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I I .  ~Tote on Static _b~iction and on the Lubricating Properties 
of certain Chemical Substances. B y  W. B. HARDY and 
Flight  Lieutenant J .  K. HARDY, R . A . F . *  

(ffrom the Goldsmith ~Ietallurgical Laboratory, Cambridge.) 

I N the Philosophical Magazine for February  1918, Lord 
Rayleigh describes experiments which were undertaken 

to examine lnore particularly the well-known fact that a few 
drops of water wetting the parts in cont~lct will prevent a 
cup el tea from slipping about in a saucer. A glass carriage 
with three legs ter,ninating in three feet of hemispherical 
form was made to slide over a plate of glass or copper. The 
horizontal pull needed to cause movement was founcl to be 
42 grams where the surface was covered by a fihn of oil 
estimated as being of the order of 1 micron in thickness. 
The superposition of a layer of water on the film of oil 
decreased the lubrication, the threshold value of the force 
rising to 126 grams, that is a threefold increase, and the 
effect was the same when the water layer was a film 
deposited by the breath as it w~ls when the plate was 
completely flooded. 

Paraffin (lamp) oil gave a similar result, the force needed 
to bring about slipping being least when the Iayer of oil 
was of insensible thickness. Therefore, in Lord Rayleigh 's  
words, the " f r ic t ion  is greater with a large dose than with a 
minute quantity of the same oil, and this is what is hard t(~ 
explain." 

We started with the object of clearing up if' possible this 
paradoxical phenomenon, and in a certain sense this limited 
aim has been attained. The two ezses, namely, ~ater  on a 
grease fihn, and lamp oil used alone, are similar in that the 

phenomena in both cases are due to chemical heterogeneity.  
Lamp oil appears to consist of substances of high lubricat ing 
power dissolved in a more volatile fluid with little or n(> 
lubricating power. In the process of t~orming a thin fihn 
the former are concentrated on the surface by evaporation of 
the latter. 

I t  was felt at the outset that no progress would be made 
ualess individual chemical substances were used. E thy l  
ethel 5 ethyl alcohol, and benzene were tested, the specimens 
in each case being supposed to be pure. Each fluid was 
found to act to some degree as a lubricant, but no consistent 
fingres could be obtained. This suggested the presence of 
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On 8tatlc Friction. 33 

impurities. By following up this clue it was found that 
none of the three substances mentioned above had when 
chemically pure any power of lessening the pull needed to 
cause the one glass face to slip over the other. Chemical 
substances in fact fall into two classes according to whether 
they are active or inactive in this respect under the con- 
ditions of the experiments. Water  is an inactive substanc% 
and this is the basis of the tea-cup experiment. 

Iu  oar observations watch-glasses weighted with lead run 
into them whilst hot were used, A small arm projecting 
from the lead was attached to a silk thread which passed 
over a pulley to a pan which held the weights. We were at 
some pains to procure a glass plate for the watch-glasses to 
slide upon having an " optical"  face. But it was found that 
ordinary plate glass gave the same value as the plate with an 
accurately plane surface. Measurements were carried out 
on a levelling table. 

Plates and glasses were cleaned by washing with soap- 
powder and then rubbing under a vigorous flow of tap-water 
with the finger-tips, previously washed, until the peculiar 
clinging stage was reached which sets a finger-bowl vibrating 
when the wet finger-tip is rubbed round the edge. Both 
plates and glasses were drained and dried in air. Con- 
tamination will creep over the clean surfaces from solids 
touching them, therefore contact during the drying process 
must be reduced to a minimum *. 

A solid surface dried in air will retain a layer of water iu 
equilibrium with the aqueous vapour, and some of the fluids 
used, such as acetic and sulphuric acids, absorb water. F o r  
these reasons it was necessary }o carry out the measurements 
in Mr free from aqueous vapour. This was done by using a 
chamber through which a rapid stream of dry and dust-free 
air could be passed. The results recorded betow will not be 
obtained unless this precaution be taken. In  such a chamber 
a cleaned surface retains its puri ty for hours, the substances 
used to dry the air seeming completely to remove the 
lubricating matter which condenses to form the "grease" 
fihn on surfaces exposed in the ordinary way. 

According to the accepted view a " c lean"  surface aa 
defined above would differ from the " r a w "  surface produced 
by splitting a solid in a vacuum by the presence of a layer 

* In using a Pockell's trou. g h  to measure, the surface tension of water 
under various conditions, xn order to obtain really steady,readings, one of 
us found it necessary to reduce contact between the trough and the table 
by interposing a couple of glass rods. 

Phil. Mag. S. 6. Vol. 38. blo. 223. Julu 1919. D 
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of condensed gas. There does not, however, appear  to be  
conclusive proof  of the existence on all solid faces of  such a 
layer. I t  would seem therefore that  we can assert no~,hino" 
as to the presence of a layer of foreign matter  on a " c l e a n "  
surface of glass in contact with dry air. 

The tangential  fbrce was appli~ed gradual ly  about [ cm. 
above the centre of g rav i ty  of the watch-glass by slowly 
withdrawing support  from the pan. The effect was to 
cause the watch-glass to rock forward until equilibrium was 
reached, when the static friction balanced the tractive forc, .  
I f  the latter were increased beyond a certain quant i ty  
determined by the nature and state of the surfaces static 
equil ibrium was not reached, but the cohesion gave and the 
watch-glass moved bodily forward. The limit of static 
friction is the force which just  fails to br ing about  this 
movement  forwards. I t  is called the "threshold value."  

The watch-glasses were of the same pattern and make,  
but  differently weighted. The threshold wdues in g rammes  
were : - -  

Watch-glass. Weight. Pull. Pull per gr. wt. 
] . . . . . . .  54"25 grins. 46 grins. 0"85 
2 . . . . . .  58"5 ,, 50 ,, 0"85 
3 . . . . . .  57"79 ,, 51 ,, 0"85 
4 . . . . . .  170"2 ,, 143 ,, 0"84 

For plates of a ra ther  greenish g l a s s - -  

5 . . . . . .  14"58 grins. 13"5 grins. 0"93 
,, ,, 16"2 ,, 1"1 

6 . . . . . .  58"25 ,, 54"2 ,, 0"93 
7 . . . . . .  46"95 ,, 45"0 ,, 0"96 

Over a considerable range therefore and for clean surfaces 
the threshold value is, as a first approximation,  equal to the 
total weight multiplied by a constant which is different for  
differenL kinds of glass. 

The effect of temperature  was tes ted by al tering the t em-  
pera ture  of the stream of dry dust-free air passing through 
the chamber~ the actual t empera ture  of the surfaces being 
taken to be that  of a thermometer  whose bulb was inside 
the chamber. Over the narrow range available no effect of 
importance was detected. 
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Glass 2 . . . . . . . . .  15"5 ~ C. Pull 49"5 grins. 
19" ,, 49"5 ,, 
23" ,, 50" ,, 
23"7 ~, 51' ,, 
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~In order to be eerfain that the watch-glass and plate were 
actually at the temperature of the air in the chamber, each 
stage occupied about an hour. The experiment therefore 
affords striking testimony to the steadiness of the state of 
clean surfaces for over four hours in clean dry air. 

These observations were undertaken merely to satisfy 
ourselves that smal.l fluctuations of temperature did not 
introduce sensible error. 

The forward movement is always accompanied by an 
actual tearing of both glass faces. The lerigth of the tear on 
the plate is of course determined by the distance forward the 
watch-glass travels. The length of the tear on the watch- 
glass is much the same, and is caused by the glass rocking 
backwards when the seized faces give. 

The appearance to the naked eye or hand-lens is that 
of a fine scratch pointed at 'one end. A high magnifi- 
cation (1000 to 2000 diameters), however, shows that there 
is no regular continuous cutting of the faces. On both 
watch-glass and plate the scratched line is composed of an 
irregular collection of very shallow pits and very thin plates 
which have been torn from the opposite face. The track 
begins at the pointed end, it rapidly widens, and the sides, 
which are more or less clearly defined, become parallel. It 
ends/tbruptly with a square or bluntly rounded end. At the 
pointed end where the movement starts, it consists of delicate 
flakes or pits of the order i tt across. 

These features prove that cleaned faces cannot slide over 
one another. The forces of cohesion come into play and 
they seize. Once seized, the substance of the glass fractures 
before the seized faces will give. Very slight normal pres- 
sure is needed to cause seizing. An unweighted watch-glass 
cannot be moved on a plate even quite slowly without pro- 
ducing these characteristic torn tracks, if both faces are 
really clean. 

The breadth of the track may be as much as 50/~. Why 
does it broaden ? Why does it not continue as it begins at a 
breadth of about 1 t~ ? The widening cannot be due to the 
abrasion of the curved surface since the contact is continually 
changing owing to the rocking backwards of the watch-glass. 

D 2  
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The appearances suggest that it is owing to minute and very 
rapid vibrations or oscillations of the watch-glass at r ight 
angles to the direction of pull. When tlle glass tears the 
'" g ive"  is not directly in the line of the pt~]l, the watch- 
glass is thus thrown out of its lialance to one side or the 
other with the result that it chatters forward vibrating 
rapidly from side to side. The breadth of the track is 
determined by the amplitude of these vibrations. When a 
watch-glass is moved by hand, owing to the unsteadiness of" 
the motion the track commonly begins in more than one 
(five or six) fine lines which keep separate for say 40/x and 
then blend into one wide track. 

The appearance under the microscope is consistent with 
the view that the faces are seized before movement starts, 
and the thesis developed in these pages is theft static friction 
both of clean and lubricated faces is due to cohesion which, 
in the case of clean faces, causes the glass itself to seize and 
in the case of lubricated/'aces causes the fihn of lubricant on 
the one face to seize to that on the other face. 

We can find no justification for the view commonly held 
that static friction is due to inequalities of the surfaces. 
Actual measurements ~roved that the threshold value for 
glass with an " o p t i c a l "  face is the same as that for ordinary 
plate glass, whilst the value for ground glass is lower pro- 
bably because it is impossible to clean it. I f  static friction 
be due to inequalities these must be of insensible magnitude, 
and " inequal i t ies"  of this ord(~r are indistinguishable from 
the attractions of individual molecules* across the interface. 

The weight of the watch-glass will form a depression in 
the plate, and it might be supposed that resistance to slip is 
duo to this fact, the surface of the plate being heaped up 
into a crest which ruptures and so starts the tear when the 
stress exceeds a certain limit. This amounts to supposing 
that the watch-glass acts  as a cutting tool. Deformation 
of  both surfaces must occur, but the action cannot be of the 
kind just described since both faces are torn, and always in 
such a way as to detach very thin flakes. The microscope 
reveals no sign of a burst through. 

The resistance offered to slip is large. I f  it be due to 
cohesion, why should there be no sensible resistance to 
displacement of the surfaces along the normal ? 

Two answers may tentatively be given to this very difficult 
question. The first is that, in movement along the normal~ 

* This word is used merely to denote the traits out of which the 
matter is built. 
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~the curved is as it were peeled off the flat snr~ace, so that 
~he force required for an infinitely small displacement is 
infinitely small. 

This answer is more general than would appear at first 
sight. The range of the force of cohesion is so small that 
all surfaces, no matter how carefully trued, may be con- 
sidered to touch only at the summits of elevation. The play 
of Newtonian colours t)etween glass plates affords pretty 
testimony to this. 

The second answer is, that at the surface of any solid or 
liquid the molecules are orientated by the normal component 
of the forces of attraction, and that t'hi:'~contributes specially 
to resistance to slip. 

I t  is not easy to see why cohesion should resist slip since 
the potential energy of the forces of attraction will be the 
same wherever cent-mr is nmde. 

I f  both faces were formed of continuous solids there would 
be no initial force to resist slipping, though 1here would be 
dissipation of energy in compression ~.aves during movemeld 
if the bodies were elastic. 

Resistance to slip must be due to the discontinuity of 
lnatter. When the applied faces are at l"est the molecules on 
either side of t h e  interface take up tim position in which 
the potential of the attractive forces is minimal. (!onsider a 
single molecule: it will " seize" in a position of least potential 
and a tangential force applied to it produces a displacement 
~antil the internal and external forces on it balance one 
another. I f  the molecules of a solid were able to change 
partners freely, as they can do in a fluid, slipping would occur, 
as it of course does occur in a fluid. The fact that solid 
faces will not slip past one another when external force is 
applied, means that the uncompensated force on the molecules 
at the surface increases rapidly fro" displacements from the 
equilibrium position which are small in comp.~rison with the 
.distances between their centres. Why,  titan, is there not 
resistance to slip, that is to say, initial resistance as distinct 
from the dissipation of kinetic energy during relative motion, 
in a fluid? The answer is to be found in tim fact, which 
van der Waals emphasized, that  the problem is dynamical 
and not statical. Increase in the heat energy decreases the 
damping of the heat vibrations of a solid until a point is 
reached at which the molecules are able to change partners 
freely. 

Resistance to slip is, however, not due merely to the short 
Tange of the forces acting on the molecules, but to their 
orientation. In 1913 one of us showed that the work done 
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by the forces of cohesion ill the formation of an interface is 
determined by the chemical nature of the substances con- 
cerned, and that it is greatest  when the molecules of these 
substances are of a salt tvpe such as est ,rs,  acids, or alcohols. 
I t  wa~.the,i  pointed out that such molecules are readily 
polarizable, and that they would be oriented by the forces 
acting across the interfa(,e * and that  this orientation is the 
cause of contract difference of potential. F rom this it was 
inferred that " T h e  surface film (of fluid or solid) must 
therefore have a characteristic molecular architecture and 
the conditiou of mi , ima l  potential i,~volves two terms, one 
relating to the variation of density, the other to the 
orientation of the fields of f o r ce"  of the molecules t .  

The Lheorv of sm'thce tbrces h~,s since been developed 
along these 'lines in a very str iking and beautiful way by 
Harkins  $ and Langmui r  w 

Any polarization of the molecules at the surface must  intro- 
duce a factor in the resistance to slip ~:hi('h is ab~,ent from any 
resistance there may be to displacement along the normal ,  
for the former inel ,des the resistance which the molecules 
may offer to dis:urbance of their orientation, and this might  
be as great  as or even greater  than the resistance to displace- 
ment  of the molecule as a whole along the axis of the nornml 
to the interface. 

I f  this view be correct, the eff-~ct of a tangential  force 
would be to produce a fresh orientation of the molecules at the 
interface, and this would, amongst  other things, al ter  the 
contact electrical potential between the iaces. In  the case 
of fluids, the new orientation would disappear when the 
external force was removed, but in the case of solids the new 
orientation would be irreversible if it exceeded a certain 
small amount  ][, and the work done in causing slip would 

:Prec. Roy. Soc. A. lxxxvi, p. 610 (1912) ; ibid. A. lxxxviii, p. 312 
(1913). 

t Ibid. A. Ixxxviii. p. 330 (1913). 
:~ Journal of the America~l Chem. Soc. xxxix, p. 354 & p. 541 (1917). 
w .Ibid. xxxix, p. 1848 (1917). 
H Since the ~bove was written we have come across two lectures by 

Sir Alfred Ewing, in which he suggests that friction may be due to 
the attraction between molecules. (" The Molecular Processin Magnetic 
Induction," Royal Institution of Great Britain, May 1891 : "The Inner 
Structure of Simple Metals," Journal of the Institute of Metals. viii. 
1912.) When one face is made to slide past the other " the  polar forces 
continue to act across the plane of sliding, causing first a quasi-elastic 
turning (of the molecules) ; but when ,. certain very limited l~nge of 
movement is exceeded there is dissipation of energy through the original 
bonds being broken and new bonds established with oscillatiou of the 
particles." 
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be in part consmned in producing this new setting of the~ 
molecules. 

There is fortunately direct evidence available to prove that 
irreversible changes in molecular configur,tion are produced 
when clean glass faces are forced over one another. The 
original interface is preserved at the jum.tion of the thin 
flakes, torn off one solid, with the other solid, and these 
flakes are found to be doubly refractive. 

Lubricated _Faces. 

Tile effect of the depth of the layer of lubricant must be 
takerl account of. No attempt was made to measure this~ 
but three stages were distinguished--the film, the smear, 
and complete flooding. A film is a layer completely invisible, 
of depth insufficient to give ~ewtonian colours and ahnost 
certainly of the order of 1 g~. A smear is a visible but thin 
layer. In complete flooding the watch-glass moves in a 
pool. 

The difference betwee~l the fihn and the two other states 
of the surface is more than one of mere depth of the layer. 
We know from experiments with fluids that when a layer of 
cue fluid spreads upon another, the surface energy is at first 
a function of the depth of the layer. Thus, when olive oil 
spreads on clean water, the suri'ace tension is a function of 
the quantity of oil per unit area until this exceeds a certain 
limit at which two independent interfaces are formed, that 
of oil-air and 1hat of oil-water. Over the range of v~lrying 
tension the properties of the surface, such as its chemical 
potentialities, its electric change, and its mechanical tension, 
are a function of tim thickness of the film on the surface, the 
chemical composition of the material composing the film and 
the fluid on which it lies, and the temperature. Surfaces of 
this kind, whose propel"ties depend upon the interaction of 
two kinds of states of matter, t~ave been called by one of us 
"composite surfaces" ~. 

The experiments described in this ~md the following paper 
prove that in the " f ihn"  stage of lubrication we are dealing 
with a composite surface. 

The feature of a composite surS~ce wilich is of most 
importance in lubrication, is that the energy per unit of mass 
of the fihn is a function of position on the axis of the 
normal. Two consequences follow--the fihn resists tan- 
gential displacement, and theretbre has tenacity, and, since 

* A soap-bubble is compased of two composite faces placed back t~ 
back, el. Prec. Roy. Soc. A. lxxxvi. I*. 609 (1912). 
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the potential energy of the molecnles composing it is a 
function of their position, the fihn is not completely fluid 
even thou,,,h it be formed from material which is a fluid 
when in mass at the same temperature and pressure. This 
is true of composite surfimes or' fluids as well as of solids. 

Owing to this defect in fluidity composite surfaces are 
capable of seizing, and the static friction of such surfaces is, 
in our opinion, due to this fact. 

By seizing is ,neant the capacity for offering resistance to 
slip whet, both faces are a~ rest. Though it is due to the 
operation of the same forces of attraction as bring about 
cohesion, resistance to slip and cohesion are not identical. 
Any  internal surface of a fluid may be considered to be 
.formed by bringi,lg together two fluid faces which cohere, 
but there is no resistance to slip gained thereby. Composite 
limes resist slip because of their defect in fluidity. 

I f  the matter stopped here, if, that is to say, the defect 
in fluidity were due solely to the surface energy being a 
function of the thickness of the fihn, static friction between 
composite plane faces would be purely an edge phenomenon 
and would vanish if the area of the faces was infinite. The 
way in which the energy of an interface depends npon 
chemical constitution, the fact, already noted, that it is 
closely related to the polarizability of the molecules, proves 
tha t  the surface energy is a function of the orientation of 
the molecules as well as of their position on the axis of the 
normal, and it  is to this that we may look for the source of 
the static friction of composite surfaces as well as of clean 
faces. There is, indeed, no final distinction between com- 
posite faces as defined and clean ~hces, for there is an 
orientation o~ the molecules at the surfaces of any fluid or 
solid, and this 'skin, which has its own peculiar configuration, 
Constitutes, as Gibbs pointed out, a separate phase. 

The distinction between the film and the smear or flooded 
states of a surface is now seen to be not merely one of degree 
but one of kind. This follows not only from what has been 
just said, but also from the way in which the surface energy 
varies with the thickness of the fihn. The well-known 
phenomenon of the grey and black area of soap-bubbles, 
and the fact that a layer of fluid of small but sensible 
depth when spread on another fluid or on a solid, is not in 
equilibrium, but breaks under the influence of surface forces 
into a film and thick sheets or lenses which are in tensile 
equilibrium with the film, proves that the surface energy is a 
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discontinuous function of the thickness. When the layer is 
about 1 micron thick the function changes its sign. There 
is thus a region ot instability, or regions of instability, ~hieh 
definitely mark off the composite surface from the true 
double surface. 

In  static lubrie,  tion a layer of fluid is interposed between 
two solid faces. Now, though we know that the energy of a 
composite surface is a discontinuous function of the depth of 
the layer of fluid when the surface is bounded on the one 
side by air or vapour, we know nothing directly of tlle form 
of the function when it is bounded by another ~olid. Let  us 
assume that it is discontinuous also in this case, and consider 
what mnst happen when the two solid faces are forced to- 
gether by a normal pressure. The fluid will be squeezed 
out the less rapidly the greater  its viscosity until a certain 
critical thickness is reached at which the layer becomes 
unstable. I t  will then collapse until the thickness is reached 
at which the surface energy begins to increase as the 
thickness decreases. The fihn now has gained tenacity and 
lost fluidity. For  a certain nornml pressure therefore a 
certain critical thickness of fihn will persist, and therefore 
a certain definite resist, nee to slip. The critical thickness 
may be expected to vary very little over a wide range of 
pressure since the energy of thin fihus is a r~pidly varying 
function of their depth. 

The layer of fluid must have some t~.nacitv to be able to 
maintain itself, and as increase in tenacity and loss of fluidity 
go together,  a limit will be set to the lubrication. The 
resistance to slip ~ill never wholly vanish ;,s it should do 
if the surfaces were separated by true fluid. Thus, what 
Osborne Reynolds calls "bounda ry  condit ions" must always 
operate in static friction, whereas they may be absent in 
kinetic friction. The existence of a discontinuity in the 
variation of energy with the thickness of the layer of 
lubricant would tend to confine this maximum of lubrication 
within narrow limits, and observation shows tMs to be the 
c a s e .  

As the facility for sli~)ping.increases the character of the 
movement changes. When the surfaces are clean the pull 
is 0"85 or 0"93 gramme per gramme normal pressure, and 
steady slow sliding motion cannot occur owing to the violent 
seizing. As the facility ibr slipping increases seizing de- 
creases, and the motion assumes more and more a gliding 
character. When the threshold value has fallen to 
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0"1 gramme per gramme weight true gliding is completely 
established. Any small increase in the tangential for('e 
beyond the threshold value now causes a slow glide without 
noticeable acceleration. In other words, the state of the 
surfaces is such as to dissipate any small increments of 
energy as heat as fast as t,hey are gained. 

No fluid was found which would increase the facility for 
slipping beyond this point. ~[t appears to be a true maximum 
for the ]dud of surfaces employed. Between this maximmn 
:rod the minimum of clean surfaces ~here is a greater or less 
degree of seizing which must be broken away. The force 
necessary to effect the break away is too great to be absorbed 
as heat, and the movement theret!ore, instead of being 
a steady glide, is characterized by more or less marked 
acceleration. 

Fihns of lubricant can 1)e deposited on the surfaces ill 
many ways, such as by bubbling the air which comes to the 
chamber through the fuid (ethyl alcohol, ethyl ether, ben- 
zene, ~ater, ammonia fortiss., acetic acid) ; by flooding the 
surface and evaporating off the excess with dry pore air 
until nothing visible remains (acetic acid, tripropylamine, 
and triethylamine) ; by flooding the surface, washing off 
excess with a vigorous stream of tap-water, and draining 
and drying the plate and w~ttch-glass in the way described 
earlier (acetic acid, oleie acid, sulphuric acid, castor oil, and 
paraffin); or by flooding the surface with a very dilute 
solution in pure dry ether and evaporating off the ether with 
dry air (oleic acid, c~,stor oil). 

Technically, the most beautiful method of forming a fihn 
is by taking advantage of the fact, dealt with more fully in 
the next paper, that a totally invisible fihn is formed ,ibout a 
drop of some fluids when placed upon ;~ clean glass plate, 
provided water-vapour is completely excluded. With a sub- 
stance such as tripropylamine, in order completely to alter 
the state of the whole surface of the plate it is sufficient to 
place near one corner a small drop of the fluid. 

It is not per,nissible to form a fihn by polishing off excess 
with "c lean"  linen since such linen for these purposes is 
not clean. Simply polishing the surface with clean linen 
effectively lubricates it by leaving behind an invisible fihn. 

I f  the static friction of lubricated surfaces is determined 
by the variation of the surface energy, we should expect to 
find it closely dependent upon the chemical constitution of 
the lubricant. This is the case, and the most unexpectet/ 
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fact is that certain fluids have no power of lowering the 
friction. 

The inactivef l tdds discovered were : - - E t h y l  alcohol, ethyl 
ether, benzene, water, and ammonia fortiss, sp. gt'. "880. 
Fihn.~ of iusensible thickness and visible layers were without 
any influence upon the friction, as ,lso was light and heavy 
flooding. Finally, these fluids when dried off left  the 
surfaces uncontaminated ~,nd the cohesion unchanged. 

I t  is of course obvious that when a laver of any fluid in 
mass is maintained between solid faces, ihe friction will be 
fluid friction and the facility for slipping infinite. Thus, 
when two glass plates are flooded with waler or ammonia and 
placed face to face, the one plate cau be readily slipped past 
the other since a h~yer of fluid is maintained between them 
by capilblrity. Bnt a very slight normal pressure suffices 
to displace such a layer, and the faces then seize. Inactive 
fluids therefore are lubricants only in this limited sense. 
They are inactive iJt the sense that the~j have little or no power 
o f  so atteriJ~t/ tl~e solid su~:/hces as to facili tate slipping. 

This statement may be put in another way. The available 
energy of a composite surface is a function or' the thickness 
of the layer of fluid. I f  the energy increases as the thick- 
ness is reduced the layer will resist displacement. In the 
case of inactive fluids the variation o|' the available energy 
must be such as to contbr little or no capacity for resisl- 
ing displacement. The behaviour of ordinary commerci~,l 
glycerine is interesting in this connexion. 

Glycerine is remarkable in tlmt it can increase the facility 
for slipping nearly it' not quite to the maximmn, but only 
a hen the surfaces are heavily flooded, when, owing to its 
viscosity, and in consequence of the rocking forward of the  
watch-glass, a thick layer of fluid is maint:dned between 
the solid faces. A film of glycerine had no effect whatever, 
thus : - -  

Glass 2. Clean : Threshold value 51 grammes. 

Plate ]:Ieavily 
Films*. Smear.  flooded and 

drained, flooded. 

Threshold value ... 51 43 30 6 
Per  gr. pressure. . .  "87 "73 "51 "10 

I)ep~sited fl.om a "002 per cent. solution in alcohol, the plate being 
flooded with the solution and dried off without draining four successive 
times without change in the threshold value. 
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Glycerine therefore belongs to the class of inactive fluids 
as defined above. 

By looking for the Newtonian colours one can form some 
conception of the depth of an inactive fluid which must be 
maintained between the plates to permit frcedo,n of move- 
ment. With strong ammonia ('8S0) most violent seizing 
ocem'red so soon as these colours began to appear. With 
water, seizing was perhaps less violent and Newtonian colours 
well seen before it took place. 

Active Fluids are those whi,.h facilitate slipping when 
present on the surfaces in layers of any thickness. They 
operate when the layer is of insensible thickness and of the 
order of i micron in depth. I t  may be claimed therefore 
that it is not qud fluid that they act, but because they react 
with the solid face to form a composite sm'face having a 
lower available energy and therefore a lower capacity for 
seizing. 

The active substances differ amongst themselves, as migh~ 
be expected, in the extent to which they reduce friction; 
some only are capable of reducing it to the limit, noticed in 
a prewous section, at which a slow steady glide is possible. 
]:hreshold value in grammes per gramme normal pres- 
sure : - -  

F i h n .  S m e a r .  F l o o d e d .  

A c e t i c  a c i d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  "62 "73 "73 

B u t y r i c  a c i d  . . . . . . . . . . . . . . . . . . . . . . . . . . .  "5 "5 - -  

O l e i c  a c i d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  "1 "1 "17 

S u l p h u r i c  a c i d  . . . . . . . . . . . . . . . . . . . . . . . .  "58 - -  "75 

S t r o n g  H y d r o c h l o r i c  ac id  . . . . . . . . . . . .  - -  - -  "63 

T r i m e t h y l a m i n e ,  s t r o n g  s o l u t i o n  . . .  - -  . . . .  6 

T r i e t h y l a m i n e  . . . . . . . . . . . . . . . . . . . . . . . .  "39 - -  "32 

T r i p r o p y l a m i n e  . . . . . . . . . . . . . . . . . . . . . . .  "26 - -  "27 

P y r i d i n e  ( i m p u r e  s a m p l e )  . . . . . . . . . . . .  - -  ' 46  - -  

C a s t o r  O i l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  "1 "1 "1 

"Paraffin" . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ' 2 9  "15 "22 

The influence of chemical constitution is seen in the 
sharply contrasted action of acetic acid and amlnonia, the 
former is active the latter inactive; in the alkaline series, 
ammonia, trimethylamine, trietl~ylamine, ~rnd tripropylamine. 
I t  will be noticed, too, that friction slightly increases as the 
quantity of an acid present on the plate increases, and 
decreases slightly as the quantity of an alkali present 
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increases. In both acids and alkalies the activity of the fluid 
increases as the molecular weight increases. 

I f  these several relations are confirmed by more extended 
investigations, the case "ha rd  to explain" of lubricatior~ 
diminishing as the quantity of lubricant increases will arise, 
but, when the bulk of the measurements given above were 
made, the extreme sensitiveness ot ~ tlle faces to minute 
traces of water was not appreciated by us (see the next 
paper). The figures given in the table were obtained 
under comparable conditions, but they are not free from 
the suspicion of the influence of water. The sample of 
butyric acid almost certainly contained a trace of water. 
Acetic acid in the complete absence of water-vapour gave ~ 
the values : - -  

Weight of watch-glass. :Film. Flooded. 

46"95 grammes. 0"47 0"36 

170"2 ,, 0"64 0"58 

The fihn, however, is subject to intense evaporation, due 
to the rapid current of dry air. The maximum of lubrication 
was therefore probably not reached. Acetic acid frozen on 
the plates gave the values : - -  

:Flooded 
Weight of watch-glass. Fihn. (i. e. sensible 

layer of ice). 

65"25 grammes. 0"23 0"23 

The sample of tripropylamine was specially purified, and 
tile values given in the table were obtained in the complete 
absence of water. The vapour-pressure of this substance is 
low, and the values therefore are probably close to its 
maximum of lubrication. 

The evident% so far as it goes at present, is against the 
conclusion that, lubrication is a function of the quantity of 
lubricant on the plate when the lubricant is a single pure 
chemical substance, and when its viscosity is not very 
great. 

The fluid called " paraffin" is the rectified " paraffin" of 
the British Pharmacopoeia. I t  was somewhat uncertain in 
its effects, behaving as though it were a mixture of active 
and inactive substances. 
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The basis of the original observation on the tea-cup is 
revealed by these results. The sticking of the cup is not 
due to the fact that a thick layer of homogeneous fluid 
lubricates less than a thin layer, but to the fact that an 
inactive fluid, in this case water, diminishes the effect of an 
active fluid. There is much of scientific interest in the way 
the water acts. I t  does not remove or even temporari ly 
d~tach the film of lubricant, for the full influence of the 
latter is restored when the water is dried off. On the other 
hand, it would seem to lessen the grip of the fihn on the 
glass, for the latter can be detached by l ightly rubbing the 
surface under the water.  

Gblss 2. Paraffin. F ihn polished with linen : Threshold 
value 10"5 grammrs.  17 ~ C. 

Flooded with water . . . . . . . . . . . . . . . . . . . . . . . .  18 grammes. 
Rubbed lightly under water with the 

finger-tip, which had been freed from 
grease by washing . . . . . . . . . . . . . . . . . . . . . . . .  36 ,, 

Rubbed more vigorously . . . . . . . . . . . . . . . . . .  41 ,, 

Glass 3. Castor Oil. Polished fihn : Threshold 
value 11 grammes. 19 ~ C. 

Flooded with water . . . . . . . . . . . . . . . . . .  Pull  18 grammes. 
Rubbed under water with cleaned 

finger-tips . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,, 43 ,, 

Tliat the water should ~ct by reducing the tenacity of the 
film is quite in accord with the classical theory of capillarity. 
When the film is formed of a solid ~ flooding the surfaces 
with water has no effect, the solidity of the film apparently 
Enabling it to resist the tangential stress. A solid film was 
formed by coating a clean surface of glass with melted solid 
paraffin. The excess was then polished off with linen unit] 
nothing visible' remained. The threshold value was found to 
be 0"1 gramme per gramme weight. Flooding the surface 
with water did not alter this value. 

Attention has already been drawn to the fact that ordinary 
" p u r e "  ether and benzene contain a lubricant in solution 
and leave behind a lubricating film on evaporation. Rectified 
spirit also contains an impuri ty which causes it to behave 
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in an interestiug way. Frict iou was lowered when the 
plate was flooded with the spirit, but rose to the " clean" 
value when the fluid was completely dried off. The point of 
interest is that the full value was not restored m~til the laver 
of fluid had been reduced by evaporation to well p~,st the; 
Newtonian colour stage. 

Actual values in grammes are : -  

Clean ~9; flooded 45; Newtouian colours seen ~bout45; 
colours vanished 46; and one hour later ~9. 

The question now arises whether the diffbrence between 
active and inactive substances is one of degree or one of 
kind. The final answer must be left  to further  investigatioJl 
with more refined apparatus. All that can be said now is 
that the inactive fluids were inactive for the lightest a~ well 
as for the heaviest watch-glass used. On the other ham], au 
insensible fihn of an active fluid lubricates the surface for the 
heaviest watch-glass used, and in the case of tripropylami~le, 
oleic acid, castor oil, and par~,tfiu just as effectively as fro- 
the lightest glass. The insensible fihn formed by spreading 
from a drop of tripropylamine under the influer~ce of snrface 
forces gave for instauce the following values : - -  

Threshold vMue 
Weight of watch-gla.ss, per gramme weight. 

Flooded ... 46"95 grammes. 0"24 gramme. 
Film . . . . . .  46"95 ,, 0"25 ,, 

170"21 ,, 0"26 ,, 

Temperature 10 ~ C. 

SCMMAHY. 

One of us has shown that the variation of tile surface 
energy at an interface between two fluids, and of a composi~, 
surface is closely related to the chemical constitution of tile 
substances concerned. '['he inference to be drawn is th~,t 
the work done in forming the interface or the composite 
surface is delta by chemical forces. In the theory of 
capillarity as developed by Young and Laplace cohesive 
forces are taken to be, like gravity, incapable of saturation, 
and unlike gravi ty  only in being of very short range. I f  
cohesive forces are chemical they are eapabl~ of saturatiol~, 
or, as a chemist would put it, of neutralization, and the fihn 
of matter  on a composite surface may be said to redtwe the 
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surface el~ergy by neutralizing to a gt'e;,ter or less extent the 
forces at the surface of a solid or fluid. Tile function of a 
lubricant is to reduce the energy of the surt'ace, and thereby 
to reduce the capacity tbr cohesion alld the resistance to slilr 
when two composite surfaces are applied the one to the other. 
The function of a lubricant therefore is the opposite to that 
of a flux. A good deal is to be gained, in our opinion, by 
recognizing lubrication as a special case of that incomplete 
chemical reaction characteristic of surfaces in which the law 
of multiple and definite proportions does not hold. 

Evidence for the orientation of the uloiecules at au inter- 
face or on a composite surf;ice which we take to be the 
source o f  static friction, is to be found in the fact that 
chemical substances whose molecules are by their nature 
readily polarizable such as those el' acids, bases, and esters, 
produce the greatest chan~es in sut'face energy *, and that 
there is contact difference of potential between the film of a 
composite surface and the m~ltter on which it lies ~. This 
holds even when no part of the matter cono~rned can with 
certainty be said to be pre;ent  in mass as in soap bubbles. 
In  these " f r e e  fihns" the fihns on each face are at 
an electrical potential different from that of the middle 
portion +% 

The theory of static friction which seems best to accord 
with the facts is that "it is due to cohesion between the faces. 
When a lubricant is present we may consider' the friction as 
operating at an imaginary surface situated in the lubricant 
parallel to and midw~Jy between the solid faces. This sur- 
face is an interface between two composite surfaces, and 
,nay be considered as being formed by bringing these two 
composite ~urfaces together.  Work  is done by the forces of 
cohesion when the film of lubricant is applied to the solid 
face to form each composite surface, and the surface energy 
is decreased by this quantity. A fur ther  quantity of work 
is done when the two composite surfhces are applied to one 
another with a further  change in the surface energy. The 
Static friction is an unknown function of the total change in 
surface energy. 

* Prec. Roy. See. A. lxxxviii, p. 303 (1913). 
f Prec. Roy. See. B. lxxxiv, p. 2.00 (19ll). 
t Prec. Roy. Soc. A. lxxxvi, p. 608 ~791.2). 


