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PART 1. PRICTION A¥D LURAICATION,

1« Theories of Friction.

When two surfaces are slid over one another

Amonton's Law, according to which the resistance to sliding
is proportional to the lomnd and independent of the nominal -
area of contact, is in general obeyed, This led Coulomb
to sugpest that the frictional resistance was due to
interlocking of surface asperities, and represented the
work of lifting the load over the summits of these
asperities, This theory was generally accepted up to
about 1924 (See Fneyclopnedia Britannica, 13th Pdn,) and
gstill finds adhevents (Bikermann, 1944). Fwing (1892)
seems to have been the first to cquestion the Coulomd theory,
and Hardy's (1932) experiwvental work suggested strongly
that friction was due to adhesion between the opposing
surfaces, though Hardy admitted the aifficulty of
reconciling an adhesion theoxry with Amonton's Law.
Tomlinson (1929) suggested a molecular theory according te
which the Lﬁ‘?t?g“nnnmu was due to the attractive
and repulsive molecules in the opposing surfaces.
| A notable advance was made by Holm (1938) who
recognised clearly the great difference between the nominal



2e

and actual areasof contact between the two surfaces and
its implications, Holm (1935) found experimentally that
the frictional resistonce was of the same order as the
force required to shear welds of crosse-sectional area
equivalent to that of the real area of contact between two
clean metal surfaces and so suggested that the welds were
indeed formed at the isolated areas of contact and were
responaible for the resistance to slidings "rast and
Yerchant (1940) arrived at a similer view, and also made
allowance for the effect of surface roughness on the
friction. Bowien and Tabor (1943) demonstrated the
existence of intermetallic welds formed during sliding and
showed that the adhesion theory of fricticn was consistent
with Amonton's law if the deformation at Uhe highly
stregsed areas of contact was plastic rather than elastic.
They also considered how the force required to plough
asperities on the one surface through the opposing surface
contributed towards the friection.

The surface film between two metnls surfaces nay
act as a dielectric and Schnumann (1942) suggested that
the sliding friction may include an electrostatic
component but the experimental evidence brought forward,
in support seoms very wenak,
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2. The Significence and Measurement of the Coefficient

of Friction.

The coefficient of friction (. ) is defined as
the ratio of the frictional force to the applied load and
is constant for a given pair of surfaces.

Attempts have hc:: (_:'aa‘o to relate the numerical
value of the coefficient £vems the bulk properties of the
sliding surfaces, It follows directly from Bowden's
hypothesis that it 4s equal to the sum of the ratio of the
shear strength to the "flow pressure® of the metal
concerned and a “ploughing® term due to the frictional
resistance encountered on ploughing asperities on one
surface through the opposing surface, Frnst and Merchant
obtained a similar expression substituting the “actual
mean pressure hardness" for the "flow pressure” and a
"roughness” tem for Bowden's "ploughing" term. They also
found that some of their caleulated coefficients of
friction agreed reasonably well with the experimental values.
Measurement of Prictione

There aye many ways of measuring friction. The
nature of the sliding system, however, may change with the
method of memsuring the frietion, and so the results



4.

obtained with one type of instrument might be different
to those obtained with another.

Friction measuring instruments can be divided into
two classes 1= (1) those in which a force is applied to
one surface to make it move over the other, i.e, static
friction is measured; and (ii) those in which a force is
applied to keep one nrfa« in continual motion over the
other, i.,0, dynamic friction is measured,

Static Priction -~ The simplest way to measure the static
coefficient of friction ( ~ ) is with the ineclined plane,

for heve the coefficient is numerically equal to the tangent
of the angle of inclination at which motion begins.

Various arrangements of the inclined plane have been
deseribed (Dow, 1929, Shaw and Leavey, 1930).

Instend of using gravity to bring about motion a
tangential force can be applied to horizontal surfaces
(Campbell, 1939, Claypoole, 1943). But with all such
instruments it is almost impossible to determine where
motion begins and awkward to use heavy loads.

Dynamie Friction =~ The Bowden-Leben apparatus (1939) has
been the forerunney of a mumber of similar machines, The
lower surface is driven by .8 n hydraulic ram at the
requiyed speed nand the loaded upper specimen, usually
hemisphericnl in shape, is prevented from moving with it
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by an elastic bifilar suspension, the deflection of the
suspension indicating the magnitude of the frictional
regsistance, Variations in the manner of measuring the
deflection have beendescribed by Brummage (1942), Barwell
and ¥ilne (1949), Bristowe (1949) and Whitehead (1950).
If the dynsmic coefficient of frictionm ( ) should decrease
with veloeity the upper surface may oscillate giving
"stick-slip” motion (Bristowe, 1947).

The frictional force may nlso be measured directly
by running a thread from the restrained surface over a
pulley to m scale pan and weights (Chalmers et al., 1946).

In machines in which a rotating disc is driven by
a constant speed electric motor the other surface may be
fixed and the torque determined from the armature current
80 that after sultable calibration the friction can be
obtained by measuring the current drawn, This method is
used in some wear machines., INumerous other ways of
measuring friction have been described (Viewig, 1924,
Sehnurmann, 194%, Dykos, 1946, Rideal, 1947, etecs)e

The actunl not of measuring the friction may alter
the frictionnl system and so the observed friction, sometimes
drastically. In the Bowden-Leben apparatus the upper
surface is used throughout a run and so any surface film
pregent initially may be rubbed off and the crystal struoture
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of the specimen slteved, For machines with circular tracks
not only is the constrained surface altered but the nature
of the track may alter progressively after the first
revolution (Strough and Repp, 1941)s Such changes in the
surfnces, however, may give some information conce rning

their wenr properties,

rffect of Load.

Provided the sliding system does not change ~ 1is
independent of load, Thus Whitehead (1950) found that -~

for aluminium or silver pairs was practically constant for

loads varying from 10~% to 104 grams. The load however
may alter the sliding system, vith loads of less than

1 gram Whitehead found that the ~ for copper was constant
at about 0.4, Dut rose with increasing loads to a constant
yalue of nbout 1.2 for loads greater than 50 grams. The
surface oxide was not pemetrated with light loads and so
oxide was sliding on oxide, whereas for heavy loads the
surface films were ruptured and the sliding became metallic,

3 ¢ Ve ®

Coulomb stated that the friction is independent of
velocity and this has been found to be the case over a wide
range of velocities, At very high speeds Ve decreases due
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to the wedging effect of the alr between the surfaces.
Also at high speeds frictionnl heating may affect the
properties of the surfaces,

The force to keep two surfaces sliding over one
nmother 1s, in general, less than that required to bring
about motion, i.,0., dynamic friction is less than static
friction. |

The static friction of soft metals tends to
incrense with the time in which they remain in contect)
nlso the difference between the coefficlents is less for
harder than for softer metals, Thus the difference may be
due in part to the sliding surfaces having lesser
opportunity in the dynamic case to attain equilibrium,

Barwell and Milne (1949) found that with lubricated
surfaces o= /«»( %, ){ for velocities less than about
one cm,/sec,, dut could not state what significance the
expression had. Beek, Givens and Smith (1940) and
Yorrester (1946) have also found some variation of friction
with velocity under conditions of supposed dboundary
Lubrication, but some wedging effect probably occurred,

Iffect of Hardamsg
For a given load the real area of contact between
two surfaces will depend upon their plasticity, but the
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shear styength of the metallic junction at the area of
contact and the forece required for ploughing (again
depending upon the shear strength) are also related to the
hardness of the surfaces, so thet although S decrenses
with the hardness, the range of o~ under normal
experimental conditions is small, e.g. for copper . 1453
for chromium ~ = Ou4, The inereanse in friction observed
after the anrealing of a previously work hardened surface
shows the effect of hardness particularly well (Shaw and
Lesvey, 1930) (Prmst and Merchant, 1940) as heve the
frictional system remains otherwise the same,

The advantnges of a hard susface with its
consequent small area of contact, and of soft metals with
low shear strength are combined if a very thin film of a
goft metal is formed on a hard substrate, Such a
frictional system is used in the thin wall bearing (Finch,
1950) and in some duplex benarings where the softer
constituent is smeared over the harder constituent
(Heaton et nl., 1942),

Effect of Surface Roughness.

Considerable work has been done on the effect of
surface roughness on friction (Clayton, 1945, Strang and
Lewlis, 1949), but the experimental results and conclusions



9.

are often confusing nnd even apparently contradictory.

Thus Bikermenn (194)) thinke that friction is entirely due
to surface roughness whereas Nardy found that a ground glass
plate had a smaller .~ than a highly polished one, In

the case of dry metels it appears that there is some
inerease in friction with surface roughness,

Some of the dtfforuou in results may be due to
the specimen preparation., Thus nltering the surface finish
may alter other properties of the surface e.g. its hardness,
the thickness and resistence to penetration of the surface
oxide, the smount of a constituent present at the surface
of an alloy, ete.

Also there is no satisfactory way of describing
gurface roughness and the shape of the asperities as well
ag their heights may be important.

with boundary lubriceted surfaces there is again no
simple correlation between Y and surface finish, =lthough
it mppears there is an optimum surface finish which will
keep the film spread but not penetrate it (Burwell, 1942).

Before engineering surfaces nre made to carxy
working loads they are usually "run-in" with coplous
lubriention under light loads. This "running-in® operation
at first wears down surfnce asperities and then as the

surfaces bHbecomes smoother wear decrenses and metal from
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high parts is "flowed" into recesses further smoothing the
surfrecs, The crystal structure near the surface is
broken down nand the metal surface layer "the Beilby Layer”
becomes amoyphous (Pinch, 1936), Thus running-in smooths
the surfaces, so promoting hydrodynamie lubrieation; it
also inerenmes the rigidity of the surface and therefore
the support given by the surface to the surface oxide and
boundary lubricant film,

4 Lubricaion.

If & film i interposed between two surfaces, the
friction in general is reduced., All surfaces are covered
with sn oxide film but under most conditions of sliding
this is not sufficient and lubrieation is required,

There are three main classes of lubriecation ¢ (i)
hydvedynamie; (1i) boundexys ond (i1ii) extreme pressure
lubricatione

Hydrodynamic Lubrication.
In practice the engimeer endeavours to obtain

hydrodynamic lubrication. VWhen a lubricant is drawn by
the metion of viscous forces through a constriction or
wedge~shaped spece such as exists, for exaumple, between
a shaft and ite bearing, hydrodynamic forces appear which
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tend to force the surfaces mpart, Thus in a properly
lubricated bearing the surfaces are kept spart by a film
of oil, and the force of friction is the forece reguired to
ghoar the oil film,

Boundaxy Lubrication.

Under heavier loading and lew sliding speeds, or
1? sufficient ludricant is not supplied, the surfaces may
not be kept apart by the reistively thick eoil film
recuired for hydrodynamie lubrication. The friction,
however, may be kept much lower than that for dry sliding
by thin films of only melecular thickness adsorbed on the
surfaces, Here the friction is independent of the
viscosity of the oil, and the lubrication is called
boundary.

Hardy obtained reproducible results showing a
striking and simple relationship between the reduction of
by & given member of a homologous series of newmal
paraffins, nlcohols, ete. and the molecular weight of the
lubricent, He suggested that the friction between two
asurfaces wns due to the moleculnr foreces acting ncross the
interface of the metals and thet the boundary lubricant
molecules formed an orientated monolsyer on the surfaces.
The highey the molecular weight of the lubdbricent the
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longer its molecules snd so the further would the surfaces
be forced apart with a consequent lowering of the friction,
Subsecuent work has shown thet the boundary
lubriesnt does become admorbed at the interface and is
orientated and that the film is of a molecular order of
thiekness, The orientation of the molecules can be
obse rved directly by electron diffraction, or inferred from
trough mensurements, Thin films of e.g. paraffins are
erystelline with the bdasal plane of the long unit cell
parallel to the surfece and the molecules normal or steeply
{nclined to the surfacs, If these films nre rubbed or
heated ns they must be during sliding the erystolliine
atructure iz broken down leaving a trus monolayer of
molecules perpendicular or nearly so to the surface (see
Tneh, 1950), There is some doubt as to the thickness of
the £11m recuired, Langmuiyr found a monolayer of fatty
acid yeduced the friction of glass tenfold, but for the
effective lubrication of metals more than one monolayer
of lubricant is recuired, the number depending upon the
metal and the lubricent, Lubricants that are needed in
thicker films wear badly so, for example, the second and
thivd monolayers of stearic acid required om copper are
probably needed to maintain the first layer because the
film is disturbed even before the slider reaches it.
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The more strongly the molecules are adsorbed to the
surface the more effective the lubricant, thus polar

molecules nre betier than a atraight chain paraffin and
chemically ndsorbed molecules more effective still, PFatty
acids are particularly good lubricants with renctive metals,
end Drusmnage (1947) has shown that the acid rescts with

the oxide of the subptrate to form a metallic somp, The
molecules of the scap are fimmly anchored and have good
orientation and are thus difficult to displace and seo

reduce metal to metal contact.

Thus the bdoundary lubricant film is a solid film
which is difficult to displace mechanically from the surfaces
not only because of the cohesion ncress the interface, but
also because of the attractive forces between the long
parallel molecules, and as thés depend upon the length of
the molecules the coefficient of friction should decrease
as the molecular weight of the lubricant for a given
homologous series increases, which agrees with Hardy's
enrly work.

Microscopie exmmination of the track left after
#liding shows that the surface damage is much reduced, the
surface being grooved rather than sefitched with the film
deforming with the metal and remaining practically intmct,.
The boundary film, however, does not altogether prevent
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intevsurface contact, for sensitive radioactive methods
show that though it is very much reduced some intersurface
pick-up occurs, Interaction of the boundary films
themselves contribute very Little to the friction snd can
only be detected under very light loads (Vhitehead, 1950)

Ixtreme Pressure Lubrication.

Under progressively incrensing load the oil film
between sliding metale eventually becomes discontinuous
and oxide film contnct begine te occure The loading
practicable without serious surfaece deamage can be increased
many fold by using o lubricant containing an additive
capable of rescting chemicnlly with the sliding surface to
provide emergeney protection, The reaction is accele rated
by the sharply rising temperature associated with ineipient
seizure and the »nrotective product is formed in just those
places where temperature snd pressures rise to values which
are extreme relative to those typical of hydrodynsmie or
boundary lubrication,

Several theories have been advanced to explain how
the chemical film prevents seimure, It has been suggested
that the film simply has a lower shear strength than the
substrate metal and so shearing occurs within ite thin film
minimizing demage., Beek, Civens nnd Yillass (1940) have
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shown that some of the extreme pressure lubricants can
form eutectie films which are more fusible than the
underlying metal and they suggest that the film is
smeared out and the surface consequently smoothed and so
restores hydrodynamieal lubricatien,

Yineh (1950) has pointed out that the extreme-
pressure i{lm (unlike tlil oxide) is more fusible than the
substrate metal, I the locnl temperature should rise
sufficicontly some of the film may smenr and act as a
temporary lubricant, but the primary ewmide film will
remain intact beconuse the melting point of the compound
is too low to impair the rigidity of the metal upon which
the intsctness of the oxide film depends,
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PART 2.

ADHPSION BUTWEERN METAL SURFACTS.

1. Introduction.

The field of forece of the atoms in the surface of
n body is more or less satisfied by the adsorbed film of
foreign matter (oxidation products, adsorbed weter vapour
and adsorbed gases generally)s Therefore when two
surfnces are brought together there is in genersl no
adhesion across the interface (Landsberg, 1864). Some
surfaces, however, can be sufficiently cleaned to
demonstrate adhesion, e.g. freshly cleaved miea (Pinch, 1950)!
or newly drawn glass fibres (Tomlinson, 1927).

Metal surfances can be clesned sufficiently by
heating in a vecuum or a hydrogen atmosphe re, Bowden and
flughes (1939) found that metal surfaces nfter being heated
in vacuum exhibited an sbnormelly higb./«. (which Wwes largely
detormined by adhesion between the surfaces) and they
gshowed that this was due to the removal of the surface
filme, for on admitting a trace of oxygen into the apparatus
the - fell immedintely to a much lower value, With
improved technique Bowden and Young (1949) found that
surfaces of ,z, nickel, iron and platinum, soized
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completely when brought together, the surfaces being first
heated by an induction furnace in a vacuum of the order
of 10°7 mm, of mercury.

Parallel frictional results have been obtained by
Jacobs (1912), Shaw and Leavey (1930) and seizure
observed by Gwathmey efal: ton (1948) and =—=sten—and-
Holme (1935).

2, Surfaces in Alx.

When two surfaces meet asperities of small radii
will in genmeral lodge against much flatter surfaces.
Under pressure an asperity might flow and spread and so
disrupt its surface film but the pressure on the opposing
surface will be much more widely distributed and its
£41m remain more or less intact and prevent intermetallic
contact, The surface film will be even more effective
with flatter surfaces.

Fven a very thin surface film will' prevent
adhesion, Carefully electropolished copper specimens
will not adhere when pressed together under moderate loads
in vacuo, slthough the electron diffraction patterns of

the surfaces show that any surface film present must be
limited to a few atom layers in thickness, In vacuo any
water vapour present must be limited to a monolayer.

539:23 /53%.62
SPU (43
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But according to Bowden (1950) when two surfaces
are brought together welds are formed between the surfaces
at the isolated areas of contact, though with elastic
surfaces, the adhesion cannot be detected for the minute
welds break one by one on releasing the load because of
the recovery of the elastically deformed asperities,

With soft surfaces having little elastic recovery the
adhesion should be detectable, and Dr.Bowden's lLaboratory
have shown that when a copper ball is pressed into an
indium block the two surfaces do, in fact, adhere,

However, there appears to be no conclusive evidence
of the existence of appreciasble welds or adhesion between
stationary surfaces. For the elastic surfaces the metal
in the hypothetical welds, being itself stressed to the
elastic limit, would have the grentest range of recovery
on releass of the pressure, and so there would be little
tendency for the welds to be pulled apart. In the copper-
indium experiment relative motion must occur between the
surfaces thus rupturing the surface films and permitting
intermetallic contact, and so the surfaces weld strongly.
Agnin, nlthough there is no measurable adhesion between
two metal surfaces in air, Bowden and Young have shown
that if the surfaces are made sufficiently clean by heating
in high vacuum and allowing to cool, they exhibit relatively
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large adhesion although the area of contact and the elastic
recovery of the surfaces is practically the seme as in
alre

Thus it appears that the adhesion between surfaces
in air is not detectable not because of the bulk properties
of the metal, dut simply because the surface films reduce
the adhesion to a very low value.

3« Pressure Velding.

Surfaces may be made to adheye if subjected to
such pressure that general plastic flow occurs and film
fyoe surface is exposed at the interface., Such "pressure
welding” of silver (Van Duzmee and Thomas, 1940) »
aluminium (Tylecote, 1945) and copper base alloys (Davis
and Holmes, 1950) has been described. Van Duzee and
Thomas cleaned the silver of its oxide by heating to about
200°C. and found that two sheets could be cold welded Yy
applying a load of 5000 Kge/scecm.

Davis and Holmes found that the amount of deformation
at the interface of their copper specimens was the main
determining factor of the strength of the welds, Their
surfaces, however, were heated while under pressure,
increasing the amount of flow, assisting the diffusion of
the oxide awny from the interface and the recrystallisation
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of the metal across the interface,

During pressure welding relative motion oecurs to
a greater or lesser extent between the opposing surfaces
and this helps to rupture the surface oxide,

4o Nelding by Siiding.

So far the only definite examples of metallic
adhesion have resulted from the absence of the surface film
But surfaces can also be made to adhere in another manner
which is of interest because of the information it gives on
friction and on sliding generally. Metals can also be
made to adhere together by sliding them over ome another,
provided the surfaces are sufficiently free from films,
Most metals can be brought to the required state of
cleanliness by electrolytic polishing. The high degree of
freedom from surface films of surfaces so treated can be
inferred from their electron diffraction patternms,

Figures 1 and 2 are patterns obtanined from single crystals
of copper snd iron respectively. The absence of oxide
rings and the sharpness of the Kikuchi lines show that any
oxide film present must be only a few angstroms in thickness.
The patterns also show that electropolishing gives an
atomically smooth surface which has, however, a large scale
waviness, and that the erystal structure continues
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undisturbed to the surface,

The specimens after preparation are invariably
covered with a thin layer of water molecules, In the
diffraction camera this is largely removed because of the
vacuum, and the electron beam itself scavenges the last
tenaciously held monolayer., This film, however, does
not give much protection during sliding, only a monolayer
is strongly ndsorbed and that to a lesser extent thean the
oxide, The specimens must be used immediately after
polishing for usually they oxidise rapidly.

In some cases the metal may be sufficiently clesned
by suitable etchants e,g, dilute potassium cyanide or dilute
nitric ncid are suitable for copper. Some very soft
metals, e.gs indium, can be scraped “"clean”, At about
180°C, the decomposition pressure of the oxide on silver
is equal to the atmospheriec pressure and so silver heated
to this tempernture is cleaned to m great extent of its
oxide,

But despite such surface preparations a very thin
film must still be present for, as stated earlier, when
electropolished crystals are pressed together there is no
intermetallic contact and consequent welding together of
the surfaces provided the pressure is not sufficient to
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produce extensive plastic flow., Similarly no adhesion
has been detected between mny other pairs of surfaces.

The presence of thin films on electropolished surfaces
other than water vapour has been shown in other ways, €.g.
by the measurement of solution potential.

If, however, the copper crystals are slid over one
motmrf;urrm films are disrupted and cold welds are
formed, Tnach weld grows rapidly. The first small welds
are broken by the tangential force and they in turn disturd
a larger smount of surface and se form larger welds and
mesnwhile fresh welds are formed until the applied force
may no longer be able to shenr the welds and total seizure
peeurs with a catastrophic increase in the coefficient of
friction, Copper single crysteals pressed together lightly,
weld so strongly after sliding only a frection of a
millimetye that they are difficult to pull apart with the
fingers. Adhesion to a greater or lesser degree has been
observed for copper, gold, silver, aluminium, tin, lead,
zine and iron pairs and for various combinations of these
motals.

The ease with which the surfaces weld on sliding
depends mainly upom their plasticity. With a soft metal
there is a greater area of contact under load, the metal
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will deform more easily and so rob the surface film of its
support and the area of intermetallic contact can grow more
rapidly than for a harder and more elastic material,

Thus under conditions of sliding which would cause copper
surfaces to seize together strongly, iron pairs will

adhere only moderately, Very soft metals like lead weld
extensively, but the welds are weak and the force of
friction does not increamse with sliding to the same extent
as with stronger harder materinls, The damage due to
welding is quite distinetive on parting the surfaces so the
extent of welding can be determined from the damage

(Pigure 3) rather than from the frictiom or the load
required to cause seisure,

The surface films on all these metals were very
thin, and the properties of the films themselves were of
little importance for the relatively heavy loads used (of
the order of Kilogrmms/sqecs.).

Sometimes during the electropolishing operation,
particularly when washing and etching the specimens, the
surfaces became covered with a relatively thick oxide film,
ususlly amorphous and some hundreds of nngstroms thick,
Such thick films give very great protection to the harder
metals, some of which for example, iron, could not be made
to weld at all under the experimental conditions.
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Heavily oxidised aluminium was difficult to weld.
However, because the metal is so much softer than the oxide
the latter can be emsily broken up by vigorously rubbing the
surfaces together, and welding then occurs easily., Fven
with n thick film the sliding process assists welding if
once it begins on a fairly large scale, the seized metal

ploughing under rather than seraping away or rupturing the
surface film,
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1.

The Tirst stages of sliding have recently been

exnmined by Parker and Hatch (1950). They slid cas(
hemcspheres of lead and indium over glass and examined the
surface of the metals with the electron microscope.
With no tangential forece the surface features persisted
under load, showing that the deformation was elastic, but
on applying a small tangential force the asperities
deformed plastically snd were scratched, indicating that
some relative motion had occcurred, VWith increasing
tangential load there was a proportional increase in this
slip and in the real area of contuct until the cohesive
force was in equilibrium with the tangential forece and
motion ceased., Still inerensing &T{fﬁ increased the
real area of contact until it equalled the apparent area
of contact and then large scale sliding occurred, These
results agree with those of Claypoole (1943) and Campbell
(1939).

According to Bowden under normal conditions of

steady sliding, small welds are formed between the surfaces,
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To maintain sliding part of the applied tangential force
has to shear these welds, The existence of these welds
can be demonstrated in a number of wrys (Bowden and Taber,
1943, Sackmann et al., 1944, Bowden and Moore, 1945,
Gregory, 1946) bdecsuse they do not in general shear in the
plane of sliding but within the weaker surface and so leave
fragments of metal adhering to the other surface,. The
applied force must also plough irrvegularities of the harder
gsurface through the softer, and possibly overcome other
forms of frictional resistance,

2, Ixperimental Detalls.

Surfaces are usually prepared for the investigation
of frictional effects by abrading with successively fiher
abrasives and often finally giving a metallographic polish,
This treatment bresks up the crystal structure near the
surface and in the case of polishing gives a Beilby layer
and promotes oxidation. As mentioned previously,
electropolishing gives an undisturbed surface with only a
very thin surfacey film so that the various phenomena
associsted with sliding occur on a larger scale and can be
more easily examined, If single crystal instead of
polycrystalline specimens are used the surface damage is
even more marked becnuse of the very great work hardening
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which accompanies the deformation of a single crystal.

Accordingly the experiments with electropolished
specimens described earlier were continued, but the sliding
conditions weye varied, in some cases the static
coefficient of friction measured, and the surfaces were
exsmined microscopically and foreign films sometimes
delibe rately formed on the surfaces, The statie
coefficient of friction was measured on an inclined plane
for loads of less than 50 grams and by direct measurement
of the tangential force required to csuse sliding for
heavier loands, There was some spread in the results due
possibly to slight movements occurring when putting the
surfaces together and to the difficulty of determining
when motion began, Also the specimens were either flat
discs or plates and so contact occurred at three or more
points and therefore the absolute load carried by any area
of contact was considerably less than the overall load
which alone could be measured,

3¢ Resubts.

Effect of Substrate.
As one would expect from the cold welding experiments
the hardness of the surfaces largely determined the damage
done during the sliding of electropolished specimens and
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80 to a certain extent the friction, Thus under moderate
loads (order of 500 grams) single crystals of copper seiged
together on sliding. "Seisure” here and in future means
that the ~ inereases very ropidiy with further sliding
through welding occurring on a large seale, Vhen parted
the surfaces showed a few large broken welds and the _
scratching was negligible, Tlectropolished polycrystalline
specimens however did not seize quite as readily, for the
polyerystalline surface is harder because the deformation
of each crystal grain is resisted at its boundary by the
neighbouring grains,. The welds were smaller and more

nume rous and there was some scratching., Similarly

me chanically polished polyerystalline specimens were more
difficult again to seize, the welds smaller still and again
there was more seratching. With loads short of that
uhund for seizure, mechanienlly polished specimens had a
slightly lower /~ than the electropolished specimens.

With hard iron surfaces under moderate conditions of loading
a little scratching occurred and only occasionally welds,
the coefficient of friction was again very low at about 0.2,

Iffect of Surface Films.

After electropolished surfaces had been exposed to
nir heavier londs were necesgsary for seizure to occur on
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sliding, and the effect of hardness was even more marked,
After a period of time, depending upon the metal concerned
the surfaces could not be made to seize at all under the
emperimental conditions., Microscopic examination showed
that the nature of the surface damage had also changed,
The surfaces were now much scratched, and any intermetallic
welds were very small and occurred in the tracks of the
scratches where the deformation had been greatest and so
the surfaces ocecasionally scraped clean simultaneously.
During sliding the surfaces must have been in intimate
contact and so oxide-oxide or oxide-metal adhesion may
have occurred and contributed to the frictional resistance,
but such junctions would shear at the interface and so not
be detected, The calculated work done in breaking welds
and in causing plastic deformation is found to be

conside rably less than that measured during sliding, and
such adhesion might account for some of the difference.

If the oxide has about the same hardness as the
metal, metal and oxide deform more or less as one making
penetration or removal of the oxide difficults thus
intermetnllic welding is reduced and much scratching occurs.
Indeed, for light loads no intermetallic welding occurs
at sll in many cases, e.g. Po, Cu, But if the oxide is
much harder than the metal the metal may deform under the
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oxide, robbing it of its support and making intermetallic
contact possible, e.g, aluminium, tin, This effect is
shown in an exaggerated manmer in FPig.4 where the
obviously brittle oxide film on anodieally oxidieed AL
has cracked about the weld,

Vhen metals of differing hardness are slid over
one snother &t appears that 4if the softer metal has the
harder oxide its oxide fragments may help to penetrate
the opposing surface and bring about welding, for example,
AL welds more easily than Cu to Je,

Surface Damage of Vexy Clean Surfaces.

The crystal structure of the rubbing high spots is
~ broken down during siiding and so the weld Junctions are
hardened, This can be shown by abrading the top of a —<(¢
fragment flat, electropolishing to remove the metsl
disturbed during abrading and then etching the surface
(Pige5)e Consequently the weld shears not at the
interfance but within the softer of the two metals, The
déstribution of stress about the weld during shearing also
tends to cause fracture within the metal rather than at
the surface, < If both surfnces are of the one metal the
seratching pntuhma on the om will be hardened and
pluck metal out of the otbr. \ Thu fragments of AL will
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be left adhering to copper, silver to iron, ctc..\ In

the case of mixed metal pairs, Tragments of the harder
surface have never been observed on the softer, The
difference in colour b;:’-u'n eeffe Copper and aluminium
enanble fragments Wy‘;-olvauo with oil immersion

to be definitely distinguishable, Thus some pick-up of
aluminium by copper has been observed even with loads of
the order of a gram, and with lubricated surfaces (Fig.6).

Large welds once formed tend to part the surfaces
and to localise the dmmage to the weld itself, therefore
the weld grows in height rather than laterally, after
reaching an optimum width, Often the growth in height
is discontinuous giving the weld a stepped appearance.

In mutuslly soluble metal pairs it appsars that
the nmctuanl interface of the metaks forming the weld has
the composition of the eutectie, Blocks of tin and lead
weye welded together by sliding and then heated in vacuo
in such a way that one block was supported entirely by
the weld, The blocks were found to fall apart at the
melting-point of the tinelead eutectic and not at the
melting point of the tin. The surfaces showed no sign
of pickeup, a tiny pateh of alloy indicating the actual
aren of contact, Similarly lead and bismuth parted near
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the lead-bismuth eutectic melting point., But 4if the
two blocks were hented when only resting on one another,
nothing happened until the bismuth melted, Cold welding
the surfaces together and heating them to a temperature
Just below the bismuth melting point formed a small molten
pool of eutectic, the original tiny patch of eutebtic
having acted as a seed, Copper and aluminium were also
observed to fall apart at temperatures below the melting
point of the aluminium but some 20 or 30°C. above the
ceutectiec melting point, In this case, however, results
were complicated by the adhesion between the copper and
aluminium oxides as these surfaces had to be heated in
nir because of the high temperatures required, |

The actual weld interface can be examined when
different metals are used by dissolving away the adherent
fragment, using, for example, NaOH for aluminium on
copper, The actual area of contact is smaller than the
plan area of the fragment and the profile of the weld
fragment appears to be ;@\2,_

Damage to the surface is not confined to the
weld junction itself, Slip lines surround the weld

changing directions at the crystol boundaries to follow
the approprinte glide planes in neighbouring crystals
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(Pige?), and particularly with single crystals (Pig.8)
extend far scross the surface and into the bulk of the
metal, If welds are formed near the edge of a single
crystal the slip lines cover relatively large areas,
In some cases the metal immediately ahead of a weld is
crumpled into folds (7ig.9).

Surface Damage to Fxposed Surfaces.

As stated earlier, if the sliding surfaces are
allowed to oxidise in nir welding is much reduced and
scratching occurs instead. Under normal loads the surface
f1lm is penetrated and metal exposed in the track of the
scratch, but welding does not occur for the debris is
caught up and embedded in the scratching protuberance
which becomes progressively more contaminated and welds
can only form when both rubbing spots are simultaneously
clean of film, The exposed surfaces will however again
weld easily if treated with potassium cyanide.

The metal at the surface of a scratch has a flowed
and polished appearance, Underneath this flowed material
the metal is polycrystallime, and between this region and
the original crystalline structure there may be a zone in
which rotational slip or other deformation has occurred.
Recrystallisation is possible, particularly with very soft
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metals, This is shown in Mig.10, where the flowed
material in the track of a scrateh has been electropolished
awny. Characteristic markings are often observed in the
beds of scratches after light etehing, because of the way
in which the metal has deformed, To scratch a crystal
surface in different directions, varying smounts of work
are required, depending upon the orientation of the

scratch with respeet to the tranaslational and other, €.g.
rotational, slip aystems, but these average out in
polyerystalline surfnces,

Oxide fragments themselves cause scratching,. VWhen
lend 1is compressed and caused to flow between electropolished
slightly etched copper discs, debris begins to secratech the
lend and gets caught up in the copper grain boundaries se
that when motion stops and the surfeces are parted a pattern
of the copper grain boundaries appears on the lead,

4, Temperatures reached during Sliding.

Bowden (1950) ran small cylinders of e.g. Woods alloy
gnllium and tin against a steel disc revolving at high speeds,
and measured the temperatures reached at the interface by
using the sliding surfaces as thermocouple eélements, He
found that the temperntures abEnined were never gwenter than
the melting point of the more fusible metal of the pair,
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and that this metal became polished.

But when a nitrided steel shaft, for example, is
run against a soft low melting point bearing both
surfaces eventually become polished, A possible
explanation is this « the more fusible metal is first
polished and smoothed, the asperities on the other
surface then ton small areas of contact which continue
to rub in nlaunly long tracks on the othor smooth
surfnee and so reach unp-rntnzu which na/ouuh to
cause them to soften; that 1-,1 omnturu above the
melting point of the lower melting metal, and are thus
in their turn smoothed and polished (Finch, 1950).

To check whether higher temperatures would be
reached small specimens of the higher melting material
were run against disecs of the other metal - that is
Bowden's experimental conditions were in effect reversed,
The specimens were very small, about 1/8" cubes, and the
the rmocouple embedded in them, They were mounted in
plastic holders and earried a load of some pounds weight,
and were moved radially across a Woods metal disc (8¢
dismeter) rotating at about 1,000 repeme

It was found that metals which had a higher
melting point and were harder than the Woods metal
actunlly renched a tempersture above the melting point
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of the diu%“for example copper reached up to 120°C,

In a few seconds, however, the gpecimens became smeared
with Woods metal and the temperature fell back to that
of the melting point of the Voods metal., The
theymocouple indicnted the temperature of the specimen
about 1/16" away from the rubbing faces, the surface
temperatures must hnave been much higher still,

If the specimen had a higher melting point than
the Aisc, dut was softer, higher temperatures were again
renched but results weye rather inconclusive, for the
specimen smeared the trmek rapidly, and even with a
apiral track one could not de sure vhether the dise

was clean or not,
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When an oxygen-free metal surface is exposed to
dry air a monolayer of oxygen molecules is very rapidly
bonded to the surface by Van der Vasls forces, Above
this monolayer there is a thin film of less strongly
adsorbed molecules which can be removed by evacumtion,
The oxygen molecules dissociate into atoms, the reaction
being strongly exothermic so that once begun by e.g.
photons, catalytic reanctions, ete, it will continue,

If sufficient energy is available the atoms ionise and
the ions teke up mutual foctttonsnppuprtau to the oxide,
The oxidation begins at favoured sites and the
oxide grows laterally over the surface, Vhen a coherent
layer of oxide has formed the metal and the oxygen become
separated, and the reaction can only continue in so far
ns the resctants can diffuse through discontinuities in
the film, or across the film itself, VWagner (1938)
has suggested that the latter is possible because the
film is not of stoichiometric composition and so permits
the Aiffusion of cations outwards (or anions inwards)
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with the electrical balance being preserved by the
conduction of electrons outwards, But there is
conside rable evidence that oxidation proceeds mainly
through discontinuities in the film,

At room temperature most oxides formed in dry air
are amorphous. On heating the behaviour of oxide films
varies widely, Those on aluminium and chromium remain
smorphous up to about 600°C, and grow very slowly, but on
copper the film becomes crystalline at about 150°C, and
grows rapidly, Depending upon the conditions of oxidation,
the oxide may be epitaxial with its substrate, show no
preferred orientation or take up an orientation determined
by the oxide and not by the metal, With increasing
temperature higher oxides may be formed.

The oxidation of iron was studied briefly to
determine whether the condition of oxidations would affect
the frictional behaviour of the oxide film, Single
erystals of iron were heated under varying conditions of
temperature and pressure and the resulting oxide film
examined in an electron diffraction camera. At
temperatures of about 100°C, the oxide film was too thin
to identify with certainty and was epitaxial, probably
TegOpe At higher temperatures very smell random crystals
of Te,0, were formed, these crystals becoming much larger
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at about 300°C, At nbout 350°C,, # -Pe,0; was fommed,
this oxide had one degree omm'ntattou due to preferred
lattice rows growing out from the surface, Films formed
above 500" were not exemined, The pressure (varying from
107 mm, to stmospheric pressure) had no noticeable effect
on the rate of oxidation. However, the particular
erystal face in the surface of the specimen and the nature
of the surfnce finish had considerable effect on the rate
of oxidation and probably also on the transition
temperatures, thus abraded specimens oxidised more rapidly
than electropolished specimens,

2. Zilms on Copper.

Various films were fommed on e€lectropolished
copper surfaces and their effect on the statiec coefficient
of friction and the proneness to welding of the surfaces
exomined, The friction was measured on an inclined plane
with loads of about 20 grams, Some of the results are
given belowte

Treatment velding M,
Fxposure to H, 8 fumes None 29
Txposure to HC1 fumes . «33
Fxposure to M, 50, fumes . «38

Txposure to air for 36 hours » 36



Trentment Velding

Fxposure to dry air for 36 hours Yone 53
Oxidised at 150°C, and exposed

to air for hours " 42
oo dry air ror 38 hours T : 48
Oxidised at 500°C, and scales

removed " 29
Imme rsed in water for 36 hours " 042
Fxposure to fuming HFO, g1ight «38
Ptched in Hp 50, . o36
Ftehed in HCL Welding o 46
Oxidised in air at 150°C, . 53
Anodically oxidised . «70
Ttehed in HNO, Very easy

P1ated with Cu "

Yoble metal film evaporated on .

The greater the welding ability the higher the
friction, but under the experimental conditions the
converse was not necessarily true, for surfaces which show
1ittle tendency to form cold welds might give a high
friction due to scratching, or to Coulomdb friction. In
particular it was observed that cuprous oxide surfaces gave
easy welding and a high coefficient of friction, whereas
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sulphided surfaces showed no sign of intermetallic welding
and exhibited a low friction, Consequently the sliding
of thege films was investigated and compared,

Oxide Fiima on Coppere

The frictional behaviour of oxide films on copper
has been examined by Campbell (1943), Tingle (19550) and
Whitehead (1950), and Hughes and WVhittingham (194%). With
ordinary loads the oxide film reduced the friction but
Whitehead found that for 1ight loads ( 1 gm.) even the
very thin oxide film after electropolishing was not
penetrated and that this film had the same coefficient of
friction as an oxide film hundreds of sngstroms thick.

In the present work electropolished copper disecs
were oxidised in air at about 180°C. and the static
coofficients of friction of the resulting cuprous oxide
films measured with an inclined plane, The . we? found
to be independent of the load and approximating .8 for loads
of legs than sbout 15 grams, and to increase with the
thickness of the film, the main increase occurring before
the film was thick enough to give interference colours.
The surfaces always welded together very easily on sliding,
the oxide in fact seemed to assist welding.

The surfaces weye exmmined with the micreoscope
after sliding and several kinds of damage observed, viz,



42,

broken metallic welds with the oxide film extending right
up to the weld; scratches penetrating the film, the oxide
being displaced to the edges of the seratchj occasionally
the film peeled away from the metal, sometimes rélling wup
in a spiral shead of a seratching protuberancej particles
of oxide etc, were often caught up between the surfaces
and formed “"gear wheel" tracks (Mig.11).

The above oxide films were crystalline., The film
formed on exposure to air at room temperature was amorphous
and inhibited seizure, but if this film was heated and so
caused to erystallise the surfaces again welded easily.

If the crystalline oxide was exposed to air for some time
corrosion oceurred within the film and welding agaln was
prevented,

Thus it appears that the crystalline oxide film is
woak and easily removed during sliding. At light loads
the film gives less protection than the amorphous oxide and
s0 its coefficient of friction is considerably greater,
Provided the film is crystalline, the thickness of the oxide
has little effect, indeed there is considerable evidenece
that the oxide falls at the metnleoxide interface, The
amorphous oxide film, howdver, is isotropic and tough, and
deforms with the substrate metal nnd so is difficult to

penetrate or rupture,
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Sulphide Films on Coppere

Flectropolished copper surfaces were exposed to
ammonium polysulphide vapour and the frictional properties
of the films formed examined., TFor light loads the
coefficient of friction was very low (about 0,30).

Provided the film was sufficiently thick the damage done
during sliding under all experimental loads (10 grams to
1000 grams) was largely confined to the film itself, There
is considerable evidence that the film formed consisted
mainly of cupric sulphide, and this compound has a layer
lattice permitting relatively easy slip.

Adhesion between Films.

If clean copper specimens are clmamped together and
hented in air at temperatures above a definite minimum,
the oxide films grow together and the specimens adhere
together strongly. The surfaces must be initially clean
and fyee from oxide and be heated to above about 180°C.,
henting for hours at a lower temperature being ineffective,
and must be clamped together, otherwise the growing oxide
merely foreces the surfaces apart, Microscopic examination
ghows that no intemetalliec contact occurs, Heating
oxidised specimens clamped together in vacuo to dring about
recrystallisation does not cause ndhesion. The oxide
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formed on single crystals of copper at about 180°C is
well orientated cuprous oxide, Adhesion also occurs
between copper and aluminium blocks in which case
frogments of metal were torm out of the alundnium block
and left ndhering to the oxide, but not between aluminium
peirs, or iron pairs. Similar adhesion was observed
when bolted together copper specimens were exposed to
ammonium polysulphide fumes,

3« ZXilms on Iron.

The frictional properties of oxide and sulphide
filme on iron were also examined, To measure the friction
a new type of instrument was built in which an annulus
sliding against a coaxial rubbing disc was restrained from
moving with the dise by a thread running over a pulley to a
scale pan and weightss The load was varisble from 100 to
2,000 grams, nnd the speed from 0 to 180 repem.

Exictional Oxidation.

The instrument was first used to measure the
friction of freshly electropolished iron surfaces, The
friction was found to be independent of the veloeity, to
inerense slightly with increasing surface roughmess and teo
vary with load at low loads.

Although the surfaces were very carefully prepared
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they became microscopically dirty after a few minutes
sliding and a grey film eventually formed in the track of
the seratches. After half an hour the film was very thick
and composed of grey matter which compacted and piled up
to form plateaux at surface irregularities (Fige12), the
plateaux finally carrying meost of the load. The plateaux
were often divided by a network of crancks, small plates
flaking off at the cracks. Occasionally fragments of
metallic iron were embedded in the compacted grey matter,
The initial film speckled the surfaces black or brown,
then sometimes becoming reddish, and finally grey. The
electron diffraction comera showed that the film was
crystalline Tey0ye

This "frictional oxidation" has been observed hy
Fink (1934), and Rosenberq ond Jordan ¥1935), and occurs
in some bearings (Ackermann, 1937). It has not yet been
satisfactorily explained,

Attempts were made to relate the oxide formation
with the rubbing conditions. The friction of the surfaces
appeared to depend upon the smount of oxide present 8¢ as
to determine the effect of lead the variation of ~ with
time for various load-'wn_mmnd. The «~ fell fairly
regularly with increasing load, The effect of velocity
(to which the frictional heating is related) was next
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examined, The amount of oxide formed seemed to be the

same whether the instrument was run at top speed or at very
low speeds, The top annulus was therefore replaced by a
disec in which were embedded three equally spaced ball
bearings and a small step was fixed to the lower surfece in
such n way that the bearings could not slide over the lower
disec, but small movements due to vibration from the electric
motor were possible. Again frictional oxidation occurred,
and on much the same scale as in the other experiments,

The optical microscope showed that very small scratches had
been made by the ball bearings, but occasionally small
patches of oxide were observed remote from scratches, but
these may have been displaced from where they were formed or
be themselves co¥ering tiny scratches, The surfaces were
next prepared in the usual way and left in contact in a
vibration free place for a week, No visible oxidation
occurred in this period, Thus the oxidation is csused, not
by the large senle sliding, but by the very small movements
due to vibration: that is, it is a form of the "frettage
corrosion" described by Tomlinson (1927).

The mild steel annulus was run against a number of
metals: frictional oxidation occurred for iron, mild steel,
copper, sluminium, Woods mlloy and lead, Microscepic pick-up
occurred of the Woods alloy and to a lesser extent of the lead,
and in the former case reduced the smount of frictional



47,

oxidation.

Oxide Pilms on Irone

The variation of friction with load of iren
surfaces oxidised in dry aiy under varying conditions of
pressure snd temperature was mensured with the annulus
machine. An attempt was made to relate the frictiom of
the oxide film with its structure, which was determined in
each case with an electron diffraction camera,

The majority of the <« /L curves fell within
three families, In the first type the remained
constant up to about 200 grems, then increased suddenly to
a higher value and then ineressed slightly with inereasing
load, the sudden jump being caused by the oxide beginning
to fragment and clog the surfaces. Reducing the load did
not reduce . The curves weye roughly parallel with
the thicker film giving higher coefficients of friction.

The second type of <« /L curve was similar in
shape to that of clean electropolished surfaces, with the
curves again more or less parallel and the thicker films
giving the higher - .

In the third type of curve, the friction appeared
to inerense linearly with time and to be independent of
the losd, Thus these films began to break up slmost



48,

immedintely sliding began, All the curves were clustered
togethe r,

The results were irreproduciblej it could not bde
predicted what particular type of curve would result from a
given specimen from a knowledge of its chemical composition
( Pey0,, Pey0,, Me0, etec,) structure, or thickness, Thus
there must be some other significant varinble or variables,
The results were also further complicated by the occurrence
of frictional oxidntion once the metal was cleaned of its
oxide at rubbing nreasj both the frictional oxide amnd the
prepared oxide compacted in the same way and could not be
distinguished from each other, The oxide film on copper
also piled up in the same manner,

The surfaces were examined microscopically after each
run and some idea how the oxide film broke up obtained, In
Pige13 the scratehing protuberance in the opposing surface
has not penetrated the oxide film but peeled it awey at the
side of the seratech and fommed fissures in fthe bed of the
scrateh, Fissures may also form in the neighbourhood of
the scratech. With further rubbing the oxide flakes
outlined by the cracks become detached from the surface,
probably parting at the iron~iron oxide interface because
of the epitaxial strain in this region (the diffraction
camern shows that the oxide formed on single crystals of
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iron heated to 450°C, scales off at the interface,) The
oxide fragments then get further broken up and tend to get
eaught up in irregulnrities in the surface and pile up inte
grey plateaux, which may eventually carry the entire load,
These plateaux sometimes bresk up themselvee, Consequently
the aren of contnct increnses and therefore the frietion.

There is some cérrelation between the friction and
the thickness of the oxide film, It appears thet the film
in divided into » network of fine subemicroscopicsl latent
discontinuities and that these are more frequent the
thicker the filmj their number also depends upon the way and
rate the oxidation is carried out and so is very variable,
During sliding eracks form nt thege discontinuities and
they therefore detsrmine the mechanical strength and so
therefore the frictional properties of the film,

Oxide films lubricated with paraffin gave a very low
and con-tans/a. of about 0,1 which is the same as that of
lubrieated unoxidised surfaces, Although the oxide wsas
removed quite rapidly, the substrate metal suffered very
slight damage.

When iron surfaces are passiveted in nitric ncid,
for exsmple, the oxide film is compact snd free from flaws,
The frictional properties of such films appear similar to

surfnces oxidised by exposure to nir,
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Iron surfaces were nlso run together in a pool of
concentrated acid in the annulus machine so that the
protective oxide film could be reformed almost immediately
whenever penetrated. Heavy loads of one or two kilogram
and low sliding speeds were used to minimise viscosity
effectss A number of different ncids were tried, Phosphoric
nnd sul phurie acids both gave very low coefficients of
friction of about 0,02 after a few minutes running and the
surface damage was extremely slight., Both these acids are
viscous, but viscous lubricants such ns glycerol and paraffin
gave much higher coefficients ( 0,10) under the same sliding
conditions. There appeared to be little obvious renmction
between the 4ivon sand the nmeids. Hydrochloric aecid, however,
attacked the surface vigorously snd gave a coefficient of
nbout 0,7 Nitric ncid reduced the coefficient of friction to
n stendy value of nbout 0,295 after a few minutes, the track
was little damaged except for a few Large etch cavities,

Sulphide films on iron gave a higher initial friction
than oxide filmes and the frietion increased more rapidly,
indeed, on a number of occasions thick sulphide films ndhered
topether when sliding censed, Sulphide filme lubricated
with bengene gave about the same coefficient of friction as
lubrieated oxide films,



51e

Sunmmary.

vhen two surfaces are brought together
intermetallic contnct is in general prevented by their
surfnee films, Vith sufficiently clean surfaces, however,
even a slight sliding motion will mupture the surface film
and bring nbout large scale welding, the extent of which
depends primarily upon the plasticity of the metal, But
aftey the surfaces have been oxidised, the properties of
the film themgelves become important, If the oxide is
mach harder than the metal the latter may deform under the
oxide, robbing it of its support and making intermetalliec
contaet possible, But if the oxide has about the same
hardness as the metnl, metal and oxide deform more or less
as one meking rupture or penetration of the oxide film
diffieult, and so intermetallic welding is reduced or even
inhibited.

Thus the amorphous oxide formed at room temperature
on copper deforms with the metal and so for light loads the
oxide films are not penetrated and the coefficient of
friction is lows The erystalline oxide formed YWy henting in
nir, however, is easily removed from the metal permitting
intermetallic contact snd so gives a higher coefficient of
friction, The sulphide film on copper is also crystalline
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but because of its well-developed cleavage-plane and
consequent low shear strength most of the damage due to
sliding is confined to the film and the coefficient of
friction is very low.

The damage done to very clean surfaces during sliding
is quite distinetive, The intermetallic welds once formed
do not in general shear in the plane of sliding, for the
distribution of stress about the body of the weld is such
that failure occurs within the bulk of the metal and so
fragments of the one surface are left adhering to the other,
91ip lines surround the broken welds extending across the
surface and into the bulk of the metal, But if the surfaces
have been allowed to oxidise there is a great incrense in the
amount of seratching and the number of broken welds are
reduced and in some metals none can be observed,

The frictional behaviour of films on iron weve
examined by sliding flat discs against = loaded annulus, and
measuring the foree required to restrain the annulus from
moving with the dises The sliding action caused oxidation
of the surfaces, and this "frictional oxidation” is ma
manifestation of “"frettage corrosion”, The crystalline
oxide formed on iron by heating in air is wesk and easily
removed in the annulus machine, the strength of the film
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being related to the way in which it is formed, A low
coefficient of friction can be obtained by sliding the
surfaces together under concentrated acids as in this way
the tough smorphous oxide on irom is reformed whenever
ruptured and so intermetallic contact reduceds Thick
sulphide films on iron exhibit some mutusl adhesion and
give a high coefficient of friction,
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