(.l stoel ball, radius r,,
very hard tool steel. As the energy of massm, falls from a height &, on to
the impact increases, the deformation the surface of a massive anvil and
. ere robounds to a height h,. An in-
rapidly passes over to a condition of full  jontation is left in the anvil of
plasticity (stage 3) and full-scale plastic chordal diameter d.
deformation proceeds until the whole of
the kinetic energy of the collision is consumed. Finally a release of
elastic stresses in both the surfaces takes place, as a result of which
rebound occurs (stage 4).

A full analysis of the four phases involved in the collision process is
complicated and difficult. Tt we restrict ourselves to a consideration of
the forces involved we may simplify the analysis considerably (Tabor,
1948). Let us assume that there is a dynamic yield pressure p which
is a constant and independent of the speed of impact and size of
deformation. As soon as the pressure reaches a value p, plastic flow
occurs and continues until the pressure falls below this value. If the
indenter, after rebounding, leaves a permanent impression of volume V
in the surface, the work done as plastic deformation is given by W = pV.
If the heights of impact and rebound are respectively %, and h,, the




260 NATURE OF CONTACT BETWEEN Chap. XIII

energy lost by the collision is mg(h,—h,). Hence
pV = mg(h,—hy). (1)
The recovered indentation is not a portion of a sphere of the same
radius of curvature as the indenter since the occurrence of rebound
implies that there has been elastic ‘recovery’ of the surface of the
indentation. It is not difficult to calculate the extent to which the
indentation has ‘shallowed’ as a result of this effect and to relate it to
the energy of rebound mgh,. Calculations show that if the indentation
has a chordal diameter d, and E,, E, arc Young’s moduli of the indenter
and the anvil respectively and Poisson’s ratio for both surfaces is 0-3,
mghy, = 0-34p%d3 (_E}’I+E1:) (2)
We can also express the truc volume ¥ of the indentation in terms
of the apparent volume ¥,. This is the volume which would be obtained
if the radius of curvature of the indentation were the same as that of
the indenter, and is approximately cqual to #d*/64r,. Similarly the true
volume V is approximately equal to #d!/64r,. We may now eliminate
r, from V by making use of the Hertzian relation which connects r;, 7,
and d with the force F == pmd?/4 at the end of the indentation. We

have (see Chapter I, equation (1)) that

F[1 1 1 1\1%
= 229 [ — )+ |°
¢ 2[2 ("1 7'2)(E1+E2)] ’

1 1 Fl1 1
h el Y N ' Buutl Bl Rl
so that - pE I:E'1+ Eg]
Consequently V = V,—0-21pd? (_1__*_%)
E, 'K

Inserting in equation (1) and combining with equation (2) we obtain
oV, = mg(hy—hy)+§mghs.

Hence p= mg(hy—he) (3)
Va

This enables us to determine p in terms of the heights of impact and
rebound and the apparent size of the indentation.

The validity of this analysis depends on the assumption that the
internal forces involved in the actual impact are essentially the same
as those involved in the analytical model just described. In particular
we assume that the energy lost as elastic waves is negligible and that
the temperature rise in the material around the indentation during
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impact is small and has a negligible effect on the strength properties of
the metal. As we shall see later, both of these assumptions are reason-
ably valid.

Effect of variation in the yield pressure

In the above analysis we have assumed that p is constant. In practice
there are two reasons why we may expect p to vary during the course
of the impact. First there is a dynamic effect, analogous to a viscosity
factor which makes p higher at the beginning of the indentation process
where the rate of deformation of the material is a maximum. This effect
is discussed later: it is, however, difficult to allow for it quantitatively.
Secondly, work-hardening proceeds as the indentation is formed, so that
we may expect an increase in the mean pressure resisting deformation.
We may estimate the order of this effect by assuming, on analogy with
the static case, that p = kd"—2 where n is constant with a value between
2 and 2-5; see Chapter I, equation (4). If we follow the above analysis
right through we obtain a relation similar to equation (3). The actual
result for the mean pressure at the end of the indentation process is

g ) )
where B = (2n—1)/(2n+4) and therefore varies from } to § as » varies
from 2 to 2:5. This has little effect on the value of p. Similarly, the
first term varies from 1 to 1-12 as n vafies from 2 to 2-5. It follows that
the variation of the yield pressure as a result of work-hardening pro-
duced during the process of indentation will, at most, cause an error in p,
when we use equation (3), of about 10 per cent. In general the error
will be appreciably less.

The validity of equations (2) and (3). According to equation (2), if we
restrict our attention to any one material (for which we assume p and
E are constant), the height of rebound %, should be proportional to d3,
and therefore to (V,)! since, as we have seen, V, is proportional to d*.
Some results from Edwards and Austin’s paper (1923) are plotted in
Fig. 93, and it is seen that A, is approximately proportional to (V).
Similarly, if we carry out impact experiments on a whole series of
metals, the height of rebound 4, for a fixed size of indentation (d = con-

stant) should be proportional to pz(El,+E-l). Results from the same
1 2
authors are given in Fig. 94, where p has been calculated from equation

(3). Using logarithmic ordinates and plotting p A/ (Ei + Eiz) against &, it
1
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is seen that over a very wide range of materials the points lie on a
straight line of slope 3.
Finally we may eliminate d between equations (2) and (3). The
resulting relation between &, hy, and p is then given by
4
hz mg 1 ( 4)

5 . e ™
P by 3hyy 10973 (1/B, 41/ By
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Fia. 93. Height of rebound as a function of the apparent volume of the indenta-
tion (logarithmic ordinates). For a wide range of metals there is reasonably good
agreement between the observed slope and the theoretical slope.

Since the bracket involving Young’s moduli does not vary greatly for
most metals, we may treat this factor as a constant and plot p as a
function of A, for a given height of fall 2,. The theoretical curve is shown
in Fig. 95. If we allow for the fact that softer metals usually have a
smaller Young’s modulus, the curve is modified in a manner similar to
that shown in the dotted curve. These theoretical curves do in fact
reproduce the main characteristics observed in the practical calibration
of rebound scleroscopes. It is also evident from Fig. 95 that over a wide
range of experimental conditions the height of rebound, for a fixed
height of fall, is almost directly proportional to the dynamic yield
pressure.

The condition for elastic collistons. It is interesting to consider what
happens when %, = h,, i.e. when the collision is completely elastic. If
we go back to our original equations, and calculate the maximum
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ordinates) for a fixed size of indentation. The theoretical relation gives a straight
line of slope }; the observed straight line has a slope of 0-51.
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F16. 95. Height of rebound (for a height of fall of 100 cm.) as a function of the
dynamic yield pressure. The full line assumes that all materials have the same elastic
constants whatever their hardness. The dotted line indicates the deviations to be
expected if softer materials have small elastic constants. These curves are similar
to the calibration curves of the rebound sclerometer.

pressure p, developed between surfaces colliding elastically, we obtain

5 1 mgh, 1 (5)

=366 7 UBTUB)E

This is precisely the value obtained if we put k, = h, in equation (4).




264 NATURE OF CONTACT BETWEEN Chap. XIII

Two conclusions follow from this result. The first is that equation (4) is
valid right up to 100 per cent. rebound. Secondly, if the yield pressure
of the metal is greater than p, no plastic deformation occurs and the
collision is completely elastic. If it is less than p,, plastic deformation
occurs and the value of p is the dynamic yield pressure of the material.
This approach has been used by Sir Geoffrey Taylor (1946) to study the
limiting conditions for plastic yielding under dynamic conditions. It is
also evident that the rebound method will not discriminate between
materials possessing yield stresses above p, since they will all give a
rebound of 100 per cent.t To increase the range of the method the
value of p, must be increased either by increasing 4 or m or by reducingr,.

The coefficient of restitution

If v, is the velocity of impact and v, the velocity of rebound, the ratio
v,/v, is dcfined as the coefficient of restitution e. We may calculate e
from equation (4) by putting v} = 2gh,; v} = 2gh,. If we assume that p
remains essentially constant, we obtain

vy = k(v}—§od)t. (6)
It is clear that v, is not linearly dependent on v,, so that e will not be a
constant. The way in which e varies with the velocity of impact is shown
in Fig. 96, where curves i, ii, iii, iv, and v respectively have been
drawn for values (at an impact velocity of 450 cm./sec.) of ¢ = 1-0, 0-8,
0-6, 0-4, and 0-2. (This velocity of 450 em./sec. corresponds to a height
of fall of 100 cm.) Because p is not a constant there will be some
deviation from these curves. Nevertheless the general form of these
curves is fully substantiated in practice. Typical results (Tabor 1948)
for cast steel and drawn brass are shown in the dotted lines and similar
curves have been obtained by Raman (1918), Okubo (1922), and
Andrews (1930) in experiments on the impact of spheres of similar
metals.

It is clear from equation (6) and from the experimental results that,
in general, the coefficient of restitution of plastic solids will not be
constant. At sufficiently low velocities of impact the collisions will be
purely elastic and the coefficient of restitution will be unity. This occurs
even with the softest metals, as Andrews (1931) showed in his experi-
ments with spheres of lead and tin alloys. As the velocity of impact is
increased the amount of plastic deformation steadily increases and there
is a corresponding decrease in the coefficient of restitution.

+ In practico, of course, 100 per cent. rebound is never attainable since some energy
is lost by the dissipation of elastic waves within the bodies.
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Fia. 96. Coefficient of restitution e as a function of velocity of impact »,. Full linos
represent theoretical curves.
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The broken lines are experimental curves. At very low velocities of impact even tho
softest matorials give a coefficient of rostitution of unity, i.o. the collision is completely
elastic. At higher velocitics plastic deformation occurs and the coefficient of restitution
decreases.

Comparison of static and dynamic hardness

Some impact experiments were carried out on massive anvils of
various metals using hard steel balls. By measuring A,, k,, and the
chordal diameter d of the indentations formed, the dynamic yield
pressure p was calculated using equation (3). Some static experiments
were also carried out and determinations made of the static yield
pressure p,, required to produce impressions of the same diameter as in
the corresponding impact experiments. The results showed two main
points. Firstly the dynamic yield pressure p was always greater than
the static yicld pressure p,. This was particularly marked with soft
metals, such as lead and indium. Secondly, the dynamic yield pressure
is higher at greater velocities of impact. This suggests that in calculating
p from equation (3), i.e. from the energy required to produce an indenta-
tion of given volume, part of the energy is used in the dynamic displace-
ment of the metal around the indentation. This view is confirmed by a
calculation of the yield pressure from the height of rebound %,. We do
this using equation (2) and give p the suffix r (p,) to show that it is
calculated from the rebound height. The results show at once that
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although p, is larger than p,, it is very much closer to the static value
than is p, as may be seen from a few typical values in the following table.

TaBLE X XXIV

Metal P/Pm Dr/Pm
Steel . . 1-28 1-:09
Brass . . 1-32 1-10
Al alloy . . 1:36 1-10
Lead . . 1-58 1-11
Indium . . 50 1-6

Diameter of ball 0-5 cm. Height of fall about 300 cm.

The fact that the dynamic yield pressure is higher than the static and
increases with the velocity of impact suggests that, in the dynamic
deformation of metals, forces of a quasi-viscous nature are involved.

This is borne out by the results for the soft metals, lead and indium,
where the pressures required to produce plastic deformation dynami-
cally are very much greater than the static values. This cannot be due
to the work-hardening, which may occur rapidly during the formation
of the indentation since at the end of the impact, where the work-
hardening would be a maximum, the effective flow pressure p, is very
much smaller than the mean dynamic flow pressure p which is involved
during the course of the impact itself. It would seem that in the
deformation of soft metals, where relatively large volumes of metal are
displaced, appreciable forces are called into play as a result of the
‘viscous’ flow of the deformed material surrounding the indentation.
The increase in yield pressure at very high speeds of deformation has
recently been discussed by Sir Geoffrey Taylor (1946).

Finally, at the end of the impact process all plastic flow of the material
has ended and there is no further bulk displacement of the metal around
the indentation. All the deformation around the indenter is now of an
elastic nature and any kinetic energy imparted to the material under
these conditions is reversible. Consequently the pressures involved in
this portion of the collision process (p,) are only a few per cent. higher
than those involved in the formation of indentations of the same size
under static conditions.

The analysis given above refers to the impact between a hard sphere
and a plane surface of a softer metal. The main conclusions remain
valid for the collision of a soft sphere on a harder surface and for the
collision of two spheres of similar ‘metals. In all cases the collision
process involves the four main phases discussed above, and in general,
except for the hardest materials and the lightest impacts, the collision
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readily results in plastic deformation of the surfaces. The forces in-
volved in such deformations are of the same order as those occurring
in static deformations, but are invariably larger. With hard metals the
dynamic yield pressure is usually a few per cent. higher than the static
value, but with soft metals the difference may be very much more
marked.

These results emphasize the ease with which plastic flow of colliding
metal surfaces may occur. The implications of this will be discussed at
greater length later.

Time of impact

The earliest method of determining the time of impact between
colliding surfaces consisted in measuring by means of a ballistic galvano-
meter the amount of charge leaking away from a battery or charged
condenser through the contacting bodies. This method is relatively
simple, but suffers from the disadvantage that it merely gives the total
time of impact. It does not indicate the way in which the area of
contact varies during the collision itself. A more instructive method is
to measure the electrical resistance or conductance between the metal
surfaces during their collision. When the surfaces are separated, the
conductance is zero. As they come together during the collision the
conductance rises to a maximum and then falls off again as they come
apart. The conductance at any instant, which may be recorded on a
cathode-ray oscillograph, is a measure of the area of contact (Bowden
and Tabor, 1941).

Typical results for metal spheres (radius 2 cm.) freely suspended by
very fine wires are shown in Figs. 97 (a), (b) and (c¢). Fig. 97 (a) is
a record of the conductance, using very hard steel spheres and a very
low velocity of impact (10 cm./sec., equivalent to a vertical height of
fall of J; em.). It is seen that the conductance curve is symmetrical,
indicating that the collision is essentially elastic. At higher velocities
of impact, however, the results are similar to those shown in Figs. 97 (b)
and (c).

Fig. 97 (b) is for mild steel spheres and Fig. 97 (c) for lead spheres
impinging with a velocity of 76 cm./sec. Contact begins at the point 4,
and the curve AC corresponds to the range over which the elastic and
initial onset of plastic deformation takes place. The curve CD corre-
sponds to the range over which full plastic deformation occurs, while
DE B represents the separation of the surfaces under the released elastic
stresses. This type of conductance curve during the approach and
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separation of the surfaces has been shown more clearly in some recent
experiments of Dr. Hirst (unpublished). The point D at which the
surfaces begin to separate is not defined very precisely on a single
oscillograph trace, so that the time interval from A4 to D can be esti-
mated only to within a few per cent. However, this error is not impor-
tant compared with the experimental variation from trace to trace.
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F1c. 97. Cathode-ray oscillograph records of electrical conductance between colliding
metal surfaces. (@) Spheres of tool steel, diam. 4 cm., velocity of impact 10 cm./sec.
The conductancoe trace is symmotrical, showing that the collision is essentially elastic.
(b) Spheres of mild stoel, diam. 4 em. ; velocity of impact 76 cm./sec. (c) Spheros of lead,
diam. 4 cm. ; velocity of impact 76 cm./sec. (¢) Hard hemispherical surface, diam. 0-6 cm.,
mass 42 gm., striking a flat brass anvil with a velocity of impact 140 em./sec. For (b),
(c), and (d) the conductance curve is asymmetric, showing that plastic deformation has
occurred. The portion AC represents the initial contact, CD the range over which plastic
deformation occurs, while DED reprosents the soparation of the surfaces under the
released elastic stresses.

Numerous collision experiments show that all impacts which involve
plastic deformation of the surfaces yield the same type of asymmetric
conductance curves as those shown in Figs. 97 (b) and (c). For example,
some later experiments recording the impact of hemispherical indenters
on flat surfaces show a similar asymmetric conductance characteristic.
A typical result is reproduced in Fig. 97 (d) for a striker of mass 42 gm.
with a hemispherical tip of radius 0-3 cm., falling with a velocity of
140 cm./sec. on to a flat brass anvil. We may note that in all the curves
reproduced in Fig. 97 the time of collision is of the order of a few
hundred microseconds. In this period elastic compression waves would
be able to traverse the colliding bodies and be reflected some twenty
times, so that we are justified in ignoring the part played by these
elastic waves in the collision process.

As we saw earlier, the collision as a whole may be divided into
four main parts: (i) initial elastic deformation, (ii) onset of plastic
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deformation, (iii) full plastic deformation, (iv) elastic rebound. An
attempt to estimate the time involved in each of these processes is very
complicated and the solution given by Andrews is of an admittedly
approximate nature. We may, however, using a method first described
by Andrews (1930), calculate in a very simple way the time involved, if
we assume that the first three parts may be replaced by a single process
of purely plastic deformation which takes place against a mean dynamic
yield pressure p.

Consider two equal spheres, radius of curvature r, mass M. Let one
be at rest and be struck by the other at a velocity v. We assume that
the struck sphere does not move until the whole of the plastic deforma-
tion has occurred. Suppose 2a is the diameter of the circular impression
formed on each sphere at any instant, the force opposing motion due to
the plastic yield pressure p will be pra?. If the effective radius of the
sphere is considered unchanged during the collision, each sphere has
flattened by an amount x, where 2r2 =~ a2, so that the distance of the
centre of the moving sphere from the centre of the struck sphere is
2r—2z. The equation of motion of the moving sphere becomes

9 d? .
pma? = Mgt_z(2r——2w). (7)
The solution is r=A sin(zz;r)*t,

since when ¢ = 0, # = 0. The velocity of the moving sphere becomes
zero when dx/dt = 0, i.e. when

)

This is the time taken for the sphere to be brought to rest, and imme-
diately afterwards there is a separation of the surfaces due to the
relaxation of elastic stresses in both spheres. Consequently equation (8)
should give the period from A4 to D in Fig. 97 (b), (c), and (d).

It is seen from equation (8) that the time of collision ¢,; should be
independent of the velocity of impact. Experimental observations
showed, in fact, that for all collisions in which the impact was pre-
dominantly plastic, the time of collision did not vary beyond the limits
of experimental error when the velocity of impact was varied by a
factor of 35. We may compare the range of experimental values for #,;,

1 This is not accurately true since the displacement of the plastically deformed

material and the overall elastic deformation of the sphere will cause a change in the
effective value of 7,
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with those calculated from equation (8), the values of p being determined
from equation (3). The results are given in Table XXXV.

TaBLE XXXV

| Time of impact from
A to D microsec.

Collision Calculated | Observed
Steel on steel spheres . . 120 150440
Lead on lead spheres . . 500 5504 150
Hard hemisphere on brass anvil . 80 100

The third line refers to a similar calculation for the impact of a hard
hemisphere on a brass anvil (see Fig. 97 (d)). The agreement in the three
cases quoted is reasonable.

Temperature of impact

Some experiments were carried out to see whether any appreciable
temperature rise is produced at the region of contact during collision.
This temperature should be observable as a thermal e.m f. if the colliding
bodies consist of dissimilar metals. Such measurements will, of course,
only show the temperature while the bodies are in contact, and they
will (as we saw in Chap. IT) give an integrated average value rather than
a measure of the maximum temperature. The results show at once that
for smooth spheres colliding with one another the temperature rise at
moderate impact velocities is small. For example, for a sphere made
of Wood’s alloy colliding with a constantan sphere at a velocity of
100 cm./sec. the temperature rise was only a few degrees. This is
probably due to the fact that the energy of deformation, which appears
overwhelmingly as heat, is distributed over a relatively large volume.
If, however, the constantan sphere is replaced by a constantan spike
with a sharp point on which the Wood’s metal sphere impinges, a
considerable portion of the energy of impact is converted into frictional
heat which is generated on the surface of the spike as it penetrates the
Wood’s metal. Consequently we may expect a considerably larger
temperature rise. A typical result (reproduced in Plate XXX. 1) shows
that this is the case. At a velocity of impact of about 100 cmn./sec. the
maximum temperature rise was of the order of 35° C., and it is seen
that the temperature falls to half its value in about 10-3 sec.

These experiments show that the temperature generated at the point
of contact of smooth metals colliding at moderate velocities will be small.
If, however, sharp points are present so that the deformation is restricted
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to a small area, and the shape of the bodies is such that an appreciable
fraction of the energy of collision is used up as frictional work, the
momentary temperature rise may be high (see Chapter XVI).

Effect of lubricant film

Some impact experiments were carried out with the steel spheres
when a thin film of caprylic acid had been applied to the surfaces. As
before, the spheres were suspended by very fine wires and the electrical
conductance between them measured during the impact. At the time
these experiments were done it was thought that the presence of a good
boundary lubricating film might alter the amount of metallic contact
and perhaps influence the time of impact. No such effect, however, was
observed. The conductance curve and the time of impact were very
similar to those observed with unlubricated surfaces. It is clear that
electrical contact occurs through the lubricant film. The nature and the
time of the impact are not sensibly altered.

The experiment was then repeated with a thin film of medicinal
paraffin oil. The viscosity of this (120 centipoise) was considerably
greater than that of caprilic acid (6 centipoise). The conductance never
rose above zero during the impact, showing that no metallic contact took
place. An examination of the surfaces of the mild steel spheres showed
that they had been flattened by the force of the collision. If the spheres
were allowed to remain touching, or”were gently rubbed together,
metallic contact was made through the oil film.

These results suggest that the reason for the failure to make contact
during collision is a hydrodynamic one. The prevention of metallic
contact is not due to the adsorption of the lubricant nor to its surface
properties, but simply to its viscosity. The impact time is so short that
the oil is not able to escape from between the surfaces. In this time the
metal surfaces are appreciably and permanently deformed and undergo
plastic flow, so that the forces involved must be enormous. In the case
of caprilic acid these forces are sufficient to squeeze out the film of acid
completely: or if a thin film remains it is a relatively good conductor.
In the case of paraffin oil, however, there is not sufficient time during
the impact for the oil film to be squeezed out, and the electrical con-
ductance remains low throughout the collision.

Some typical results recently obtained by Mr. E. Rabinowicz which
show the deformation of copper surfaces under these conditions are
shown in Plate XXX. 2. A steel sphere of 1 in. diameter, mass 70 gm.
was dropped from a height of about 4 cm. on to a flat copper surface
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mounted on a heavy anvil. Tmpacts were observed when the surfaces
were dry and when covered with an oil of viscosity about 500 centipoise.
In the latter case the electrical conductance measurements showed that
no metallic contact occurred through the lubricant film. The figures show,
however, that although the impact is a light one, marked deformation
has occurred. It is interesting to note that the deformation which occurs
through the oil film is different in shape from that occurring with dry
surfaces and is very suggestive of the trapping of a pool of liquid between
the colliding surfaces. Further experiments show that the shape of the
indentation formed depends on the viscosity of the interposed liquids.
With oils less viscous than 100 centipoise metallic contact occurs, whilst
with more viscous oils where no metallic contact occurs the ‘dimple’ is
less clearly marked. Presumably as the ball approaches the surface the
pressure in the oil film increases until it exceeds the yield pressure of the
copper. This will always occur at the centre of the region of contact
since the hydrodynamic pressure here is a maximum. The copper now
yields plastically, so that there is a receding pool of oil below the centre
of the ball. The region of plastic flow grows as more and more oil is
squeezed out. If the oil is of suitable viscosity the rate of escapc after
the initial deformation may be rapid and a marked ‘dimple’ results.
If it is too viscous the oil does not escape very rapidly and the indenta-
tion is much nearer the shape of the indenter, although there is still a
suggestion of a pointed depression at the centre of the indentation.

These results again show that, even with light impacts, metals may
be readily deformed through a liquid film without penetration of the
liquid.

FrLAT SURFACES

The previous section has shown that the presence of a viscous film
between colliding surfaces may profoundly affect the collision process.
We may expect that these effects will be very much accentuated in the
collision of flat surfaces where the approaching boundaries of the liquid
film have an area that is generally very much larger. As we shall see,
extremely high pressures, rates of flow, and rates of shear may be
developed in the liquid film as it is expelled, and in many cases the
collision may reach its end with the surfaces still separated by an
appreciable film of liquid (Eirich and Tabor, 1948). Even in such cases,
however, the pressures developed in the liquid may be sufficient to
deform the solid surfaces.

Let us consider the case of a flat surface (the hammer) of radius R,
mass M, which approaches a parallel flat surface (the anvil) with an
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Fia. 1. Thermal e.m.f. generated during impact between a constantan point
and a Wood’s metal sphere. The temperature rise reaches its maximum in
less than 5.10% sec. and dies away to half its maximum value in 10-? sec.
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Fi¢. 2. Indentations formed in a copper surface when struck by a steel ball
of mass 70 gm. (diam. 2-5 cm.) with a velocity of 90 ¢em./sec. The micrograph
(@) and the profilometer record (¢) are for clean surfaces. The micrograph
(b) and the profilometer record (d) are for surfaces covered with an oil film
of viscosity 500 centistokes. Electrical resistance measurements showed that
in the presence of the oil film no metallic contact occurred between the ball
and the surface during the collision. The copper surface has been deformed
plastically by the pressure developed in the oil film trapped between the
colliding surfaces.
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initial velocity ¥, (Fig. 98). We suppose that the anvil is covered with
a thin film of a liquid of initial thickness &,, density p, viscosity ». We
first assume that the solid surfaces are rigid and that the viscosity of the
liquid is independent of temperature, pressure, and rate of shear.
When the hammer strikes the liquid film there is a slight energy
transfer as the liquid is set in motion. This produces an instantancous

l Velocity V

[ ——— R —>

T ; :

h ob-—————————- >

T

Fia. 98. Collision of flat parallel surfaces separated by a liquid layer
of thickness h.

decrease in the velocity of the hammer; in general, however, this is very
small and may be neglected. As the hammer continucs to descend it
begins to expel the liquid, and energy is dissipated. The full solution
of the hydrodynamic problem involved is a very complicated one, but
we may make a few assumptions which enable a simple solution to be
developed.

Let us assume that once the liquid has started moving the motion is
laminar and that the inertia forces are relatively unimportant. We
suppose that there is no slip at the solid boundaries. Then if at any
stage the hammer velocity is V, the film thickness %, the pressure in the
film p, and ¢ is the velocity of flow of the liquid in any plane z, the
viscous flow of the liquid is governed by the equation

c _ 1dp
922 npdr’
_ladp(, #
c—ﬂ%(z _7{)' 9)

Thus the velocity profile is parabolic.

The volume of liquid which is squeezed out through the boundary at
8595.72 T
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any instant is equal to the volume swept out by the hammer in the
same instant. Simple geometry shows that the mean rate of flow ¢ of

the liquid film is therefore given by
rV
C = —. 10
= (10)

Consequently by integrating equation (9)

3V (R2—r?
= V=, (11)
so that the maximum pressure occurs at the centre of the hammer and
is given by 3,V R?
Pmax = ”%’“ . (11 a’)

. We may determine the velocity of the hammer as the collision proceeds
since in any short interval of time the kinetic energy lost by the hammer
MYV dV is equal to the work done on the liquid film in that interval, viz.
J' 27rp dr. The solution of the differential equation yields

4
V=WﬁmRG~%- (12)

Since 1/h2 is usually small compared with 1/A* we may neglect it.
Consequently the velocity of the hammer is reduced to zero when

- JeE)

Under most experimental conditions this thickness is of the same order
as the surface roughness. If, however, an appreciable film of liquid still
remains at this stage, the hammer sinks through the remaining film
under its own weight. A simple integration similar to that carried out
in equation (12) shows that the time #, , for the hammer to sink from
a height %, to a height A, is given by

T ”

This is the same as the time taken for the surfaces to be pulled apart
(by the same force Mg) from a height %, to a height A,. Thus if parallel
surfaces are initially separated by a film of liquid of thickness %, the
time required to pull them completely apart (h; = o) is proportional
to n/Mghi. This is precisely the relation used in the calibration of
the Michell viscometer (Michell, 1923). A similar relation has also been
used by Heidebroek (1941) in his ‘break-off’ viscosity experiments.
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Using equation (12) we may express the maximum pressure, rate of
flow, rate of shear (defined as s = dc/dz) in terms of ¥, and h. The
results obtained neglecting the term involving 1/A} are given in

Table XXXVI.
TaBLE XXXVI

Film thickness at
General Mazximum which maz. value
equation value occurs
3nR? v 0-154 A/(Ma Vg) J(ﬂnR‘)
Prnax ”h;_, .R‘— 7 M%
w7 | T B | G
2h R 7 14
. my | ose vy |8 (e
max h? R3 7

The maximum rate of shear given in the table occurs at the edge of the
hammer, very close to the solid surfaces, i.e. z = 43k, r = R.

It is seen that the pressure, velocity of flow, and rate of shear increase
with decreasing radius of hammer. Calculations show that the maxi-
mum values rise rapidly as the film thicknesses approach the dimensions
of the surface roughness.

Pressure developed in the liquid film

The general characteristics of the equations for pp,+, Spmay and ¢ are
similar. They all increase more and more rapidly as the liquid film is
squeezed out, reach a maximum, and then rapidly fall to zero as the
hammer is brought to rest. Some typical results of p,,,, for five ranges
of impacts are plotted in Fig. 99, n being assumed to be 0-25 poise (the
value for a light machine oil or for nitroglycerine). It is seen that the
pressures for the lighter impacts reach values of the order of several
thousand atmospheres. For the heaviest impact the pressure is over
108 atmospheres, but it is clear that long before this value is reached
even the hardest steels would yield plastically. As we shall now see,
even elastic deformation of the surfaces may profoundly affect the
flow conditions.

Let us assume that the pressure dlstnbutlon in the liquid film is still
parabolic,T i.e.

P = P15} (15)

t Actually the distortion of the anvil will modify the flow conditions in the liquid so
that the prossure distribution will no longer be parabolic. However, the result is not
greatly altered if we assume a modified pressure distribution.
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We suppose again that the hammer is rigid, but that as a result of p
the surface of the anvil is deflected by an amount w. Then at any point
Q in the surface distant @ from an element of area dxdy where the

6
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Fre. 99. Maximum pressures doveloped at the contre of a liquid film trapped

betwoen colliding parallel surfacos. As tho liquid is expressed the pressure

rises more and more rapidly, reaches a maximum, and then falls to zoro as the

surfaces are brought to rest. Initial thickness of film 0-05 cm., viscosity

95 centipoise, radius of hammer 1 cm., mass M and velocity V' of hammor as
shown in figure in gm. and crn.[sec. respectively.

pressure is p, the deflexion w perpendicular to the surface is given by

10 p dedy .
=R ff a (16)

(Prescott, 1927), where  is Young’s modulus, and ¢ Poisson’s ratio for
the material of the anvil (see Fig. 100).
Substituting for p from equation (15) and following the procedure
described in Prescott (1927), we find that
4(1—o?) 3r2 9t
_ 7 11— —— L —— L
@="3g P m“"{ SEE T G4R } (7
The work W expended in deforming the anvil by this amount is the

integral of 27 dr p dw. If we take the first three terms in the expansion
of w and assume that ¢ = 0-3, we obtain

0-8R3
77— (Pmax)™ (18)

W =
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Thus if all the energy of collision is expended in deforming the anvil
plastically the pressure cannot exceed the value

x energy of impact %. (19)

E
Pmax = 0-8 I3

Fia. 100. Elastic deformation of the surface of the anvil by tho pressure
developed in the liquid film.

As a matter of interest the maximum possible values of p,,.. for the
five hammers are calculated in Table XXXVII for brass anvils, assum-
ing £ = 102 dynes/em.? and o = 0-3.

TasLe XXXVII

. -
Mazimum pressures at cenlre of hammer

Energy of JVIaw.—pressure Pimax 108 dynes/cm.?
impact 108 From elastic From flow
IHammer ergs energy equations

I 0-0045 750 21

II 0-08 3,200 1,360

III 0-135 4,100 2,440

v 0-17 4,600 4,210

A% 10-8 37,000 108

In the last column the values of p, .. obtained from the viscous flow
equations are inserted. It is seen that for the three lightest impacts the
pressure that could be developed in deforming the anvil is considerably
higher than that calculated for viscous flow. This means that the elastic
deformation of the anvil will not appreciably affect the maximum pres-
sure reached during impact. For hammer IV the values are comparable,
which means that the elastic deformation of the anvil may have an
appreciable effect on the maximum pressure reached. With the heaviest
hammer, however, the maximum pressure that can be reached is thirty
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times less than that calculated from viscous flow. This means that if
all the energy of impact went into elastic deformation of the anvil, the
pressure instead of exceeding 1,200,000 atmospheres could not exceed
40,000 atmospheres. If we allow for the fact that a considerable amount
of the energy is expended during the collision in causing viscous flow,
it is evident that the maximum pressure that can be reached will be

200+

Pressure in atmospheres
S
S
L

microsecs \,—/

| S Sttt
0 100 200

F1ce. 101. Cathode-ray record of the pressure developed in a confined volume
of liquid as the rosult of impact. Piezo-clectric method. An impact energy of
5,000 gm./cm. produces a pressure rise of over 200 atmospheres.

even less. Professor T. M. Cherry (1945), who has carried out a detailed
investigation for hammer V, has shown that, in fact, the pressure will
not exceed about 7,000 atmospheres. It follows that if the impact is
carried out on an anvil made of a softer metal, e.g. lead or copper, this
pressure will be sufficient to deform the anvil plastically, through the
lubricant film.

If, of course, there is any impediment which hinders the escape of the
liquid, high pressures are reached with even lighter impacts. Direct
experimental confirmation of this has been obtained by Dr. Gray (1948),
who measured the pressure developed by a piezo-electric method. An
experimental curve showing the rise in pressure for a light impact is
shown in Fig. 101. The impact was produced by a 25-gm. hammer
falling 20 cm. (impact energy 5,000 gm. em.) on to a cylindrical plunger
0-2 sq. cm. area resting on a confined volume of liquid. It is seen that the
momentary pressure rise produced in the liquid is over 200 atmospheres
and the maximum is reached in about 50 microseconds.
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Velocity of flow and rate of shear

Reverting to the case of an unconfined film of liquid between a hammer
and anvil, we may use the relations given in Table XXX VI to calculate
the velocities of flow and rates of shear in the liquid film. The main
results are summarized in Table XXXVIII.

TaBLE XXXVIII
Maximum pressure Py, rate of flow ¢, and rate of shear syoy
developed in liquid film during impact between rigid surfaces

Hammer
Mass Velocity Denax c 8pax
Index gm. cm.[sec. atmos., metres[sec. | cm.[sec.[cm.
I 40 150 21 30 1-2x 107
II 400 200 1,360 142 2:0x 107
IIT 300 300 2,440 226 3:5x 107
v 850 200 4,210 207 4-4x 107
A% 6,000 600 108 2,860 280-0x 107

It is seen that for the four lighter impacts the velocities of flow lie
between 30 and 200 metres/sec., while the maximum rates of shear
(about 107 em./sec./cm.) imply a relative velocity between neighbouring
molecular layers of about 1 om./sec. This is very much less than the
mean thermal velocity of the liquid molecules. With the heavy impact
the values of & and s,y,. are considerably larger. However, the deforma-
tion of the anvil produces a depression in the anvil which recedes
beneath the approaching surface of the hammer. As a result, the rate
at which the liquid is extruded is greatly reduced, and a detailed
analysis by Cherry shows that ¢ and sy, Will never be very much larger
than the values obtained for the lighter impacts.

Temperature developed in the liquid film

The energy used in overcoming the viscous forces in the liquid film
is dissipated as heat. Since the velocity profile is parabolic the heating
is not uniform but is greatest at those portions of the film where the
rate of shear is maximal. In addition the effect is cumulative, so that
it will depend on the total period during which the portion of the liquid
is in shear. The maximum heating will therefore occur at the periphery
of the hammer very close to the solid surfaces, where

z= +3%h, r=R.

Here the rate of shear is a maximum. In addition the radial velocity
is zero, so that the element remains in shear for the whole of the interval
of impact.
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The rate of dissipation of energy H by viscous flow per unit volume
of liquid per second is given by
dH dc\?
— = =] . 20
dt 1r)(dz) (20)
We substitute for the value of dc/dz and replace dH/dt by
aH _dH dh_ _dH
dt ~ dh’dt—  dh
Equation (20) may then be integrated from the initial instant of impact
to the end of the impact when the hammer is brought to rest and h is
given by equation (13). We obtain
0-31 [M3V§\%
= — . 21
H="pm ( 7 ) =D
We see that the heat dissipation increases very rapidly as the radius
of the hammer decreases. Further, if the viscosity decreases appreciably
as a result of the heating, this is likely to increase the resultant value

of H.
The temperature rise 7' may be calculated if we assume that the
amount of heat carried away by the flow of the liquid (convection), and
by conduction into the solid surfaces of the hammer and anvil may be
neglected. If J is Joule’s cquivalent and y the specific heat of the

liquid, H
Jyp’

Typical results for the temperature rise produced by viscous heating are
given in Table XXXIX.

(22)

TasLE XXXIX

Hammer | H.107 ergs T°C.

I 4-3 1-5
I 281 98
III 502 174
v 867 300
v 254,000 88,000

Tt is seen that the temperature rise for the four lighter impacts lies
between 2° and 300° C. If allowance is made for convection and con-
duction, Professor Cherry has shown that the temperature rise is
reduced by about one-half and occurs at a small distance from the
solid surfaces. This means that the highest temperatures developed
with these light impacts will not exceed 150° C.
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With the heavy impact the true value is very greatly reduced from
that given in Table XXXIX, on account of the deformation of the anvil.
Cherry has shown that if allowance is made for this factor and for
conduction and convection the temperature rise will not exceed about
3,000° C.

It follows from these results that the assumption of constant viscosity
in the liquid film is very far from valid. For many liquids the viscosity
increases with pressure and at pressures of the order of 1,000 atmo-
spheres the viscosity may be as much as five or ten times the normal
value. A more important effect, which operatesin the opposite direction,
is that of temperature. For many liquids the viscosity decreases by a
factor of 2 for an increase in temperature of 10° to 20° C. Consequently
the viscosity of the liquid will be greatly reduced near the solid boun-
daries where the heating is a maximum. This may have a marked effect
on the resulting pressures, rates of shear, and temperature rise. We may,
however, note that a decrease in viscosity near the solid boundaries will
lead to an increase in the rate of shear of the liquid at these regions.
As far as the temperature rise is concerned, this may partially compen-
sate for the reduction in viscosity. In spite of these uncertainties, we
may expect that the main characteristics described in the above analysis
will still be descriptively correct, and that for lighter impacts the
quantitative values will be valid to about a single order of magnitude.

PracricAL IMPLICATIONS

These results show that when metal surfaces collide the forces de-
veloped between the surfaces may be expressed in terms of the elastic
and plastic constants of the metals. The time of collision is usually
very short (of the order of 10~ sec.) and the pressures developed at the
region of contact may be very high indeed. Even for relatively light
impacts these pressures may be sufficient to cause plastic flow of the
metals. The yield pressures under conditions of impact are of the same
order of magnitude as those involved in static deformation, but are
always larger and tend to increase with the velocity of the collision.

These results emphasize the ease with which plastic flow of colliding
metal surfaces may occur. It is clear that this is of considerable impor-
tance in the design of ball races and other types of bearings operating
under impulsive loading or under conditions where vibration may occur.
In ball races the impact of the ball on the race may produce a ‘brinelling’
of the race or a flattening of the ball with subsequent damage to the
whole bearing, as the work of Jones (1946) has recently shown. As we
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saw in equation (5), the energy (mgh,) required to initiate plastic
deformation in a metal by impact is proportional to 73, where r is the
radius of the sphere.t Consequently the danger of damage to the
bearing is considerably lessened by using races containing balls of larger
radius, provided that the loading on the ball is not thereby increased
unduly.

Similar considerations apply to the design of other types of bearings
such as roller and journal bearings, but since in these bearings the
contact is spread over a larger area the range within which the deforma-
tions remain elastic will be appreciably higher.

The results also show that although the presence of a lubricant film
between the colliding surfaces may affect the impact process, high
pressures and plastic deformation may readily occur. In general as the
lubricant film is extruded during the impact, high rates of flow, rates
of shear, and pressures are developed. If the surfaces are spherical these
pressures may be sufficient to cause permanent deformation and damage
to the colliding surfaces at relatively small velocities of impact even
though no actual metallic contact takes place. With flat colliding sur-
faces the pressures will be sufficient to deform the surfaces clastically
at relatively light impacts, but in general considerably heavier impacts
may be necessary to produce plastic deformation of the surfaces through
the liquid film. When plastic flow occurs through the film the surface
damage will generally be less than would be the case in the absence of
the liquid film, since a considerable portion of the collision energy is
expended in squeezing out the liquid. However, under many practical
conditions it may still be a serious factor.

The analysis shows in addition that, other conditions being constant,
the maximum pressure developed in a liquid film trapped between col-
liding flat surfaces is proportional to 4/(1/7) (see Table XXXVI), and a
similar type of relation appears to hold for spherical surfaces. Thus if
there is heavy impulsive loading or intense vibration the presence of a
liquid film of very high viscosity may prevent the generation of pres-
sures sufficiently high to cause plastic flow of the surfaces. For this
reason it might be desirable to select as a lubricant a liquid, the viscosity
of which rises to a high value when the pressures or rates of flow are
great. Some practical evidence for the importance of viscosity under
conditions of impact has recently been obtained by Blok (1948) in a
study of the lubrication of gears. He has shown that the failure of gear

+ In contrast, the static load required to initiate plastic flow is proportional to 72
since Wi = kp,, . (See Chap. I, equation (4).)
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teeth under exaggerated impulsive loading depends far more on the
viscosity of the lubricant than on its ‘oiliness’ or extreme pressure
properties.

Finally we may consider the temperatures produced by impact. If no
liquid film is present and plastic deformation of the surfaces occurs, the
greater part of the energy of deformation appears as heat. The deforma-
tion process is, however, distributed over a relatively large volume so
that the actual temperature rise is low. If, however, sharp points or
hard sharp asperities are present so that an appreciable fraction of the
energy of collision is used up as frictional work, the temperature rise
during impact may be considerably higher. If the bodies are not
metallic and possess a low thermal conductivity, or if particles of sand
or grit are present between the surfaces, we may expect the local
temperature rise to be correspondingly greater.

If the surfaces are separated by a liquid film, the heating due to the
plastic deformation of the metal itself will be very greatly reduced or
eliminated. However, the high rates of shear in the liquid film may
produce appreciable viscous heating in the liquid. For moderate im-
pacts this may amount to as much as 200° C., whilst for severe impacts
the theory indicates that it could exceed several thousand °C. These
high temperatures occur in those liquid layers which are close to the
metal surfaces. This would mean, first, that the viscosity is considerably
reduced, with a consequent increase in the chances of plastic deformation
through the liquid film and subsequent metallic contact. Secondly, the
surface Jayers may well lose their boundary lubricating properties as a
result of the high temperatures. If therefore there is any vibration so
that the system is alternating between boundary and fluid lubrication,
the viscous heating may produce a very serious deterioration in the
lubrication. The disadvantages of viscous heating have long been recog-
nized in the lubrication of journal bearings where at high speeds of
rotation the rates of shear in the lubricant may be very high and may
so produce excessive heating. The present discussion suggests that even
if the speed of rotation is low, rapid vibrations or heavy impulsive
loading may produce similar effects (Tabor, 1949).

The damage of metal surfaces by pressures developed in the lubricant
film may become of increasing practical importance under modern con-
ditions. With high-speed ball races, for example, which are subjected
to vibration, a flattening of the balls and damage of the race may occur
while the fluid film is still complete. . It may also be important for fast-
moving gears, roller bearings, journal bearings, and other mechanisms,
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particularly if they are operating under conditions of impulsive loading
or excessive vibration. Although many examples are available of
this type of damage, of erosive damage produced by rapidly flowing
liquids, and of the damage produced by cavitation, the subject has not
perhaps received the attention it deserves. A moresystematic theoretical
and experimental study of the damage of metals by forces transmitted
through the liquid might, with advantage, be made.
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XIV
THE NATURE OF METALLIC WEAR

LocAL ADHESION AND WEAR

THE wear of solid surfaces is a complex process which under many
conditions includes both chemical attack and physical damage. Any
slight change in the operating conditions may change the whole nature
of the wear process. For this reason practical ‘tests’ seldom give repro-
ducible or conclusive results and considerable caution must also be
exercised in interpreting even the most carefully controlled laboratory
experiments. It is also clear that any theoretical treatment of the prob-
lem of wear must make sweeping simplifications. In this chapter we
shall consider the part played by the continual formation and shearing
of metallic junctions in producing wear between rubbing surfaces and
discuss briefly some of the factors which, in practice, complicate the
wear process. .

When a metallic junction is formed between sliding surfaces the
shearing may occur in four different ways. If the junction is weaker
than the metals themselves, shearing will occur at the actual interface
where the junction is formed. Consequently the amount of metal
removed from either surface will be very small even though the friction
may be relatively high. This occurs, for example, with a tin-base alloy
sliding on steel, where the coefficient of friction is about x = 0-7 and
the amount of alloy worn away and smeared on to the steel is so slight
that even after traversing the same track 400 times the lapping marks
on the steel are still clearly visible (see Chap. VI, Pl. XVII. 4). This
type of junction is usually formed in the presence of tough oxide films
and sometimes in the presence of thin sulphide or chloride films. These
surface layers, even if they ure only of molecular dimensions, may
hinder the formation of strong metallic junctions provided the films
are not broken up by the deformation of the underlying metal.

If the junction is stronger than one of the metals, shearing will often
occur within the bulk of the weaker metal and fragments of the softer
metal will be left adhering to the harder surface. Under these conditions
the amount of material removed from the softer metal may be very large
even though the friction is similar to that observed in cases where little
wear occurs. This is shown, for example, when a lead-base alloy slides
on steel. The coefficient of friction is about . = 1-0, and the wear of the
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alloy is so marked that after a few hundred traversals of the stcel
surface the lapping marks on the steel surface are almost entirely
obscured (see Chap. VI, Pl. XVII. 5). This type of wear gradually
builds up a film of softer metal on the harder surface, so that ultimately
the sliding is characteristic of similar metals. Consequently the friction,
surface damage, and wear are very high.

Thirdly, if the junction is stronger than both metals, shearing will
generally occur in the bulk of the weaker metal, but it will also occa-
sionally occur within the stronger metal itself. In this case there will
be considerable removal of softer metal, but there will also be a small
but finite removal of harder metal during sliding. This occurs, for
example, when copper slides on steel. The taper sections given in
Plate VI. 3, Chapter IV, show that most of the shearing occurs within
the bulk of the copper, but that a number of small pits are left in the
steel surface where the junctions have proved stronger than the steel
itself. The ability of a soft metal to pluck away portions of a harder
metal through the formation of strong intermetallic junctions is shown
in Plate XXXI. 1 for a slider of hard gun steel (V.D.H. 600) after it has
traversed a copper surface for a track distance of only 1,000 cm.
Although the wear of the harder metal may be far less than that of the
softer metal, it will still be appreciable.

Finally we may consider the behaviour of similar metals. Here the
junctions are of the same material as both surfaces, but the process of
deformation and welding will work-harden them and appreciably in-
crease their shear-strength. (A striking example of the work-hardening
of the irregularitics on the surface layers of copper is shown in Plate IT,
Chapter 1.) Consequently shearing will rarely occur at the interface
itself but will take place within the bulk of the metals. For this rcason
the surface damage of both sliding bodies will be very large. Some
alloys, particularly tin-base alloys, are known to ‘work-soften’ (Ley-
man, 1937) when subjected to very heavy deformations. Junctions
formed under these conditions might, therefore, be weaker than the bulk
of the metal itself and shearing would occur at the interface with very
little metallic transfer or surface damage. This suggests that if alloys
could be prepared which show a very pronounced ‘work-softening’ at
the points of rubbing contact, they might have good wear-resisting
properties.

1t is clear from this discussion of the role of metallic junctions in
friction and wear that we cannot expect to find any direct relation
between the coefficient of friction and the amount of wear. The amount
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of metal lost from the surface depends critically on the region within
which shearing of the junctions occurs. The frictional force, however,
may be essentially the same whether shearing occurs within the bulk
of the metals or at the actual interface of contact. Consequently the
amount of metal plucked from the surfaces will, in general, bear little
relation to the amount of frictional work performed during sliding.
The greater part of the frictional work is dissipated as heat.

These observations are of general validity and under certain condi-
tions the type of junction formed plays a direct part in determining the
amount of wear. This will be discussed in the following section in
relation to the wear-resisting properties of hard metallic films. In
general, however, the actual wear behaviour in any practical case is
profoundly affected by other factors. As we shall sce, chemical reaction
at the rubbing surfaces and in particular the formation of oxide films
may be of major importance. This is, of course, especially marked in
the absence of a lubricant. In the presence of lubricant films the wear,
though greatly reduced, is appreciable and refined methods of measure-
ment show that it may depend on the chemical nature of the lubricant.

WEAR-REDUCING PROPERTIES OoF THIN METALLIC FILMS

The wear between metal surfaces may be decreased by covering one
of the surfaces with a thin film of a metal which in itself has good wear-
resisting properties. For example, rhodium and chromium are hard
metals which are very little worn by other metals during sliding. Thin
films of these metals may therefore be used to protect surfaces from
heavy wear. In addition chromium has a very strong oxide film which
is not easily disrupted since it is backed by a hard metal. As a result
very few intimate metallic junctions are formed through the oxide layer;
most of the junctions are formed with the oxide film itself, and these
junctions tend to shear in the actual surface of contact. Consequently
with chromium the wear of the other surface may also be considerably
reduced.

Rhodium and chromium films deposited by electroplating have been
used with success in the protection of standard screw gauges, test plates,
drawing-dies, cutting-tools, cylinder liners, etc. Some experiments
(Moore and Tabor, 1942) show in a striking way the wear-reducing
properties of these films and some of the factors which are of practical
importance in their application. For example, Plate XXXI. 2 shows
a steel slider that has traversed a brass surface several hundred times.
(The slider had a radius of curvature of 3 mm., the load was 4 kg., and
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the sliding speed about 10 cm./sec.) The adhesion of the brass to the
steel is very marked. If the brass is etched away the underlying steel
surface shows considerable plucking and wear (Plate XXXI. 3). If a
similar brass slider is coated with rhodium there is again some pick-up,
though it is less marked (Plate XXXI. 4). On etching away the brass
the appearance of the surface depends on the thickness of the rhodium
film. If the film is less than 10-* cm. in thickness the film is cracked
and partially torn away (Plate XXXI. 5). If it is thicker than 2x 10~
cm. the damage is negligible (Plate XXXII. 2). With the chromium
film 5% 10-4 cm. thick the amount of pick-up is still less (Plate XXXTI.
3), and when this is removed by etching, the chromium shows no sign
of surface damage (Plate XX XII. 4).

The importance of film thickness was again demonstrated in some
measurements of the wear of cast iron sliders (Tabor, 1942). The wear
of the cast iron on a chrome molybdenum steel surface is very heavy
indeed. If the cast iron slider is coated with a film of chromium less
than about 10~% ¢m. in thickness the chromium is unable to withstand
the distortion of the underlying metal and is rapidly broken up (Plate
XXXITI. 5). If, on the other hand, it is more than about 5x10~* cm.
in thickness it has sufficient mechanical strength under the given experi-
mental conditions and it provides very good wear protection (sec Plate
XXXII. 6).

This result may be represented in a different way. The measurements
showed that over a fairly wide range of experimental conditions the
wear at a fixed load is directly proportional to the distance traversed.
Consequently the wear may be expressed as a loss in weight per unit
length of track traversed. The results for chromium plated on to cast
iron are drawn in Fig. 102, where the wear is expressed as micrograms
lost per cm. of track traversed. It is seen that the rate of wear is
relatively high for film thicknesses less than 5X 10~* cm., while for
thicker films it is less than 0-005 microgm./cm. The corresponding
value for unplated cast iron is about 5 microgm./cm. In all cases the
coefficient of friction remained approximately constant at about u = 0-5.

We may expect that the wear properties of chromium films will
depend on the plating conditions. Experiments carried out to investi-
gate this show that, in fact, the wear is generally low for hard bright
chromium deposits and higher by a factor of about 10 for burnt or
milky deposits. However, the wear of the burnt or milky deposits in
these experiments was still 50 to 100 times less than that of cast iron.

Experiments carried out with chromium-plated specimens sliding on



Fia. 1. Worn portion of a hemispheri-
cal steel slider (V.D.H. 600) after it has
traversed 1000 em. of track on unlubri-
cated copper (V.D.H. 60). The plucking
away of thesteel is clearly visible ( X 66).

Fra. 2. Steel slider after rubbing on Fia. 3. Portion of 2 at higher magni-
brass surface. Note pick-up of brass fication after etching away the brass.
(% 30). There is marked plucking of the steel

(% 66).

¢, 4. Rhodium plated brass slider  Fia. 5. Portion of 4 at higher magni-
after rubbing on brass. (Thickness of fication after etching away the brass.
rhodium 5 x 10 em.) Notoe pick-up Note breakdown and cracking of
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Fia. 1. Rhodium plated brass slider
after rubbing on brass. (Thickness
of rhodium 10-* ¢cm.) Note pick-up

of brass (% 30).

Fra. 2. Portion of 1 at higher magni-

fication after etching away the brass

pick-up. There is no sign of damage
to the rhodium film ( < 66).

Fic.3. Chromium plated brassslider
after rubbingon brass. (Thickness of
Note very

chromium 5.10% ¢m.)
slight pick-up of brass (x 30).

Fic. 5. Cast iron slider, plated with
a film of chromium 2 x 104 e¢m. thick
after sliding a few ¢m. on steel. The
chromium film has broken down and
there is already appreciable wear of

Fi1a. 4. Portion of 3 at higher magni-

fication after etching away brass.

There is no sign of damage to the
chromium film ( x 66).

F1a. 6. Cast iron slider plated with
a thicker film of chromium (about
5Xx10°* em.) after sliding 1200 cm.
on steel. It is seen that the wear of
the chromium is relatively light
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chrome molybdenum steel surfaces heated to a temperature of 250° C.
gave essentially the same results. The wear of the chromium was as low
as that observed at room temperature, but there was a slight increase
in the amount of steel picked up.

4

Wear microgm./cm. track

.
¥ *

05 1. 5 2
Thickness of chromivm film (0-001 cm,)

Fi16. 102. Wear of chromium-plated film as a function of film thickness. The chromium

is deposited on a hermispherical cast iron slider of diameter 0-6 cm. Where tho film is

less than 5.107% cm. thick the wear is high as a result of the breakdown of the film. If
the film is thick enough to resist mechanical breakdown the wear is very low.

These experiments show that hard chromium films can be most
effective in reducing the amount of wear between metal surfaces if the
films have sufficient mechanical strength to withstand the distortion of
the underlying metals and if the plating conditions are appropriate. In
practice, however, chromium films possess one very serious disadvan-
tage. As we saw in Chapter X, chromium is very difficult to lubricate.
In fact the friction and wear of chromium surfaces are not greatly
reduced by the presence of most lubricants. Consequently if in practice
it is possible to lubricate the surfaces, the wear may be appreciably
lower when chromium films are not used. If, on the other hand, the
surfaces have to operate under high temperatures and pressures where
boundary lubrication cannot hope to succeed, chromium films can pro-

duce very substantial reduction in wear. Some attempt to improve the
3596.72 U
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lubrication of chromium has been made by etching the surface so that
small cracks or crevices are formed. It is suggested that these cracks
provide minute reservoirs which trap small quantities of the lubricant
and ‘feed’ it on to the sliding surfaces.

CHEMICAL REACTION AND WEAR

The role of chemical as well as physical processes in the wear of
sliding metals has been investigated during the last two decades by a
number of workers such as Fink, Rosenberg and Jordan, Smith, Gough,
Tomlinson, Williams, Donandt, Siebel, and by Dies. The work which
Dies and others have carried out in Germany during the last ten years
is of some general interest. Their experiments have been concerned
mainly with the wear of steel surfaces sliding on a rotating hard steel
disk in the absence of lubricant, at relatively high loads and speeds
(Mailander and Dies, 1943). These workers make a clear distinction
between what they call ‘seizure-wear’ and ‘abrasive-wear’. Seizure-
wear is said to occur when there is heavy tearing of the rubbing surfaces
and marked vibrations are set up in the moving parts. With similar
metals (e.g. mild steel on mild steel) it occurs even at the smallest loads
and the wear is always very heavy (Fig. 103, curve I). Abrasive-wear
is said to occur when the surface damage is much less severe and the
surfaces can run safely until they are completely worn away. Although
the distinction between these types of wear appears to be a matter of
degree rather than of kind, Dies and other workers find it convenient
to restrict their investigations to the field of abrasive-wear. With mild
steel sliding on a hard chromium steel disk this involves working at
nominal pressures below about 30 kg./em.? With this combination of
metals these workers find that the wear is considerably less than for
mild steel on mild steel. As the load is increased it is found that the
wear at first increases, then rapidly falls, and finally rises again (Fig. 103,
curve II). The critical load at which this drop in wear occurs is increased
if the surfaces are cooled by a circulating system and is decreased if the
speed is increased. The results suggest that the decrease in wear is a
real effect which corresponds to a transition from one type of wear
process to another; this transition is determined largely, though not
exclusively, by the surface temperatures developed during sliding. This
view is supported by the observation that when the wear decreases a
corresponding change occurs in the chemical composition of the wear
products. For experiments carried out in air the wear products for
small loads are mainly FeO and Fe. Beyond the critical load, however,
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the amount of Fe becomes negligible and the major part of the wear
products consists of Fe,0; and FeO (Fig. 104). At the same time a
significant change in the hardness of the surface layers of the steel
slider occurs. Up to the critical load the surface hardness is somewhat
greater than the bulk hardness: beyond the critical load it is very much
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F1a. 103. Wear of unlubricated metals as a function of load (from Dies’s paper).

Note that the wear is on a logarithmic scale. For mild steel on mild steel (curve I)

the wear is always very heavy and involves continuous seizure. For mild steel

sliding on hard chromium steel (curve TI) the wear is considerably less and shows
a marked change at a nominal pressure of about 10 kg./sq. cm.

greater. This marked increase is attributed partly to the formation from
the atmospheric nitrogen of nitrided layers which penetrate to an appre-
ciable depth into the surface and partly to the distortion and work-
hardening of the metal under the more severe conditions of operation.

Interesting confirmation of the important part played in friction and
wear by films of iron oxide, formed at high speeds of sliding, has recently
been described by Johnson, Godfrey, and Bisson (1948). They find that
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the oxide films formed on the rubbing surfaces may in themselves
function as lubricants and suggest that oFe;0, is more effective than
Fe,0,.

Dies has also emphasized the importance of the surrounding atmo-
sphere on the wear. In air, as we have already seen, chemical reactions
oceur, in which not only oxides but nitrides of the metal may be formed.

80
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Nominal load Kgfem?

F1a. 104. The wear products of mild steel sliding on a hard chromium steel as a

function of load (fromn Dies’s paper). The composition of the wear products

shows a marked change at the same load as that at which the total amount of
wear changes. See Fig. 103, curve II.

Other atmospheres have their own specific effect. Water vapour appears
to have the most marked effect in increasing the wear, and in air at very
low pressures where the amount of oxygen and moisture is very small
the wear may be twenty times smaller than that observed in the normal
atmosphere (Fig. 105). These conclusions are in general agreement with
similar investigations carried out in England and America. However,
several investigators, whilst stressing the important part played by the
atmosphere in metallic wear, have obtained results which are signifi-
cantly different.

Nevertheless, there is general agreement amongst workers in the field
that the wear mechanism involves a complicated interaction of chemical,
physical, and mechanical processes and that small variations in the
experimental conditions (e.g. ambient temperature, humidity) may have
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a profound effect on the wear observed. It is clear that in future wear-
research much greater precautions will be needed to standardize the
conditions under which the measurements are carried out.

An interesting practical conclusion from Dies’s work is that with plain
carbon steels rubbing on chromium steel, the wear in general decreases
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F1a.105. The wear of mild steel sliding on a hard chromium steel in various atmospheres

(from Dies’s papor). I, ordinary atmosphere, humidity 4 gm./m.?; 1I, nitrogen; IIT,

oxygen; 1V, atmospheric air at a pressure of 3 mm. When the amount of oxygen and

water vapour is very small (curve 1V) the wear may be 20 times as stnall as that observed
in the normal atmosphere.

with increasing hardness. A martensitic structure gives a smaller wear
than a pearlitic structure and a laminar pearlitic steel gives a smaller
wear than a granular pearlitic structure.

IMPORTANCE OF SURFACE OXIDATION
The influence of oxide films on the friction and surface damage of
metals has been described in Chapter VII.
It is evident, as many workers have shown, that surface oxidation
can play a major part in the wear process and this has been brought
out very clearly in another interesting paper by Dies (1943). He has
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shown that wear is often dominated by the specific properties of the
oxide films formed by frictional heating and by the way in which the
oxide is attached to the underlying metal. If the oxide is very hard and
embeds itself firmly into the underlying parent metal the rubbing
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F1c. 106. Mohs hardness scale of metals and motal oxides (from Dies’s paper).

Under conditions favouring surface oxidation the wear of sliding metals may be

determined primarily by the hardness of the corresponding motal oxide. Thus a

soft metal such as tin may produce heavier wear of a hard chromium steel than
a hard steel slider rubbing on the same chromium steel.

surface may become, in effect, an abrasive surface. As Finch (1935) has
already shown, this readily occurs for example with aluminium and
aluminium alloys, where surface layers of crystalline Al,O, or alundum
are readily embedded in the underlying metal. The surface of alundum
does not readily weld on to the other sliding surface, but the sharp
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edges of the alundum crystals act as very fine, hard, cutting-tools. As
a result an aluminium surface may produce very heavy wear of the
hardest steel since alundum is very much harder than the oxides
of iron. :

On the other hand, if the oxide is soft it may play little part in
abrading the other surface. Thus magnesium forms a very soft oxide
and the wear produced by magnesium on harder metals under conditions
favouring the formation of the oxides is relatively small. These results
may partially explain the practical observation that pistons made of
magnesium alloy produce far less scoring and tearing of the cylinder
liner than pistons made of aluminium alloy. If the oxide is hard but
is not firmly attached to the underlying metal its behaviour will be
very complicated. Nevertheless, the broad outlines of the effect of
metal oxides have been well established by Dies. His diagram showing
the Mohs hardness of various metals and their oxides is reproduced in
Fig. 106. This figure explains his striking observation that a soft metal
like tin produces hecavier wear of a hard chromium steel disk (under
conditions favouring oxidation) than a hard steel slider on the same
chromium steel. The metal oxide may also play a decisive part in
fretting corrosion. This has been confirmed by experiments due to
Hampp (see Tingle, 1947) on the false brinelling of ball races during
transit or during storage under vibration. The continuous stressing of
the surfaces in the presence of atmospheric CO, and moisture leads to
relatively rapid corrosion since the corrosion products are continuously
broken up by the vibration. Consequently small pits are formed at the
points where the balls are in contact with the race. Hampp finds that
a lubricant film which can exclude CO,, oxygen, and moisture produces
a marked reduction in the amount of ‘false-brinelling’. This conclusion
is in gencral agreement with that reached by Almen (1937) in America.

INFLUENCE OF LUBRICANT FinmMs oN WEAR

As we saw in Chapter IX, a lubricant film reduces the amount of
intimate metallic contact between sliding metals. As a result the amount
of metallic transfer between the surfaces may be greatly reduced. This
is shown by the electrographic surface analysis of steel surfaces which
have been traversed once by a copper surface at a speed of a few
em./sec. (Chap. IV, PL IX). The amount of copper transferred on to
the steel is reduced by a factor of 50 or more in the presence of a suitable
lubricant. As we have seen in Chapter IX, the lubricant films them-
selves exhibit a marked difference in their resistance to wear. For
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example, fatty acid films a few molecular layers thick are much more
resistant to wear than a film of cholesterol of the same thickness. The
ability of the lubricant to repair the damage either by surface mobility
of the film or by rapid adsorption from the bulk of the lubricant is also
of great importance.

In practical wear measurements where the rubbing surfaces run at
considerably higher speeds and the same track is usually traversed many
times, the wear process is complicated by the temperatures developed
during sliding, by the gradual change of the surfaces themselves as a
result of wear and pick-up, by the incidence of quasi-hydrodynamic
lubrication, and by other factors discussed in the previous sections.
For these reasons it is difficult to make satisfactory wear measurements
in the presence of lubricants and the results are generally difficult to
interpret.

A great deal of work has been carried out by Kenyon (1946) in
developing an experimental technique that will provide reproducible
measurements of wear in the presence of a lubricant. He finds that
reproducible results can be obtained only if one of the rubbing surfaces
is so hard that its surface is virtually undamaged by the sliding process.
For reasons which will be discussed below, the hard surface must not
be too smooth, otherwise the wear is negligibly small. Kenyon’s tech-
nique consists of rubbing a small flat tungsten-carbide slider possessing
a standard degree of surface roughness on the surface of a rotating steel
disk and measuring, by sensitive chemical and colorimetric methods,
the amount of steel abraded during sliding. Although the flat slider is
very small (about | mm. diameter) and its surface is accurately parallel
to the rotating disk (to within about %°), there is evidence that hydro-
dynamic lubrication will occur even when the sliding speed is as low as
20 cm./sec. This is shown, for example, by the contact resistance
between the rubbing surfaces. If the slider is very smooth the contact
resistance readily reaches values greater than 10 ohms and the wear is
negligible. This provides interesting confirmation of Beeck’s work on
the ease with which hydrodynamic lubrication is set up even at low
speeds and is supported by Fogg’s recent observations on the incidence
of fluid lubrication between parallel surfaces (1945). If the slider has
the appropriate degree of surface roughness the contact resistance lies
between 0-01 and 1 ohm, and the observed wear is largely due to the
surface irregularities which project through the hydrodynamic film. At
the tips of these asperities boundary lubrication and wear occur. Conse-
quently, as the surface roughnesses on the slider are worn away, the
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wear of the steel surface steadily diminishes. This effect is very marked
if the slider is not sufficiently hard. With tungsten carbide sliders,
however, the surface of the slider is scarcely affected by the sliding
process, and the rate at which metal is removed from the steel surface
(expressed as weight/cm. track) is reproducible to within about 10 per
cent. Measurements indicate that over a load range of about 1-7 kg.
the wear is roughly proportional to the load.

Kenyon has carried out some interesting comparisons of the wear rate
in the presence of various lubricants. The standard lubricant was a
highly refined white oil free from polar compounds, in which various
additives were dissolved. Typical results are given in Table XL.

TaBLE XL

Wear 10710 gm.[/cm. of track

Lubricant Load = 2 kg. | Load = § kg.
White oil . . . 226 785
29 oleic acid . . 760 1,660
59, oleic acid . . 760 1,660
19, tricresyl phosphate . 66 415

1-59%, additive containing

sulphur and barium . 144 590

The results show that oleic acid produces a considerable increase in
the amount of steel removed during sliding. This observation is striking
in view of the fact that oleic acid in general provides good boundary
lubrication and reduced friction. It is possible that this behaviour is
due to the chemical attack of the surface by the fatty acid. On this
view the metallic soap film is rubbed away during sliding and is con-
tinuously reformed by further chemical reaction. Kenyon points out
that non-reactive detergents may produce a similar increase in wear
and suggests that the additive removes, by a detergent action, the
detritus on the surface which otherwise would act as a protective film.
This increase in wear with a good lubricant has been observed by other
workers. Halder (see Tingle, 1947), for example, finds that under com-
parable conditions, lubricants giving a lower coefficient of friction often
give a higher abrasive wear. This is particularly marked with lubricants
containing oxygen and sulphur, where the friction is low but the amount
of chemically combined metal removed from the rubbing surfaces is
relatively high. These conclusions may, however, only be considered as
a general trend. In some cases the presence of sulphur (as in the last
line of Table XL) may lead to reduced wear. The reduced wear obtained
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with tricresyl phosphate on steel surfaces has been generally observed
by other workers. For example, Beeck, Givens, and Williams (1940)
have suggested that this effect is due to a chemical attack which pro-
duces a phosphide eutectic at the tips of the rubbing asperities; the
eutectic has a relatively low melting-point and is readily softened by
the high temperatures developed at the points of contact. As a result
the rubbing action involved in the sliding process itself is sufficient to
wipe away the eutectic from the larger asperities. This leads to a rapid
smoothing of the surface and the amount of steel abraded during sliding

is considerably reduced.

It is clear from these considerations that in nearly all practical cases
the wear will depend on a declicate balance of chemical reactivity and
lubricant-film breakdown, as well as on the detailed mechanism of the

interaction between the surfaces.
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XV

ADHESION BETWEEN SOLID SURFACES: THE INFLUENCE
OF LIQUID FILMS

EARLIER chapters have shown that the friction between metal surfaces
is due to the shearing of metallic junctions formed by adhesion or
welding at the points of intimate contact. We might, at first thought,
expect that when the load is removed these junctions would still remain
and an appreciable normal force would be needed to separate the sur-
faces. Itistherefore of interest to examine the normal adhesion between
solids and to determine the effect of interposed liquid films on the
adhesion. Earlier work by Holm (1946), Shaw and Leavey (1930), and
Jacob (1912) has shown that strong adhesion may occur between sur-
faces which have been cleaned and freed of adsorbed surface films, but
if the surfaces are exposed to air no adhesion is observed. The work of
McBain (1931) and Hardy (1936) has dealt more specifically with the
strength of adhesives between solid surfaces. Similarly Budgett (1911),
Stone (1930), and other workers have shown that marked adhesion
between solid surfaces can occur in the presence of water or other liquid
films. In this chapter we shall first discuss the behaviour of a number
of surfaces for which the observed adhesion is very small unless liquid
films are present. In the second part we shall show that with certain
materials extremely high adhesions may be obtained even when the
surfaces are dry. In such cases, liquid films produce a marked reduction
in the adhesion. Most of the experiments described here have been
carried out by Dr. McFarlane (McFarlane and Tabor, 1948, 1950).

ADHESION OF HARD SURFACES: GLASS, PLATINUM,
AND SILVER

A number of simple and relatively crude experiments was carried out
to measure the normal adhesion between surfaces of glass, platinum, and
silver after they had been pressed together. The surfaces were cleaned
by the best possible laboratory methods available. Glass was cleaned
in chromic acid and then in a flame, platinum by heating in a flame,
and ‘silver by careful abrasion and polishing. In all cases the normal
adhesion was negligible. For this reason a sensitive pendulum type of
apparatus was used. One surface is supported vertically in a rigid frame.
The other surface, usually in the form of a sphere, hangs from a fine
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thread and rests against the first surface on to which it can be pressed
with a known force. The vertical surface may then be moved away from
the sphere until, under the force of the gravity component, the sphere
falls away. The deflexion of the thread from the vertical gives a measure
of the adhesive force. With this apparatus adhesions as small as
10-¢ gm. could be readily measured.

Fic. 107.

The results again showed that in clean dry air the adhesion was
negligible. In a humid atmosphere, however, marked adhesion was
observed, particularly with glass surfaces. The adhesion depended on
the humidity, but at saturation the adhesion was the same as that
observed if a small drop of water was placed between the surfaces.
This suggests (see also Stone, 1930) that the observed adhesion is due
to the surface tension of a thin film of water adsorbed or deposited on
the glass surfaces.

A simple calculation shows that for a spherical bead on a glass plate
we may express the adhesion force in terms of the surface tension.
Consider a perfectly smooth sphere of radius R resting on a perfectly
smooth plane covered with a thin film of water. Suppose the liquid
collects to form a pool at the tip of the sphere and that the radius of
curvature of the profile of the meniscus is 7 (Fig. 107). If the liquid
completely wets the surface (i.e. the contact angle is zero), and ifr< R,
the pressure inside the liquid is less than atmospheric pressure by
approximately 7'/r, where T' is the surface tension of the liquid. Conse-
quently the force over the whole of the liquid pool is equal to ma?T[r.
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But to a first approximation a? = 2R.2r. Hence the adhesive force 4
is given by A = 4RraT|r = 4nRT. 1)

Thus the adhesion is independent of the thickness of the liquid film
and is directly proportional to E. Experiments with glass beads of
various radii of curvature fully confirm this relation. Typical results
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Fia. 108. Adhesion of a spherical glass bead on a flat glass surface in & humid atmo-

sphere. The adhesive force 4 is directly proportional to the radius of curvature,

R, of the bead. The slope of the straight line is a measure of the surface tension
of the liquid between the surfaces, and the calculated value is 67 dynes/em.

carried out in a saturated atmosphere are given in Fig. 108. The surface
tension calculated from the straight line obtained is 67-3 dynes/cm.,
whereas the surface tension of water at the same temperature is
72-7 dynes/em. The discrepancy may be due to some defect in the
apparatus, since large-scale experiments carried out on the adhesion
between a convex lens and a wet glass plate using equation (1) gave
values of 7' of 72:5 dynes/cm. Nevertheless it seems clear that the
adhesion observed in the pendulum experiments is due essentially to
the surface tension forces acting in the film of water adsorbed on the
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surfaces. This is confirmed by experiments in which small drops of
various liquids were placed between the glass surfaces. The adhesions
observed gave the following values of 7' as calculated from equation (1):

TasLE XLI
Adhesion due to thin films of liguid on glass surfaces

Surface tension, dynesfcm.
Calculated from Accepted
TLigquid adhesion values
Water 67-3 727
Glycerine 59 63-5
Decane . 22-4 25
Octane . 19-9 21-8

Although the values are all somewhat lower than the accepted values,
it is clear that they are all close to, and vary directly with, the surface
tensions of the liquids.

It is of interest to note that in the above experiments the adhesion
remained at its full value even when the liquid films had thinned so far
by evaporation that interference colours were no longer visible. This
means that liquid films well below 1,000 A in thickness still give their
‘normal’ surface tension values. We may note incidentally that this
provides a method of measuring the surface tension of minute quantities
of liquid to within a few per cent. No adhesion was observed in atmo-
spheres saturated with vapour of benzene or alcohol. This is probably
because the adsorbed layers are too thin (see below).

Effect of surface roughness

If the glass plate was roughened by abrading with carborundum
paper, the adhesion produced in an atmosphere saturated with water
vapour decreased with increasing roughness. These results are sum-
marized in Table XLII. If, however, a film of water was applied to the
roughened surfaces, high adhesions were again observed.

TasLe XLII
Adhesion of glass surfaces in atmosphere at 100 per cent. humidity

" Mean height of | Adhesion as percentage
surface of value observed with
Surface finish irregularities, A | highly polished surfaces
Highly polished c. 150 100
500 carborundum paper 1,000 79
320 »» » 4,000 51
150 » ”» 100,000 0
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Similar results were observed with platinum surfaces, but in this case
even with the smoothest polish obtainable the adhesion was never as
high as that observed between glass surfaces. This is probably because
the water film is appreciably thinner on platinum than on glass, and
because the polished platinum surface is rougher than the fire-polished
glass surface (see below).
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F1a.109. Adhesion of glass surfaces as a function of the humidity of the surround-

ing atmosphere. The adhesion rises rapidly at humidities exceeding 80 per cent.

saturation (curve @). There is a close parallel to the results of McHaffie and Lenher
(curve A) for the thickness of the wator film adsorbed on glass surfaces.

Effect of humidity

Some experiments were carried out on the adhesion between smooth
glass surfaces in atmospheres maintained at various degrees of humidity.
The apparatus was surrounded by a lagged glass tank and the atmo-
sphere inside the tank was allowed to come into equilibrium with
saturated solutions of various salts. The atmosphere was thoroughly
mixed before each adhesion measurement by means of a stirrer. With
glass surfaces the adhesion reached its maximum value at about 88 per
cent. humidity; with a glass sphere on a polished platinum surface at
between 93 per cent. and 100 per cent. humidity. The adhesion results
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for glass are plotted in Fig. 109, where the adhesion is expressed as a
percentage of the full adhesion observed at 100 per cent. humidity. On
the same figure a curve has been plotted from adsorption experiments
by McHaffie and Lenher (1925) showing the thickness of the layer of
water adsorbed on glass surfaces at various humidities. It is seen that
according to their results the thickness of the film increases rapidly at
humidities greater than 90 per cent.

The above experiments show that the effect of increasing the rough-
ness of the glass plate in a saturated atmosphere is similar to the effect
obtained if the surfaces are kept smooth, but the humidity is reduced.
This indicates that the adhesion depends on the height of the surface
peaks and on the thickness of the adsorbed layer of water. We should,
in fact, expect that the decrease in adhesion would occur when the
height of the asperities is comparable with the thickness of the adsorbed
film. Thus in a saturated atmosphere the adhesion of glass surfaces
begins to fall off when the surface roughnesses exceed about 1,000 A.
This conclusion is confirmed by the observation that the adhesion with
platinum is always less than with glass, cven in a saturated atmosphere.
Presumably this is because the platinum is not as smooth as the glass
and because the adsorbed water film on platinum, as McHaffie and
Lenher found, is considerably thinner. It is clear from these experiments
that water films adsorbed on the glass and platinum surfaces are respon-
sible for the adhesion observed.

Adhesion due to surface tension and viscosity

Tt is interesting to consider the adhesion between flat parallel surfaces
separated by a film of liquid. Suppose the surfaces are circular disks 1in.
in diameter (area 5-1 sq. cm.) and are separated by a film of oil 1,000 A
thick. If the oil wets the surfaces the radius of curvature r of the
meniscus at the edge of the disks is 500 A or 5 10~% cm. On account
of the surface tension 7' the pressure inside the liquid film is reduced by
approximately 7'/r. For a typical mineral oil, 7' is about 30 dynes/cm.,
so that the pressure is 6 X 10® dynes/ecm.? If the film between the sur-
faces is continuous the adhesive force due to surface tension is

5-1X 6%x10® dynes = 31 kg.

The marked adhesion between flat surfaces when they are wetted by
an interposed liquid was shown by Bastow and Bowden (1931). They
observed that with an incomplete film of liquid the surface-tension
forces are sufficient to cause a buckling of thick glass plates. These
results suggest that the adhesion between Johannson flats and similar
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slip-gauges may be largely due to the surface tension of an intermediate
oil film. It is interesting to note that, in experiments with flat surfaces
in 1911, Budgett found that for highly polished steel surfaces (area
4-5 sq. cm.) wetted by a film of paraffin oil the adhesion was about 20 kg.
This is of the same order as that calculated above.

Budgett attributed the adhesion to the cohesive forces in the liquid
film. He points out, however, that if the thickness of the film is
increased the pull required to separate the surfaces diminishes rapidly.
It would therefore appear that the adhesion observed is not simply due
to the tensile strength of the liquid, though this will clearly set an upper
limit to the adhesion (see below). On the other hand, several workers
have attributed the adhesion between slip-gauges to the molecular fields
of the solid surfaces, acting through the liquid film (see, for example,
Rolt, 1929). It should, however, be noted that for dry surfaces no
adhesion is observed.

If the gap between the surfaces is completely surrounded by the
liquid, the surface-tension forces should be zero. This effect is, in fact,
observed. If the surfaces are completely surrounded by liquid they may
be separated by the smallest normal force, provided the separation is
carried out very slowly. If the rate of separation is rapid the viscosity
of the liquid may become a very important factor. As the surfaces are
pulled apart the liquid must flow into the space between them, and if
the viscosity of the liquid is appreciable the force required to separate
them in a short time-interval may be very large indeed. For example,
the simple analysis given in Chapter XIII shows that if the surfaces are
circular disks of radius R and the oil has a viscosity 7, the time ¢ to
separate the surfaces from a separation %, to a separation %, by a

force F' dynes is . 3R (1 1
T 4F \n} R

Suppose the disks are 1 in. in diameter (B = 1-27 cm.), the oil is a
typical light mineral oil of » = 150 centipoise, and the original oil film
thickness is 1,000 A (i.e. #; = 10~5 cm.). Then the force F required to
pull the surfaces apart (hy = 00) in & time of 10 seconds against the
viscous forces if the film is not ruptured is 9,500 kg., i.e. nearly 10 tons.
In practice, of course, the film itself will rupture at a lower load, since
its tensile strength cannot reach such a high value. If dissolved air or
other gases are present the oil film will rupture more readily. Neverthe-
less the calculation indicates that viscous forces may produce very large

apparent adhesions between parallel surfaces if the adhesive strength is
3595.73 x
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measured by short-period applications of the load. The importance of
viscosity in the action of adhesives has also been recently stressed by
Bikerman (1947).

It is clear from these calculations and from the previous experimental
results that in many cases the surface tension and viscosity of interposed
liquid films may play an important part in the observed adhesion
between solid surfaces. This will be particularly marked when the
surfaces are very smooth and separated by a thin continuous film of
liquid extending over a relatively large area.

ADHESION OF SO¥T METALS

The fact that in the complete abscence of liquid films the normal
adhesion between clean platinum, silver, and glass surfaces is negligible
may appear to argue against the formation of junctions between the
surfaces. There are, however, two points to be considered. The first is
that even when the surfaces are most carefully cleaned in the atmo-
sphere they will be covered with adsorbed films and these may not be
readily broken through when the surfaces are placed in normal contact.
When sliding occurs, however, these surface films are largely broken
down by the sliding process itself. A more important point is that the
solids used in the previous experiments are relatively hard. When the
load is removed the elastic stresses within the bulk of the bodies are
relcased (sce Chap. I) and the resulting displacement may break any
junctions that may have been formed. This view is confirmed by
experiments with very soft metals such as lead and indium, where the
released elastic stresses are very much less. If a clean steel ball is
pressed on to a clean surface of lead, tin, or indium, very strong
adhesion is observed.

For these experiments a very simple apparatus was used. It consists
of an equal-armed balance, at one end of which the metal surfaces are
mounted. The upper surface consists of a steel ball and the lower
surface is a flat strip of the softer metal. The ball is pressed on to the
lower surface with a known load for a specified time and the load is
then carefully removed. - Lead shot is then run into the pan at the
opposite end of the arm until the surfaces are pulled apart. The balls
used in these experiments had a radius of curvature of the order of a
few millimetres, and the adhesions were many orders of magnitude
higher than those described in the earlier part of the chapter. Conse-
quently the surface tension of any liquid films present on the surface
will have a negligible effect on the adhesion. The surface of the steel
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ball was prepared by polishing. The soft metal was cast in a suitable
block and a fresh surface prepared immediately before the adhesion
experiment by cutting a thin layer off the surface with a clean planing-
tool made of steel or diamond.

Indium. With clean indium surfaces it is found that the adhesion is
of the same order as the original normal load applied, but for any one load
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F1a. 110. Adhesion of a clean steel ball on a clean indium surface. With increased

time of loading the adhesion increases, but in general the adhesive force is of the

same order of magnitude as the original load, i.e. the ‘coefficient of adhesion’ is
of the order of unity.

the adhesion increases with the time of application of the load (Fig. 110).
This, however, appears to be due to a creep effect which allows the area
of contact to increase steadily with time. This is shown by the fact that
if the adhesion is plotted against the area of the indentation formed,
i.e. against the area of contact, the result is a straight line (Fig. 111).
It is of course true that the creep effect operates in the opposite direction
too. That is to say, the force required to separate the surfaces is smaller
if the force is applied for a long period. This effect, however, was not
important under the experimental conditions used.
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When the surfaces are separated a thin layer of indium is found
adhering to the ball. This shows that the junctions formed between the
indium and the steel surfacc are at least as strong as the indium itself,
even though an appreciable film of oxide must be present on the steel.
This view is confirmed by the observation that if the indium-coated
sphere is used for further experiments on an indium surface the same
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Fra. 111. Adhesion of a clean steel ball on a clean indium surface. The adhesive

force is directly proportional to the size of the indentation formed, whether the

time of loading is 10 sec. or 1,000 sec. This suggosts that tho increase in adhesion
with time (Fig. 110) is essentially a creep effect.

adhesion is found as for clean steel. It is apparent from these results
that intimate metallic junctions are formed at those regions of contact
where the indium flows plastically. The temperature rise due to the
deformation process itself is negligible (see Chapter XTII) so that this
must be considered as a ‘pressure-welding’ or a ‘cold-welding’ effect.
It is interesting to note that, quite recently, this effect has been used
industrially for the joining of aluminium alloy strips (e.g. Tylecote
(1948); Anon. (1948)).

Lead and tin. Experiments were also carried out on the adhesion
between a steel ball and surfaces of lead and of tin. The behaviour was
similar to that of indium. Some typical results are given in Table XLIIT
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for a load of 2 kg. applied for a period of 1,000 sec. It is seen that for
indium the adhesion is over 2 kg. If by analogy with the coefficient of
friction we define the coefficient of adhesion v as the ratio of the adhesive
force to the normal load, the value for indium is about » = 1-2. For
steel on lead the value is about v = 0-7, whilst for steel on tin it is about
v = 0-4. The adhesion for lead and tin is therefore marked but not as
large as with indium.
TasLe XLIII
Adhesion of steel ball to indium, lead, and tin. Clean surfaces.
Load 2 kg. Time of loading 1,000 sec.

Coefficient of
Surface | Adhesion, kg. adhesion
Indium . 24 1-2
Lead . 1-4 0-7
Tin . 0-8 0-4

Effect of surface oxidation

Indium is a metal which oxidizes relatively slowly. It is not sur-
prising, therefore, to find that the adhesion of an indium surface exposed
to the air falls off very slowly with time of exposure. With lead and tin,
however, the adhesion falls off much more rapidly. Comparative results
for indium and lead are shown in Fig: 112, It is apparent that oxide
films formed on metal surfaces may produce a marked reduction in the
adhesion. This is presumably because they reduce the amount of inti-
mate metallic contact between the surfaces. This conclusion is in general
agreement with frictional observations, where it is found that oxide films
can produce an appreciable reduction in friction. It should, however,
be borne in mind that in frictional experiments the sliding process itself
may often facilitate the breakdown of the contaminant film.

Some experiments on the adhesion of metals in a high vacuum which
confirm this view have been carried out by Mr. J. E. Young. If clean
nickel surfaces, for example, are placed in contact in vacuo at room
temperature, both the friction and the adhesion are high (see Chap. VII).
If the surfaces are cleaned more thoroughly by prolonged outgassing the
adhesion is very much greater still. Experiment shows that, if a small
curved contact of nickel under a load of a few grammes is allowed to
touch another nickel surface in a high vacuum, and sliding is initiated,
both the coefficient of adhesion and the coefficient of friction are too
great to be measured. It is necessary to prize the surfaces apart with
a knife. Subsidiary experiments showed that when the initial load
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between the surfaces was 15 gm. the normal force required to separate
the surfaces was > 400 gm. It would appear that in the absence of
oxide a fitting together of the metal lattice and ‘crystal growth’ between
the two metal surfaces can occur on quite a large scale.
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Fia. 112. Adhesion of a clean stocl ball on clean indium and clean lead surfaces.

The adhesion is measured after various periods of oxposure of the surfaces to

the air. The decroase in adhesion with time of exposure corresponds to the

growth of the oxide film on the metal surface. The effect is very much more
marked on load than on indium.

Adhesion in the presence of lubricant films

We should expect that lubricant films would reduce the adhesion.
Mcasurements were made using a non-polar lubricant (medicinal paraffin
oil) and a ‘good’ boundary lubricant (1 per cent. lauric acid in cetane).

With indium surfaces the adhesion in the presence of paraffin oil was
reduced to about one-half. When the lauric acid solution was applied
a monolayer of the fatty acid was immediately adsorbed on the mectal
surface so that the remainder collected as small droplets which would
not wet the surface. They were carefully removed. The surface on which
the adhesion experiments were carried out therefore consisted of an
indium surface covered by an oriented monolayer of fatty acid. It was
found that the adhesion was negligibly small. If, however, heavy loads
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were used so that the indentation formed in the indium was sufficiently
deep, some adhesion was observed. This occurred when the area of the
curved surface within the indentation was about 2 per cent. greater than
the original plane surface. This is shown in Fig. 113, where the coeffi-
cient of adhesion » has been plotted against A, where A is the amount
by which the curved area of the indentation exceeds the original plane
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F1a.113. Adhesion of a clean steel ball on an indium surface covered with a mono-

layer of lauric acid. The ‘coefficient of adhesion’ v is plotted against A, where

A is the percentage by which the curved area of the indentation exceeds the

original plane surface area. If tho monolayer is stretched by less than about

2 per cent. the adhesion is negligible. If its area is increased by more than this,

there is appreciable breakdown of the monolayer and marked adhesion. The
broken line gives the adhesion for clean surfaces in air.

surface. It is seen that for clean surfaces v is constant at about v = 1-2.
For the surfaces covered with a monolayer of fatty acid, v is zero for
values of A below about 2 per cent., that is, for relatively small indenta-
tions. For larger indentations, however, that is, for larger values of A,
the coefficient of adhesion v steadily increases. This indicates that the
fatty acid is still able to prevent appreciable metallic adhesion when the
area of metal covered by the acid monolayer is extended or ‘stretched’
by a few per cent. If the area is stretched by more than about 2 per
cent., however, appreciable adhesion through the monolayer occurs.
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This view is supported by the observation that if a monolayer of the
fatty acid is deposited on the steel ball the adhesion is negligible what-
ever the size of the indentation formed in the indium surface.

Similar results were obtained with lead and tin surfaces. The main
results for small indentations are summarized in Table XLIV, where the
adhesion is expressed as a fraction of that observed for clean surfaces.

TaBLE XLIV
E ffect of lubricant films on adhesion

Adhesion| Adhesion clean

Paraffin | 19, lauric acid
Metal Clean oil in paraffin
Indium . . 1 0-6 0
Lead . . 1 0-16 0
Tin. . . 1 .. 0

It is seen that with all these metals the adhesion is appreciably
reduced by paraffin oil and is reduced to a value which is too small to
be measured by a monolayer of the fatty acid. It does not follow,
however, that no metallic contact occurs through the fatty acid mono-
layer. The results mean rather that if any metallic junctions are formed
through the fatty acid film, they are broken as the load is removed,
possibly by the release of elastic stresses around the indentation. This
explanation is not inconsistent with the large adhesions observed with
clean surfaces, since in this case adhesion occurs over the greater part
of the region of contact and the released stresses are not sufficient to
break the welded junctions.

ADHESION AND FRICTION

A few experiments have been carried out on the delicate apparatus
described in Chapter IV. This apparatus is capable of measuring both
the friction and normal adhesion between surfaces. The upper surface
was a clean steel ball { in. diameter, and the lower surface a freshly
scraped flat bar of indium. The loads used were less than 50 gm., so
that the deformation of the indium was slight and the ploughing term
in the frictional measurements negligibly small. If a load of 15 gm. was
applied for a few seconds, the normal adhesion was of the same order.
If now the indium surface was set in motion at a very slow speed of
sliding, the frictional force on the steel ball increased rapidly to a steady
upper value of about 70 gm., i.e. a coefficient of friction of p ~ 5. If
at this stage the tangential restoring force was removed and the normal
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adhesion was measured, it was found to have increased from about
15 gm. to about 100 gm., i.e. the coefficient of adhesion increased from
about v = 1 to about v = 7. Thus the high frictional force is associated
with a large adhesion between the surfaces. This effect is shown in
Fig. 114 which also shows the way in which the friction and adhesion
increase as the lower surface is set in motion. It is seen that before
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Fi¢. 114, Tangential force as a function of adhesional force whon a steel hemisphere
(radius 1-5 mm.) slides on clean indium. The initial load is 15 gm. and before sliding
commences the adhesion is also about 15 gm. To initiate relative motion between the
slider and tho indium surface a very small tangential force is required. As relative
motion proceeds the tangential force rapidly increases and reaches an upper steady
value of about 70 gm. At this stage macroscopic sliding occurs. The adhesional force
increases with the tangential force and, in general, the ‘coefficient of adhesion’ is of the
same order of magnitude as the ‘coefficient of friction’.

sliding commences, the adhesive force is approximately equal to the
original load. To initiate relative motion between the slider and the
indium surface, a very small tangential force is required since the
junctions are already plastic under the applied load. As relative motion
proceeds there is a steady rise both in the tangential and in the adhesive
force. It is evident that increased plastic flow of the indium has occurred
with a corresponding increase in the area over which welded junctions
are formed. This enlarged area is responsible for both the large adhesion
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and the large tangential force observed. It should be noted that the
relative displacement of the surfaces during this stage of the sliding
process is so small that unless refined methods of measurement are used
no sliding is observed. Relative movement is occurring, but only on a
microscopic scale. An upper steady state is reached, however, where the
tangential force increases more rapidly than the growth of the junctions
and sliding on a macroscopic scale occurs. The coefficient of friction is
large and the coefficient of adhesion is of the same order of magnitude.
It is apparent from these cxperiments that if the sliding produces a
marked increase in welding, the frictional force when macroscopic sliding
occurs may bear little relation to the original applied load.

The detailed behaviour of the junctions up to the point at which
macroscopic sliding occurs may be expressed in terms of von Mises’s
criterion for plastic flow under combined normal and tangential stresses.
If, for example, equation (14), Chapter V, is used, and reasonable values
adopted for the arbitrary coefficients, there is fairly good agreement
between the theoretical relation and the experimental results plotted in
Fig. 114. These results support the more detailed theory of metallic
friction discussed in Chapter V. They show in a very direct way the
reality of the cold-welding process at the points of contact and the role
of the metallic junctions so formed in the adhesion and friction of metals.
More recent work also shows that lubricant films, by diminishing the
amount of intimate metallic contact, reduce both the friction and the -
adhesion between the surfaces. A fuller discussion of these factors is
given by McFarlane and Tabor (1950).
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XVI

CHEMICAL REACTION PRODUCED BY
FRICTION AND IMPACT

INFLUENCE OF PRESSURE, OF SHEAR, AND OF
SURFACE TEMPERATURE
It is well known that chemical reaction may be brought about by fric-
tion and by impact. Early work was concerned with the decomposition
of solids by high pressure and by grinding in a mortar with a pestle,
where the solid is subjected to both pressure and shear. Carcy-Lea
(1891) investigated the decomposition of solids such as AgCl— Ag,
HgO - Hg, KMnO, - MnOQ,, and was able to show that decomposition
by pressure was facilitated by a shearing motion. During the shearing,
frictional heat is developed, but he considered that this heat played
little or no part in the decomposition. Parker (1914) suggested that,
when solids are ground together, reactions of the type
HgCl, + 2KI — Hgl, + 2KCl

take place owing to the local or surface melting of the solid which
results from the stress. In these experiments dry salts must be used
since the presence of minute traces of water vapour affects the results
considerably.

In a series of papers P. W. Bridgman (1935-47) has described experi-
ments in which he subjected many compounds to hydrostatic pressures
up to 50,000 kg./cm.2 (or 50,000 atm.) combined with a shearing stress
up to the plastic low pressure of the material. Under these extreme
conditions many compounds decomposed explosively, e.g. iodoform,
silver nitrate, lead dioxide. Reactions between copper and sulphur, and
silicon and magnesium oxide, also took place with explosive violence.

Two phenomena which are of importance in connexion with frictional
decomposition are (i) the effect of pressure or the melting-point of solids,
and (ii) the production of local high-temperature flashes at surface
boundaries when two solids are rubbed together. In discussing the effect
of pressure on the melting-point of solids, Johnston and Adams (1913)
have pointed out that the application of a uniform pressure to a solid—
liquid phase has a comparatively slight effect on the melting-point and,
in fact, usually raises it by ¢. 10-30° per 1,000 atm. On the other hand,
in a system where there is a non-uniform pressure on the solid-liquid
phase, i.e. where there is an excess pressure on the solid phase, a lowering
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of the melting-point is always obtained (see also H. Jeffreys, 1935).
Non-uniform compression may be visualized, for example, in the grind-
ing of solids in a mortar with a pestle. This grinding results in a melting
of the surface layers at the crystal boundaries where the reaction occurs.
The liquid formed by melting flows into interstitial spaces and in this
way becomes subjected to a smaller pressure than the adjacent solid
particles. The reaction products are then removed during the grinding,
and fresh surfaces of the reactants are continually exposed.

We have seen in Chapter II that local high temperatures are readily
produced on the surface of rubbing solids, and there is strong experi-
mental evidence that this can be a major factor responsible for the
chemical decomposition. The reduction of polishing powders such as
red lead and lead dioxide and the decomposition of calcium carbonate
when these powders are used to polish metal surfaces may be ascribed
to hot spots produced during the polishing (see Chap. IIT). When metals
such as iron, copper, and nickel are polished, rolled, or rubbed together,
oxidation of the metal surface occurs and this oxidation is accelerated
by the localized surface heating. It is probable that the mechanical
distortion, deformation, and breakdown of the protective oxide film
also accelerates the surface attack. Chemical reactions which occur
during the machining of metals have recently been described by Shaw
(1948).

It has been suggested that the chemical decomposition produced by
friction and impact is ‘tribochemical’ in origin. The meaning of this
is not altogether clear, but it has been suggested that under the suddenly
applied pressure of the impact, or of the rubbing, the crystals are sub-
jected to a normal stress forcing them into more intimate contact and to
tangential stresses tending to shear the crystals apart. As a result of
the normal stresses, the molecular fields of the surface molecules are
thrust together and linkages formed. These are almost immediately
ruptured under the tangential stresses with the result that the surface
molecules are left in a highly activated state.

Mechanical rupture or decomposition of the molecule may perhaps
occur during the rapid flow of high polymers such as polyisobutylene
when dissolved in low-boiling solvents (Frenkel, 1944; Zvetkov and
Frisman, 1945; Rehner, 1945; Morris and Schnurmann, 1947; Hargrave,
1947). Provided the molecular weight of the polymer is sufficiently high,
breakdown takes place under the action of shearing forces to give
polymers of lower molecular weight. Hess and co-workers (1942) sug-
gest that the depolymerization of substances of high molecular weight
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such as cellulose and polystyrene during grinding is due to the stresses
and strains set up in the macromolecules. Similar effects have also been
reported by Schmid (1940) and Szent-Gyorgyi (1933), who observed
depolymerization in solution due to the action of supersonic vibrations.
Chemical decomposition may also be produced by supersonic vibrations.
Bobolev and Chariton (1937) have shown that nitrogen chloride could
be decomposed by this means. It is also possible, when the conditions
are appropriate, for the generation and subsequent discharge of fric-
tional electricity to initiate the reaction.

Other factors such as the exposure of fresh surfaces by sliding can be
important. If the sliding speed is low or the movement is small, the
local temperature rise will be inappreciable. Nevertheless there may be
increased chemical attack. An example of this is provided by ‘fretting
corrosion’, where a small movement due to vibration between two metal
surfaces in contact may lead to a greatly increased chemical attack or
surface oxidation. When a load is applied to a metal surface the under-
lying metal will be plastically deformed and the consequent stretching,
deformation, and damage of the protective oxide film will render the
metal more accessible to oxygen and enable the attack to proceed more
rapidly. If sliding occurs the continual formation and shearing of the
small metallic junctions will facilitate the reaction by continuously
exposing a fresh surface. .

EFFEcT oF FRICTION ON PHOTOGRAPHIC PLATES

Mr. A. C. Moore (unpublished) has studied the effect of friction on
photographic plates and has shown that a latent image is formed in the
track of a slider which is rubbed over the emulsion. He has some
cvidence that this is due to local hot spots formed by friction between
the grains of silver halide in the emulsion. He has also observed an
interesting desensitization produced by friction. This is apparently due
to the production of internal faults within the silver halide crystals.
These act as electron traps and cause the subsequent latent image to
be formed inside the crystal itself where it is not accessible to an
ordinary chemical developer.

DEcoMPOSITION OF EXPLOSIVES
Initiation by friction
A study of the initiation of explosives throws an interesting light on
the mechanism of chemical decomposition produced by friction and by
impact. Recent experimental studies have shown that, in general, the
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initiation is not tribochemical in origin but is due to local ‘hot spots’
of finite size in or on the surface of the explosive. These hot spots bring
about the initiation of the explosives by the normal process of thermal
ignition. These hot spots may be formed in a number of ways. With
the frictional initiation of liquid explosive such as nitroglycerine, for
example, they are formed at the points of rubbing contact between the
solid surfaces which confine the explosive. This may be shown by a
simultaneous measurement of the local surface temperature flashes
(using the methods described in Chap. IT) and the incidence of explosion.
If the confining surfaces are of two different metals and the thermo-
electric method of measuring surface temperature is used, it is found
(Bowden, Stone, and Tudor, 1947) that initiation does not occur until
the surface temperature is 480° C. or more. It is also found that the
initiation of the explosive is dependent upon the thermal conductivity
and upon the melting-point of the surfaces. Unless the melting-point
of the confining solids exceeds 480° C. no initiation can occur.

Using the series of alloys and metals listed in Table V, Chapter 1I, it
was found that no explosions could be obtained with metals melting
below 450° C. With an alloy melting at 480° C. and with all metals and
alloys melting above this, however, initiation occurred. Kxperiment
showed that the hardness of the rubbing solids (which determines the
pressurce applied to the explosive) and the rate of shear were relatively
unimportant compared with the thermal conductivity, and the melting-
point of the confining solids. It is the possibility of forming hot spots
of a temperature c. 450° C. or greater which determines the initiation.

Initiation by impact

A second and very important source of a hot spot is the presence in
the explosive of small gas bubbles or gas spaces (Bowden, Mulcahy,
Vines, and Yoffe, 1947). These gas spaces, which can be very minute,
are present between the crystals of a solid and they readily occur or are
easily introduced into liquids. If the explosive is subjected to impact,
or indeed to any sudden change in pressure, the gas bubble is heated by
adiabatic compression and will fire the explosive. Very small bubbles
of radius about 2 X 10-3 ¢cm. at N.T.P. can be effective. The presence of
these tiny bubbles can confer a very high sensitivity on the majority
of liquid, gelatinous, and plastic explosives, so that ignition can occur
with the gentlest of blows. It has been shown, for example, that nitro-
glycerine which contains a small bubble can be exploded by the impact
of 40 gm. falling half a centimetre, i.e. an impact energy of 20 gm. cm.
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There is evidence that initiation can occur when the compression ratio
on the gas space is sufficient to develop a temperature of about 450—
500° C. Under moderate conditions of impact the temperature of the
bubbles is usually much greater than this. The effectiveness of the gas
is dependent upon its physical properties (particularly upon the ratio
of the specific heats y) and also upon its chemical nature. Dr. Yoffe’s
(1949) experiments have shown that included gas can also play an im-
portant part in the initiation of most solid secondary explosives.
Small gas spaces are frequently present in explosives and it is not
always easy to remove them. If this is done with nitroglycerine, for
example, it is found that very high impact energies are necessary (of the
order of 105 to 10% gm. cm.) to cause initiation, and there is evidence
that in this case the initiation is due to the viscous heating of the rapidly
flowing explosive as it escapes between the impacting surfaces (see

Chap. XTII).

Friction between particles

Another method of generating hot spots is by friction on a particle of
grit or, with solid explosives, by friction between the grains themselves.
A clear indication that the initiation is thermal in origin may be ob-
tained by adding to the explosive a few grit particles of known melting-
point and subjecting it to friction and te impact. Some typical results
(Bowden and Gurton, 1948) with the solid secondary explosive penta-
erythritol tetranitrate (’.K.T.N.) are given in Table XLV.

Over the range of hardness given in this work the hardness of a ‘grit’
particle was relatively unimportant (see, however, Ubbelohde, 1948).
Tts effectiveness in initiating an explosion both under friction and under
impact depended on its melting-point. All the substances melting above
430° C. were cffective, while all those melting below 400° C. had no
effect.

It is clear that although the maximum hot-spot temperature is fixed
by the melting-point of the particle, the ease with which the hot spot is
formed will be very dependent upon the hardness. With a hard sharp
particle the stresses will be concentrated at one or two points, so that it
will require a much smaller energy under conditions both of impact and
friction to produce a localized temperature rise of the necessary magni-
tude. If the particle is soft it will be plastically deformed or crushed so
that this local concentration of the energy is not possible. For this
reason we should expect that hard particles would be much more effec-
tive than soft ones provided that the melting-point of the particles is
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above the critical value, and experiment shows that this is so. Equally,
we should expect that the thermal conductivity of the particles would
be of great importance. The general relation between the thermal con-
ductivity and the formation of hot spots has already been established
in the earlier work (Chap. II). Tt is much more difficult to get visible
hot spots on rubbing surfaces and also to initiate the explosion if the
surfaces are good thermal conductors.

TaBLE XLV
Initiation of P.E.T.N. in the presence of foreign particles
Ezxplosion | Explosion
Hardness | Melting- | efficiency | efficiency
(Mohs point % %
‘Grit’ added scale) (¢c.) (friction) | (¢mpact)

No grit . . . . . .o 0 2

Ammonium mtra,te . . 2-3 169-6 0 2:5

Potassium hydrogen sulpha.te . 3 210 0 25
Silver nitrate . . . 2-3 212 0 2
Sodium dichromate . . 2-3 320 0 0
Sodium acetate . . 1-5 324 0 0
Potassium nitrate . . . 2-3 334 0 0
Potassium dichromate . . 2-3 398 0 0
Silver bromide . . . 2-3 434 50 6
Lead chloride : . . 2-3 501 60 27
Silver iodide . . A 2-3 550 100 ..
Borax . . . . 3-4 560 100 30
Blsmuthxmte . . . 2-2.5 685 100 2
Glass . . . . . 7 800 100 100
Chalcocite . . . . 3-3-5 | 1,100 100 60
Galena . . . . .| 26-2-7 1,114 100 60
Calcite . . . . . 3 1,339 100 43

The hardness of P.E.T.N. is ¢. 1:8 (Mohs scale) and its melting-point 141° C.

Intergranular friction between the grains of the explosive itself can
also be important, and an interesting difference may be noted between
the majority of secondary explosives and the primary explosives. Most
of the secondary explosives such as P.E.T.N. melt at a comparatively
low temperature before violent explosive decomposition sets in. With
these explosives, intergranular friction merely causes a surface melting
at the points of rubbing contact. It is necessary to form the hot spots
in some other way such as the adiabatic compression of entrapped gas
or the friction of a grit particle on the confining surface. Under very
extreme conditions of impact it might be brought about by viscous
heating of the rapidly flowing explosive (see Chap. XIII). With the
primary explosives, however, such as lead azide and mercury fulminate,



Chap. XVI FRICTION AND IMPACT 321

which explode below their melting-point the hot spots formed by inter-
granular friction can cause initiation.

High-speed camera studies (Bowden, Mulcahy, Vines, and Yoffe,
1947; Bowden and Gurton, 1948) of the birth and growth of the explo-
sion show that it begins as a comparatively slow burning before it
accelerates to a detonation, and confirm the view that initiation by
friction and by impact is essentially thermal in origin, and is not due
to a direct tribochemical excitation. The mechanical energy is concen-
trated at some local point and is degraded into heat to form a hot spot
of small but finite size. (The size of these hot spots varies, but they
may be of the order of 10-3-10-5 cm. in diameter.) Initiation of the
chemical reaction then occurs at this hot spot.
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APPENDIX
SOME TYPICAL VALUES OF FRICTIONt

I. METAL SURFACES—UNLUBRICATED

1. Friction of metals outgassed in high vacuum

Coefficient of kinetic friction py
After admitting | After admitting
Metals Outgassed H, or N, 0O,
Nickel on tungsten 6 6 1
Nickel on nickel 5-8 5 2:5
Copper on copper 4-8 4-8 0-7
Gold on gold 4-5 45 2-8

II. Friction of clean soft metals

Under more rigorous conditions the friction between clean metals in
vacuum may be very much higher still. Values of u = 100 or more may
be observed and with many metals, e.g. Ni, Pt, Fe, complete seizure
occurs,

II1. Static friction of unlubricated metals prepared ‘grease free’ in air

(@) Pure metals on themselves. With pure metals on themselves the
friction is usually of the order of u = 1 to 1-5. It is generally lower
with hard metals; with chromium, for example, u = 0-4.

With some metals, such as copper, the friction is much lower (u = 0-5)
if the surface oxide film is not appreciably ruptured. This is readily
observed at very light loads. At heavier loads, when the oxide films are
broken through, the friction is of the order p = 1-5.

(b) Different metals on one another. Here the friction is somewhat less
than that observed with similar metals. If there is appreciable pick-up
of one metal by the other the frictional behaviour soon becomes charac-
teristic of similar metals.

(c) Friction of soft metals. With grease-free soft metals in air, very
high coefficients of friction may be observed as a result of the sliding
process itself. For example with steel onindium at a load of 2 gm. u = 20.

1 The values given in this Appendix are based on measurements made under particular

experimental conditions. As we have seen, slight changes in these conditions lead to large
variations in the coefficient of friction.
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IV. Friction of metallic films (unlubricated)

With thin metallic films Amontons’slaw is not obeyed and the friction
may be very low.

Friction of thin films of indium, lead, and copper deposited on various
metallic substrates (lower surface). Upper surface hemispherical steel
slider, diameter 0-6 cm. Thickness of films 103 to 10~ cm.

Coefficient of static friction p,
Load | Indium film | Indium film | Lead film | Copper film
gm. on steel on silver on copper on steel
4,000 0-08 0-1 0-18 0-3
8,000 0-04 0-07 012 0-2

V. Static friction of alloys on steel (unlubricated)

Alloy s Alloy l s
Copper-lead (dendritic) 0-22 | Aluminium-bronze | 0-45
Copper-lead (non-dendritic) 0-22 | Brass. 0-35
White metal (tin base) 0-8 Constantan 0-4
White metal (lead base) . 0-55 | Steel 0-8
Wood’s alloy . 0-7 Cast iron 0-4
Phosphor-bronze 0-35

VI. Kinetic friction of unlubricated solids

In general the kinctic friction is lower than the static friction but the
results may depend on the experimental conditions.

3595,72
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1I. METAL SURFACES—LUBRICATED
VII. Lubrication of steel surfaces. Static friction at room temperature

m.p. Transition m.p. T'ransition
Lubricant | L | °C. | p, temp. Lubricant L | °C. | py temp.

(a) Paroffins (¢) Faity acids
Nonano . | Cy | =54 |*0-20 .. Acetic U 16 *0-5
Decane . | Cyy |30 P*0-23 .. Propionic . | C; |—22 |*0-4
Hexadecane | Cy, 17 *0-16 17 Valeric .1 Cy |35 *0-17 ..
Docosane . | Cyy | 44| (011 44 Caproic L Ce | 2012 BO
Triacontane |C,, | 66 | 0-11 66 Pelargonic . | Cy 12| 0-11 90

. Caprie G| 311011 95

Lauric L C | 44| 011 120

(b) Alcohols Myristic . |C,, | 58 | 011 125
Butyl. .| Cy [—89 [*0-3 .. Palmitic . | Cy | 64 | 0-11 130
Octyl. . | Cg |—16 *0-23 .. Stearic .| Cw| 69| 010 140
Decanol . | Cy, 7 [*0-16 7
Cotyl. . [Cu| 49| 0-10{ 49

L - - length of the molecular chain.

With paraffins and alcohols on steel, the transition temperature
corresponds to the melting-point. Only those which are solid at room
temperature give smooth sliding: those which are liquid give a jerky
intermittent motion (marked with an asterisk *).

The shorter chain fatty acids cause marked corrosion of the steel
surfaces and give intermittent motion (marked with an asterisk *).
For the longer chain acids the transition temperature is about 70° C.
or more above the melting-point.

The values of y, in this table are sensibly independent of load, but the
transition temperature is affected by the experimental conditions.

VIII. Lubrication of steel surfuces. Static friction

Static friction p, Static friction p,
Lubricant 20° C. 100° C. Lubricant 20° C. 100° C.
Clean steel . . 0-58 .. M ineral oil
. Light machine . 0-16 019
Vegetable oils Thick goar .| 0125 015
Castor . . 0-095 0-105 | Solvent refined . 015 02
Rape . . 0-105 0-105 | Heavy motor . 0-195 0-205
Olive . . 0-105 0-105 | B.P. Paraffin . 018 0-22
Coconut . . 0-08 0-08 Extreme pressure | 0-09-0-1 | 0-09-0-1
. . Graphited oil . 0-13 015
Animal oils : Oleic acid . . 008 0-08
Sperm . . 0-10 0-10 Trichlorethylene . 0-33 ..
Pale whale. . 0-095 0-095 Alcohol . . 0-43
Neatsfoot . . 0-095 0-095 Benzene . . 0-48 ..
Lard . . . 0-085 0-085 Glycerine . . 0-2 0-25

From Fogg and Hunswicks, J. Inst. Pet. Techn. 26 (1940).
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IX. Lubrication of metals on steel. Static friction

Long-chain
Rape oil Castor oil | Mineral oil | fatty acids
Bearing surface s Hs ) Hs
Hard steel . 0-14 0-12 0-16 0-09
Cast iron 0-11 0-15 0-21
Gun metal . 0-15 0-16 0-21
Bronze 0-12 0-12 0-16 ..
Pure lead . 0-5 0-22
Lead-base white metal. 0-1 0-08
Pure tin . 0-6 0-21
Tin-base white metal 0-11 0-07
Sintered bronzo . .. 0-13 ..
Brass. 0-11 0-19 013

Results taken mainly from Deeley.

X. Lubricating properties and chemical reactivity

Lubrication of various metals by 1 per cent. lauric acid (m.p. 44° C.)

in paraftin oil.

- e
Coefficient of friction s | sition | 9 acidt
| Lubricated | temperature reacting
Metal Clean ’ (20°) °(, with metal
Zine ¢, 06 0-04 94 10-0
Cadmium c. 05 0-85 103 9-3
Copper e 10 L0-08 97 4-6
Magnesium e 06 0-08 80 Trace
Tron R B 0-15-0-20 | c. 40-50 Trace
Platinum 1-2 *0-25 20 0-0
Nickel 0-7 *0-28 20 0-0
Aluminium 1-35 *0-30 20 0-0
Chromium 0-41 *0-341 20 Trace
Glass c. 1:0 *0-3-0-4 20 00
Silver 1-4 *0-55 20 0-0

Intermittent motion is marked with an asterisk *.
T Estimated amount of acid involved in the reaction assuming formation of a normal salt.
} Chromium surface freshly scraped.

XI. Kinetic friction of lubricated surfaces

In general the kinetic friction is less than the static friction, e.g. for

paraffin oil on steel u, = 0-2 while u;, =~ 0-15. At higher sliding speeds
there may be a further decrease in y;. With fatty acids on steel (at slow
speeds of sliding) p; = p, = 0-1, but at higher speeds g, falls to
pr = 0-07 or less. The effect of speed is complicated by the onset of
hydrodynamic lubrication which occurs at higher speeds.
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ITI. IcE AND SNOW
XII. Friction of ice and snow as function of temperature

On ice and snow there is an appreciable deviation from Amontons’s
law. There is evidence that the low kinetic friction is due in part to a
thin layer of water formed by frictional heating. At low temperatures
the friction rises considerably, and good thermal conductors such as
metals give a higher friction than poor conductors such as ebonite.

(@) Static friction ice on ice (b) Kinetic friction on snow;
speed 0-1 m.[sec.

—71|—82
05 | 05

—110| Temp. °C. 0 —3 | —10|—40

Temp. °C. 0 —12
. 0-56 |Waxed hickory | 0:04 | 0-09 | 0-18 | 0-4

sy - 0-05-0-15{ 0-3

On wet snow the friction is higher, for waxed hickory p; = 0-14. If
the slider or ski is running on untracked snow, an additional term
(which may be considerable) must be added for the work of ploughing
through and compressing the snow.

(¢) Kinetic friction on ice (speed 4 m.[sec.)

Coefficient of kinetic friction
Other surface 0°C. | —10°C. | —20°C. | —40°C. | —60°C. | —80°C.
Ice . . . . 0-02 0-035 0-050 0-075 0-085 0-09
Ebonite . . . 0-02 0-050 0-065 0-085 0-10 0-11
Brass . . . . 0-02 0-075 0-085 0-115 0-14 0-15

Unwaxed hickory at —3° C., y;, = 0-08. Waxed hickory u; = 0-03.
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IV. NoN-METALS—CLEAN AND LUBRICATED
XIIIL. Static friction of non-metals—clean and lubricated
Material s Material g
Glass on glass, clean 0:9-1-0 | Plastics
» » paraffin oil 0-5-0-6 Yerspex on self 0-8
” » liqu.id fatty . s steel 0-4-0-5
a(jnds : 0-3-0-6 Polystyrene on self 05
»» » solid hydro- ' steol 0-3-0-35
carbons, alco- Polythene on self . 0-2
ho}s, or fatty ., steel 0-2
acids . 0-1 Teﬂon on self 0-04
Metal on glass, clean 0-5-0-7 . steol 0-04
_» _» _ lubricated 0-2-0-3 The friction is esacntmlly
Diamond on diamond, CIBM_‘ . 0-1 the same for clean and lubri-
» " lubri- cated surfaces.
cated | 0-05-0-1
Diamond on noetal, clean 0-1-0-15
v ”» lubricated 0-1 Fibrest
Sapphire on sapphire, clean g ==
and lubricated 0-2 Wool fibre on horn, cleancd 0-8-1
Sapphire on stool, cloan and By =
lubricated . 0-15 0-4-0-6
Hard carbon on carbon, Lloan 0-16 My =
. . lubri- ) 0-5-0-8
cated |0-12-0-14 ” ” greasy oy =
Hard carbon on steel, clean 0-14 0-3-0-4
’e ' lubri- Commercial condition:
cated 0-11-0-14| Nylon on nylon 0 lo—() 25
Graphite on graphite, clcan SilR on silk . . -2-0-3
and lubricated . 0-1 Cotton on cotton (tlncad) 0-3
Graphite on gmphlto, out- Cotton on cotton (from cotton
gassod 0:5-0-8 wool) . 0-6
Graphite on steel clean and Solids on xubber, cleun 1-4
lubricated . . 0-1 Wood on wood, clean 0-25-0-5
Steel on gmphlte, cloan 0-1 " wet . 0-2
Mica on mica, freshly cleaved . 1-0 ‘Wood on motals, clean . 0-2-0-6
yy contaminated . 0-2-0-4 s wet 0-2
Crystals of NaNO,;, KNO,, Bll('k on wood, clean 0-6
NH,CI on self, clean . 0-5 Leather on wood, clean. 0-3-0-4
Crystals of NaNO,, I\N()a, Leather on metal, clean 0:6
NH,Cl on self, lubricated » ’e wet . 0-4
long-chain polar compounds. 0-12 ’ greasy 0-2
Tungstencarbideon itself,clean | 0-2-0-25 Bmke material on cast iron,
»» lubricated 0-12 clean 0-4
Tun;_.,stencarblde onsteel,clean | 0:40-0-6 ' ', wet . 0-2
' ' lubricated | 0-1-0-2 ' ' mineral oil 0-1

t For fibres, pu, against scales, pu, with scales.
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SUBJECT INDEX

Abrasive wear, 290 ot seq.

Adhesion: and friction, 312-14; and lubri-
cant films, 310-12; and oxide films, 309-
10.

— influence of liquid films on, 299-306.

—- of motals, 79-87, 100, 299-314 ; of mica,
164; of titanium to glass, 169.

Adiabatic compression in impact, 318.

Adsorption, of gases and vapours, influence
of, on friction, 146-9, 158-9.

— of long-chain compounds, heat of, 219;
isotherms of, 215~19; influence of, on
friction, 176, 178-99, 200-27; use of
radio-activo tracers in, 214-15.

Alcohols, adsorption of, on metals, 215.

— lubrication by: effoct of chain length
on, 180; cffect of temperature on, 181.

Aluminium: friction and surface damage
of, 86-17.

— friction of, influence of oxide film on,
151.

— lubrication of, by fatty acid, 201-2, 213.

— reactivity of, with fatty acid, 202,

Aluminium oxide, role of: in friction, 151;
in wear, 294-5.

— —uso of, as replica in electron micro-
scopy, 86.

Ammonium chloride, friction of, 161.

Ammonium polysulphide, E.P. lubrication
by, 233.

Amontons’s law, 1, 87, 98 et seq., 120, 194.

— —— deviations from: with ice and snow,
67-9; with lubricated motals, 195; with
thin metallic films, 120; with unlubri-
catod metals, 149-51.

Area of contact, between colliding surfaces,
spherical, 258-72. '

-— — betwoen sliding surfaces, 90-3, 98,
108-11.

— — between stationary surfaces: spheri-
cal, 10~17; conical 17-19; flat, 22, 30-2;
effect of decreasing load on, 22-4, 28-9;
number and size of junctions in, 31 ; real
and apparent, 20-2, 30-2.

— — olectrical measurement of: between
colliding surfaces, 267-72 ; between slid-
ing surfaces, 108-11 ; between stationary
surfaces, 256-32.

Barium, thin film lubrication by, 121.

Bearing alloys, see under Copper-lead,
Lead-base, Tin-base, Silver-lead bear-
ings.

Pearing alloys, frictional propertics of:
general, 122-44; effect of temperaturo
on 128-30, 135, 139 ; importance of sur-
face melting on, 122; role of soft con-
stituent in, 142-4.

— — hardness of 123, 128-9, 133, 138;
mechanical fatigue of, 144: thermal
fatigue of, 140-2, 144.

Bearings, lubrication of, 250-4; oil-pres-
sure distribution in, 251.

Beilby layer, 58-60, 78.

Benzophenone, friction of, 70.

Bismuth, lubrication of, 200.

Boundary lubrication, mechanism of, 200-
27.

— — by long-chain compounds: compared
with mectallic film lubrication, 119-21,
226 ; effect of chain length on, 178-81;
offect of surface treatment on, 211-14;
effect of temperature on, 181-3, 200--11,
254; influence of load and speed on,
193-8; thickness of film for effectivoness
of, 183—4, 189-91.

— — transition to, from fluid lubrication,
178, 196-8.

Brass, deformation of, in impact, 268-
70.

— friction and lubrication of, 2446,

-— hardness of, static and dynamic, 265-7.

— wear of, 287-8.

Breakdown, of boundary films, 181-3, 200-
14, 221-6, 239-40.

— of E.P. films, 241-5.

— of hydrodynamic films, 176-8, 247-57,
296-8.

— of oxide films, 149-51.

— of polymers, by shear, 316.

— of thin metallic films, 115-19, 126-7.

— of wear-resisting films, 287-90.

‘Break-oft’ viscosity, 274.

Brinelling of ball-races: by impact, 281;
by corrosion, 295.

Built-up edge, in cutting operations, 241-3.

Cadmium, anisotropic expansion of, 141.

— lubrication of: by chlorine compounds,
229-32; by fatty acids, 183—4, 189-90,
201, 204, 213; by soaps, 204-5: by
sulphur compounds, 233-8; lubricant
layers needed for, 183—4, 189-90.

— orientation of films on, 209-11.

— reactivity of, with fatty acid, 202.

Carbon, friction of, 163.
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Chemical reaction, produced by frictionand
impact, 315-21.

— — and lubrication, 200-19, 228-45, 290.

Chloride films, composition of, 232-3.

— — lubricating properties of: general,
229-33; compared with sulphide films,
237-8; effect of hydrolysis on, 232 ; effec-
tive thickness of, 233, 238 ; specificity of,
233, 238.

Chlorine, chemical attack by, in E.P.
Jubrication, 232-3, 237.

— reactivity of, 229, 239.

—role of: in E.P. lubrication, 229-34; in
machining operations, 242-8.

Cholesterol, mono- and multilayers of,
lubricating properties of, 188-9.

Chromium. lubrication of, by fatty acids,
200-2.

-— wear-reducing propertios of thin films
of, 287-90.

Cobalt, lubrication of, layers needed for,
190-1.

Coefticient of friction, for valucs see under
various materials and Appendix.

— — effect of hardness on, 98-101, 112.

- . —effect of load on, 98-101, 119-20,
149-51.

(Cold-welding, of metals, 78-87, 306 -14,
see under Adhesion.

Constantan, surface temperature of, 37-8,
40.

Contact, between metal surfaces, 39-40;
intimacy of, 104-5.

Copper, adsorption on, 146-9, 218.

— friction of : general, 79-80, 96, 105, 124;
effect of oxide films on, 149-51 ; shearing
term, contribution to, 96-7.

— lubrication of: by acids and soaps,
190-1, 200-2, 204-7, 213; by chlorine
compounds, 229-32; by silicones, 192-3;
by sulphur compounds, 233-8 ; lubricant
layers needed for, 190-1.

-— outgassed, friction of, 147-53.

— radio-active pick-up of, 82.

— surface flow of, 58, 62.

— wear of, 286.

Copper-lead bearing alloys, frictional pro-
perties of: general, 123-31; effect of
dendritic and non-dendritic structure
on, 130-1, 142-4; effect of temperature
on, 128-30, 143; role of matrixin, 142-4;
wear associated with, 126-7.

— — — hardness of, 123, 128-9, 143.

— — — ‘sweating-out’ of lead from, 130.

Corrosion, fretting, 317.

— in E.P. lubrication, 240; in false brinel-
ling, 295; in wear of engines, 250.
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Crystalline solids, friction of, 161-4.
Cutting of metals, lubrication in, 240-4.
— — wear of tool in, 164, 241.

Decomposition, of explosives: by friction,
317, 319-21; by impact, 318.

—— of polymers, by shear, 316.

Deformation, elastic, 10, 14, 22-4, 99, 258,
262-8, 275-8.

— plastic, 12-32, 91 ot seq., 258-72, 281-4.

Desensitization of photographic emulsions,
by friction, 317.

Diamond, friction of, 162-3; effect of sur-
faco films on, 163 ; polishing of, 63.

Dies, lubrication of : by metallic films, 120~
1; by E.P. lubricants, 244-6.

Dinitrobenzene, friction of, 70.

Disorientation, of lubricant layers, 209-11.

Drawing of metals, lubrication in, 244-6.

Elastic deformation, between colliding sur-
faces, spherical, 258, 262--4, 268-70.

—- —- bhetween stationary surfaces, 10, 14,
22.

through liquid films, 271, 275-8.

Elastic stresses, releaso of, 22-4, 99, 306
et seq.

Flectrical conductance, in investigating
area of contact : between sliding surfaces,
108-9, 247-54 ; between stationary sur-
faces, 25—-32.

in investigating lubricant break-
down, 247-54, 271-2, 296-7.

—. - in invostigating time of impact, 267—
70.

Electron diffraction: examination of lubri-
cant films by, 207-11; examination of
solid surfaces by, 59-60.

Electron microscope, 8; examination of
surface damage by, 85-7.

Esters, adsorption of, by metals, 215-19;
lubricating properties of, 215.

Extreme pressuro lubricants: action of,
228-40; in cutting and drawing opera-
tions, 240-6.

Fatigue, thermal, of metals and alloys,
140-4.

Fatty acids, adsorption of, by metals,
215-19.

— — lubricating properties of: effect of
chain length on, 178-81; effoct of tem-
perature on, 181-3; layers for effective-
ness of, 183-4, 189--91.

Fibres, friction of, 169-73.

Film thickness, of fatty acids and soaps,
for effective lubrication, 183—4; 189-91.
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Film thickness, of metallic films: for effec-
tive lubrication, 114-15, for effective
wear prevention, 116-19, 287-90.

Flow of liquids, see under Viscous flow.

--- — decomposition of polymers by, 316.

Fluid lubrication, 176-8, 247, 250-4, 296.

Fluorolubes (fluorinated hydrocarbons),
boundary lubricating properties of 191-
3, see also Teflon.

Friction, and adhesion, 312-14 ; and chemi-
cal reaction 315-21.

—- of metals: general, 78-87 ; carly theorios
of, 87-89 ; effect of hardness on, 98-101,
112; effeet of load on; 83-87, 98-101,
120, 149-51; effect of repeated sliding
on, 127; effect of speed on, 108 ; effect of
temperature on, 100,

— of metals outgassed, effect of adsorbed
gasos on, 146-9; effect of oxide f{ilms on,
149-51 ; effect of temperature on, 151-3.

- of non-metals, 85, 161-75.

— intergranular: explosions produced by,
319-21; hot spots produced by, 47-8.

— - intermittent nature of, 78, 85-6, 105-11.

— measurement of, 73-5, 83-5.

— values, sce under various materials and
Appendix.

Frictional heat, 33 et seq.; in welding of
plastics 166-8.

Gallium, polishing of, 61 ; surface tempera-
ture of, 37-8.

Gears, lubrication of, 228, 282,

(ilass, friction and damage of, 168-9; in-
fluence of liquid films on adhesion of, 299-
304; lubrication of, 190, 192, 200-2;
polishing of, 65; sliding of titanium on,
169.

Gold, outgassed surfaces, friction of:
goneral, 148; cffect of caproic acid
vapour on, 148; effect of temperature
on, 152-3.

- surface flow of, 62.

Giraphite, friction of: general, 158-9, 163;
effect of surface films on, 158.

Grit, explosions produced by, 319-21; hot
spots produced by, 47-8.

Hardnoss, see under
Plastic deformation.

—-dynamic, theory of, 258-70; static,
theory of, 11-19; static and dynamic,
comparison of, 265-7.

— Mohs, of metals and oxides, 294.

Hot spots, see Surface Temperature.

— -—produced by friction, 33-57; pro-
duced by impact 270-1.

Area of contact,

333

Hot spots, role of: in chemical decom-
position, 316-21; in polishing, 58-65;
in surface flow, 65-72.

Humidity, influence of: on adhesion, 299-
304 ; on chemical reaction, 211-14, 315.

Hydrodynamic lubrication, breakdown of,
247-57; effect of speed on, 248-9, 252;
effect of temperature and viscosity on,
249, 252-4.

Hydrogen, effect of: on friction of graphite,
1569; on friction of metals, 148; on
friction of platinum as electrodeposited
film, 153-8.

Hydrogen sulphide, as contaminant film
in electrodeposition, 156, 158.

Hypoid gears, lubrication of, 228.

lce, mechanism of sliding on, 65-72, 101,
120.

Impact, chemical reaction produced by,
318-19, 321.

—- clastic waves in, role of, 258, 268.

— of flat surfaces on liquid films, 272-84.

--- of sphorical surfaces: general, 258--72,
281--4; coefticient of restitution in, 264
5; dynamic yield-pressure in, 259-62;
elastic deformation in, conditions for,
262-4; influence of lubricant films on,
271-2; temperatures developed in, 270~
1; time of, 267-70.

— time of, measurement of, 267-70.

Indium, adhesion of 306-12 ; adhesion and
friction of, 312-14; friction and damage
of, 92-5, 100, 105, 312-14 ; ploughing of,
92-4; shearing of, 94-5, 97; static and
dynamic hardness of, 265-7.

~— thin films: friction of, 113-16, 117-19;
wear of, 116-17.

Infra-red cells, surface tomperature deter-
mination by, 49-51.

Intorfacial potential, frictional offect of,
153-8.

Intermittent motion, analysis of, 105-11.

— —and fluctuations: of electrical con-
ductance, 108-11; of surface tempera-
ture, 109.

— —in lubricated sliding, occurrence of,
196-8.

Iron, cast, friction and wear of, 81, 288-9.

— lubrication of, by fatty acid, 201-2.

Junctions (metallic), role of: in adhesion,
306-14; in friction, 79-87, 90-105, 312-
14; in wear, 285-7.

Latent image, frictional formation of, 317.
Lateral adhesion in lubricant films, im-
portance of, 224.
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Lauric acid and laurates, lubricating pro-
perties of, 203—4.

Lead, adhesion of, 306-12.

— friction and damage of: general, 83, 96,
100, 124 ; radio-active pick-up of, during,
83 ; shearing of, during, 96-7.

— hardness of, static and dynamie, 265-7.

— impact of, 267-70.

— isotropic thermal expansion of, 141.

— lubrication of, 83.

— polish and surface flow of, 61.

— thin films, friction of, 113-14, 118, 120,
124-5, 128-30, 140.

Lead azide, dotonation of, 320.

Lead-base bearing alloys, frictional be-
haviour of: general, 134-6; effect of
lubrication, 136-7 ; role of hard particles

* in, 136, 142; surface damago associated
with, 134, 136-7; wear associated with,
136.

— — — gtructure and hardness of, 132-5;
effect of cyclic heating on, 141-2.

— — — tin-base alloys, comparison with,
139-40.

Liquid films, influecnce of: on adhesion,
299-306 ; on impact 271-81.

Lubricant films, breakdown of: electrical,
248 ; frictional, 24757 ; thermal (irrever-
sible) 255-7, thermal (reversible), 181-3,
202-7, 224-17, 229-40, 254-5.

— — effect of, on metallic adhesion, 310~
12,

— — oxidation of, 255-7.

— — structure of, 207-11.

— — wear properties of, 18491, 295-8.

Lubrication, boundary, 176, 178-99, 200—
27; E.P., 228-46; fluid, 176-78, 247,
250-1, 296 ; in journal and bearing, 250~
4; in piston and cylinder, 248-50 ; semi-
fluid, 197-8, 225, 251-4.

Magnesium, friction of, 201.

— lubrication of, by fatty acid, 201-4, 213.

Mechanical fatigue, of bearing alloys, 144.

Mercaptans and mercaptides, lubricating
properties of, 204-6, 235-6.

Mercury films, lubricating properties of, on
silver, 119, 130.

Mercury fulminate, detonation of, 320.

Metallic films, in bearing alloys, role of,
129-30.

— — lubricating properties of: general,
111-21; breakdown of, 115-16; com-
parison of, with lubricant films, 119—20;
influence of substrate on, 124-5; in-
fluence of temperature on, 117-19;
influence of thickness on, 114; non-

SUBJECT INDEX

conformance of, to Amontons’s law,
119-20.

Metallic films, wear resisting properties of,
116-19, 287-90.

Metallic pick-up, of copper on platinum,
82-3; of copper on steel, 79-80, 82; of
lead on stecl, 83; of platinum on silver,
80-1. ,

— — radio-active detection of, 82-3,182-3.

— —- tapor section detection of, see under
Oblique scctions.

Mica, cleavage of, 7, 164; friction and
adhosion of, 164; surface contour of, 7.

Molybdenum, surface flow of, 62.

Molybdenum disulphide, frictional pro-
pertics of, 164.

Monolayers, of organic compounds. lubri-
cating and wear vosisting properties of,
184-91.

Nickel, adsorption of long-chain com-
pounds on, 216-19.

—— lubrication of: by fatty acids, 200-2;
lubricant layers necossary for, 190-1.
— outgassed surfaces of: adhesion of, 148,

309: adsorption of gases on, 146-9;

friction of, 146-9; friction of, tompera-

ture effect on, 152-3; seizure of, 148.
Nitroglycerine, explosion of, 317-19.

Oblique sections, of sliding motals, 79-82,
134, 233.

— —- technique of, 9.

Oleic acid, influence of, on metallic wear,
297.

Optical interference, for examining surface
contours, 6-8.

Orientation, of lubricant layers, 207-11;
effect of temperature on, 209-11, 223-5.

Oxidation. in fretting corrosion of metals,
role of, 317.

-— of lubricants, 255-6 ; inhibiting of, 257.

Oxide films, in the sliding of metals: break-
down of, 149-51; effect of, on friction
and wear, 104-5, 149-51, 163, 290-2,
293-5; effect of, on lubrication, 211-14.

— — in adhesion of metals, influence of,
299, 309-10.

Oxygen, adsorbed films of, effect of: on
friction of graphite, 169: on friction of
metals, 146-9.

-— electrodeposited films of, effect of, on
friction of platinum, 153-8.

Palladium, surface flow of, 62-3.
Paraffinic halides, lubricating properties of,
230.
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Paraffins, lubricating properties of: effect
of chain length on, 179; effect of tem-
perature on, 181.

Parallel thrust bearing, 178, 296.

Perspex, friction of, 164-8.

P.E.T.N,, explosion of, 319-21.

Phosphorus, in E.P. lubricants, role of,
238, 297-8.

Pick-up, detection of, by radio-active
tracers, 82-3, 182--3.

Piston ring, lubrication of, 248-50.

Plastic deformation of metals, see under
Surface damage: between colliding sur-
fuces, 258-72; between sliding surfaces,
78-89; between stationary surfaces,
11-32.

— — — onset of, 11, 14, 20, 259, 264, 268,
281-2.

— — — through lubricant films, 271-2,
278, 282-3.

Plastics, friction of, 164-8.

Platinum, adhesion of, 299-304.

— frictional properties of: general, 80-1,
153-8; seizure, associated with, 155;
welding on silver, associated with, 80-1.

— lubrication of: by fatty acids, 200-2,
213; by soaps, 203-7; lubricant layers
needed for, 190.

—- orientation of long-chain compoundson,
209-11.

Ploughing and shearing, in mechanism of
metallic friction, 90-101; interdepen-
dence of, 101-4, 312-14.

Ploughing term, in friction of metals, 914,

Polish layer, electron diffraction examina-
tion of, 59-60.

Polishing, ‘chemical’, 238, 208.

— electrolytic, 85-6.

— mechanical: effect of hardness on, 61;
effoct of load and speed on, 64 ; effect of
melting point on, 60-2; formation of
Beilby layer in, 58--60, 78; mechanism
of, 62-3; typical polisher in, action of,
63-5.

Polymerization of lubricants, 256.

Polystyrene, frictional properties of, 164-8.

— a8 hydrodynamic lubricant, 177.

Polythene, frictional properties of, 164-8.

Potassium nitrate, friction of, 161-2.

Pressure melting, 65-6, 315-16.

Quasi-hydrodynamie lubrication, 197-8.

Radio-active tracers, use of:: in detection of
pick-up, 82-3, 182-3; in detection of
chemical reaction, 214-15.

Restitution, coefficient of, 264-5.
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Rhodium, thin films of, wear-reducing
properties of, 2878,

Rock salt, friction of, 162.

Rubber, friction of, 169.

Sapphire, friction of, 162-3; surface
damage associated with, 83-6, 162-3.
Selenium, in E.P. lubricants, role of, 230-1.
Shearing, of liquids: breakdown of poly-
mers produced by, 316; influence of

impact on. 272-81.

- — of metallic junctions, role of, in friction,
88-9, 90-101, 312-14; and ploughing
term, interdependence of, 101-4.

— of metals, 94-8.

Silicones, properties of: as boundary lubri-
cants, 162-3, 178, 191-3; as hydrody-
namic lubricants, 177.

Silver, adhesion of, 299-300.

— friction of, 80-1, 110-11.

— lubrication of: by fatty acids, 200-2,
213; by sulphur compounds, 233-6;
lubricant layers needed for, 190-1.

Silver-lead bearings, 140.

Skis, friction of, on ice and snow, 66-9,
71.

Sludge, production of, by oxidation, 256.

Snow, mechanism of sliding on, 65-72.

Soap films, formation of, 202, 208.

— — lubricating properties of: general,
303-7; in machining operations, 244-6;
physical state of, role in, 206, 245.

— -— orientation of, 207-11.

Sodium hyposulphate, friction of, 70.

Sodium nitrate, friction of, 161-2.

Speculum metal, surface flow of, 62-3.

Spreading resistance, see under Electrical
conductance.

Stearic acid and stearates, films of: lubri-
cating and durability properties of,
185-7, 189-91, 204; orientation of,
209-11.

Stearyl chloride, lubricating properties of,
231-2.

Steel surfaces: friction of, 124 ; intermittent
motion associated with, 110; wear asso-
ciated with, 81, 290-5.

— impact of, 264-70.

—- lubrication of: by alcohols, 200; by
chlorine compounds, 229-33; by fatty
acids, 190, 196, 203 ; by fluorolubes, 193 ;
by mineral oil, 264~5 ; by paraffins, 197;
by silicones, 192 ; by soaps, 204, 207 ; by
sulphur compounds, 233-8.

— stainless: frictional behaviour of, 81,
290-5; lubrication of, lubricant layers
needed for, 190-1.
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Stick-slip motion, analysis of 105-111.

— occurrence of: in lubricated sliding,
193-8; in unlubricated sliding, 78, 85,
106, 108-11.

Stress-strain characteristics of metals, in-
fluence of, on hardness, 16.

Sulphide films, lubricating properties of:
general, 233-8; comparison of, with
chloride films, 237-8 ; dependence of, on
thickness, 234.

— — wear-reducing properties of, 233, 237,
285.

Sulphur, -compounds of, in lubrication of
metals: as KE.P. lubricants, 233-8; as
machining fluids, 242-8; importance of
chemical attack in mechanism of, 237,
239-40.

— frictional properties of, 162.

Surface asperities, see under Surface irregu-
larities.

Surface damage, between colliding sur-
faces, 258-72, 278, 281-4 ; between slid-
ing surfaces, (lubricated), 136, 139, 178—
91, 224-6, 233, 241, 295-8; between
sliding surfaces (unlubricated), 78-89,
116, 134, 138-9, 155, 169, 233, 285-95;
between stationary surfaces, 20-3.

Surface finish, see under Surface irregu-
larities.

Surface flow, production of, by frictional
heating, 58-72; occurrence of, below
melting-point, 62.

Surface irrogularities, effect of, on ad-
hesion, 302-3; on friction of fibres, 171
3; on friction of metals, 78, 173-5; on
wear between lubricated surfaces, 82-3,
296-8.

— — measurement of:: by clectron micro-
scope, 8; by oblique sections, 9; by
optical interference, 6-8; by stylus
methods, 5-6.

— — plastic deformation of, between sta-
tionary contacts, 10-17.

Surfaces, preparation of, for frictional ex-
periments, 77-8, 86.

Surface temperature, between -colliding
surfaces, 270-1.

— — between sliding surfaces: calculation
of (approximate), 33-5; calculation of
(more exact), 52-6; effect of grit on,
47-8, 319-21; effect of lubricant on,
40-1, 45; effect of melting-point on, 37—
43, 50, 318 ; effect of speed on, 38, 40, 44,
45, 52, 54; effect of thermal conduc-
tivity on, 41-2, 44, 47, 52, 318; inter-
mittent nature of, 41.

— — measurement of : between sliding sur-
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faces, by infra-rod cell, 49-52 ; by photo-
graphic recording, 46 ; by thermo-electric
p-d., 35-7; by visual observation, 42-9.
Surface temperature, measurement of, of
stationary surfaces, 75-17.
Surface tension, and adhesion, 300-6 ; and
friction, 157-8.

Talysurf profilometer, 6.

Taper sections, sce under Oblique scctions.

Teflon (Polytetrafluoroethylene), friction
of, 164-8, 193,

Thermal expansion, anisotropy of, in
metals and alloys, 141-2, 144,

-— — bimetallic offect in bearing alloys,
produced by, 140-1.

Thermal fatigue, of metals and alloys,
14]1-4. :

Thermal wedge, in fluid lubrication, role
of, 178.

Thermocouples, se¢ wunder Surface tem-
perature.

Thiocyanates, lubricating properties of,
236.

Tin, adhesion of, 306-12.

- - anisotropic¢ thermal expansion of, 141.

— surface flow of, 62.

Tin-base bearing alloys, frictional pro-
perties and surface damage of': general,
138-9; comparison of, with lead-base
alloys, 139--40; effect of lubrication on,
138-9; role of hard particles in, 142-4;
wear associated with, 138, 285.

— — — hardness and structure of, 137-8;
effect of cyclic heating on, 141-2.

Titanium, friction of, on glass, 169.

Tool life, 240-1, 243.

Transient hot spots, see under Surface
temperature.

I'ribochemistry, 316, 318.

Tricresyl phosphate, E.P. lubricating pro-
perties of, 228, 238, 208.

— — wear reducing properties of, mechan-
ism of, 297-8.

Tungsten, friction of, 147, 152-3.

Tungsten carbide, friction and surface
damage of, 168.

— —in lubricated wear measurements,
action of, 296-7.

Viscometer, cup and ball, theory of, 274.

Viscous flow of liquid films, heating pro-
duced by: in impact, 279-81, 283; in
high-speed bearings, 177.

— — — —role of: in adhesion, 305-6; in
fluid lubrication, 176-8, 250-4;.in im-
pact, 271-84,
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Water, surface films of, effect of: on ad-
hesion, 299-304 ; on friction of graphite,
159 ; on friction of metals, 148.

— — —role of, in soap formation, 211-
14,

Wear, of metals: general, 285-98 ; effect of
atmosphere on, 292-5; effect of load on,
290-2 ; effect of lubricant films on, 295-
8; effect of structure on, 293 ; effect of
surface oxidation on, 293-5.

— of metals, mechanism of: in terms of
metallic junctions, 285-90; in terms of
chemical reaction, 290-3, 298.

— of mono and multilayers, 184-91.

Welding, see under Adhesion.

— frictional, of plastics, 166-8.

White-metal bearing alloys, 132-40, see
under Lead-base, Tin-base bearing alloys.
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Wood'’s alloy, surface flow of, 61-3.

— — surface temperature of, 37-8, 270-1.

Work-hardening, influence of, on plastic
deformation of metals, 14-16.

X-rays, examination of surface films by,
207-8.

Yield pressure, see under Plastic deforma-
tion, Area of contact.

- - — dynamic, 258-70.

— - static, 11-22, 28-32.

--- — static and dynamic, 265~7.

Zine, friction of, 201.

— lubrication of, by fatty acids, 201-2,
204, 213.
- thermal expansion of, anisotropy of,
141.
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