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ABSTRACT .

The existence aﬁd nature of relatively thick, highly
viscous boundary layers at the interface between metal substrates
and liquids is considered from the éoint of view of boundary lubri-
cation.

All the apparatus used is based on the simple idea of dis-
placing an oil film from a solid metal surface under the hydrostatic
pressure of mercury. In this way the problems of contamination by
dust particles and the effect of surface asperities are circumvented,

The thickness of the oil films was calculated from the
measured capacitance of the metal-oil-mercury system. In many cases
these calculations were checked interferometrically. The films were
exposed to tangential shearing by forcing the mercury past them.

It has been found that, under favourable conditions, chemi-
sorbed films of about 1,500 ® in thickness are capable of withstanding
tangential shearing of 150 Newtons/metrez, or more. The thickest and
most shear resistant films are formed where the basic fluid and fatty
acid additive have similar molecular dimensions. The interferometric
topography of these films confirm that they consist of an interwoven
fibrillar structure within which quantities of the non-polar solvent are
trapped.

The mercury squeeze film apparatus has been‘developed for use
as a thin film viscometer. With this technique the existence of
physically adsorbed viscous polymolecular layers up to 10,000 R thick
has been established. Hydrogen bonding has been shown to play an
essential role in the formation of these films, and a theory of their

structure is proposed.
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CHAPTER 1

INTRODUCTION AND RATIONALE

This thesis deals with some properties of the various
polymolecular boundary layers whose importance to lubrication remains
the subject of much conjecture. Extensive research has been carried
out in the realm of boundary lubrication during the past century and
this chapter contains a brief survey of the most relevant of this
work, Detailed discussions of more specialised branches of this

field are deferred until the appropriate sections of the later chapters.

1.1 Boundary Lubrication

When two clean solid surfaces are rubbed together power is
dissipated in the contact regions which can be attributed to a fric-
tional force acting between the two materials. In these contact
regions seizing and tearing may occur and high femperatures are dgen-
erated at the interface. The resulting erratic and rough sliding
motion between the damaged surfaceé obviously decreases the effic-
iency and lifetime of any moﬁing machinery. This problem is reduced
by introducing a lubricating Fluid between the surfaces which reduces
the amount of contact and the frictional force.

If this fluid film is thicker than the combined surface
roughness preventing any metal-metal contact, then all the shearing
will take place within the lubricant. The'resulting coefficient of
friction is suitably low, depending mainly on the fluid viscosity
rather than on the éroperties of the opposing surfaces, The clas-
sical hydrodynamic behaviour of the lubricant under these conditions

was formulated by Reynolds in 1886 (1), and is termed 'hydrodynamic
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lubrication’'.

When high loads are applied across surfaces with high
moduli of elésticity the fluid viscosity incgeases with pressure,
Deformation of the metal surfaces takes place producing extreme
local pressures in the lubricant, accompanied by large viscosity
increases. These conditions were first documented by Ertel-

Grubin (2) as recently as 1947, and are known as 'eiastohydro—
dynamic lubrication'. Typical film thicknesses in this regime

are of the order of several hundred nanometers so that solid-solid
contact, if it should occur, makes a negligible contribution to the
frictioﬁ coefficient. .

At extreme loads and low speeds these coherent lubricating
films cannot be maintained and the system enters the realm of
'boundary lubricationt. This form of lubrication prevents the
surfaces reverting to dry, unlubricated conditions. It also occurs
in most machines on stopping and starting prior to the establisﬁment ’
of hydrodynamic or elastohydrodynamic conditions. The boundary lub-
ricants somehow modify the solid surfaces, by physical adsorption and/
or chemical reaction, producing a surface film which is mofe easil&
sheared than the actual metal. For this reason the physical and
chemical properties of the solid surfaces are of prime importance in
boundary lubrication. Their crystalline form, degree of oxidation
and other chemical modifications critically effect their ability to
physically adsorb and chemically react with constituent molecules
of the lubricant. The viscosity of the fluid, so important in
the two forms of full-film lubrication is negligible in this context.

What is important is the property of a fluid which enables it to be
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a good boundary lubricant termed its 'éiliness’, and sometimes its
'hody!'. Just what this property is and how it functions is anbun-
solved problem about which there is a large amount of confusion and
disagreement. In fact, boundary friction is the result of many
interactions, known and unknown, under many constraints and should
not, therefore, be thought of as a rigorously defined process.
Boundary lubrication may be split into two main categories,
involving monomolecular and multimolecular layers of the lubricant

on the surfaces.

1e1e1 Monomolecular Boundary Lubrication

Early research by Rayleigh (3) was expanded by Langmuir (4)
who showed that a film of fatty acid floating on water could be ré—
duced to a close-packed monomolecular layer. He demonstrated how the
thickness of this monolayer, its structure, orientation and packing
density could be deduced. By passing a specimen through the air/water
interface he transferred these monclayers onto the surfaces of various
solids where their lubricating properties could be studied, By this
method he found that the presence of a single layer of lubricant
reduced the coefficient of friction on many surfaces to the order of
0.1.

Extensive research into the properties of monolayers on a
large range of surfaces has been carried out since, most notably by
W.A. Zisman, and his co-workers (5-10)}. Using a simiiar technique to
obtain retracted monolayers on glass plates, they measured the coef-
ficients of friction under varying conditions for a stainless steel

slider. Some of these results are discussed later,
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As a result of this research a school of lubrication has
formed, which believes that boundary lubrication is effected éolely
by thé ﬁresence of a chemisorbed and/or physically adsorbed monolayer
on the rubbing surfaces., The possibility of an organised polymole—
cular layer existing under boundary lubrication conditions was sug-
gested by Sir William Hardy (11, 12) in the early part of this
century. He thought that even if these layers were not necessary for

successful lubrication they were very probably present.

1s1.2 Polymolecular Boundary Lubrication

Hardy's model of boundary lubrication, under the most extreme
conditions comprised of plane parallel surfaces separated by two ad-
sorbed monolayers. More important to this research, he defined the
adsorbed state of matter as being distinct from any other state, and
suggested that the range of metallic surface forces may extend several
hundred nanometers into the lubricant. Within'this range he postu-
lated that the constituent lubricant molecules were orientated, pro-
ducing a thick ordered polymolecular film. His theéry was based on
the results of experiments on adhesion and observations of the
fldatation of metal surfaces on stable gas films approximately four
microns thick. At this time Trillat (13) had detected ordered films
of fatty acids 10,0003 (1,000 nanometers) thick using x-ray and electron |
diffractometry, results which experimentally supported Hardy's theories.

As a result of Hardy's ideas the theory of polymolecular boun-
dary lubrication has grown. Tts adherents assert that not only are
these muitilayers present, but that they are very necessary to provide

the degree of lubrication observed practically. Experimental evidence
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of the existence of these thick films, or multilayers, was plentiful.
A comprehensive review of this research is found in Smith's Ph.D.
Thesis (14), but a brief account of the most important of this work

is given here.

12 Experimental Fvidence of Thick Films

Although a large amount of research has been carried out on
thick films not all the results confirm their existance, This section
is therefore subdivided into the evidence for thick films, and that

against.

1e2.1 Positive Results

Early work by Duff (15), revealed apparent evidence of long
range ordering in solutions of fatty acids by their anomolous flow
through capillaries. Barnard and Wilson (16) and Dover (17), obtained
similar results in capillaries of O.3mm. bore, showing that complete
clogging occurred after several hours of flow. On removal of the acid
with pyrophoric iron however, no clogging occurred.

In 1940, Needs (18), using a parallel plate squeeze film
viscometer, investigated the behaviour of films of vegetable and min-
eral oils compressed between steel surfaces, He reported thick residual
films between 7,500 X and 10,000 X, and went on to measure some of their
mechanical propertiese Some of these results are reported in chapter
4.1. :

Tausz and Szekely (19) obtained films of mineral oils between
a steel ball and mercurye. They calculated the thicknesses from the

capaditance measured across the oil film by a bridge. Polar and non-



- 13 -~

polar oils were tested, the former producing stable residual films
1,000 & thick as opposed to less stable, but thicker £ilms (5,000 &)
for the.non—polar oilse

Deryagin's early work.on the anomolous flow of thin films
of water in various apparatus met with mixed success. The flow of
bubbles through capillaries indicated films 1,000 R thick (20). He
then reported rigid films of water 1,500 R thick on flat metal surfaces
(21-23) and 300,X thick formed‘by water between hydrogen and mica (24,
25). He later retracted some of these results as the possibility of
them being caused by dust could not be ruled out (26).

In 1949 Henniker (27) produced a review of the research done
on thick film phenomena up to that time. The volume of this work is
indicated by the fact that he discussed 174 references. Although the
results reviewed were generally affirmative, Henniker considered that
the evidence was inconclusive in the light of the ambiguity of much
of the:worke. Again, the possibility of contamination, whether by
dirt, impurities or surface ions, was the recurring criticisma

The later work by Dervagin is more impressive (28-30). He
and his co-workers deduced viscosity variations in polymer solutions
from observations of the profiles of fluid drops placed on polished
metal surfaces and subjected to tangential air blastse This technique
is known as the 'blow-off' method which circumvénts most of the con-
tamination criticismse. Interferometric measuremeﬁts of the profile
- of the fluid drops revealed continuous variations in viscosity in films
up to 2 microns thicke. By using ellipsometry, Deryagin showed that
solutions of stearic acid in hexadecane produced structured, but-het-

erogeneous boundary films between 100 R and 1,000 R thick.
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Other important recent work Qas done by Fuks (31-33) and
Cameron (34) and their collaborators. Each group used a type of
falling plate viscometer to detect the presence of rheélogical
anomolies and/or thick films. The more elaborate apparatus was
used in the extensive work done by Fuks. - Not only did he find
strong evidence of thick films for many varied solutions of fatty
acids in several solvents, he also measured some of the mechanical
properties of these rigid layers. His work is discussed in more
detail in chapter 4.1..

Cameron's simpler form of falling plate viscometer produced
residual films for several fatty acid solutions in hexadecane. By
using fatty acids of systematically increasing hydrocarbon chain
lengths he also showed a 'chain matching' effect. This indicates en-
hancement of the final residual film thickness and of the anomolous
viscosity increments during thinning when the solvent and fatty acid
are of similar molecular weight. This is discussed later in chapter
deo |

The most recent work reported by Smith (14) and Caweron
and Smith (35), 1s the most conclusive to date. Many fluids were
tested by displacing films from metal surfaces (both flat and spherical)
by the hydrostatic pressure of mercury. ‘the film thicknesses vere
calculated from the capacitance across the mercury-test fluid-metal
substrate system, measured by an autobalance bridge. Although the
technique resembles that uéed by Tausz and Szekely, mentioned earlier,
the cifcuitry was very much more refined to overcome the problem of
dielectric breakdown. Residual films of various thicknesses (500 R

to 5,000 X) were produced for many solutions of fatty acids in sat-
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urated hydrocarbons, producing further evidence of chain matching.
These films were shown to be chemical in nature as they only formed
on metai substrates in the presence of water and/or the metalic
oxides and hydroxides. Further proof of these films' existence,

and of their chemical nature, was given by electronmicroscopye.
Electrommicrophotographs were produced showing reaction product in
the form of fibres up to 5,000 R in length, enmeshed on the oxidised
metal substrate. No fibrils were observed on oxide-free substrates,

produced by ionic bombardment in vacuoe.

Llele? Negative Results

Bulkley (36) repeated the work of Barnard and Wilson (16)
and of Dover (17) on the flow of polymolecular solutions in capillaries.
Prior to the testing, however, he filtered these solutions, and found
no evidence of anomolous flow above 4,000 R. His results do not,
therefore, exclude the possibility of residual iayers in the order of-
1,000 R thick, although they differ markedly from those of the other
workerse. ’
Several workers had produced rather unsystematic results
for the adsorption of vapours near saturation onto quartz, glass
and platinum surfaces., Thicknesses were reported varying from 3,000 2
to a mere 25 .  Bowden and Throssel (58) demonstrated that extreme
cleanliness wés essential for reliable results using electron bom-
bardment and outgassing in vacuo. Their much more thorough technique
revealed that not more than two molecular layers of water were adsorbed

from the vapour onto gold and platinum substrates. Any thicker films

produced, they concluded, were caused by contamination of these surfaces.



Bastow and Bowden (37) repeatéd the experiments of Hardy
(11, 12) with various organic vapours and air, finding no evidehce
of flotation above 0.4 microns for any mediume In 1955 the same
workers studied the flow of water, various organic liquids and
ionic solutions radially through a narrow gap between circular
glass and stainless steel plates (38). They detected no anomolous |
viscosity increases for gaps down to 1,000 X with the exception of
ammonium oleate, which is known to have liquid crystal properties. f
They concluded that those results where thick films were observed
must be attributed to the presence of dust and contamination.

In a critical review of the most important research in this
field, produced in 1969 by Hayward and Isdale (39), the authors came
to the same conclusion as Bastow and Bowden, i.e. 'in those exper-
iments where great care was taken to exclude dust, no anomolous
effects were found’. They carried out experiments to prove their
point using the experimental technique, devised by Griffiths in 1920 -
(40), where a ball was lowered through a ring submerged in the test
fluid. The precision of their specimens was determined to be such
that the diametral clearance was 13,000 z 10,000 2. Not surprisingly,
when unfiltered kerosene was used the ball would not pass through the
ring. When kerosene plus long chain polymer thickening additives were
filtered and used the ball passed through the ring 80% of the time.
They did not report any results where solutions of fatty acids in
hydrocarktons were tested, which is rather surprising in the light of

the positive results of many workers.
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1.3 Possible Mechanisms of Thick Film Formation

If the research in the previous section is systematically
reviewéd the following impOrtaﬁt points emerge:

(1) Of all the experimental techniques employed few were well
suited for measuring residual layers between 500 % and
5,000 R to a reasonable degree of accuracye. Those that
satisfied this criterion were Deryagin's 'blow off' tech-
nique, Smith and Cameron's mercury squeeze~film apparatus
and Fuks' falling plate viscometer.

(ii) The techniques employed by Daryagin and Smith and Cameron,
unlike that of Fuks, overcome the problems of dust and
impurity contamination. The mercury squeeze~-film technique
also overrides the problem of surface roughness to a large
extent.

(1ii) None of the workers who produced negative results used either
Deryagin's or Smith and Cameron's expefimental techniques. In
some cases the most prolific thick film forming solutions were
not even tested.

It seems reasonable, therefore, to accept the existence of
polymolecular boundary layers on the strength of the results of Deryagin,
Fuks and Smith and Cameron. It is interesting, however, to note that
these workers do not agree on the mechanisms of formation of these thick

filmse.

1.3.1 Chemical Adsorption

The significance of chemical reactions between the various

materials present in a boundary lubrication system has been the subject
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of much less research than has that of physical interactions. This
is almost certainly due to the existence of Well tried formulae con-
cerning the thermodynamics of adhesion of molecules at various
interfaces. The extensive research carried out on monolayers

bears this out. The mechanism of chemisorption, however, remains
uncertain on several points. It is in the body of the film, where
the mobility, cohesion and adhesion of the reaction product coupled
with the mobility and degree of attraction to the interface of the
unreacted molecules (fatty acids) that the difference between chemi—
and physisorption manifests itself,

Tﬁe possibility of chemisorption ocburring in boundary lub-
rication has been known for some time. Frewing (41) showed that
transition temperatures of friction of mild steel measured on a
Bowden-Leben machine occurred at the melting points of hexadecane,
diphenylmethéne, paraffin wax and several aliphatic alcohols, amides
and ketones. In the case of the much more chemically reactive fatty-
acids, however, the transition temperature was always above the melting
point of the acid, approaching that of the metal salt. As the melting
point of the pure soap is not exactly known the results are not entirely
conclusive. On purely physical considerations, however, the energy
of the adsorption of the corresponding acids, amines ard alcohols
should be very similar, It appeared, therefore, that in the case of
the acid some further adsorption process was taking place. Bowden,
Gregory and Tabor (42) found similar results to Frewing on different
metals (e.ge Cadmium) and interpreted them as indicating chemical reac-
tions were taking place between the fatty acids and metals. Gregory

and Spink (43) using a mixed monolayer of stearic acid and calcium
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stearate on several substrates foqnd eQidence of chemical reaction
on copper, but not on platinum. The work of Greenhill (44) supéorted
these resultse.

The effect of the presence of water and oxygen on the reac-—
tion between metals and fatty acids was sftudied by several workers,
These include Prutton,‘Frey and Turnbull (45), Dennisonr (46), Tingle
(47, 48), Shooter (49), Rowe (50), and Russell et al (51). Their
results, obtained by various techniques, showed that the metallic
oxide was essential fdr any chemical reaction between the surface
and the fatty acide Lancaster (52), (53) found that water was nec-
essary for the reaction between these metallic oxides and the fatty
acids. The divergence between Lancaster's results and those of Prutton
et al is probably due to incomplete drying of the chemicals in the
latter's worke.

Further evidence from previous research of the necessity of
both water and oxygen being present, in some relatively free state, for
chemical reaction to occur between metals and fatty acids was reviewed
by Smith (14). He went on to establish that stearic acid solutions
in hexadecane behaved very differently from equivalent solutions of
hexadecylamine on several substrates. He showed that on unreactive
substrates, i.e. platinum and gold in atmospheric conditions and steel
and chromium in the absence of the oxide layer and water, neither the
amine nor the acid produced a residual film. In the presence of the
oxide, however, in normal atmospheric conditions the acid produced
thick residual films on both chrome and steel, whereas no films were
produced by the amines. He then showed that these thick films in-

creased in thickness on both substrates with increasing temperature



until the region where the reaction product could be expected to melt
and/or dissoclve. Finally he produced electronmicropho#ographs of the
actual reaction product on a steel substrate. These showed that the
films were of a fibrillar nature, similar to grease structures, the
fibrils varying from 1,000 & to 5,000 & depending on the likelihood of
chemical reaction.

These results seem conclusive. It appears reasonable to
suppose, therefore, that the thick films reported by Fuks are also
chemisorbed, at least Qhere fatty acids and metal surfaces are concer-
ned. In Fuks' apparatus apparently no attempt was made to isolate
the test fluids from possible contaminants apart from the actual test
surfaces. It is quite possible therefore, that the results produced
with the quartz discs are affected by the reaction product (or soap)
produced by chemical attack by the fatty acids under test on some
metal constituents of the fluid container. No attempt is mentioned

to remove either water or oxygen from the test area.

1e3e.2 Physical Adsorption

In the majority of cases, those workers who have accepted
the existence of polymolecular boundary layers have automatically ass-
umed that they were the result of some form of long range physical
force or forcese. As this concept is dealt with in more detail in
chapter 7.1 and 7.2 only a brief description will be given here.

Since Hardy first postulated that thick films were produced
by purely physical interactions (11, 12) several more intricate phy-
sical theories have evolvedes Many of these, most notably thét of

Deryagin are reviewed by Akhmatov (54). More recently, Allen and



Drauglis (55) have produced a rather eiegant theory concerning the
adsorption of stearic acid on an iron oxide substrate where all inter_
actions, apart from the initial monolayer adsorption, ére of a purely
physical nature.

There is a great deal of experimental evidence for thick
films which were either purely or predominantly physical in nature.
Much of this work has already been mentioned in section 1.2.1, and
consists mainly of the research where chemisorption may be ruled out.

Those results produced where the substrate was of glass
or quartz and/or where non-reactive polar molecules Qere used as
lubricant may either be interpreted as evidence of physically formed
thick films, or disregarded as being caused by dirt particles. The
later work of Deryagin, howeve;, is not so easily discredited (26, 28
to 30). The work of Fuks (31-33) may also, in part, be interpreted
as giving evidence of the existence of physically adsorbed thick films,
although doubts invoked by his experimental technique have already
been mentioned.

The Langmuir-Blodgett technique for the deposition of known
numbers of accumulated monolayers has been used by many workers (56,
57, 43, 44) to investigate the lubrication properties of such 'arti-
ficial' multilayers deposited on metals. For technical reasons cal-
cium stearate was used to some extent in most of these eXperiments.
The coefficient of friction was reduced to 0.1 by a single layer,
but this exhibited 1little durability. A greater number of layers
survived the tests better, and 53 layers apparently survived indefi-
nitely, this being attributed to film repair by superfluous méterial.

Transition temperatures were observed in a number of cases in the
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region of the melting point of lubricant film under test, but
Frewing (57) found a dependence of this effect upon the number of
1ayers.ﬁsed, presumably due to modified energetics‘at the surface.
The lack of durability of the built—up film was attributed to it;x/
lack of adhesion at the surface, a result of its artificial depo;
sition. Bickerman (59) reported that such films do not always
follow the surface topology, and may be likened to a net drapéd
over an irregular surface, Tﬁe durability of the thicker film may
then be attributed to the presence of a static reservoir of material
from which local breakages may be repairéd. On the other hand,
the monolayers produced by retraction reported by Zisman et al. (6 -
9) exhibited extremely high resistance to repeated sliding, with-
standing pressures as high as 100,000 p.s.i. At the time it was
asserted (6) that these results were conclusive evidence that con-
densed monolayers could account for all boundary lubrication pheno-
menae

The purely physicallyattached multilayers obtained with
the Langmuir-Blodgett technique must be acqepted as evidence of
the possibility of such films building up naturally. The degree of
adsorption of the initial monolayer was artificially slight and yet
the multilayers remained stable. This suggests that on the very
strongly adsorbed initial layers revealed by Zisﬁan‘such physical
multilayers would be both more probable and more strongly adhered

overall.

1.4 Summary

The ability of solutions of fatty acids in hydrocarktons
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to produce thick residual films has been éhown to be very probable.
The evidence that these films are of a predominantly chemical nature
is more impressive than that for purely physicaqyadsorbed multi-
layers. This is not, however, conclusive proof that physical multi-
layers do not exist in lubricating systems. The most satisfactory
conclusion to be drawn 1s that both mechanisms coexist to varying
degrees in many of the systems. The chemisorbed films produced
under the optimum conditions appear to mask the presence of any
physical interactionse. From this it seems that of the two mech-

anisms the chemical process produces the more durable thick films.

1.5 Scope of the Research

The initial aim of the work described in this thesis was
to investigate some of the mechanical properties of the predominantly
chemisorbed thick films produced by solutions of fatty acids in hydro-
carbons. The effects of varying the'concentration and hydrocarbon
chain length of the acids was to be explored.

During this work it became apparent that the technique used
was indicating variations in some physical properties of several of
the fluids being tested. Not all these fluids produce chemisorbed
thick films. The technique was therefore adapted to the purpose of
investigating the extent and nature of these variations. Compara—
tively simple fluids of known molecular structure were used to clarify

the processes.
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CHAPTER 2

EXPERIMENTAL APPARATUS AND MATERIALS

2.1 Inﬁroduction

The advantages of the mercury squeeze film technique, used
by Smith and Camercn (1), have been appraised in the previocus chaptere.
The mercury flows around any dust particles in the oil or protruber-
ences of the metal surface so that the residual film detected must
be caused sclely by the lubricant itself. The equipment used in
this research was developed from their ball apparatus, described in
this chapter. A system in which the behaviour of thick films under-
going shéar could be investigated both electrically and optically is
also discussed. The evaluation of a further improvement of the ball
apparatus is deferred until chapter 7 where its development becomes

clear from the texte.

2.2 The Ball Apparatus

Mercury was used to displace an oil film by hydrostatic pres-
sure from the surface of a QO%EEE?Q steel ball of 0.25 inch (6.4 mm.)
diameter. A copper wire was attached to the ball by a coﬁducting epoxy
resin and insulated with a teflon sleeve. This wire passed through a
stopper which supported the guard coil surrounding the ball and prevented
damage to the oil film caused by contact with the test tube wall. The
stopper fitted a test tube containing the reservoir of mercury and, later,
the test fluid.

The thickness of the o0il film was calculated from the capaci-

tance measured across the mercury-oil film-metal system, as described in

section 2.4.1. For this purpose the autobalance bridge was connected
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across the copper wire and the guard coil, which was long enough
to be always in contact with the mercury. A schematic represen-

tation of this apparatus is shown in fige. 2.1.

2.3 The Shear Apparatus

In this apparatus , which is shown in the photograph, fig.
2.2, the oil film was not only displaced by hydrostatic pressure, but
also. by the tangential shear cfeated by forcing the mercury past it.
A cell was used instead of a ball so that flat chrome surfaces replaced
the ball as subétrates and capacitor plates. These plates were later
made semi-reflecting so that the films could also be observed by optical
interferometry whilst undergoing shear. This cell and the mercury

flow system are described in detail below.

2¢3.1 The Cell

A diagrammatic representation of a typical cell is shown in
fige 2.3a. The capacitor plates where the oil film thicknesses were
measured form the heart of a cell. These conducting chromium layers
were vacuum deposited onto the surface of a microscope slide. Several
variations in shape and number of the plates were experimented with in
the early work. The most satisfactory arrangement was that shown in
fig. 243b with three square plates each of one émz. (107* m2.) area,
which was used in all the later research. The optimum thickness of
these layers giving both good conductivity and reasonable interference
fringes is discussed later in section 2.5.2. Insulated copper wires

s

were attached to the ends of the narrow chromium connection strips

using the conducting epoxy resin.
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The microscope slide needed to be incorporated into a
channel through which the mercury should flow. Its cross section
was an important factor in the magnitude of the shear imparted on
the 0il film by the motion of the mMercurye In the earlier cells
this channel was formed by placing the slide over an indentation
cut in a block of P.T.F.E. having the same length as the slide.
The indentation was 1.2 cme (1.2 x 1072 m.) wide and of varying
depth for each cell. The sides and bottom were polished and the
inlet regién tapered to reduce the possibility of turbulence. The
microscope slide Qas fixed with the chroﬁium capacitor plates facing
inwards such that one of the indentation walls came between these
plates and the connecting wire junctions. An epoxy resin was applied
to the outer edge of the P.T.F.E. wall-microscope slide junctions to
seal the unit. In later cells, when the channel depth required was
much smaller, a second microscope slide was used in place of the P.T.F.E.
The separation of the slides was determined by tﬁo narrow strips of glass
which were positioned similarly to the P.T.F.E. walls. Again, the inlet
region was tapered and the unit was sealed on the outer edges using an
epoxy resin. In both cases the danger of contamination of the oil under
test was reduced to a minimum as the inner walls of the channel consisted
only of glass, the chromium capacitor plates, and sometimes P.T.F.E..
This completed section was placed in Ehe glass cell casing
under the 'window' through which the connecting wires were drawne. It
was secured and made flush with the casing using epoxy resin which also
served to insulate the join of the connecting wires to the narrow chrom~
ium stripse.

The cell casing was made of glass to facilitate cleaning.
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The glass proved very useful during experiments in the detection and
rectification of minor problems, e.g. trapped air bubbles; the pres-
ence of dirt particles, etc. Once a satisfactory design for this
casing had been proved and tested experimentally a carbon mould was
built so that similar casings could be quickly produced by a glass—
blower.

The 'window' in the casing was necessary to facilitate the
interferometric study of the oil films which could be observed directly
through the semi-tranéparent chromium capacitor plates. There were
three vertical glass tubes, one in the actual cell and two in the
fitting cone. Two were used as manometers at either end of the
channel so that the pressure drop across it could be measured. This
was used in the calculation of the shear applied to the oil film, The
third tube was used to introduce the test oil. The manometer tube
in the cell contained a wire which acted as a connection for the mercury

to the bridge circuit,

26362 The Mercury Flow System

This consisted of five basic parts, see fig. 2.4, of which
the cell section has already been described.

A peristaltic pump drove the mercury through the circuit,
The mercury was simply forced around by the compression of the silicone
'tubing by the rotér, so there was no risk of contamination. The pump.
motor speed was controlled by a variable transformer. The mercury
was pumped up to a constant head device where the intermittant flow of
the pump was smoothered. The flow of mercury from this conétant head

into the cell was regulated by a screw clip on the tubing. After
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passing through the cell the mercury poured into a spherical container
with an outlet stem which was graduated in cubic centimeters. This
flow was used initially to calculate the sheér applied in the cell,
The mercury then emptied into the reservoir which also took the over-
flow from the constant head. The pump sucked the mercury from the
very bottom of this reservoir so that any substantial amount of the
test fluid carried this far from the cell was trapped, due to the
greater density of mercurye. The spherical container and constant
head device acted as test fluid traps in a similar way, so there was
little likelihood of oil being recirculated back to the cell,

| These sections were all of glass and came apart into
smaller units for easy and thorough cleaning and replacement when
necessaryes The sections were linked by the same silicone tubing used
in the pump. This simplified the movement of the constant head device
for variation of the shear and enabled, with the use of screw clips,
the flow to be varied or stopped wherever necessarye. The tubing was
semi-transparent and easy to clean. It was tested for adsoprtion and
possible contamination as described later (section 2.6.2). No con-

tamination was found.

26363 Calculation of Shear

In the early experiments when comparatively low shear was
applied it was calculated from the flow rate through the cell. This
rate was measured in the graduated flask described earlier. The
equation used was simply that for fully developed non turbulent or
laminar flow in a channel with parallel walls, i.e.

2
T: qu/h c . (201)
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where q = rate of flow of mercury
n= absolute viscosity of mercury
h = separation of chénnel walls
and Z? = shear applied at the wallse.

The assumption of non-turbulent flow was justified by cal-
culation of the Reynolds Number for the variety of channel separations
and maximum fluid velocities used. In this early work the value
never exceeded 800.

Once it was realised that the resistance to shear of the
residual films was much greater than initial results had indicated,
the rate of flow was increased and the cell minimum cross-section
reduced to achieve larger tangential shear, Measurement of the rate
of flow became much less accurate, so the pressure drop exhibited by
the two manometers was used to calculate the shear. Again, laminar
flow was assumed and the same equation translated in terms of pressure

used to calculate the shear, i.e. .

=1 dp

T=4n 2 (2.2)
dp o sas Ap
ax Was initially taken as I,

bwhgre Ap was the pressure drop across the cell

and L was the length of the restricted channel.,

The Reynolds Number calculated for the maximum flow in the
cells with channel depth of 0425 mm. (2.5 x 10—4 metres) now approached
2,000, The possibility of turbulent flow was considered therefore, and
is discussed in Appendix A.

Also, the magnitude of the entry length, i.e. the distance
from the beginning of the channel to the point where a fully developed

parabolic velocity profile is achieved, was calculated. This entry
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length, L', was given by the equation:
L' = 0,029 Re X hc (2.3)
where Re'is the Reynolds Number.
This equation has repeatedly been shown to be in good agreement with
experimental resuits. Substituting the value for hC and a value of
2,000 for Ré gives:
L' = 1.0 cm. to 1.3 cme.
The cells were therefore built such that the first capacitor plate
was positionéd at least 4 cm. from the beginning of the restricted
channel. The comparative shortness of the entry length made the

assumption that %E»: £p a good approximation-.as long as laminar flow

L
persisted.
2.4 Electrical Instrumentation
2e4al Circuitry

The basic method of measuring the thickness of the oil films
in all these experiments was to measure the capacitance of the system.

From this capacitance, the film thickness was calculated, using the

formula
h = ¢ ¢A
€& (2.4)
C
where A is the area of the metal capacitor plate

£' is the relative permittivity of the dielectric
material, i.e. the test fluid

£6 is the rationalised permittivity of free space

h is the oil film thicknesse.

The values of €' of all the test fluids used were measured
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in a simple apparatus of known separation at the operating frequency
of 1 kHz. Using this expression the variation of the thickness of
the test fluid with time could be tabulated, both for £he thinning
of the fluid under the hydrostatic pressure of the mercury and for
the thinning of the fluid as shear was applied by pumping the mer-
cury past it.

The basis of the electrical system used for these capacitance
measurements was a Wayne-Kerr Autobalance Universal Bridge, type B641.
This bridge operates on the transformer ratio arm principle (2) and,
presents to the test capacitor, over the capacitance range met in these
experiments, a peak voltage of 40 mVolts. Such a voltage is sufficient
to cause dielectric breakdown of all the fluids used in this work at
the very low film thicknesses.encountered. Smith devised a system to
overcome this same problem and a detailed account of the circuitry and
specification of his apparatus is given in his Ph.D. thesis (3).

A replica of this electrical system, with the exception of
the Autobalance bridge, was used in this research. The voltage applied
to the o0il film was reduced by inserting an attenuator between the E
terminals of the bridge and the capacitor, and an amplifier between the
capacitor and the bridge's I terminals. Figures 2.5a and 2.5b are |
much simplified circuit diagrams of the unmodified and modified bridge
circuits respectively. The original bridge applies a voltage Vﬁ to
the unknovm admittance, through which current ix is passed. Ad~-
justing the standards GS and BS brings is into balance with ix’ where
G; and Bs respectively represent a set of shunt connected conductance
and capacitance standards.

By inserting the attermator R1 and R2 the voltage across
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Y, is reduced to Vk/A. The resulting current ix/A is
boosted by the amplifier to give the output current iXB/A. By
setting B equal to A, the bridge can be used iﬁ the same way as
before modification.

In practice A and B were each set at 1,000, thereby redu-
cing the peak voltage applied to the oil film to 40pV. This vol-
tage was sufficienfly small to avoid dielectric breakdown of most
oil films even below 50 nm. (500 ) as long as bulk electrical
properties were retained. During the experimental work, an extra
variable attenuator, able to reduce the voltage by factors of 10,

100 and 1,000 was built, so that f£ilms below 500 % could be measureds
This attenuator was inserted in the circuit in series with the other.

It was switched into the circuit whenever a large value of capacitance
or conductance caused saturation in the amplifier. Its use was limited
by electrical noise interfering with the bridge readings, especially
for lower values of capacitance. The complete system, as shown in
fige 2.6 was calibrated to give capacitance measurements of an accur-—

acy of g 2% for low conductance.

2.4,2 Calibration

The importance of evaluating the capacitance readings in the
light of the corresponding conductance values in this research is dis-
cussed later in this thesis; The validity and accuracy of any capaci-
tance readings could be checked by.referring to the calibration curves
shown‘in fig. 2;7. These were obtained by measuring.the capacitance
and conductance of a series of combinatiéns of capacitors ana resistors

using the unmodified bridge which has an accuracy of 0.1%. These



- 39 -

’
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accurate values were plotted against the corresponding values measured
in the modified bridge circuit for the 1/1000 attenuator, the extra
attenuator béing used whenever necessary. The attenuation and phase
controls were adjusted initially to give agreement between the two
readings of a middle range value capacitor with the bridge set for
calibration.

The curves show that, for low conductance, accurate cali-
bration, within the linear region, was possible over a wide range of
capacitance readings, with a single setting of gain and phase. As
the conductance increased, however, the capacitance values become
artificially enlarged producing a high degreé of inaccuracy for very
low capacitances. The higher values of capacitance, however, were
only seriously affected when the conductance was in the mU range,
and even then the inaccuracy was below 20% the values always being
too large. As the high capacitance region corresponds to the low
film thickness values (< 2,000 R) which were of most interest, the
.size and bias of these inaccuracies were seen to be very importante
Additional, on the spot calibrations were carried out, therefore,
whenever the conductance rose above 500 pU , and it is thoﬁght that
in nearly every case the inaccuracies were kep£ well below the 20%
value mentioned. Nevertheless, the error bars included in later
results were estimated from the calibration curves of fige. 2.7, giving

their maximum possible range.

2.5 Optical Interferometric System

Since the initial work of Cameron and Gohar (4) optical inter-

ferometry has developed into-a versatile tool in lubrication researche.
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In this work a system which could measure oil film thicknesses from
10,000 X down to the optical minimum of about 2,000 R was needed.
Other importént requirements were a high sensitivity to small varia-
tions in film thickness, and a relatively large field of view. With
these factors in mind a chromatic or 'white light! interférometric
technique was adopted. Detailed discussions of theAprinciples of
optical interference utilised here are to be found in most optical

text books, e.ge. (5), (6).

265471 Choice of 'White Light' System

In the case of monochromatic light of wavelength A, that part
of the beam reflected from the semi-reflecting chrome layers will be
reinforced by the part reflected from the mercury surface if their
path difference is some integral multiple of A, This results in a
bright fringe.  Similarly, they will interfere destructively, pro-
ducing a dark fringe, when the path difference is (N+})A where N is
an integer. The white light spectrum consists of an infinite number
of individual colours, each having a corresponding wavelength to
which the above interference process applies. The overall effect,
therefore, is a pattern of bright, differently coloured fringes, all
the dark regions being obscured by bright fringes of different wave-
length, except where the film thickness falls below the optical mini-
mum of about 2,000 X.

Several of the more distinct colours are chosen in this
worke They have a fixed sequence which repeats itself as the path
difference is increased, each repetition corresponding to a unit in-

crease in the integer N, i.e. the 'order' of interference. The ad-
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vantage of this is that a whole range of coloured fringes will cover
a change in film thickness of around 3,000 X, whereas monochromatic
light would produce just the one fringe, i.e. the white light system

is far more sensitive to small film thickness variationse.

2542 Reflecting Surfaces

The choice of chromatic light necessitates the use of
two~beam interferometry as opposed to a multiple-~beam method which,
in this case, would add together so many beams of such a wide range
of wavelengths that white light would be reformed. This dictates
that, ideally, the reflecting surfaces should form two beams of similar
intenéity as they recombine and that any further reflections should be
negligible. .

The totally reflecting surface, in all cases, consisted of
mercury, its actual reflectivity in oils being ~ 60%. The production
of equal amplitude beams was, therefore, dependent on the nature of the
semi-reflecting chrome capacitor plates. The thickness of these chrom-
ium layers could be regulated veré accurately and therefore the required
reflectivity achieved. In an ideal system the optimum thickness is
200 X, giving a reflectivity of 18% and an absorptivity of 25%. If
the beam incident in the glass is considered to have an amplitude of
100% then the two reflected beams will have 18% amplitudes, and further
reflections will be less than 2%. In this apparatus, however, a further
consideration in the thickness of the chromium layers was that their
resistance should be no more than ~200 ohms, otherwise the capacitance
readings would be seriously affected. This added constraint resulted

in thicker layers each with a workable reflectivity of ~50% and ab-
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sorption of ~40% (see fig. 2.8). Thé interference fringe patterns
produced were, therefore, superimposed on a very much brighter wﬁite
background, making them faint and difficult to resolve. It must be
stressed however that this in no way reduced the sensitivity of the
system, but only caused the images produced to be very tiring to the
eyese

The most serious consequence of this, was that no satis-
factory photographs of the interference patterns could be obtained.
Although this was maiﬁly due to the comparative faintness of the
fringe colours éuperimposed on the bright white background the small
size of the interference patterns accentuated the problem. The maX-
imum magnification obtainable was X 160 and, as the features under ob
servation were, at the most, between 10_3 and 10_4 cme. across, they
remained very small in the field of view. For the patterns to be
satisfactorily shown, therefore, the photographs had to be enlarged.
This destroyed the already poor fringe definition on the photographs
and also reduced the colour intensiﬁy even further. To overcome this
deficiency diagrams made up of. 'colour contours'! taken direct from the

field of view of the microscope are used in chapter 4,

2543 Collimation

In general, the more closely collimated the light used the
better defined are the interference patterns and the greater are the
numbers of ordersof interference visible. The degree of collimation
is a measure of how parallel a beam is.

To produce the required beam of collimated white light a

stereoscopic microscope was used. Basically this microscope is a
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larger version of an ordinary one except that the need for an exces-
sively long optical tube is eliminated by the use of a pair of
Gallilean teiescopes, see fige. 2.9. Light entering the objective
from the viewing plane is formed inte a wide parallel beam which
passes into the two telescopes. Two narrow, parallel beams emerge
and are observed at the eyepieces. If one of the eyepieces is removed
and approximately parallel light is shone down the empty branch then,
as the incident beam will traverse the reverse path, it will eventually
focus at the viewing plane. The degree of collimation therefore depends
mainly on the angle subtended at the viewing plane by the telescope
aperture of width 1 x 10-2 metres and is approximately 60, resulting in
an acceptable half-cone angle of approximately 30.

Other important qualities of this microscope, as a result of
its overall larger properties, are a relatively large field of view and
a long working distance (9.1 cms. for a 80x magnification).

2.5.4 Optical Calibration

There are two reasons why it is not possible to calculate
film thickness from the optical expressions:

optiéal thickness = 4 x path difference

= 3 (NA + BA/27).

Firstly, the use of chromatic light means no specific value of A can
be taken - the choice depends entirely on the observer. Secondly,
the value of B, an anomolous phase change of the light resulting from
reflections at the ﬁetal surfaces, 1s difficult to ascertain. Con-
sequently the only accurate method of determining the film thicknesses
must involve calibrating the interference colours chosen against some

exactly known thicknesses.
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An extremely accurate technique of this kind is described'
by Gentle (7). This method uses the precise Hertz's equation for the
deformation of a loaded ball on plate contact, and eliminates the
inaccuracies inherent in the simple Newton's rings measurements for
a lens lightly touching a mirror. The separation of the surfaces in
alr outside the contact region, therefore, is precisely known at any
radius from the centre of the contact and can be accurately compared

with the corresponding diameter of each colour fringe. The use of this

Table 2.1 Optical Calibration
Pri F.’ Optical thickness
ringe ringe in Angstroms
Order Colour 10
(107"~ metres)
vellow 2,000 %
' 2,750 &
First re@ 2
blue 3,400 %
green 4,250 )
vellow 4,700 X
red 5,600 &
Second
blue 6,150 &
green : 6,200 2
vellow 7,600 X
red 8,600 R
Third
blue 9,000 &
green 9,600 )
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technique here involves the assumption that the phase change produced
by reflection at the surface of a steel ball is very similar to that
for mercury.. The nature of the two metals ﬁakes this a reasonable
assumption, The calibrétion produced is shown in table 2.1.

As the refractive index of air is virtually unity the
optical and actual thicknesses correspond. The calibration of table
2.1, however, when applied to the test fluids must be used in conjunc-
tion with the expressions:

Optical Thickness = Actual Thickness x Fluid Refractive Indexe.
The bulk refractive indices of the solutions were measured in an Abbe

Refractometere. .

246 Cleaning Techniques and Specification of Materials

The nature of this research makes both the cleanliness of the

apparatus and the purity of the chemicals tested of prime importance.

24641 Cleaning

As already mentioned, much of the apparatus used was made of
glass. These sections were cleaned using hot chromic acid plus dis-
tilled water solutions. After a period of lmmersion of between five
and ten minutes each part was thoroughly rinsed with ‘distilled water
followed by acetone and finally dried over a heating element.

Not all the apparatus was so easily cleaned, however, because of
damage caused by the heat, chemical attack by the chromic acid, or koth.
These pieces, i.e. the cells, the silicone tubing, the ball apparatus
and, later, the plate apparatus, were usually cleaned in an ulérasonic

agitation bathe. More rarely, however, the ball and the plate apparatus
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were cleaned in an ionic bombardment device because of the resulting

extreme cleanliness of their surfacese.

(a) The Ultrasonic Agitation Bath (wet cleaning process)

This involved several immersions of the apparatus in various
solvents. First each piece was agitated for ten to fifteen minutes in
an alkaline detergent solution (Ardrox 1618), then rinsed thoroughly in
tap water followed by distilled water. This was followed by further
agitation for a similar period in an emulsifier solution containing tet-
rachloro~perfluoro-ethane (Imperial Smelters Isceon 1135), and more thor-
ough rinsing. The apparatus was then agitated for ten minutes in dis-
tilled water and rinsed in acetone. A final ten minute period of
agitation in analar acetone followed, the pieces then being dried over
a warm heating element.

The cell, ball apparatus and plate apparatus were always the
last sections tobe deaned in their respective e%periments. Once they
were dry they were immediately used so that contamination of the metal
surfaces by atmospheric impurities was reduced to a minimume. The
silicone tubing was cleaned as described above with the periods of
agitation reduced to five minutes in all solvents to prevent any sub-
stantial absorption of them by the silicone. It was also allowed a sixty
minute final drying period. Over a period of several days the walls of
the tubing could be seen to be discoloured by the mercury. Because of
this new tubing was used for each experiment.

This cleaning process reliably yielded surfaées which could be
completely wetted by distilled water, It could not, however,»remove the

oxide layer present on the metal substrates, nor would it prevent an

o



absorbed layer of water from remaining on these surfaces. Therefore
it was designated the wet cleaning process. In later.experiments
surfaces free of both the oxide and water layers were required. A
cleaning process capable of producing such 'dry' surfaces, the ionic

bombardment technique, was used on these occasions,

(b) The Ionic Bombardment Apparatus (dry cleaning process)

Only the ball and plate apparatus were cleaned in this /
apparatus. ihe cleaﬁing technique depends on the bombardment of the
metal surface by medium energy ions and electrons in an evacuated
chamber. By control of the ambient pressure and the botential
across the discharge path it is possible to create a plasma in which
the particles have enough energy to remove any absorbed and chemi-
sorbed films from the surface. This process is also capable of
eroding the metal surfaces (sputtering) and care was taken, therefore, o)
not to damage the substrates. The optimum time for cleaning without ﬁ
damage was found to be apﬁroximately 25 to 30 seconds at the voltage used.
Ideally, the clean surface should be immersed in the test fluid before
air is allowed into the vacuum system. Smith (3) showed that as long
as the period of exposure of the substrate to atmospheric oxygen and
water vapour prior to immersion in the test fluid was kept short, i.e.
of the order of 20 seconds, it was not a critical factor, The results
discussed later in this theéis substantiate this.

Basically the apparatus consisted of a two stage, all glass
system pumping out a small glass discharge chamber. ‘The chamber was
energised from a variable high voltage transformer capable of supplying

50 mA. at 5kV, see fig. 2.10.. A major feature in the design of this
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system was to eliminate the possibility of contamination of the
vacuum chamber by oil which could polymerize under the influence

of high energy ions coating the metal substréte with a strongly
adsorbed filme A more detailed description of this apparatus and
its design are to be found in Smith's Ph.D. thesis (3). Adequate
vacua for the necessary cleanliness in this research were achieved
by the ;otary pump alone without involving the diffusion pump as long
as the metal substrate was initially cleaned by the ultrasonic agi-
tation process.

The specimen to be cleaned was attached by its conducting
wire to é spring clip on the tungsten high-voltage connector wire
sealed into the chamber cover. The cover was carefully placed in
position and the chamber evacuated to about 100 microns Hg. This
vacuum was maintained for a short period and then a voltage of about
1,700 volts and a discharge current of 30 - 40 mA passed for the
safe period. These quantities produced the best results, as was
verified by the well developed cathode-glow discharge at the ﬁetal
surface, Air was then readmitted to the chamber and the specimen

quickly immersed in the test fluid.

26642 Possible Contamination

The two materials used in the construction of the apparatus
in this research which were unknown factors concerning possible con-
tamination of the test fluids were the epoxy resin(s) and the silicone
tubinge. It has already been described how the likelihood of such con-
tamination was reduced to a minimum in the design of the apparatus.

Nevertheless, it was thought-advisable to test for the existence of
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any contamination by these materials under the working conditionse
For this the ball apparatus (and later the similar plate apparatus)
was used. The teét fluidbwas hexadecane, purified by percolation
over a column of silica gel. fhis fluid was chosen as it was to be
used extensively as a base fluid and also because Smith has shown
that extremely small concentrations of surfactant impurities markedly
alter its thinning characteristics.

The experimental techﬁique described fully in chapter 5 was
usede. The ball was left immersed in the hexadecane, above the mercury
reservoir, for various growing periods. In each experiment a sample of
one of the possible contaminants, il.e. epoxy resin, conducting epoxy
resin (both thoroughly hardened), and wet cleaned silicone tubing after
drying, was introduced into the hexadecane at the beginning of the
growing periode These growing periods were varied from fifteen min-
utes to two dayse. The ball was then lowered ;nto the mercury and the
thinning of the hexadecane film with time measured. In no case was there
any deviation in these thinning curves from the thinning spread of pure
hexadecane alone. Most important, there was no evidence of any thick
residual films in any of the tests. These experiments were repeated
later with the more sensitive plate apparatus (chapter 7) and again no

signs of surfactant contaminants were found. -

2e6.3 Specification of Materials

The mercury used in all this work was trebly distilled in vacuo
by the suppliers and stored in polythene bottles prior to the experiments.
The two types of metal substrate used, i.e. stainless steel and chromium,

have already been discussed. Two pure hydrocarbons were used as sol-
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vents, i.e. hexadecane and hexamethyltetracosane (squalane). Both
were of puriss grade as supplied by Koch Light and were always puri-
fied by peréolation over columns of silica éel before use, Several
polar materials were tested as additives in these solvents, others
were tested pure, when possible. Again, they were of puriss grade
and supplied by Koch Light.

The fluids supplied by N.A.S.A. were sometimes tested pure,
and sometimes disolved in hexadecane, depending on their viscositieses
Although initially very pure, they were treated before testing to
remove the products of oxidation and/or hydrolysis. The actual de-
contamiﬁation procedures were suited to the ‘chemistry of the fluids
in question. The fluids and thelr purification are described belowe.
(a) Hydrocarbons:

Hexamethyltetracosane (squalane),

Bicycdohexyl.
For these fluids the principal contaminants were the result of air
oxidatione They were removed by storing the fluids over silica gel,
in a dark, cool place. The flulids were passed over fresh columns of
silica gel the day they were used.
(b) Esters:

Pentaerythritoltetavalerate,

Di (2-ethylhexyl ) adipate,

Di (2-ethylhexyl) 3,3,4,4-tetramethyladipate,

1,1, 7-Trihydroperfluorcheptylperfluoroglutarate,

For these esters there was the additional problem of hydrolysis
back to acids and alcohols. It was decided to test how bad any such

contamination wase By titrating for acid with phenol-phthalein before



and after the extraction of any acid ffom a small sample using 5%
aqueous lye it was shown that there was no measurable impurity due
to the hydrolysise. The purification procedure used fér the hydro-
carbons therefore was adopted for the esters,

Purification of the remaining N.A.S.A. fluids was not recom-
mended, either because they were unlikely to decompose appreciably
or because they were not expected to develop impurities which would

alter their properties in any significant way.
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CHAFTER 3

EARLY EXPERINENTS VITH THE SHEAR AYPARATUS

3,1 Intraoduction

This chapter deals with the initial work carried out with the shear
apparatus, described fully in the previous chapter. The applica’ion of the
mercury squeeze film technique used by Smith and Cameron (1),(2), to the
needs of this research, however, proved to be more troublesome than
expected. The major problems that arose are discusséd togather with the

methods used to overcome them. Some preliminary results are also described,

2.2 Experimental Technique and Barly Results

3.,2,1 Crizinal Experimental Technique

The early experiments were carried out solely with solutions of
stearic acid in hexadecane. Once the apparatus had been thoroughly cleaned
and assembled mercury was poured into the reservoir and then pumped up to
the constant head device. The screw clip in the tubing from this to the
cell was then opened slightly, and a measured amount of mercury allowed to
flow into the cell which was tilted at an angle of approximately 450.

When the chrome capacitor plates could be seen to be covered by the mercury,
the flow was stopped and the conductance between the dry met2l and the
mercury measured, This was to check that the elecﬁrical connections were
functioning, and in later experiments was used to compare the conductance
of the o0il films with that for dry metal-mercury contact.

The cell was theﬁ inclined at approximately 20° to the horizontal,
leaving the chrome plates free of mercury, and the test fluid introduced
in enough quantity to cover completely these capacitors. The cell was left
in this position for the required growing period, the time allowed for the

additive to react with the metal substrates before thinning by hydrostatic
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pressure was started. During this time final calibrations of the bridge
circuit were carried out and any necessary corrections to the amplifier
or atienuators made. MNore mercury was then allowed to flow gently into
the cell until it was full, a stop watch being started as the mercury
level rose above the capacitor plates., The variation of capacitance of
the stearic acid solution with time was then recorded on log-log paper, V7
from which the corresponding film thickness curves could te calculated.
Vhen these films had been left to thin for two days their cagpa-
citance curves showed that thinning had stopped leaving residual films
of between, 2,5003 and 6,0003, as recorded in the following section,
These films were then exposed to shear by pumping the mercury past them at
varying rates. Tne variation of the capacitan&e readings for each capa-
citor was measured at the bridge whilst the shear was teing applied. The
shear was calculated either from the rate of flow of mercury into the
graduated flask or from the difference in height of mercury in ihe mano-
meters at either end of the restricted channel,(see Chapter 2). From the
capacitance measurements it was hoped to detect variations in the film
thickness both with increasing applied shear end with the length of time

of this application,

3.2.2 Resul+ts and Discussion

Typical thinning curves of the stearic acid soluticns being squeezed
by the hydrostatic pressure of the mercury in the cell apparatus are shown
in fig. 3.,1. They show the variation of final residual film thickness
with concentration of stearic acid in hexadecare. In each case the thinning
curve is for the middle capacitor of the three in the cell, The curves
for the other capacitors, for each concentration of stearic acid, only

vary from this to any marked degree in the first thirty minutes. The



Fig. 3.1 Thinning curves for various concentrations

of stearic acid in hexadecane
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final film thicknesses on each capacitor were almost identical for each

articular concentration., The thinning curves show, as might be expected,
(=] (&

[

im

pie

a positive relationship between the residual chemisorbed f hickness

and the c§ncentration by weight of stearic acid dissolved in hexadecane,
The experiments with the ball appératus, recorded in Chapter 5.3.71, showing
the eff2ct of increased growing time on the residual £ilm thickness, were

taken into account in these experiments. As the results showed that

thicker residual films were produced after increased growing periods a
!

constant growing time was necessary throughout these tests., It was set.!

e Sl

—

at 30 minutes. e S

If these results are compared with those of Chapter 5.3.1, the
residual film on stainless steel produced by a 0-1% concentration of
stearic acid in hexadecane is shown to be of approximately 4,0603
thickness, whereas the comparable residual film or the chrome surface is
about B,OOOi thick, This indicates that of ths two surfaces, chrome is
less reactive than stainless steel under the experimental conditicns.

The wet cleaning process leaves both oxygen and water available
a2t the interface, and, amongst other workers, Lancaster {3) has shown that
water is necessary for chemical reaction tetween metallic oxides and fatty
acids (see Chapter 1). On the other hand, the chemical stzbility of
chromium is known to be due to the presence on its surface of 2 coherent
oxide film which normally presents a barrier to further attack, 1In the
light of these two statements it appears that the.necessity of the oxide
layer for the formation of these thick chemisorbed films is counteracted,
in the case of chromium, by the relatively unreactive proparties of its
oxide layer. The oxide layer on steel is made up of a combination of the
oxides of the constituant metals present in thz alloy which reduces the
coherence of its structure. The resulting flaws, therefeore, enhance the

ability of the fatty acids to react with the oxides on ihie sieel subtstirate,



It appears thersfore that the thicker film on the sieel surface
correspends to the enhanced rate of chemical reaction of the fatty acid

due to its less coherent oxide layer. It does not follow, however, that

(&1

this film is more strongly adsorbed than that on chrome, as this is largely

governed by the polar attraction of the stearic zcid to the metal., As

]

chromium is, in fact, slightly more electro-positive tran iron, it i
possible that the thinner film on the chrome surface may well be slightly
more strongly adsorbed., It seems reasonable therefore to compare quan-
titatively the results obtained in this research with those recorded by

Fuks (4,5,6) on chilled steel. This is done in the next chapter.

(ii) Shear

The results obtained when shear was applied to these films ware
rather disturbing. The first cell used had a minimum separation of Smm
(5 x 10 3m), which corresponded to 2 maximum obtainable shear of

By 2 2 . . o .
100 dynes/em” (~O+1gm/cm®). The intention was to perfect the experimental
procedure at these low rates of shear, and then work up to much higher
values by reducing the minimum separation whilst increasing the rate of
flow of the mercury,
. L. . . e 2

The shear applied in the first experimernts waz ~ 25 dynes/em
( 0:025gms/em®). Within minutes of exerting this shear the conductivity
of the films was seen to have increased suddenly from n-%}df to more than

emU ., 1In fazct, *the conductivity increased so repidly throughout that

-

the bridge could not be balanced and therefore no capacitance readings
couid be taken, A final value for the conductivity, similar to that
obtained for the dry metal-mercury contact prior to the.experiment, was
reached within four minutes. The capacitance readings were of-the order
of the error predicted from the calibration curves of Chapter 2 for such

high values of conductance, and therefore of little meaning.
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The conclusion drawn from these resulis was tha the bulk of the
residual films had been removed from the chromium surfacs by this low
sheaf. Further experiments were carried out with even lower applied
shear, the minimum value achicved being 1 dyne/cm2 (- 10—35ms/cm2).

There was little variation in the above resulis, although in some cases

the films apperared to remain for up to ten minutes before the conductivity
suddenly rose to the dry metal-mercury value. During this pericd, however,
the conductivity oscillated between O and QSQPU'SO quickly tnat capacitance
values were very difficult to read. HNevertheless, the film appeared to
thin very 1ittle before final electrical breakdown occurred.

Tre:possibility that the electric field produced by the bridge
circuit across the o0il film was somehow causing this electrical breakdown
was considered unlikely, This was because the field achieved a maximum
of only 2 volis/cm for a film 2,0002 thick. The work of Zoltoev {8) and
Talmud and Bresler (7), amongst others, on the conductivity cf microfilms
of paraffins and mixed paraffin solutions indicated that the necessary
field for dielectric breakdown of films 1,0003 thick was 56% volts/cm.
Furthermore their fields were uni-directional., The unlikelihood of such
breakdowns was substantiated by the fact that the films had thinned for
two days previous to the application of shear, in wnich time they exhibited
no electrical instability whatsoever, HNeverthsless, the large discrepancy
tetwesn the results of TFuka, guestionable though ﬁheir validity may be, and
those obtained in this apparatus, suggested that some form of electrical
breakdown was occurring whilst the 0il film in fact remained physically
intact. This poszibility was investigated in two ways.

Firstly, the shear was applied to the film without the bridge
circuit being closed. After a period of fifteen minutes the circuit was

then switched on and the capacitance read. In scme instances the film



appeared to be broken down electrically bvefore the cireuit was closed, in
others breakdown did not occur for several minutes. These results were
inconclusive so the experiments were repeated with the bridge switched off
during the application of shear. Then, btefore the bridge circuit was
closed and the capacitance measured the mercury flow was stopped and the
pumip switched off, In these experiments ﬁo breakdowm occurrad and the
capacitance values indicated that the film had thinned hardly at all,
whilst the conductance readings remained telow the SQ/HJ mark.

The second method for checking the behaviour of thése residual
films under shear was to‘utilize optical interference. A cell with semi-
reflecting chrome capacitor plates was built so that the film thickness
could be deduced from the colour fringes formed as described in Chapter 2.5..
These experiments confirmed that residual films of over 2,0003 remained
whilst being exposed to a shear as high as 100 dynes/cm2 60~1gm/cm2), even
though the autobalance bridge registered complete electrical breakdown,

As will be described in Chapter 4.4, these interferometric observations

were also used to examine the form of these residual films whilst undergoing
shear, and to investigate the possibility of wvariation of the relative
permittivity of the stearic acid solution after forming thick films.

It was apparent from these tests, therefore, that alihough the
chemisorbed residual films were capable of physically sustaining the maxi-
mum shear applied sgo far, great care had to be taken to preserve their
electrical stability. It appeared that the combination of the small
electrical field due to the bridge potential across the film, and the
motion of the mercury past the surface of the film, no matter hcow slight,
somehow resulited in complete electrical breakdown of the film within a
few minutes, The possible mechenisms of this breakdown are discussed in

the next section.
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3.3 Possitle Vechanisms of Wlectrical Tailure

Tne various means by which charge can be itransferred from one
electrode to another when separated by an apparently insulating‘liquid
form subs{antial subjects in themselves. In his review of this topic
Fiennes (9) sub-divides it into four main mechanisms of ccnduction.

These are Bridging, Fritting, Cavity conduction and Ionic conduction.
Ee stresses, however, that these sub-divisions are by no means muiually
exclusive,

Before an'analysis of the particular dielectric brezkdown reporied
in this chapter is attempted, a brief description of the above conduction

mechanisms is given.

2.3.,1 Bridge Formation

The work of Kok (10) has shown that this form of dielectric break-
dewn centres on the presence of impurities in the liguid film, These may
be particles of foreign matter or, more rnotable for this research, aggregates
of constituent molecules of the liguid itself, Théir rrature dictales that
these particles will have a different dielectric constant to the bulk
fluid, and this in itself will cause field distortion and polarisation.
If the field in which the particles are moving is inhomogeneous they will
tend to drift to the region of maximum electric stress along the field
lines ~ the process of dielectrophoresis. Cn contact with onzs electrode,
a conducting particle will be charged accordingly causing field distortions
that will impel it towzrds theopposite electrodes, Non-conducting particles,
when they come into contact with an electrode, have some of their surface
polarisation charge neutralised producing a net charge of the oprosite
polarity and are then repelled, These particles will accumulate in the
region of minimum potential energy, due to dipolar attractive forces., The

stability of these congregations will increase as their number increases
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since they will bind together in positions which minimise the total
potential energy. Eventually they will stretch across the fluid film
creating a "bridge" or region of enhanced conductivity. The film then

breaks down elecirically, often accompanied by physical rupture.

3.3.,2  PFritting

This is a form of bridging, found in very thin insulating layers,
where the actual material of one, or both of the electrodes is drawn out
towards the opposite electrode. Pearson (11) proposed that high field
emission produces a 1océl softening of the electrodes azround surface
irregularities. Holm (12) covers this subject extensively. For the film
thicknesses found in this research, fritting only usually occurs where at
least one of the electrode materials melts and is drawn into the dielectric
fluid by electrostatic forces, The necessary field strength for fritting

T

to oceccur is quoted as 106 - 10" volts/cm.

3.3,3 Cavity Breakdown

There is a considerable amount of evidence (see Fiennes (9)) to
show that the ultimate dielectric strengtn of a liquid is limited by
the tendency to form cavities under the influence of an zpplied field,
These cavities allegedly form around impurities, dissolved microscopic
bubbles of gas, or vapour, It is alsc proposed that "cavity fluctuations®
exist on a statistical basis, especially for fluids of low cohesion
forces, such as hydrocarbons. Thes2 cavities grow when the electrostatic
pressure caused by the field exceeds the sum of the hydrostatic pressure
and surface tension forces. They can accelerate jionisation processes in
the liquid and dissociation of the liguid molecules, The vapour or gas
in the cavity is likely to have = lower intrinsic breakdown strength than

the liquid. The bubble can also distort in the field direction, bridging
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the electrodes and causing effective dielectric breakdown of the fluid
film, The field magnitude necessary tc initiate this breakdown in the

.
context of this research is atout 10~ volts/cm, although this value may be

gignificantly reduced if cavities of some kind are already present.

Be3el Tonic Conduction

This centres around the mobilities of icns, or ionized regions,
present in the fluid film, These molecular and/or macroscopic jons drift
in the applied fieid, the resulting linear charge motion constituting a -
form of conduction. Jachym (13), working on a liquid hydrocarbon, showed
thati the necessary activation energy decreased with applied field to a
constant minimum of 0+4eV at atout 2,000V/cm. The mobility of icnized
long chain hydrocarbons is markedly less than that of ionized oxygen and
water, probably present to some small degree in the fluids used here,
Although these oxygen and wzter ions would reduce the necessary applied
field for conducticn it is thought that their mobility and concentrations
would never rise to the level necessary for conduction of the sudden

nature experierced in this experimentzl system,

3.3.5 Proposed MNechkanism

The field applied 2cross the fluid films in this research fluc-
tuates at 1,0C0cycles/sec. The maximum voliage applied, prcducing it,is
40 pv (40 x 10-6 volts) peak to peak. The film thicknesses, derived from
the capacitance measurements and therefore only average values, at which
breakdovn occurred in these experiments, vwere of the order of 2,0803
(a2t the least). The maximum field these films experienced due to this
applied voltage alone, therefore, was 2 volts/em, oszcillating at 1000
cycles/sec. On the strength of these values compared with the minimum

fields necessary in each of the four possible breaxdown mechanisms the
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stability of these films seems assured. It is necessary to postulate,
therefore, how the local film thickness and/or the field sirength may be
varied, by the motion of the mercury; to allow any of these mechanisms

to take place.

The electron photomicrographs produced by Smith (1) ccupled with
the interferometric topology shown in Chapter 4, fig.10, indicate the large
. degree of heterogeneity of these films, The diagrams of fig,4.l0alsc indicate
that these irregularities in the chemisorbed film are largely reduced as -
the shear is increased, A few small regions of below-average film thick-
ness, seen as grey-blue specks in the microscope, remain, however, even
with increased shear, Tne film thickness at these points cannot be
measured, but, as no interference fringes are produced, they are well
below 2,0003 thick., These weak spots in the film are thought to be the
cause of these electrical breakdowns, A model of the variation of the
mercury-oil film interface at one of these wezk spois with applied shear
is shown in fig. 3.2.

In the absence of shear (fig. 3.2a) the surface tension of the
mercury will prevent it from fully penetrating the gap in the film. As
many results have shown these films exhibit a high degree of electrical
stability, even for thicknesses of 1,0002 or less, as long as no shear
is applied whilst the field is present.

nen the mercury is set in motion, however, the film becomes more
ordered. This, coupled with the increased pressure in the mercury as
shear is applied, causes much deeper penetration of the gap, fig. 3.2b.
Fot only will this decrease the local film thickness, possibly dowm to
4003 or less, but the large outcrop in the mercury surface will increase
the field concentration at this point. In these circumstances the field

could possibly approach the order necessary for the conduction mechanisms

to take place,
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Cf these mechanisms ionic conducticn has already been discounted
due to the field oscillation and dimensions. Cavity breakdewn also seems
unlikely in these circumstances as an increase in pressuve w¥ill reduce the
likelihood of cavity formation whilst increasing ‘he necessary field
strength, already of an unattainable magnitude,

Bridging and fritting, on the other hand, seem much mecre likely
under these conditions, The large field enhancement at the weak spots
would attract any free acid ions and polar groups, oxygen and water ions,
or particle impurities as described. This would be an accumulative
process, increasing the field strength which, in turn, would increase the
mumber and stability of the various particles. Simultaneously, the
increasing electrostatic forces would overcome the surface tension of the
mercury, drawing a column of it further into the gap. Thi process could
accelerate until dielectric breakdown occurr=d. The rapid increase in
conducitivity followed by sudden complete dielectric breakdown predicted

in ihe above model resemble the actual experimental results very closely.

2.3.6 Experimental Comparison

The actual breakdown will occur either when the gap between the
mercury and chrome oxide, coupled with the semiconduecting bridge intetween,
has decreased enough for a spark to jump the gap, or when the extruded
mercury actually makes metal-metal oxide contact., In either case the
fiecld will be instantly reduced causing the gap to widen and/or the con-
tacting mercury to break away in a globule., The conductivity should,
therefore, decrease until the same process builds up agzin., Tais is not
observed experimentally, Once breakdown occurred there were no cases of
dielectiric reccvery. It is thought that this could have been due to debris
being present after the initial breakdown, forming a highly conducting

bridge through the oil film. The conducting debris might be vapourised
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mercury, or particles of chrome and chromo oxide formed when the suiden
cenduction, or spark, produced local heating on the two surfaces. Any
globules of mercury present would have a similar effect in foraing e
bridge.

The permanence of this conducting bridge, indicating toth dielectiric
and physical brezkdown, was illustrated by leaving the field off for sev-
eral days, after which time no change was cbserved when the circuit was
again closed. In later experiments, when these breakdowm mechanisms were
more fully undersitood, removal of the conducting bridge was attempted by
applying shear with the field switched off., It was supposed that the exira
énergy imparted by the motion of the mercury Yould cause the now free
particles constituting the bridge to dissociate by random motion.
Surprisingly, there was only one case where 2 partial dielectric racovery
was observed, Even then, the recovery lasted only ten seconds crnce the
field was applied in the absence of shear.

There are two possible reasons for these results:

(i) The residual chemisorbed film is so solid and coherent that
once the bridge has formed in the weak épot it is wvirtually sealed into
position,

(ii) In the absence of the applied field some form of electrostatic
field exists, both when the mercury is stationary or in motion, such that
the bridge, once formed, remains stable.

The first possibility is contrary to the original formation of
the bridge. It is also not compatible with the known chemical siruciure
and observed form of the films,

The second possibility concurs with the work and hypotneses of
Deryagin et al (14,15). It is also a forerunner of results descrited later

in this thesis, where the whole effect will be discussed more fully,
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3,4 Cor.clusions

Thick films, as described by Smith (1), have been shown tc exist
for various concentrations of stearic acid in hexadecane. The thickness
of these films has bzen correlated with the variation of reactivity of
the oxidised metal substrates.

Capacitance measurements of the resistance to shear of these films
could not be obtained with the technigque descrited due to dielectiric
instabilities at "weak spots" in the chemisorbed layer. Bridzing and
fritting, advanced to explain this dielectric brezkdown, suggest the
existence of a permanent electrostatic field, pcssibly as an inherent
property of these thick films.

The capacitance measurement technique (aided by the preliminary
use of optical interferometry) showed the thick films were little affected
by a tangsntial shear of 100 dynes,/cm2 (01 gms/cmz}. Turther experimenis
utilizing these two techniques could now be carried out applying wmuch

larger maxirmum shear stresses. These experiments are described in the

following chapter.



CITAPTER 4

VECHANICAL PROPERTIES OF THICK FIINS

4,1 Introduction

In this chapter some of the mechanical properties of +he thick
residual films formed by a range of aliphatic acid solutions are inves-~

tigated, Similar work has been carried out by Needs (1) and more
¥

[

extensively by Fuks (2,3) using a loaded disc. As described earlier,
these results are in doubt due to possible contamination éf their systems,
more especially by dirt particles. WNevertheless a brief review of their
findings is given here before the results of this chapter are descrited,

so that comparisons may be made,

-

The more impressive results were obtained by Puks {2). Xe performed
many experiments with apparatus vefy similar to Needs'. Two sm2ll flat
discs were submerged in the test fluid with normal loading and the
variation of film thickness with time was observed. The film thicknesses
were calculated from measurements of the capacitance tetween two remotely
located discs, one of which was attached to one test plate, For thicknesses
of approximately 2008 and above he claimed an accuracy of i_1003.

Fuks found that the addition of a 0«1} of stearic acid io 1:5-20
0il ("a chromatographically separated naphthene-paraffin fraction™)
inereased the residual film thickness by atout 1,5003. It is notable
that the 1'5~20 0il alone produced a 2,0003 film, Lowervmolecular weight
hydrocarbons such as benzene, hexane, cyclohexane, iso-octane and decane
were extruded from between the surfaces in about one hour leaving no

residual film, This means that solid contaminants larger than 2008

dimensions musti have beon excluded from these experiments,
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Using a O+1% solution of palmatic acid in M5-20 o0il Fuks showed
that the residual films thinnaed very 1little beyond contact pressures of
100 ési._ The film thinned to approximately 1,3002 for pressures up to
100 psi, whereas further increments to 300 p=i reducéd the film by only
a further 4002. Needs also observed such a response to normal loading
for stresses up to 800 psi with five different oils, Agzain, beyond a
stress of about 100 psi, little extra thinning cccurred.

Puks found that when the applied normal stress was relaxed the
residual films thickened, or recovered, fig. 4.1.a.- Tor & load of 6.4 psi
the thick filﬁ stabilised at 2,7002, but on reducing the stress to 3.2 psi
the film thickens to about 3,2C02. The trend was revealed for different
load variations and fluids, the recovery apparently needing around one
heur for completion. He tested several fatty acids dissolved in various
solvents on stzel, aluminium oxide and quartz plates, The thickest films

were produced on steel, decreasing with diminishing surface energy in the

order steel, .-’1.1203 and quartz, These films were from 100% to 200% thinner
on AIZO3 than on steel znd decreased a further 1001 *o 4003 cn guariz,

For each fatty acid he found that the residual films increased slightly
when the hydrocarbon chain length of the solvent was increased., Also, the
thick films were enhanced with increasing faity =zcid concentration, up

to Puks' maximum of 02 by weight.

Tuks 2lso performed a series of experimegts in which the static
shear strength of the thick films was measurcd. He found that the shear
strength of an iso-octane-palmitic acid solution was.three times greater
on steel surfaces than on quartz for a film thickness of 6003. The shear
resistance of a benzene-stearic acid solution was markedly lower than the
comparable iso-octane solution at the same film thickness., For really
thick films, i.e. above 2,5003, he showed that the shear strength increased

. . " 2 .
with decreasing fatty acid concentration, i.ec. 7 gn/em® for a 0+1% solution
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Fig. 4.1b Residual Film thickness related to applied stress

for a 0.01% som. of Palmitic Acid in MS-20
(from Fuks (3 ))
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compared with 40 gm/cm2 for a 0:00%) solution. The increase in concentration
decreased the time necessary to reach the stable residuzl film and consiant
shear resistance,
' Needs also carried cut tests on the shear resistance of his thick
« : .
films with similar resulis to Fuks., He discovered that the static shear
resistance of olive o0il was some T to 9 times the kinetic resistance.
Fur@her, the kinetic shear resistance dropped to its low level in about
20 minutzs but needed about 3 hours to regein the static shear resistance
value .once relative motion between the sieel flats was stopped. XNeeds
concluded that the bulk viscosity of the [luid_and, at the same time, the
viscosity in the normal direction approached infinity. Terzaghi (4)
observed similar behaviour with clay-water soluticns which he attributed
to molecular reorientation and long time recovery.

Tuks provided more data on thick film shear strength in his recent
work (3). He also derived a friction formula for boundary lubrication
which related the role played by intimate contact between asperities of
the solid surfaces, the shear resistance offered by the adsorbed monolayer
and the shear resistance of the thick (multimolecular) film. Ee stated
that the coefficient of friction for unlubricated surfaces lies within
a range of 0+5 to 7; for adsorbed monolayers 0«1 to 0+2 and for thick
films from 0+01 to 0:02. 1In hydrodynamic lubricaticn these.ccefficients
lie between 0:C01.and 0-00€,

At 20°%Con steel surfaces Fuks found that ihe thick film produced
by a turbine 0il (of unknewn constitution) decreased from 1,2032 to 8002
when she2r is induced under a2 normzl load of 8.5 psi. With the addition
of 0+%% palmitic acid the static film increasesd to 1,9003, dropping to
1,2003 when tangential shear was applied. These and other results are
given in Table 1 of Appendix B, ‘hen the normal load was inereased to

25 psi the thick film, initially 1,2003 thick, fell to 9003 with shear,
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Tt followed that the shear stress was rvelated directly tc the £ilm thickness

aboui twe orders of magnitude below ‘the normal stress, for any particular

independent of these chain lenziths, He revea

o
o
u
3
oy
(0]

solvent chain length greatily cexceeded that of the faiiy acid, the siatlc

coefficient of fricticon csased to bte & linear function of chain lergtih.
Such a linear relstionship was exhibited by various fatiy zcid solutions
J

in both benzene and iso-ccizne. These resultz are shewm in fig, 4.2,
The relationship, revealed by Tuks, between normzl streszs and shear stress

as a function of chain length of the solvent 1s given in Table 2 of

: . . - e . T s . .
Appendix B, The films were produced ty $+05: solutions of sitzaric acid
//\r\c’ FR Pt P | b ¢
and were 60204 thick in all caces,

Pinally, Tuks carried out scme s3liding “"four-bzll” experimants

relationship between the coefficient of friction and the fatiiy acid chain

length described above, An importent practical finding therefore is that

the effects cbhserved at low contzct siressea still cccurrad a2t nrigh

contact streszes, i.,2. under similar conditicns to thore zuparienced in

most lubrication conditions,
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Fig. 4.2 Static coefficient of friction of 'Polymolecular!'
films v. fatty acid carbon chain length (3).
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4 kg/cmz, 0.1% fatty acid



77

&

D
%)
—
s
"
—
]

nes and the colid surface - "chemical activity of the molecule
is of no significance here", Ceneraily, Tuxs aliribvuicd the observed
telizviour of the thick films to adsorvtion coupled with an unsgecified

interaction of solvent and fatty acid molecules,

4,1.2  FProposend Sxperiments

ot all of Fuks! reasults are reviewed because of the limitations

.

of the spparatus uszd in this research, Nost notably, the temperaiure

ffects could not be studied due to the cell construction and the risk of

mercury poisoning. Several interesting variables were explored, however,
namelys
a, Variation of film thickness with concentration.

b, Variation of film thickness with substr rate,
¢. Variation of film thickness with growing time.

d. Effect on resistacce to shear of ithick films of ssveral com-~
e. Variations in resistance to shesa? and film thickness of residual
films produced vy fatty azcids of different chain lengths,

f. Recovery properties of residual films on cessation of tangential

shear,
Of these, a, and b. are covered in the previous chapte>» znd ¢, in
Chapter 5.3.1. The remaining =ffects arc siudied both electrically and
— .
i.terfervometr*c111j and described in this chapter, 7Tre resulic are com-

pared with those of Tuks and any correlations discusced,

Yorigerd Trunerimental Toernicus snd Dizecussion

ot

-
BV
e}

Tn order that the residual films should remain electrically stable
whilst undergoing shear the tochnique develogped in Chapler 3,547 was
expanded. T£is circumvented the problenm of eleetrical treakdeown during
shear by never having the bridgz circuit o

moticn, Up to the point where the thick filss had ULoon preduccd in the
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cell the procedure was exactly the same as in section 3.3.

(o8
o7

(44

Before the mercury was set in motion to produce shear, the

was opened. The pump motor was then switched on and the screw

ek

circuil
clip adjusted to give the required flow rate, i.e. shear. This shear was
applied for two minutes and then the screw clip was closed and the pump
stopred., The bridge was immediately switched on and the values of
citance and conductance read for each of the three c:pacitp_'ﬁiétas.

This procedure was repeated, either at the same shear, or for an increased

value, until the maximum possible shear for the particular cell was reached,
¥ M

As ribed in Chapter 2.3.3, this maximum value degpended on the separation
of the restricted section of the cell where the chrome plates are situated,

The iwo minute duration for ths application ¢f shear was chosen
for two reasons, Tirstly it was long enough to show varialicns in the
capacitance readings for any increase in the shear, Secondly it wzs short
enoughn to be repeated several times at a constant value of shear to show
the variation of film thickness at that shear over a prolenged period of
application,

411 the experiments conducted in this revised manner used cells
vltn semi-reflecting ct rcmlun layers as capaciior plates, The thicknass
of the residual films couvld thus be observed both optically and elscirically

at any time, At first ihe colour interfserenc2 patierns wers used to check

culated from the capacitance readings. Trese fringss were alszo very useful,

layers, and also for investigating variations in thelr stricturs wnilst
3 (&)

actually undergoing shear, when no capacitance readings could be lzken,
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e

nounsions

were expoesed to shear, and if so, to what extent, Theie tesis weve again
carried cut on concentrations bty weignht of stearic acid in hexadncane,
The tests using the original technique involved allowing the fatiy acid
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and couplied with

the comparalively short growing pericd of 20 minutes the rosultani chemi-
scrbed film was almost certainly lzas colierent then usuzi. Taizs would

result in local large differences in the thickness of the rasidual layer
ard, as the capocitance is a measure the average £ilm thickness, sueh
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his average could well te expected for this case. An

o

discontinuities in
experiment carried out for this concentration where only ten minutes were
allowed for growing and a further ten minutes for hydrostatic thinning
produced more marked discontinuities in its thinning curve agzinst shear,

A more important fact was that the conductivity in this test rose well

above the Q/IU' value, whereas in all the other tests this margin was

never reached. Tnis, again, indicates an inccmpletely formed, or incoherent,

residual film., In this one tsgt the residuzl film thinned tc a minimum

' o)
value of spproximately 1,000% under the maximum shear of 150 rewtons/nm trp

and the conductivity remained at the high value of approuimately EDOJMII

(‘F
=
<
&)
s
s
g

throughout the experiment. This was the only case where this

b=ty

£ilm thickness fell significently below 1,5004..

Tn all the other experiments, as fig. 4.3 shows, the finz]l residua
£ilm thicknesses 1eft after the maximum applicatle zhezr of 150 rewtons/
metre2 wer2 very closely centred around the 1,5C0X mark, In all these

tests the maximum shear was applied for 6C minutes, but no furt

3
I
C).a
-t
3
i
[\
o
(+
o
0
o
=
©

ficant reduction in these film thicknesses occur
cases the residual films appeared to increase slightly in thickness during
this lengthy period of shear.
Prom these results it appears thai, apart from the cne exception,

the many different starting conditions had very little effect on the

‘s s oA Ps - . A 400 2
behaviour of these chemisorbed films above a shear of 100 newicons/metre”.
Tre exception indicates that there must be enough faity acid and enough
reaction time for a coherent chemiscrbed film 1o te produced on ithe metal
surface, It is very interesting to note, howover, thzl once the minimum
levels for these criterea have been achioved ithe hehavicur of ike resulting

o

residual films under shear is viriunally indep:ndeat of their ianitinl

thickness, period of existance or fatty acid concentration,
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Although these results have teen oblainsd solely for various
soclutions of stearic acid in hexadecane it soems reasonable to assume

thaet similar effects would ve exhibited by most solutions of lattiy acids
i

in hydrocarton solvents on the understanding that ithey produced a residua

film, This assumpticn is based on the fact that these films are of

]

thzt the time

[T 1754

[ N
[0

predominantly chemical nature, A further assumption

e produced by all the

(&)
o

necessary for a well established coherent film &

fatty acids tested will be of the same order as that for stearic acid,

o2 Residual Films of Various Fa

o
sl

ty Acids

In these experiments fatty acids of increasing hydrccarlbon chain

9]

length were dissolved in 0-%: solutions by weight in hexadecane. There
was one exception, that of caproic acid, where a C<25). by weight solution

was used, This, as explained later, was in order that z sufficiently

endu”ab}e residual film was formed. Tne results in the previous section

showed that the tehaviour of these residuwal {ilms under shear was largely
independent of the initial conditions experienced by the solutions. It
was dscided, however, that the conditions should te standardised for these
experiments to simplify comparisons of the results, To this purpose zll
the test fluids were allowed a thirty minute growing pericd and then a
twenty minute duration of kydrostatic thinning before shear was applied,

The errcs in these results were calculated from two major factors,

1. Capacitance readings taken for high values of conductivity
contzined an inherant errcr tzbulated in the calibration curves of
Chapter 2, fig. 2.7,

2. The three capacitors present in each cell were of the same area

and, to a relatively high degvee of accuracy, erporienced equal =mounts

-

of sheazr. They snould, therefores, exhibit residual films of equal thicknoess,

$-

an

i.e. equal capacitance., TFrom any variations in these ihree values of

capacitance, therefore, the siandard deviation was calculated.
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In the few cases where both these errors occurrad simullancounly
it was c16ed o add the t{wo calcu
The error calculated from caszse 2 above wzs not includeld in any

of the results for low shear, Tnls was because the thrae capacitors

invariably exhibited an increase in residual film thickness along the lire
of shear sfter a few two minute peviods of low shear had teen applied.

This was almost certainly due to surplus fluid which nad been trapped in

the enmeshaed fibrillar siructure of these films being squeezed out and

carrizd along to the next cavacitor, whieh would thus give a slighily

this a5 apparently hemispherical globulss of fluid were seen to te forced

from the first capacitor to the seccond, and sc on. The diamcier cf the

no greater than 40 ncwtor°/m3 fre ) these

acids with shear ave shown in fig. 4.4. Thaese may b2 compared with the

siearic acid curves of fig., 4.3. The curves tend to fall into two

i. Those that exhlbit con

cougpled with a varying degree of elocirical inniabiliiy, Thesze are

The three fatty acid solulicns in the first calsgowy thin to

relatively low final v thicknensen, fThe o te ~ 92
Q . . . - )
the Beheaic acid to ~ 7008 and e Zapvoic sl lo a2 ment 47Ca. Tt is
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fig. 4.5 Final film thickngsses after shear of
150 newtons/metre” v. fatty acid chain
length
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lower resistance to shear by their continued
second category, their final residual thicknessos urderwent €0 minutes of

. A .3 s .
conbtinuwous maximum shear (i.e. 150 newtons/meire” ) with nc further thimning.

ner words, these thinner films remained stable for this degree of shear,

residual films aﬁle to withstand 60 minuies of ithe maximum applicabla shear,
The Vyristic acid thlro to 1,6 'C%, the siearic zcid to 1,5Cu2 and the
palmitic acid to 1,8002.

The constant film thicknesses were reached for values of shear
vetween 40 and €0 newtons/sq. metre. This early veriod, as already mea-
tioned, saw the removal of surplus fluid from the chemisorited film struciure.
It appezrs, therefore, that once this surplus {luid had been squsezed {rom
the films in the second category, little further thinning took place,

This was corroborated by the interferometiric cbservations of thess films.

These final film thicknesces are plotted a2gainct the number of
carton atoﬁs in the fatty acid molecule, i.e. hydrocarbon cha in length,
in fig. 4.5. The curve shows a marked peak for palmitic acid which has

s

£

16 carbon atoms in its hydrocarbon chain. As the name implies this
alsc the number of carbon atoms in the hexadecane molecule, This effect
is known as chain matching, and is discussed fully at the end of this

chapter,

4.3.53 Conduntivity of th=s
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The conductivity of these residua
bears no direct relationship to their thickness. Ieverthsless, it does
give a qualitative measure of how well formed and coherent tlicse films

are, 4igain these results can be split into two caiegories, each containing

the same fat ty acids as in thie previous cection. The curves for the

acids are zhovwn in

Ve
[¢]

nyristic, palmitic and steari



thw laurie, hehenic and caproic acids in

results are teoken as the standacd deviaticn of the sprzad ¢f the conduct-

>
I3 “
-
=
[}
[
o]
<t

similar, Thes conductivity readings remnin proctically constan
' 2

15fo', up te a shaar of 30 newtons/metre”, and then apprear to incresase

reasonably linearly, with similar gradients, until the maximun shesr is

Teached, The firal values of conductivity, i.e. 6?jﬂ1 : SSJFU and q;JuU

p )

for the stearic, myristic and palmitic acilds respec

o3

rirtually no errors in capacitance readings above 2 nanofaradas,
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Tnis level is well below the values of capacitance equivalant to the
relevant film thicknesses, It appears, therefore, thal ihese ihree sclutions
rroduce residual layers of comparatively high electriczl stzbilidy, the
palmnitic acid film evidently being the most stable,

The ‘,81dagﬁ lav=rs produced by the fatty acids in the second

category extiibit much larger conductivity increases with shear, The

lauric and behenie acids show cc:
below 80 newtons/sq. metre, After this the iwc films' conductivities
increase morse rap*dWy, with similar gzradients, tc waluss of ZSOJPZI and
R4ifﬂf respacetively. Although these walues arz comparat

calibration chart of Chapler?2.shows ihat the a2quivalent carzsitance veadings

ity of thesz layers compavad wilth those in the fivst

saturaticn in the amp

readings ¢f approximate

ters and undo s Vitge condliiona tne vesalis sro

s

contact for thecze capac



Fig. 4.6

Conductance against shear for the
atching fatty acid, hexa-
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Fig. 4.7 Conductance against shear for the nor-
chain matching fatty acid - hexadecznz
solutions
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Fig. 4.8 Conductance after shear of 130 newtons/metre2
v. fatty acid chain length
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a thirty minute growing period followed by twenily minutes ¢f hydrostziic
thinning before shear was applied. They were then subjecied o five two-
minute periods of shear below 50 newtons/sq. metrz to remove all the
obvious surplus fluid as deseribed in section 4.3.7. After this the test
shear of 120 newtons/metre” was applied for periods varying from two
minutes to sixiy minutes, Immediately this shear was stopped p watch
was started and any variations in the capacitance of the films observed.

The resulting curves are shown in fizg. 4.9. Cnly the curves for
the two extremes of duration of shear sre plottad because the other

results, for 15 minu
for the £0 minute period.

of the residual film thicknesse The film

, . ; o]
minutes of this shear recovers from 1 SOR +5 nearly 2,C00i
’ ¥ < '

growth being over the first 3Cm

of st

longer peri

in all cases, They increase to this

Tie very largs recovery

minutes is almost certainly due

te and 40 minute periods, are almost duplicates

3

ear, however, recover Ly less than
thickness wit!
showvn by the film sheared for jusi

in the main to5 the

¢f those

As can be se2n, btoilh curves show some recovery

Vhﬁt undergoes a mere two

most of this
t experience the

5o%

to ~ 1,700

)
Is!

in 20 minutes.

two

reznants of the surplus

fluid the bulk of which was removad by the earlier rslztiively low shear,
This fiuid, although mere secureiy enmeshed in the fibrillar siructure of
the thick film, caznnot be considered as a consiituent part of the film as
Lit ié removed by preclenged sheering, Again, this is su*;ofted by inter-
ferocmetric observations. Temisgpgherical globules, of one or two orders of
magnitude smaller than those described earlier, were seen fto form and grow.
They appeared firmly fixed until they reached a criticzl size, apparently
determined by the local geometry of the film surface, when gquite suddenly
they would move off along the surface of the film in the i.ection.cf the
rercury flow. After approximately 5 minutec of continuous shearing no -
remaining gloobules could b2 observed, It must be stressed that the poor
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Fig. 4.9 Recovery of thick films of stearic
acid after various pericds of shear
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C) After 60 mins of shear up to 120 newtons/m2
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irtorferonelric conditions and the smal
33 2 P ~ - ~ ~ ~ R <~ S s~ P ey
difficult to detsct, more so than the lnrger ones menticned earlier,

They were not obzerved, therefors, uatil suclh phenonena ware spacificzlly

- £ 3 1 S a ) - < - - e S~ s o 2
ke fact that similar recovery curves werc producad bty ke films

prodoced by stearic acid,

in order to verify their existence, It hecame apparent that the inter-
feromatric technigue could %e used to ohsarve the behaviour of ihe residual
filnm thickresses

of these cobscrvaticons

together with further optical

P Trposrap

r of the Thick Filns

ar'S 2

The diagrzms of fiz. 4.10 represent typiecal interferometiric pztierns
produced by a thick film in varicus stages of thninning. The film was
chamisorbed from a 0+1) sisaric acid-hexadecane sclution afier a 30 minute
growing period. A% the Tveginning of the hydrestatic ihimning process no

s

fringss could bs ohserved through the microscope the film being too thick,

After 30 minutes, hovever, discernable interfererce patterns appeared and

the microscope was centred on onz of the most interesting of these and

fixed for the rest. of the experiment, .Fig., 4.10, therefore, srows four

-

aspzcts of tha same feature in the thick film. Although the maximum

nmagrnification of the microscopz was X180, the copying process included a



(a) After 70 minutes of hydrostatic (k) Thick film after 2 days of
thinning ' hydrostatic thinning

N .
2l \
B1. ; NS~ PPN

-

" : R e e~
- 1

(c) Film undergoigg shear of 40 (d) Final residual film after
Newtons/metre shearing of 150 Newtons/metre

v

Fig. 4.10 Interferometric topography of stearic
acid thick film
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further approxinate magmificat

M daTa)

Fication for ths diagrams of atout X2C00C0., In cach figure the shnded a
correspond to the ihinner regions of ithe [ilm

Tig. 4.10,2 shows the interferomstric patiern afller aboul 70

3 - 2 myn T s R ] K - s -~ PR kS ]
minutes of thinning due to the nydrostatic pressure ol mercury. AL ihis

£ilm, was very slight but just detectable over a period cf minu
fringe colours were alsc very fainl at this stage. The capacilianes el

this time was read a5 3+1 nanofarads. This corresponds to an averazge film
thickness of wa,SOGi, assuming a 2ielectric constant of 2+2 for the film,

Even at this early stage the film was nct wniform but can be seen 1o have
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consisted of 'hills!' and walleys', varying as much a

The residual film patiern, after two days of thinning, is shown

=y
o

in fizx, 4.10.b. Tre capacitance was 8+0 nancfarads corresponding to a

o
average [{ilm thickness of 2,500&. m™e fringes were now much clearer and

LG

the colours more distinct., The major features appear in the sams position

as in ihe previous diagram, their shapes chaging very little. The height

of the ouicrops has decreased to the ordar of S,CCOi, whereas the majoritory /

[e]

cf the film zppears between 2,000% and 3,500% thick,

s s R
Im whilst undergein

fre

Pig. 4.10.c shows this thick f

2 e o . . . . . -
40 newions/matre”, the arrow indicating the directicn of the marcuxry flow.

P Ly Y A, Falie 4y oy - B - -~ ~ - - :;'
shereas the bulk of the film agpears generally more uniform at eroumd 1,500%
F ol )

1o 2,CCGR thick, The capacitance could nct o measured vhilsti ithe mercury
was in moiion, but once siopped it was read as 11-2 nancfarads,
b) 2 :1

Two interesting features Love appesred in this diagram,

one of ‘the "hemisphierical glebulazs!" mentionsd carlier has growm near the
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contre of the fizure. It iz nctb poscible to estimate 4he heizht of this
feature accurately as the fringes overlap near the niddie, Tt Is unlikely,

p AN s
ho“evo , that it would bb rore than §,0004 deep at the mo-

measures over 1 cm,. in the diagram, which is eguivalent to mors than
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hemizpherical, but are eguasched flat by the apglied prescure, T1 is

intereating 1o note that the globule has growvn In {he 'shadow! of cone of

Fie

Tnese ohservations coupled w

globule under increzsed pressure seem to comply with the theory tiat they

[$0]

consist of surplus bzse fluid (hexadecane) sjueezed from the film siructura,
The other new feature was the appesrance of the dark regions
(grey-blue in colour) in the top left hand corner., These correspond to

film thicknesses below 1 SubA, and, almost certainly, to the ‘'wezk spots!
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mentioned in Chapter 3 in connection with
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thick films under shear, It cannot bte deduced how much thinner then 1, OE

the film is in this region, Ar interesting point, however, is that when i

the mercury flow was stopped these dark grey-blus areas disappeared almost

10

irmediately 2ing superimposed ty the »si r yellow fringe.
immedigtely, bzing superimposed bty the [ crder yellow fring

]

The fourtn diagram, fig. 4.1C.d4, shows the thick film zafter it has
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experienced 60 minutes of the maximum applicable shear (1

The film now appears as prademinately firsi order yellow, and the cutcrops
PP P ¥ ¥ 3 j¢

naving moved in that direction. They bzroly evcpb B,CCGg in neight,
. .- . . 1..,q‘.., e .
whilst the vast majority of the film is about 11,5008 thick. The capacitance

was measured at 134 nanofaradis. Tne darx grey-blue regions have increased

in number and no longer disappear wnen the shear ceases, although some of

them decrease in size, The interference patiterns now appear identical toth

9]
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Im is undergoing shrar and when the mereury ia stationary. In

s—t-

wien the i
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fzct the film was left for several days wiinh no furiher voriations in these

patterns.

Although the resulis desceribed were obtained with siearic nzid,wevy
o . . . N
similar interference patierns and irernds were observed for the myristic and

alove, bui, under shear, showed much larger rsgicns of dark grey-vlue, Yo
hemisphierical globules were observed vwhen the thick films of these acids

They were seen to enlargs and combine as the shear was increased ustil In
many positions they filled the field of view of the microscope. The

magnification, therefore, was reduced so that mest ¢f onz c
could be observed. Atcve a shear of 120 newtons/metre  these dark grey-Lius

raazs combined to produce a region with nc colcur fringes at all acrsoss the
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Table 4.1 Colour-thickness calibration

Actual Film thickness in 8 (10710 m).
Colour
1st order 2nd order 3rd order 4th order
Yellow 1,400 3,280 5,300 7,330
Red 1,880 3,000 6,000 8,000
Blue 2,370 4,250 6,300 8,700
Green 3,000 4,670 6,200
Table 4.2 Colour-capacitance calibration
Percentage Optical Corresponding
Colour Area Thickness (R) Capacitance/cm
Dark grey-blue ~ 5% < 1,200 R ~ 20nF/cm2=C1
1st order 5
Yellow ~ 80% 1,400 & 14.3nF/cm’=C,,
Ist order red 2
- green ~ 15% ~ 2,500 & ~ 8.0nF/cm“=C

3
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This gives a walus fer thd total capacitance of
Cc = Fhx C,+8 L ox Cp + 155 C3
[a)
= 13.64nF/em”
'This’compargs'with the capacitance measured in this case for ike
square cm. chrome plates of 13.4rF. 4lthough severzl gquantities in the
. above calculation are only vaguely assessed the similarity of these two
values indicate.that there is no significant va riatlon in the dielectric
nstant of the thick film constituents.'»Comparable calculations were

, solutions are of a predoeminantly chemical nature.

‘carried for other films produced by pilmltlc acid, myristic acid and lauric

acid with similar results.
that

retaln constant values of oetwe

in these experiments the relative perw1tt1v1

en 2 2 and 2-3,

.It seems reasonable to conclude, therefore,

y of the soap films

4.5 Ceﬁeral Discussion and Conclusions

4.5.1_ Summary.of Résult:

: The results of both Chapters 3 and 4 provide strong evidence that
. the thi

o

films adsorbed cn metal substirates from fatty acid-hydrocarbon

The interferometric -

patterns produced by these films concur with the electronphotomicrographs

obtained by Smith {5) showing the reaction product to be of an ermeshed

Ffibrillar structure.

The fibrils of these soap films are substantially aligned under

tangential shear in the directi

film The thickness of the xes

initial conditions, being mainly r

acid and solvent hydrocarbon.

"to shear and coherence of the

Only the caproic acid film was broken down physically,

of 120 Newtons/metre? ( ~ 1:2

gn/em?).

on of flow producin

ultlx films is

where chain matchi

5 a compzratively uniform

ated to the chain lengths of the fatty

ing occurred the resistiance

thick films were markedly enkanced.

above 2 shear

The greater endurance of the behenic



- 102 -

acid film indicates fhat thé snear stréggth of thick films generzally
increases with fatty acid chain length regardless of the molecular structure
of the solvent.

The films exhibit propertieé of recovery on cessation of tangential
shearing, suggesting some form of elastié defermation of their structure

under shear,

4,5.°2 Discussion and Conclusions

Before comparing any of the results described above with those
reported by Puks, some differences between the twd types of apparatus used
" should be mentioned. The most important variation is that the {hick films
produced in Fuks' apparatus underwen% shearing andAcompression within a
reservoir of test fluid. Repair of his thick films by the surplus surfactant
fatty acid additive, therefore, was possible throughout his experiments.
It has been shown that in this work the shearing method removes surplus
£est fluid very early in the shearing process, The thick films experience
starvation conditions and their ability to repair themselves is greatly
impaired. It seems reasonable to expect, therefore, thai the thick film
shear strength measured here should be Selow that measured by Fuks for the
same acid. Tne less marked recovery cazpabilities reported above may also be
accounted for in this way. Another difference is that thick films would be
expected 'to form on each surface of the two discs used in Fuks' experiments.
As a result the applied shear would be diésipated by deformations in both
films. In this work only one thick film is present, The absence of a so0lid
oxide layer on the mercury ﬁrevents any thick film formation on it, The
appl%pd shear must therefore be taken up by the one film, Also, the shearing
in fuks' work is predominantly static, whereas in this research it is
dynamic, The added possible complication of turbulence must therefcre be

taken into accsunt, as discussed in Appendix A,
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Although these facis undermine the value of quantit;tive compariscons
between the iwo sets of results there are some marked siéilarities. The
effects of acid chain length and various solvents detecﬁéd by Fuks, shown
in fig. 4.2, indicate .a similar interreiation§hip to- that foundlin this work,
figs. 4.5 and 4.8.‘ADecreasing coefficients of static friction, presumatly
_equivalent {o increasing film thicknesses, occur for inbreésing fatty acid
chain léngth. Fuks did not test any chain maiching sélutions and so, .
understandably, the effect does not show in‘his results, He also found
..8imilar increases iﬁ shear resistance for decreasing film thickness, com-
paring figs. 4.1.b with 4.3_and 4.4, DNevertneless, the actual values of
shear strength vary. He found that a 1,5003 thick film from a QfOSﬂ stearic
» agid i£.iso-octane solution had a shear strength of ~15 gm/cmg. In this
research therfinél residugi film of a 0+15% stearic acid-hexadecane solution,
also 1,5003 thick, was produced at a shear of 150 Newtons/metreg, .

Cd.e. ~ 145 gm/émz. This difference of an order of magnitude is probably
explained by the difference in- apparatus. iastly, he also detected recovery
bin the tﬁick filmé on decreasing the normal}load. It has already been

déscribed'in,this chapter how the presence‘of'a comparatively small amount
.of surplus test fluid produced a much larger effect than that due to the
thick film alone, see fig. 4.9. The large recover effects, shown in
fig. 4.1.a, repcrted by Fuks are almost certainly due mostly to the large
amount of surplus fluid present in his experiments, Nevertheless, a thick
film structure is necessary for any recovery to occur, and there is a
similarity between the periods of recovery in the two sets of results,

| The‘proﬁimity of these results produced on two very different tyres
of apparatus suggest that Fuks' research shculd be regarded as being
genefélly cofrect. On the cther hand, his theory that the shear properties
of the thick.films are largeiy independent of the chemical properties of the

surfactant molecules is almost certainly ﬁrong, as the films are actually
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produced by chemicél react&bﬁ.

| The relevance ofvthe‘thick films to most lubrication sysitems remains
unceriain., On the one hand Fuks observed that thgy reducéd the coefficients
of friction at 200,0C0" psi in a sliding four ball machine to_values gimilar
to those found at low pressures. Conflicting resulis were produced bj
-Gentle (6) using an’optical ball on disc apparatus to test é fluid, showm.
to form a thick éilﬁ in the ball apparatus, He found no reduction in the
‘coefficient of friction nor increase in the elast;ohydfodynamic £ilm thickness

at both high and relatively low contact pressures. It is possible that )

surface roughness plays an important role iﬁ the retention of the thick

fiims, once formed. Reasonably, the films Qay be expected to be retained

in the &alleys 5etWeen thg/larger'asﬁerities on which they would be reduced

to a monolayer, or completely removed. In this way they could keep such
asperity. contacts down to a minimum, resulting in a comparatively low
coefficient of friction.. Cn an extremely smooth surface, however, there

wbuld be no asperities to retain the films whenbsubjected to shear in excess’
,of.tﬁeir shear strength. The fact that Gentle used a2 highly polished tell
(bvetter than 1Ju inch c.l.a.) in his work to produce gocd interference

fringes may, therefore, account for the difference between his results ard
those of Fuks, if surface roughness is an important factor, P
The interferometric resulis described abeve, coupled with the

electrenphotomicrographs produced by Smith (5) are very strong evidence of

the fibrillar structure of thne thick films. The actual structure of the
individual fibrils should now be considered in relation to their measured
shear strength, Avxhmatov (7) discussed in some length the findings of
Bowde? and Tabor (8) that soap films were capable of withstanding considerable
defofmations without rupture owing to their high lateral cohesion, Akhmatov
did not accept this explanation, zrguing that the relevani London-Vander VWaal

dispersion ferces are too wesk to produce such a2 large increase in strength,
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© CH,
® COONQ

chains

Fig. 4.11 Scheme of Structure of a soap fibril. Carbon
of the soap molecules CH3 - (CH,) -~ COONa are per-
2'n
pendicular to the fikril length, B. The planes of
easy slip, S, are parallel to the length of the fibril

(according to Thiessen (9)).
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He invoked the presence.of é long range force field due to the metal sub-
strate to explain the effect, |

Thiessen (9) studied the fitrillar structure of soaps, showing that
the carbon chzins are'oriented‘roughly pérpendiculafly to the length of the
- soap filaments, see fig, 4;11. Akhmatov sssumed that these fibrils would
‘ b; arranged normal to thé ﬁetal surface and; therefore, that the chains were
aligned in the éirectibn of flow, He then argued that sliding would occur
between the methylene (CHZ) groups, the.weak London dispersion forces
' producing very little resistance to shear., The results described above and
by émith, however, indicate- that the fibrils are oriented somewhat randomly
betwéen the normal and horizontal. Their ﬂehaviour during shear further
indicates that'they are gﬁroﬁgly-adéorbed.at one end with the other end free
to become aligned appfoximately in theidirection of flow, It-éeems very
unlikely, therefore, that the carbon chains could be similarly aligned,
“giving a iow shear strength. The important factors in the shear résistance
;f these.fibrils, therefore, would be the elastic strength of their Qverali
cxystalliné'structure and fhe strength of the chemisorption bond at the
~ metal oxide iﬁterface. Of the two, the former is generally weaker,

Thé observed'importance of chain matching_of‘;cid and solvent
molecules to the thickness and shear sirength of these films can be explained
best also bty considering a randomly oriented crystalline [ibril siructure.
The lattice strength of crystals is known to decrease markedly.with inc-
reasing numbers of lattice defecis, or discontinuities., In the formation
of .the soap fiprils it seems reascnable that a large number of solvent
molecules would be trapped_in the fibril crystalline structure., The lateral
cohesion of_the pure hydrocarton would bte similar to that of the carton
chains of the soap molecules. Only in the plane of the dipole-dipole

jnteractions would the lack c¢f a polar end group slightly reduce the strength



- 107 -

of the crystal lattice. When the hydrocarbon is of dissimilar length to the
éoap molécules, discontinuities infthe lattice at the loci of the hydro-
carbons are almost certéin to result, producing a larger decrease in lattice
strength, TIf, however, the chain lengths match, then.these~defects would
“be reduced to a minimum, the resulting increase in lattice sirength bteing
generally larger than the_decfease'due to the lack .of polar end groups ig
the hydrocdfbons included in the close packed structure. A review of the
imfortant research showing the existence of chain matching is included in
Smith's Ph.D, Thesis (5), but only Smith himself and Askwith, Cameron and
Crouch (10) considered systems where thi;k films and/or polymolecular layers

may be produced.
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€HAPTER

EXPERINENTS WITH THZ RBALL APPARATUS

5.1 vIntroductiqn . o -

" The ball abparajus; used-extensively by Smith,(1), was included
in this research‘tp test fluids of unknown or complex chemical nature for
any,thiqk films, Tﬁose fluids producing thick films -could then be investi- |
gated further in the cell apparatus. This process proved a great time
savér, the ball apparatus being much quicker ana simpler to c¢lean and
opératé than the cell appératus. Dﬁring the course of these preliminary
.tests other anomolous effects appegred vhich were not exclusive to those
fluids producing thick, chemisorbed films. Further experiments were carried
out, therefore, in an afté;pt to isqiate these effects and throw some light
on their cause. It became clear that the apparatus in its present state
-was not sensitive encugh for these more specialised experiments.,

5.2 Experimental Procedure

Thichever gleansing method was used the freshly cleaned ball was
.quickly plunged ;nto the testAfluid,AabOVe the mercury in the test tube.
Af@er it had been left fully immersed in the lubricant for the required
period the ball was lowered gently into the mercury until completely covered,
a clock baing started simultaneously. The variation of the cépacitance cf
the system with time was noted, and from this a thinning curve for the
0il film plottea on log-log paper,

. In some‘cases the dry metal-mercury contact was checked before an
experiment. For this the ball was cleaned as before and immersed in a test
tube ;ontaining only mercury. -The conductance between the mercury and
specimen was then measured by the bridge. The test fluid was poured onto

the surface of the mercury, the ball raised until completely covered by the

0il and the process then continued as before.
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5.3 Results (& Discussions)

'5,3.1 - 0-1% Stearic Acid in Wexadecane

Work described in Chapter 3 demonstrated a positive relationship
between thg'final residual film thickness on the chrome substrates of the
cell apparatus and the concentration of stearic acid solutions in hexg—

. décane._ In this section - the variatidn of the final f£ilm thickness with
the time of immérsion of the metal surface in the test fluid prior to
thinning ({He growing~period) was investigated. -The aim ﬁas to establish
 experimentally the 0p£imum time necessary to grow & coherent chemisorbed
£ilm, '

The experiments were carried out fér growing periods increasing
from 5 minutes fo ien hougs,‘at aﬁbient temperature (i.e. 20°¢C - 2200).

As justified 0ptica11&‘iﬁ the previous chapter, the relative permittivity
of the solution was taken as being ~2¢2, The film thicknesses were cal-
éulaﬁed from thg capacitance readingé using this wvalue,

. The thinning curves of the fluilds are showp in fig. 5.1. .They
. demonstrate that the longer the growing period the slower the rate of
: thinning and the thiéker the final residual film., It is interesting that
for the solution grbﬁn for only fivé minutes the early region of the
thinning curve is affected by electrical instabglity. This is shown by the
error bars introduced because the conductance in the il film had risen
enough to affect the capacitanbe'readings, albeit only slightly, as demon-
strated in the calibration curves of Chapter 2, fig., 2,7. This instability
indicates that a coherent chemisorbed £film had not had time to form and
completely cover the ball surface resulting in regions of electrical
weakness in the film.r Possibly these were situated around asperities on
" the ‘ba.ll surface. After ten minutes, the conductance fell from ~ 200 pU
back to a value of less than 10}ﬂ1 . In.all the other thinning curves the
conductivity never rose above this 10qu region., It appeafs, therefore,

that the residual film continued to form over the entire surface of the
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Fig. 5.1 Residual film thickness v. growing time
for 0.1% stearic acid in hexadecane solutions
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10.
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Fig. 5.2a Growing period v. final film thickness for

0.1% stearic acid in hexadecarg solutions
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Fig. 5.2k Adsorption og stearic acid on copper
powder at 23°C (from Bowden and Tator (2))
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ball whilst undergoing sqﬁéeziﬁg by the mercury.

The final residual film thicknesses are plotted against growing
period in fig. 5.2.a, Initially the final film thickness increases
'rapidly; bgt for the growing periods above BO'minutés this tendency quickly
déclines. The errors in the first {iwo points on the graph are twice the
- mean deyiation calculated from the spreéd of results taken for repeated
exyerimenfs at éach growing period, This was the method used throughout
this chaptér to estimate errors, unless the conductivity had risen above
" the critical level given in the calibratioh curves of Chapter 2 fig. 2.7.
: Theée deviations‘are too small to show on the other ﬁoints bn the graph.

By varying ﬁhé temperature in Simiiar experiments with the ﬁail
apparatus Smith'(1) showed that, 5elow 100°C, 0+1% solutions of stearic
acid in hexadecane followed Arrhenius' Law, i.e.

U = ae~E/RT

where U is the chemical reaction rate,E and A are constants

depending on the reacting agents,(E is the activation energy)
& R is the gas constant,

and T'is the absolute temperature.
‘He quoteé this as béing further evidence of the chemical nature of thick
films, the film thickness being a direct measure of the degree to which
reaction has proceeded. Using this relationship there is a marked simil-
arity between the gfaph of fig. 5.2.a and that produced by Bowden and
Tabor (2) for the adsorption of stearic acid on copper powder, fig. 5.2.b.
They iﬂferpretgd the difference between the isotherms produced bj.the
acid and octadecyl alcohol as indicating continuous chemical reaction
between the copper and the faiiy acid producing a multiilayer, whereas the
alcohol prcduced a close packed physically adsorbed monolayer. They also
menfioned the appearance of a pale blue cclouration of the solution after
some hours, suggesting that some 6f the‘copper stearate reaction product

hdd dissolved in the solution, This may account for the apparent difference



-113-

in the multilayer thickneéées in the two graphs.

These curves cannot be interpretted in terms of siﬁple first,
second or third order chemical reactions, Reactions at a surface, however,
can usually be broken'into the following steps, according to YMoore (3)

(i) Diffusion of reactant(s) to surfaée.
(ii) Adsorption-of reactant(s) at surface.

(iii) Cﬁemical reaction on the surface.

(iv) Desorption of reaction products from surface.
(v) Diffusibn of products away from surface.

These aré consecutive steps, and if any one is much slower than
all the others it becomes rate determining; Usually step (iii) is slowest
and rate deterﬁining, but/as thefe was no obvious reaction order, this does
not appear to be the caée here, Diffusion, as in steps (i) and (v), is
normally a fapid process. It appears, therefore, that step (iv) is the
raté‘slowing process, i.e. the desorpiion of the reaction product from the
éurface is very slow., This corroborates the resulis of Chapter 4 where the
. tpi;k films were shown to consist of strongiy adsorbed fibrils cansisting
 mainly of thencrystalline and semi-crystalline reaction product (i.e. metal
 soap). Although some of the soap molecules and macro-molecules must desérb
to produce the observed fibrils if is apparent that the available number of
adsorption sites in the oxide layer will decrease rapidly once a monolayer
has formed, Further reactions probably occur at the relatively few new
sites made available from swelling and disintegration of the oxide layer
caused by the peretration of soap molecules,

The period necessary for a coherent multilayer to form probaﬁly
corrgéponds.to the knee in the graph occurring between 25 and 40 minutes.
In ﬁost of this work, therefore, a growing period of 30 minutes was used,
pr§ducing, for 0+1¢% stearic acid-hexadecane solutions, thick films between

4,000% and 5,000% with a high degree of reliability.
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5,3,2 The Fluids Supplied by rz.,;.s..n.;
| These fluids were supplied to be tested for their capabiliiies of
giving thick residual films before the mechanisms of such films were fully
unders}ood. Beéause of this they c;ver a wide range of chem;cal properties

and §iscosities which are given in Tagle 5.1. The dielectric constants
‘of some of these fluidé were known. The values for the remaining fluids-
were deduced using a hollow cylindrical cépacitor of-knowh separation., The
fluid concerhed éés infroduced into thé gap between the parallel plates
and the capacitance measured. Using the equation stated in Chapter 2 the
bﬁlk relative .permittivity of each fluid was then éalculated.

Amongst these fluids there are two diétinct groups, the esters and
the hydrocarbons. The remaining fluids ére grouped together for the sake

of convenience.

2. The Estefs

Four of the fluids supplied were esters and their thinning curves
are shown in fig. 5.3, Nohe of them gave any signs of residual films and
so, initially, were thought to be of little interest. OCn reexamination,

- however, sevéral points became apparenff

The first is tﬁat'thfee of the four fluids thin with a gradient of
about -5 in the latter half of their curves. This is eguivalent to a
relationship for the film thickness of

};oc(t)-% where t is the time of thinning.

Farlier workers iﬁ this field (4,5,6) using loaded parallel metal plates

to squeeze the.test fluid from between them also found such a—relationship.
As the StefanQReynolds equation covered the kinetics of these systems such
a relafionship would be expected if the behaviour of the tesf fluid were
Yewtonian, i.e. its viscosity remained constant, It may reasonably be
expecfed, therefore, that the fluids in the ball apparétus should also fit
this relationship, especizlly when the oil films are thin so that small

areas of the ball and mercury surfaces may be approximated to parallel metal
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Table 5.1 Density and kinematic viscosity of o
test fluids at room temperature ( 21°C)

3 Kinematic
Test Fluid Density (g/cm”™) viscosity
(c.stokes)
Pentaerythr}tol— 1.015 _ 26.98
tetravalerate - '
- Polyethyleneglycol
(UCON-LB165) 0.981 61.62
Squalane 0.807 32.55
Di(2-ethylhexyl)- 0.922 12.18
adipate
Di(2~ethylhexyl)-
3,3,4,4~tetramethyladi - 0.951 39.75
pate
Bicyclohexyl 0.883 3.96
3,3'-Dichlorodiphenyl.-
ether 1.281 ‘ 6.07
1,1,7-trihydroperfluoro-
heptylperfluoroglutorate 1.802 32.83
Dimethylsilicone
( 1000 c.stokes) 0.972 1028.5
Oleic acid 0.885 32.48
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plates. Any variations in the thinning‘curves of fluids in the later stages
from this relationship may therefore be interpreted as possible variations
in the fluid viscosity. For the purpose of comparisons the theoretical
gradient of -1 is shown on all the results of this chapter by dotted lines,

Bearing this in mind it can be seen_that 211 four fiuids diverge
slightly from this gradient near the ends of their.curves, i.e. from
thicknesses of 2,0008 dowgwards. Although these vafiations are small‘théy
oceur where the fluids should most fit the theory, i.,e. when a large time
has elapsed, and are therefore all the more interesting., If this effect
were due to random factors, such as surface asperities or dirt particles-
coming into play, then one would.expect these gradients to vary randomly
about the mean of -4, As they do.not vary randomly but uniformly, it
suggests that some commoﬂféroperty of the esters is being revealed. 3By
far the largest variation is for the Di(2—e{hy1hexy1)—3,3,44, Tetramethyl-
adipate which was dissolved in hexadecane in a 10% weight for weight con-
ceﬁtfa£ion. This was simply to bring down the rather high viscosity of
this fluid and hence ‘speed up the rate of thinning. The bulk viscosity
of the solution should be little more than that far pure hexadecane, yet if
) its thlnnlng plot is compared with those for the hydrocarbon, see fig. 5.4,
it is apparent that the former is alvays ‘thicker, i.e. it is thlnnlng more
slowly. This effect becomes more pronounced as the film thins and can be
explained as an increase in concentration of the ester in this region. This,
in turn, suggests preferantial attraqtion of -the ester to the metal surface,
i.q. some form of physicael adsorption.

As Oné would exp=ct, these curves show that the larger the vis-
cosity of a fluid the slower it thinned. If the values of the viscosities
forr;he’thrée fluids not dissolved in hexadecane are compared witn the
separation of their curves at any particular time, however, no simple

mathematiéél relationsnip can be fitted. It appears, therefore, that such

viscosity differences are only showm qualitatively in this apparatus.
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Lastly, the Di(2-ethylhexyl) ad-ipate curve is shorter than the
others, ending at the relatively large thickness of 1,5002. This is
‘because electrical breakdown occurreﬁ and no further capacitance readings
could pe taken, -With most fluids tﬂis electrical breakdown g;curred at
~ thicknesses between 4003 and 1,0003 and was.thbﬁght ta te due to the
surface roughness of.tﬁe ball, its largest asperities being in the order -
of 2503 to 4003. As mentioned in Chapter-B, field cgncentrations wiil
build up at these asperities causing a éreater electrical stress on the
fluid film which will also, proﬁably, be thinner at these points, Never—
tﬁeless, it is difficult to explain the eariy electrical breakdowm of the
‘Di (2-ethylhexyl) adipate in this way, éspeciélly as the fluid was tested
several times and nevér thinned below 1,5003 before bresking down electri-~
cally. It appears, therefore, that the fluid bhehaves in a somewhat different
manner near'the metal surface resulting in a decrease in its electrical -
stability. .

b, -The Hvdrocarbons

. The three hydrocarbons tested were squalane (hexamethyl-tetracosane),
“bicyclohexyl; and hexadecane, Of thesé the squalaﬁe was much more viscous
and therefore dissolved in he'xadecane to gi\_re a 50% concentration by weight,
thus increasing its rate of thinning.

In fig. 5.4 the squalane and bicyclohexyl appear to behgve as model
fluids. éoth thin with gradienis of exactly ~3. The more viscous squalane
thins slower than the bicyclchexyl down to thicknesses of between 4003 and
SOOX vihere electrical breakdorn occurs. The behaviour of nhexadecane,
however, is very different. |

-~ Many- tests were carrieéd out with this fluid, but the fesults-varied
quite markedly. ¥o single curve can be plotted o represent these exgeri~
mentsAand so the dotted lines are used instead to show the totel spread of
the results. A4S the viscosiiy of hexadeczne is only marginally less then

that of biCycloheiyl one would expect it to produce a thinning curve similzr
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Fig. 5.4 Thinning curves of some hydrocarbons

‘o
[moe e A e e SR e e e s e SEe— T S e—— - - et —— - s S e, -—
' ' I ]
1 — »
| H !
_ _ ,
] ]
v ' '
{ | _
_ ! )
]
I | |
! |
_ 1
]
_ |
! )
| ' )
o AP O g -IL\ri ————ee = O
. ! —
' ]
— {
| |
{ ) !
o 9] '
[(] S |
U o
@ — 1
! Ko o 1
1 d
_ » Q ]
! ) o] '
| < m. |
' U
o [d] 1
1 Lol T
\ d |
L % :
R < [ A A G o
I g 0 P -
9
. nm.. _IWJ_ w.‘ !
. ]
_ . o Yy [
o e o] |
_ — O 1
o} — o]
1 w U @
> 0
! 32 @) &
[ o — 2,
| [Ve) m [ %] B
oo/ m
_ Y Ve !
1
t 1
! __
P A i © |
' H -
| |
] ¢ .
[ . ; -
] o -v\
I e
<«
_ - _
]
| -~ i
s
| < |
. |
! I
_ _
t {
: |
| _ e
1 -
= AN ~-
0 <+ @ o
(@ o (®] Q
pm—— hand ~ 2

Film thickness in 2 (log scale)

Time in minutes (log scale)



-120-

to and just below the laiter's. The upfer dotted liqe'would fit this model
if it were extrapolated past 100 minutes, but the 1ower line would not,
In all the tests with the hexadecane the conductivity was unusually high,
over 1OOJuU’, evep'after only two té three minutes of thinni;g, which
correspopds to film thicknesses around 10,0002! This increased rapidlj_
“with fhinning and,,usdélly within 15 minutes, the conductance was so high
that the fiim was considered electricallj broken dowﬁ. The errors intro-
duced inﬁo the c;pacitance readings by:the high conductivity (shown by the
calibration curve of fig. 2.7 Chapter 2) accouni for the large variation
ih these results. "~ The cause of the high conductivity, however, was not
" understood. |

It was thought that the electric field created by the potenfial
applied across the film by the bridge terminals, although very small
(~0:4 volts/cm at the relvant film thickness), might be causing this
effect. To check'this three tests were carried out on the hexadecéne.
it was left to ﬁhin for ten, tweniy and thirty~minutes resﬁectiveiy before
the bridge terminals were connected, producing the field,-and any readings
! takén. In the first case the film was'already higﬁly coniducting, in the
order of BOOjﬂJ, whereas in the second and third tests the films had already
broken down electrically before the field was applied. It appears, therefore,
that this effect was'caused solely by some property of the fluid possibly
enhanced‘by the proximity of the metal surface., It was thought, however,
that the surface roughness of the bzll may well have promoted this elec-
trical instability.

¢. The Remaining N.A.S.A. Fluids

— These consisted of Dimethylsilicone, Oleic acid, 3,31-Dichloro-

diphenylether and Folyethyleneglycol, which was dissolved in nhexadecane

to giﬁe a2 10% solution by weight. Their thinning curves are shown in

fig. 5.5. .



Fig. 5.5 Thinning curves of some N.A.S.A. fluids
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The 3,31-dichlorodiphenyiether, 1ike the hydrocarboﬁs, thinned in
a model fashion, TIts curve has a gradient of exactly -3 and it thinned
down to 3003 before electrical breakdown occurred. The line is slightly
- higher than that for bicyciohexyl which is to be expected, as its viscosity
ié T7+7 c.stokes, cémrared with 4 for the hydrocarbon at ambient temperature.

The'dimefhylsiliqone fluid, thinned vefy much slower than thg other
fluids, having a-viscosity ofa1,020 c.stokes. At firét the gradient of
its thinning curve is almost exaectly -%, btut as tﬁe'film thins below
_20;0003 its apparent rate of thinning increases. At about 1,SOOX,.
i,e, after the fluid had been thinning for 14 days, the film's coﬁductivity
increased quite suddenly, with an accompanying large increase in capacitance.-
Within thirty minutes the film had coﬁpletely broken down electrically.,
Thi; sudden incréase in tﬁg‘conductivity of the film after fourtieen days of
stability indicates a variation of some kind in the dielectric properties
of the fluid in the region up to 1,5008 frbm the metal surface,

| The oleic acid result was very unexpected., Instead of giving a

thick residual film like the fatty acid solutions in hexadecane described

earlier, it broke down electrically within thirty minutes of the starf of
{its thinning., As a marked dependence on the growing period was exhibited

by the other acids éhe oleic acid was tested again-after being left to reactA
with the steel surface of the ball for an increased period of two hours,

. The resulting curve was almost identical with the original one shown in the
graph. It appears, therefore, that the oleic acid was behaving in a

similar way to the dimethylsilicone, though at a far greater film thickness
of ;pproximatelj'15,000ﬁ. The early results with the cell apparatus recorded
in Chapter 3 showed that complete electrical breakdowm of the oil film does
not negate the possibility of a chemisorbed thick residwal film existing,
only that it cannct be measured by capacitance techniques, It seems likely,
therefore, that the oleic acid may form such a residual film, but that

changes in iis elecirical properties dbeslow 15,0003 rrevent its deteciion Uy
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means of capacitance.

| The polyeihyleneglycol, having a viscosity of 62 c.sickes, was
dissolved in hexadecane to increase its rate of thinning. It should,
therefore, only have increased the bulk viscosity of the solution by a
small zmount éivihg a value of 6-8 c.stokes., It can be seen to have.thinned
much slower than the 3,317 dichlofﬁdiphenylether which has such a viscosity
of approximately 8 c.stokes. Cqupled with the fact that in the later
stéges of its thinning curve the gradient is less than ~-% it suggests that,
as with the estefrdissolved in hexadecane, this fluid is being preferentially
adsorbed at the metal surface, the effect becoming more ma£ked as the film
thins, Below 2,5003 th? condﬁctiyity of the film increased producing
errors in the capacitance readings, but complete electrical breakdown did
not occur until the film was 1,2003 thick., Nevertheless, this electrical

instability may not be explainable by the effects of asperities alone,

5,3.3 Comparisqn of Wet- and Dry-cleared Surfaces

} These reéults, shown in fig, 5.6; compare the effect of the different
. cleaning processes on the thinning of 0:1% stearic acid solutions in
hexadecane. In these tests each fluid was allowed a thirty minute growing
period, The two methods of cleéning the ball used were the wet cleaning
process of the ulirasonic agitation bath, and the dry cleaning process
utilising the ionic bombardment technique. The wet cleaning process is

so called because it removed all contaminants.from the metal surface with

a very high degree of reliability but left the oxide and hydroxide layers

wnich are present on most metals exposed to ztmospheric conditions. The

dry cleaning process, however, removes even these layers resulting in }

surfaces vwhich were both highly oleoghobie and hydrophobic.

On the wet cleaned ball the stearic acid solution produced a
residual film 4,0003 thick, whereas no residual film at all was detected

on the dry cleaned surface. This is very strong evidence that the residual

LN
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Fig. 5.6 Thinning curves of 0.1% stearic acid in hexadeczre -
solutions on wet and.dry cleaned metal substrates
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films fo ed are of a chemlcal nature, . The fatty acids alone are not
capable of detaching atoms from the pure metal surface to form the metal
soap. .The.layers of metallic oxide and/or hydroxide, however, contain metal
ions already rempved from the pure metal substrate enabling the above
reaction to téke place and,producing a chemisorbeires;dual £ilm,

It has been established, therefore, that a dry cleaned surface
prevents any- chemical reactlon taking place between the metal and stearlc
acid in hexadecane solutlon. The dlfference between the thinning curve
of this solution on a dry cleaned ball and the spread of results given by
pure hexadecans alone is therefore very interesting., The stearic aciad
appears to be able.to prevent the electrical instability of the hexadecane
causing electrical bréakdown of thé £ilm, This suggests either that the
mere presence of the écid';étards the mechanism which caused such a change
in the dielgciric properties of the hexadecane or that the stearic acid is
present in a much higher proportion than the bulk value of 0-15 w/w near

the metal surface. It is also noticeable fhat-in the later stages of its
thinning éurve this solution thinned more slowly, i.e. its gradient is
leés than.-%, indicating an apparent increase in viscosity of the film

-

“below 3,0002. These results suggest that some kind of adsorption of the

) utearlc acid from the hexadncane solution onto the metal surface is still

taklng place, and, as the dry cleaning process has been used, this

adsorption can only be of a physical nature.

5.3.4  Synthetic Paraffin Tith and Tithout Antiwesr Additive

. These fiuids were tested after interesting resulis were reported
by FParker and ¥Xannel (7) on their X-ray Disk Machine. This apparatus
operéEes in the regime of elastcﬁydrodynamic lubrication, and experiments
were carried out belween 1‘00 &. 6()O°E‘ . Some of their results tha

are of particular relevance to this research azre guoted below:
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"Cne unique resulti observed in using the additive-containing
iubricant.;. was the formation of a very obvious surface film on the disks,
This film exhibited very ﬁronounced dielectric properties when the disks
were loaded together statically. Tais film was not-piesent after tests
with the 1ﬁbric;nt ﬁithout the additive." These resulis are very similar
. to some reported earlier. in this work, The fluids were therefore tested
in the fall apparatus with the aid of a temperature bath, at 73°F, 200°F.
and BOOOF.’ The antivear additive used in the synthetiic paraffinic oil
" was desciibed as an drganic phosphenate, Although the'fluids had a
viséosity of neaily 500 c.stokes at ambient temperature it was decided not
to complicate matters by dissolving them iﬁ solutions of hexa&ecane. The

-

usual growing period of 30 miﬁutés»was allowed in all cases,

.The resulis ofrfﬂgée experiments are soon to be publishéd in a
paper by Gentle and the Author (8) and will therefore be dealt with com-
paratively briefly here, The six thinmning curves, two at each temperature,
are ého?n in fié. 5.7. |
2. At Iéof

Eoth fluids thinned almost identically over the first thirty
minutes. After this time the conductivity of the film of the synthetic
paraffin alone increased steadily until ceomplete electrical breakdown
occurred before 150 minutes had passed., The synthetic paraffin with anti-
wear additive, however, exhibited a very high degree of electrical
stability, continuing to thin for more than iwenty days before the con-
ducitivity rose to'approximately 350jﬂl at 2 film thickness of about
1,0003. It aléo appears that this film thinned faster than predicied
theoretically, by comparing its thinning gradient with that of -} (éhown
by éke doftéd line on the graph).

b, At 200°F
At this temperature the synthetié paraffin.alone thinned more

quickly than with the additive, agein treaking down elecirically before



=127~

Fig. 5.7 Thinning curves of synthetic paraffin
with and without additives at various

temperatures
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100 minutes had passed. The fluid with -the additive retained electrical
~stability throughout, thinning after seven days to a residual film
apparently SOOAO thick., The conductivity in this case remained below
50jd1, even afﬁef 20vdays had passed. This curve shows two _distinct
fegionsiwhere the ‘gradient increases from the theoretical value of -%,
one at A’1O,0002 and the second around 1,0003 priof to the residuvual film
{hickness being reached. . |

c. At 300°F )

The same pattern shown in cases a. and b, emerges ét this temp-
erature. The base fluid alone thinned more guickly, this rate increasing
_after 10 minutes until electrical breakdown occurred before 50 minutes
had passed., The fluid with the additi§e thinnedrto a residual film
approximately 3,000X.thid£—éfter one day., At this temperature, howéver,
this fluid gxhibited less electrical stability, the residuzl film brezking
down after two days. Again this curve exhibited an apparent increase in
the fate of thimming around a thickness of 10,0003.

ééverar interesting points are evident in these results,

(1) The films produced by the base fluid, i.e. the synthetic
paraffinic oil, wére electripally very unstable a2t all temperatures.

tii)_The addition of the organic phosphohate greatly improved this’
stébility at all temperatures, and produced residual filmg at 200°F and
300°F,

(iii) The thickness of these residual films increased.with temp-
erature, This is to be expected if tﬁe films are of a chemical nature,
aé.discussed earlier. t is also notable that, in all cases, the films
took longer to thin the lower the temperature. This is in agcordance with
theféccepteé relationship batween viscosity and temperature,

(iv) The apparent increzses in the rate of thimning of the fiuiad

M

with additive occurred at 211 three femperatures, rost notably around film

thicknesses of 10,0003. In the equation relating film thickness to czpa-
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tant of the 0il is assuned

&}

citance given in Chapter 2, the.dielcctric cons
to be constant. As an alternative to the films thinning more quickly,
therefore, it could be postulated that the dielectric constant of the oil
film increased‘at these points, It %ill be demonsirated in the next
6h5pter that an iﬂciease in the thinning rate is physically very ﬁnlikely,
involving a markéd decregse in the fluid viscosity., The possibility of
increases in the relative perﬁittivity of these thin fluid films, compared
with their bulk values, should therefore be taken>very.seriously. The
fact that Parker and Xannel also detected "pronoﬁnced dieléct;ic propsrties"
in thede residual films, using a different experimental technique, adds
more weight to this interpre%qtion of the results,

‘(v) If these dielectric-coﬁstant increasesldo, in fact, occur,
then the actual film thidiﬁesses will be greater than those shown in
fig. 5.7.', The residual filn at 200°F will be 1,000% in thickness, as
opposed to 5002; and the film at 3000F will increase from 3,000R to
~4,500% in thickness. The film at 73°F will have thinned only to
rvB;OOOg in twenty days, not to the 1,0002 shown, and may, therefore, still

produce a residual film,

5.4 Surmmazry

Because of the large volume of results listed in this chapter a
brief summary is given below.' The data of Section 5.3.1, i.é. the variation
of residual film thicknesses‘produced by 0+15% stearic acid-hexadecane
solutions with growing time, have been fully discussed., The irends
described below 2ll séem from the a;sumption that FNewtonian Fluids thin
with the relationship

- AN 1
r e (7
in the mercury squeeze film apparatus,

Apart from the synthetic pgfaffih plus antiwear additi&e the only

fluids producing residual thick films were fatty ecid-~hexadecane solutions.

The history of the synthetic paraffins is unknown and it is very likely
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that the orgénic phospﬁondte additive (an ester) could have hydrolyzed to
some degree producing the corresponding acid. Ko attempt was made to remcve
such polar confaminants eifher with silica gel or alumina as Kannel and Parker
had not done S04 As already mentioned, the experimenfs were carried cut for
cémparison‘with the fesults éf these workers., In the light of the results
of. this and earlier chapters it seems almost certain that some acid was
present-to a small extent causing the thick films.

The most interesting resulté of this chapter are the ancmolous
-variations in the gradientis of some fluid thinning curves., These resulis
may be split into thrée sections, those with gradients of -%, those above

'§: and those below.

a. Fluids Producing Gradients of %
These are remarkaﬁiy few in number, i.e. two pure hydrocarbons,
bicyclohexyl end squalane (hexamethyl tetracosane), and the 3,31-
dichlorodiphenylether, These all consist of non-polar molecules; are

chemically very unreactive, and may be considered approximately Newtonian.

b. Fluids Producing Gradients above -7

These fluids thinned more slowly than it is proposed they should
and were therefore considered to be showing anomolous viscosity increments,
preferential adsorption on the metal substrate cr a combiration of both,
They include all the esters, the polyethylere glycol (in hexadecane) an
alcohol, and the 0+15% stearic abid—hexadecane solution, which was testied on
a 'dry' cleaned ball. There was little possibility of chemical reaction in
any case., All these fluids conizin markedly polar molecules so it seems
reasonable to pfopose that some Xind of phyéical interactions between mole-
cules and metal substrate and/or molecules and molecules were occurring as
far out as 3,000% into the fluid,

B -, . . N 1
c. Fluids Froduecinzg Gradisnis below —s

There are two possible interpretations of this effeci., Either the

fluids were thinning more quickly than expected, i.e, thelr viscosiiy was



-131-

decreaSan from the bulk value, or their relative permittivity was increasing.
?luids‘that exnibited this behavioﬁr weré: the dimethylsilicone flﬁid,
oleic acid,bthe sjhthetic paraffin both with end without the antiwear
additive and, more variabiy, pure hexadecane., Overall these fluids do not
.possess any common properties, either prysical or chemical, Tt is unlikely,
therefore, thut one partlcula;‘process can account for these results. The
diverse range (fron 1, OOOR up to 1051\ at which the effect was first
observed corroborates this reasoning . « A thorough analysi; of similer
results is given at the eﬁd of Chapter 7, but, as a precursor to this, two
fluids bear further discussion here. ’
(i) Oleic Acid

it has a similar number of carbon atoms as stearic acid, but, dué

. , P
to differences in the hydrocarbon chain structure, is somewhat shorter
( ~181). Tevertheless it is chemically very similar and should have
produced a thick film., Tt has been described how it is possible for such a
film ﬁ;t to be detected in this apparatus. If the effect is inéerpreted as
merecly a Aecrease in the bulk viscosity of the acid, then this falls from
- 32.5 c.stokes to the order of 2 c.stokes in a period of 20 minutes. It is
much easier to accept, even before the mechanisms of such a visco;ity drop
are considered (Chapter 7) that there is an alternative cause, i.e. a dielec-
tric constant increment. As such an increase would mask the detection of
any thick f£ilm produced then this interpretation seems all the more likely.

(ii) Synthetic Paraffin plus Organic Thosghonate

Instead of an overzll large increase in the rate of thimning,
followed by diélectric breakdown, this solution exhibited several cshort
lived increments, remaining electrically stable down tc 1,0003 or less,
Theé;"s%eps} occurred at abduf 10,0003 and 1,0003 and were more clearly
defined at higher temperatures., .It has been mentioned that 2 long chain

acid is alﬁost certainly present in the solutions, although only in low

concentrations., Tais acid increased the electrical stability of tuﬂ synthetic
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paraffin as well as producing thick films, an effect also exhkibited by the
Stearié acid-hexadecane solutions. As tﬁe general behaviour of the vis-
cosity in tﬁese acid-hydrocarbon solutions is to increase from the bulk
value of the base fluid to infinity for the rigid thick film 1t is kard to
Believe that the viscosity will decrease during this érocesé. The féct
that the dimensions of the 'steps'-were not reduceq by increased temperature
also contradicts the possibility of viscosity decrease., Ii seems 1ikely;
therefore, that small dielectric constant_increments were taking place as
the concentration of vhosphonste and acid near the surface_increésed with
diminishing film thickness. It also appéars'that the ability of long ch;in
acids to produce dielectric increments varies markedly, increasing from
stearic acid (and the others tested in Chapter 4) through the phosphonic
acid to oleic acid. The §ﬁct that the first two cases were for low. con-

centrations of acid whereas oleic acid, being liquid at room temperature,

was tested in bulk nust also be taken into account,

t

5.5 Conclusions

Several anomalous variations in the bulk properties of the fluids
tested near the metal substrate have been observed. Apart from the formation
of thick chemisorted fiims the possible anomalies.are: |

a, Viscosity increments below.B,OOOE.

b. Viscosity decrements below 10,000%.

Ce Incfements in the relativg permittivity as far as SO,COOR into
the fluid, |

The poésibility of dielectric constants decreasing in value has been
checked in Chapter 4 and seems very unlikely.

) 'Theée effects appear'to ve basically physical. The viscesity
increases cccur for long chain polar molecules that, for various reasons,
are not able to react chemically,

The dielectric increments have tezen observed for long chain acids,

N

Tne possibility of viscosity decrement

&}
P

2ems highesi for the synthetic

.

L

4
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paraffin and, more especially, hexadecana,
Befoie these effects can be investigated more thoroughly the
_1/2

aseuvmption that he t

must be checked for the system used., The nature of flow
of long chain molecules, both polar and nonpolar, in such a 'system must
also be considered., On the practical side, an improved zpparatus in which
the problems of surface roughness and field concentiations ere reduced as
much as possible is necessary. A range of experiments on simpler systems

of fatty acids, esters, alcohols, amines and pure hydrocarbons may then

be carried out to identifannd possibly isolate the anomalies observed.



-134-~

CILPT R 6

3
i
i
o
Q
Lz
e

p)

THZORY OF FLUID TEIINL.TI

6.1 Iantrofuetion

In the previous chenter several enomolous effects, nmost notebly
viscosity vorictions, were defected in the fluids neor the netzd
substrote.  Bo that these veriations could be assessed more gquentitetively
2. theory of the fluvid flow under the particuler experimentsl cenditions
wes derived, es shown below. The aim was to be able to nredict the oil
filnm thiékness after zny parficular time of thinnins znd ot 5ny nerti-
culzr denth below the mercury surface. Frevious workers in this field
who disvleced test fluids betieen losded metal discs comnared their
results with the Stefen—-Reynolds equation which states

Ce (A )

1 2

vhere 1 is 2 ziven neriod of tine,

hy is the film thickness cfter this time,

h, is the film thicknesn befeore this time.

In hie Th.D. thesis, Smith (1) derived en evuroximete esvction
for the kinetics of the thinning of 2 licuid film in the bell apperatus,
profucinsg 2 similar reletionshin between ©ilm thiclmess znd time. Some
of his zssumptions, hovever, were too suweening to alloir this derivoticn
to be veed here.

The theory below was derived for the simpler cese of the flat

metsl covceitor nlsates which were used loter in thic resecrch.

6.2 Derivstion of theory

4

. schemaiic reoresent:tion of the metal-test fluid-mercury sysien

for the »lzte zvnaratus is shoun in fiz. 6.1.a. The problen is bosiceally

-,

twro—cdinensional oince there cre no rorces to couce wmotion in the 4-direction

for lemincer flow in e contziner of unifern seonetry. .o the fluid
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velocity is alweys emall the Reynolds Humber is very low end the flouw
iz laminer.
The Nevier-Stokes equation of motion for incompressible flow is,

in two dimensions:

ou udy + bJéQ = -q - i.ap 4+ Yo @i} + EEQ
5 T o dy J £ ox ( e agz)

where the direction of motion is vertically upverds (i.c. positive
x direction)
and u is the velocity in the x direction,
w 1s the velocity in the y direction,
p is the precsure,
—-g is the acceleration due to grevity (i.e. the externsl force
on the systen),
.f% iz the denéity of the fluid,
and Y, is the kinemstic viscosity of the fluid.
If, in this problem, 2 mobile, perallel wall revlaced the
nercury (simil=r to the varallel plate viscometers) then sterdy motion
would cuicldly be established., If this were the cezse the velocity
upirards, u, would be constent for zll x at zny particulor y, end the
perticl difierentisls with res-ect to x would be zero. In fact, the
fluid vroperties of mercury ﬁrevent such a steady stete beins completely
established wntil €ll motion stovs. iievertheless, the very slouness of
the thinning znd its similerity to the varellel vlete cese make it

rcasonable to nezlect 211 differentiels of the uprerd velocity, u, with

]

resnect to x, enzrt from the Cirst order, i.e. %E
X
of u with time is 2lso neglected, for the moment.

he rate of chenge

The fcviecr-Siokes ecuation then becones:

udu 4 wdu - -q 13 4 w(Ju 6
5;'J<+ ég J B ox (bg").

Intesreting this exnression with resnect To y 2cross the full

depth of the fluid film et ony »nerticuler volue of x gives:
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The pressure at any point in the test fluid will be that exerted
by the mercury, i.ec. SJOmL
where f)m is the density of mercury,
!. is the depth below the mercury surface.

For fluids in equilibrium the pressure gradient is constant at
éE = =9Fnm
dx

and, a8 the thinning process is very slow the relationship is

valid for this nroblem.
/ dpdy =-gp,.h
R Po
The general continuity equetion gives:

b.._l‘..-) = - .a_.‘i everyvwhere

oy ox
end, therefore h h
/wéu dy = wu ]au udﬂ = [uu]o +/u§g.dg
dy / Ox
h

low . h
udu.dy = | du Jud _@_g./ud d ]
/ ax_ 5 [ax/ 5 axag H 3 o

A8 emlc ined ecrlier, the hl sher rern.mte of u ere nezligible,

thus, /uau dlj - %;utfud}j = (%%Q)B:h/Udﬂ

4]
S QLJ:O at 5:0 , wnere U=0
ox

The ori;-;in:-.:}t‘ inte~rzl nay tncn be written:
[uu]°+2(ég),/ud9 gh(pm 1) + W
Ox 4=k

By including the boundory conditions:

[J]

f’J

@),

3_h

et Yy=0 u= W =0

exd et Y=h , w=-U & u:W:%

the integr:sl becones
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h

| _ 0. _ ou) _
wu+2(%§1_c)3:h.[ud5 - h(&-1)+ (E.quh (%_;l .62,
Integrctln" equation 6 1 twice with respect té y across the oil film

blV&‘\/\//udg + 3 au/udeH 8—( - )‘“’ U- h(a“)

Suo)
Hou /Qg/udﬂ.dﬂ = du /dﬂdﬁ / //uds dH dj
/ ox. xég

The verallel plate cese gives a value for the double integral
d di Kh‘* . . . i
U 5 3 « Here it moy have & maximum velue of the order of
h (where h, the 011 film thickness, is very much less than unity)
nmekingz the fterm ~/[auj/.4yCﬁj et least tvo orders of megnituvde smaller

than the other terms in the ecsuation. eglecting this term the eKPTenmIOﬂ

becones h

WoudH = %g(% —1) + Y, U—h(g)a_;)w .. 6.2,

Bguations 6.2 and 6.3 give two expressions for\J, i.es ¢h , in
at

©

terms of the following unknowns:
h, the o0il film thickness,
U, the upward speed a2t the oil-mercury interface,
(_Q) the velocity gradient a2t the oil-mercury interfice in the

0Yy-

0il,

/

( ) the velocity predient 2t the oil-metzl interfice,
ud

the zree swedt out in the film by the velocity nrofile,

[ oy ¥

c.

the vertical gredient of velocity.

(&

Zxvressions for c©ll these functions in terns of h or dh, cre needed.
h ' ¢t

6.2.1 xorcssions for /1qu :
J° A
Considerction of the totel flox of fluid throush the sesment

shown in fig. 0.1.b gives the reletionship:
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g+ 8¢c.dx + Wdxdz —g =0
ox |

i.c. 6 = —-\/\/CI
& *

where ¢_ is the total flow of fluid in the x direction 2t depth x.

x h
How %‘ =[d€x where d?" = dxitgdz
h

\A/: —_a_ dxdg
ox J, dt

h
i.e, \,J_—_.__a udg .. 64
: ox J, '

6.2.2 ZExvression for (_a_L_L) -
Ox’y=h
The value of Q_L rveruired is that at the oil-mercury interfece,

ox
i.e. 2t ¥y = h. Considering the Fevier~Stokes ecustion for the mercury

at the interface gives

U + udu + wlu = -q-1.0p +vm-§11
ot ox oy I R ox dy”

where VY, is the kinematic viscosity of the mercury, which, due
to its hizh censity is very small. The vertical motion of the mercury
2t the interfece is czused solely by the viscous dreg of the rising oil
and therefore the megnitude of u here will be much lower then in the

2
me.instream of the fluid. The value of au. will, therefore, ve very
2

2
smell here =nd the tern vm.@__t_l mey be nezlcoted.
2

It wes shoun earlier thet _a_g =—8)Om end the above ezuation
ox.

b mes:
ccom U__a_L_]_ _ —L,_)é[_l _ ég_

ox dy ot

or . _5_&_). = _l<wég + é!) in the meréury.
ox w 63 ot

ssumins no siip at the oil mercury interfoce, then:-—

]
1t
e

w =W are continuous across the interfiace
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The tangential shecr, Zﬂ , is also continuous at the interface,

v Tag(l) gl et

where ZO is the absolute v1uco"1ty of the o0il,
Qm is the absolute viscosity of the mercury,

(au) ie the velocity gradient in the oil
oY’
and (ég) is the velocity gradient in the mercury.
OY/m
The above expression n;y be revritien:

(%é)y:h= (WZ(B) +%th) ... 65,

6.2.3 Zypressi (gu) h-
4/9°

If exvression 6.5 is substituted into eguation 6.2 and relations

fort/[udﬂ derived from both equotions 6.2 and 6.3 are ccusted, then:
[}

[udg UZ’"( )(wu_v(( )5-,. (a__u) )~ gh(2 - 1))
e (U g‘(ﬁ"’f) (ag)go)

53311

remenbering thet ég is neglected.

ot

i;<
—

which simplifies to

() = Unn (s (8. - Rla-n) 66
" (200 g AR) + 250 U

This gives just one expression for the three rencining fectors,

s

and in order that they mey be isoleted in terms of h & dh  only, sonme
¢t
sporoximctions must Le made to give the two extre expressions necessary.

6.2.4 tfirst ivoroximstion: L

It czn be seen freom esuction 6.3 that if & value for J/leH
o

were substituted, en expression containing h, ¥, U and (aU) viould be
y'y=0

obteincd. The similerity of the perellel plote cose mey be uced to

derive o reesconcble value for this inte~ral. In this cese, once stecdy

flow hoo evolved, equ tion 6.1 would becone:
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- -+ Em"i‘"vcé_ﬁ(_l =0
9+ 9b g

i.e. - aﬁu. = —K where K = g(l?n-‘f)o),e, congtant.

dy* 7o

«"« Integratine scross the oil film with respect to y gives:

@_L_l = _KH 4+ constent

| 3y | Y
Cou= K oy ()

;J.nd‘/h a 2-
UCIB = —"’éh -+ %(@Ll)-

Substituting this in ecuetion 6.3 gives

U= _\gl_b):((%;zoa%(_) - _bif + h(a_ﬁzgo I N 8

6.2.5 Second invroximetion :

at 39=0, Q__L is finite and positive, i.ec. (6u)

The value of u at ¥y = h obtained from the expression derived ifor

the perallel plate cese in the previous section is:

U= —L<_2L{‘ + (%;j?t\

Hence, if U is to be greater then cero, then (a_t_l_) rmust be
e,

J4y=0

greater then Kl’\ s
2

i.e. let (g_lgl)

Wiiere 4 is some spoll, unknown distence.

= K(h+d)
2

5:0

In fzet, the velocity mrofile will not be perfectly »crebolic as
the egustion Tor u predicts because of the ability of the mercury to
move vertically ot the oil interface. The norebolic profile ond the
provosed vrofile -~re compared in fig. 6.2. By vostuleting that the
intercepts of the two profiles on the u = O line coincide, then & second

expression for the unknoun distance, d, mey be obtoined using the

tricngle, ¢4, b, C.
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Pig., 6.2. Compzrison of velocity profiles, for second epproximetion.

i.e. _u k "‘(@_‘:{)
d OYy=h
This avproxzimstion is ressonable considering the extremely small

meghitude of U in this problem.

Bliminzting 4 from both eynre~nlonq gives:
U=(%_:Z=.(h—_%(gt§1)zo> ... 68

6.2.6 Finsl exnressions for U, (a ) & \¢ ( )

ixpressions for these three varicbles mey be obtained from the

three simultcneovs ecuations 6.6, 6.7 znd 6.8,
Putting (ég) = \2
bﬂszo
and (QB) = Yz
Yl

ené equeting in 6.6 end 6.6 ~ives:

(h- 2‘ﬂ)= w (2%, + 20U + 2.h(Kh- 2))
K m(\A/U+ VO(L—KH))

Using the expression for U from ecuction 6.7 gives:

—<IC
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Y24 KhYL(\,zJ;;;(za ;,7"‘) -2) _%z(%@@m)_] _ 0

"Heglecting the higher powers of Yh the solution of this cuadratic
13 (=] :

Y, = 52;1(1 +(_wh(%om+7m) - whézzaﬂzzm)) ... 69

Substituting Y, in ecuetion 6.7 gives:

U = ﬁh( (—Wh(zzwm))”’ _ wa(e%wm)) )
2 6V, I 12 V), Im

1

; —— L.
where terms in Wh' have been ignored.

Using this velue of U in equation 6.8 gives:

Y, = Kh(c wx}éev"%?:%))/(w%i'z;:7m)— )....,.6.11.

L
vhere (G = (—Wh (2 Jo + 7m)) 2
6Y, Im
Before these expressions zre substituted in e¢uation 6.2 the Qg

ot

terms ere reintroduced to give & fuller description of the thinning process,

It wes shown earlier thet (_U:) = - _1- (_Z’_\All% -+ é_u )
H

ox UN 7w ot

'« eguation 6.2 becomes .

VKh+V(Y1—Y,)=WU—2<Vd¢oY;+6%_/udH+/ dy.612.
Lo

Here, /au dﬂ & _l_g_u necd exo»ressing in terns of
U ot

ou. d ney be uritten cs /OU o)
/ v be uritten 51;5%

which gives ,}_‘»é = [L-.)U.] al,) Udt
at o) b ot

Gener”ld, w is extremely small so that the a_l;) tern mey be ignored.

~ WU

o‘\
0/
ﬁ

&

&. -1-@2 may be obtcined by using the expression for U from ecuztion
U ot '
6.10.
leCe —_

OJlQ/
i
|
M
Tl
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“Eguetion 6.12 now moy be rewrlttcr as

/ud3 (2wU = v K+ Ya - YJ/Z(\,{J\; L+ 5 )

Substituting the expressions for U, Y, and Y2 in the above

equetion, 6.4 becomes:

(h(;wa( ~h(2zo+7m)))
W = O 2\W. 4v¢,¢m
| )3

and carrying out the vertiel differentiation gives:

L

W = _—Kh’ 3(2N+1)h ~ h(3N+1)(7wah + haw>
24(N~5¢G) ox. R ox ox
2

—5h(2N+l+G(3N+I))/wah + hbw)
2R(N-5G) \ ox  ax
2

]
where R = ("‘6)%\/\/"\)/2
2N+1

N :_29 and W =
Im

This ecustion was solved by computer 285 shown in eppendix C.

dn
at

Fig. 6.3 shous the celculcted variation of film thickness with time for
o newtonien rluid hoving the seme viscosity os squelene et room tenp-
erature. The groph was computed for o depth corresponding te that of
the ehrcne capecitor vlate below the mércury surfszce. As expleined in

apovendixz C, this curve is cherecteristic of eny fluid of the sene

<

iscosity Tor £ll ressoncble sterting conditions. Similar theoreticcl
curves uere computed for =11 tihe fluids tested 25 devcribed in the next
chenter, where they cre commcred uith the experinental reculic.

In the forezoing derivetion the only exter:cl force contidered
ves srevity. In the copperatus used in this resecrch wrere many volor
fluid are tested cicetric double lcyers will inevitibly form at the

netsl-fivid interfeces. The effect cuch double 1ryers couvld hove on the
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Fig. 6.3 Theoretical variation of film thickness
with time for newtonian fluid with same
properties as squalane
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results znd the electro-kinetic Torces they would introduce arc discusced

beloir.

6.3 The #letric Double Leyer

This electricel phenomenon hes to éo with the nature of the dis-
tribution of ions in solution, uvsvaelly, but not necessarily, in the
presence of #n applied electric field. The most relevent concider etion
here 18 7For & wvnlenc Su£face bearing o uniform charge density (thé metezl)
in contact vith 2n ionised solution. Douvble leyers mey clso arise on
micellar end colleoidal formetions, ususlly in ccueous solubtions.

& sinplified theory of double leyer formation mey be descrined
by three similteneous mechenisms,., &4 positive notentiel is assumed {o
exist % the netsl curfoce, which vould frll off exponenticlly tith

cistence into the =solutioen Lut for tihe Tollouing factorss

(i) romitive cherges are revclled from the surfoce, nesetive
cncrgses are attrocted,
(ii) The sten overcll chould be electrically neuiral, i.e. no

net cher-e should exist in the bulk of the solution. Cloze to the
suricce, no.ever, en excesc of negative over nonitive ions cresies o aet

cicr~e in the solution o,l-“ced by the cruel eond om-ozite net charr-e
o Y D

(a0

(iii) 'Phe loezl potentizl cnywhere in the solution is cifccte
by tae leccl cherge density, snd the interrcl:stion between the two nmurd
be comridered.

Sternn (2) cenridered the cose of rea wented thet it

A)
'..)
e
o]
Rd
C o2
n

~

could be hindled by cividin~ the resion neorr the surfcce into two nrris.

-Le

The first consisted o « leyer off icns actorbed

[
r;
cit

the surisce cnd

Lo

vormin~ ot dimner, commoct double loyer. Phe wecend orri conzlsted o

fvce fovdble 1.yer, nem =8 the (Gouy loyer. Stern's ireotoont

s

o 01
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Fig. 6.4. lectric double layer showing veriestion of potential with
distence from surface (from Adamson (3))

estimeted the extent to which ions could enter the compect leyer znd
the resulting reductién of the notentirl. An overell icea of the
potentizl veriaotion with distence is given in figure S.4.

The zbsence of an evnlied potenticl at the netal surfzce docs
not meen thet = double layer is not wresent. 3in inner lsyer of desol-
veted, chemicclly and/or physicelly edsorbed molecules will be ionired
producing o notentisl whose size varies with the degree of zdsorpntion.
i Stern loyer or diffuse Gouy leyer will folloi depending on the
noleculcr dimensions of the ions initislly sdsoried. The hisher the
ionic concentrsition in the bulk of the Tfluid the sharper coes the |
notentizl of the diffuse leyer f2ll off with distence. .

The precence of weter in the test fluids cen be seen to be of

irmortence in this respect. Its presence on the netal surface would

affect the £i e of the potentizl produced by adsorvtion on the curfoce, //

ususlly inerersine it. Its presence in the bulk of the solution would
effect the frll off of this potentizl, meking it sherper. The purifi-

cotion of the Fluids prior to testinsg reduces the presence of ucter to

{

)

K
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negli~ible guantities, but the wet cleaning process (chapter 2.6) wovld
leave a2 layer of adsorbed water on»the metal surface. As'the tendency
of most fluids tested to ionize is very low in the absence of uwater,
then it follows that the ion-conceniration in the bulk of the solutions
would be very low, This would producé, therefore, in the cese of vet
cleened surfaces, a quile lerge double loyer potentizl falling off very
slowly (end exponentially) in the non-ionised fluid. On the dry cleaned
surfaces the initial potential would probzably be lower, but the ranze
would be similer. It is difficult to measure the electrical potentials
in these double leyers, but estimetes for the zeta potentisl are reported
in the renge of 1 to 50 millivolts. , The range of potentials applied by
the modified bridge circuit, i.e. between 40Juvolts and 400juvolts, was
2t leest en order of magnitude below these zeta potentizls and therefore
considered negligible in their nroduction. The zeta potentiel is posi-
tioned in the diffuse leyer ncarest to the stotionery Stern layer, and
is, thererfore, somaihaet less than the maximum potential. The effective
range of this potentiel, taken as the voint where it hes fallen to lé
of its meximum value at the surface, is usuaslly of the order of 100§,
Several propertices of the eleccirical double layers are relevent
to this research. TPFirstly, they have their own inherent caveacity, due
to the chorge seperation. 4As this seperation is very small, i.e. of
moleculer dimensions or less, the cepecitance is high. IT hes been
neesured by many verkers for verious solutiongs using electroccnillarity,
end, for the low non-conlied poterntizls due solely to adsorntion is of
the order of 50 —» lOOJu?/cmz. 4s this capeacitance is in series with

that of the bulk fluid then the reletion

| ' will =voly
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vhere Ct = tolzl canacitance
Cb = capacitence due to bulk of fluid
€y = cepacitance due to double leyer

From this it can be seen that the much louer cepocitences due to
the bulk of the fluids (of the order of 10 —» 1C0 nF/cmz), will be
measured virtually uneifected at the bfidge.

inother property is that two plane, appr ximately varallel ﬁouble
1ayef systems will develop repulsion between them. This repulsion
Gepends on the size of the potential &t the surfaces and their severstion.
In this research these potentiszls are quite low and such repulsion would
only come into effect at seperations below 1003. Adsorotion on mercury

is much less then on the chrome or steel subsitrates, however, so that

’
/

the double leyer potentizl will be even lower on the mercury surface. /4

Toe

It seems ressoncble, therefore, to iznore this repulsion in this vork
where znomolies in films of the order of 1,0003 thick ore beinz investigzcted.
Pinally, thes electrokinetic nhenomena, especizlly the stresninz
notentizl, should be considered. Trhey occur wicre the motion of the
charged diffuce lsyer in e moving film rproduces a current, and, therefore,
a potentizl elonz the film., The motion of such chorged pgrticlcs noat
the zeta potentisl will also induce an electric field opposing such
motion, simulrtinz o higher viscosity, i.e. the electroviscous effect.
izain, the gize of the potentiels involved in this resecrch makes thic
effect very smzll, Furthermore, in thec absence of eny ionised molecules

in the bullk of the fluvid, i.e. essecizlly if water is excluded, neither

the streeming potenticl nor the retarding field will Torm.
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7.1 Introduction

This chapter deals with the existence of physically adsorted polymolecular
layers on metal substrates. The trends shovm in the results obtaired with the

_ball apparatus (Chapter 5) coupled with the theory derived in Chapter & allow

for a more thorough interpretation of the systematic resulis catalogued here.
An improved apparatus is decribed which enhanéed the reliability of the results

obtained, -

- -

Before these results are discussed a short review of the forces relevant
~ to physical adsorption and the most popular models of physical thick films is

given,

T.1.1 Thysical Tnteractions

Thorough treatment of these interactions may be found in several text
books, e.g. Adamson (1), Akhmatov (2). The forces of attraction and repulsion
are basically 2lectrical in nature, falling into the following secticns.

(i) ¥utual interactions existing between ioms, or between ions and

’

- :
their reflections in a conducting surface, or induced dipoles in a dielectric.

These Coulombic interactions, especially between ions and metallic or charged

surfzces, are known to influence the behaviour of particles or surfaces over

9]

several tens of Angstrcms, and vary inversely with their separation. This i
the general form of the effect of an electrical double layer of jons descrited .
in the previcus Chapter (6.3).
(ii) Iutual interactions occuring between polar molecules, e.g. caroxylic
acid dimers, or between such molecules and their reflections., Such dipole-
.

. NPT W . . e . . . ' .
dipole orientation interactions vary as 1/r , where r is the dipole separation,

and, under normal conditions, have an effective range of less than 104.
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.

(iii) Inieractions produced between polar molecules and the correspordir

>

(5}

dipolés induced in non-polar species. These effects vary as 1/r4 again having
a range below 108. It is worth mentioning that such systems may te considered
~in long chain polar molecules with asymﬁetric polar gualities, e:g. prircary
fatty acids,Aalcohols and awmines, If is feasible that the polar "hesads" of
-these molecules may irduce dipoles in their attached non-polar hydrocarbon ckains,

(iv) DiSpersion, or London-Van der Taals interactions.
These are the resultént forces between two; or more, non-rolar species. They
are mnost sati;factorily explained by quantum mechanical considerations,; being
second order perturbations. London (3) was the first to treat them in this way,
using ﬁwo hydrogen atoms as an example, the appeaiahce of the dispersion forces
may be explained as follows:- .
Each atom has no dipole moment as the probability of finding their electrons at
any point on their respective orbits is the same, i.e. the average dipole moment
is zero. Instantaneously, however, each atom has an electric moment equal to er,
whefé e is the electronic charge and r is the orbital radius vector. Widely
different relative spa{ial orientations are possible corresponding ioughly to
attractive and répulsive configurations, Quantum mechanical consideraiions
show that long range London forces vaiy as 5/:6. Short range repulsive forces
vary as 1/r12. Azain the range is of 10% or less although azccumulations of
London forces, e.g. in léng chain molecules, increase their effective size and
range. ‘

Dispersion fﬁrces also occur baiween a2toms and metal surfaces. They
are usually wecker than the inter-atomic case btecause of the screening effect
cf the free electrons in the métal latiice.

fOf these interactions iwo are known to have comparatively lorg rangs
effects. The elecirical double layer is on2., The other iz the long-range

London-Van der Wazls interactiion beiween extended surfaces, the resu

o]

tant

attractive force overcoming the zccumulated repulsion. It is very deubtful
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3,

that these forces alone, even when combined,” could produce the long range inter-
actvéns necessary to explain the results of Chapter S. 1t is Senerally acceptad
that some further force is present which, either alone, or by its cumuiative
effects, can have a range of several thousand Angstroms. .In mos* models for
Vdeep ﬁolymélecular £ilms this force is assumed to exist, of necessity, yet iis

nature has yet to te defined. Some of these models are described bdelow,

T.1.2 = MNodels for FThysically Adsorbed Thick Pilms

Yost of these are tacsed on a strongly adsorbed ccherent monolayer, zs
/yjsualised by .Godfrey (4), see fig. 7.1. His idealised mecdel is of a stearic
acid &onolayer on an iron-iron oxide subs trate., Considering systems of identiczl
molécules a layer-type or lamellar structure for further molecular zdsorption
onto the monolayer is the mest popular model. ZEach of these layers usually is
considered to conslist of dimers of fatty acid zligned steeply to the substirate.
A number of autﬁors have advanced different but closely related variants of
this:model founded mainly on the evidence of the many X-ray and electron-
dlfffactlon studies, carried out on these systems, e.g. by Bowden and Tabor (5),
Woog (6) and Karplus (7)

- An improvement on these theories vas proposed by'n} hratov (2), who
included the subsirate conditions as being of wvital importence, In his view the
earlier models could only_apply to subtstirates of extremely high class surface
finishes, On the more usual polycrystalline, coarse grain subsirates he proposed

that a corresponding "polycrystalline zone" would develop within the bourdary

1tiate his

'

layer structure determined by the structure of the metal, To substa
theory,'Akhmatov quotes the work of Beletskii (8}, who found characteristic
electron-diffraction patterns of single crystals in boundary layers on poly-
crystalline metal surfaces, ‘

Akhmatov did not includé the possibility of saponification in this model,
even though he admitted the possibility of physical adsorption and chemisorption

being "simultaneously present on the same metal surface, if its differcnt



.. T153-

) HCOHE.SIQN‘
HéH!H'CH'lH}gH H}({H.\
\ UL AN AR e

H-/C-H H~/C-H H-/C~H H-,C-H
H-C-H H-C-H H-C-H H-C-H
\ \ \ \
H-C-H H-C-H H-C-H H-C-H
g / / /
H-C-H H-C-H H-C-H  H-C-H
\ \ \

“H-C-H H—>C—H H-C-H o H-CH
S H-GH H-COH H-GH H-CoH IRON
- - - Yoy \STEARATE
HC-H  H-CH  HC-H  H-C-H STEARATE

- /

H-CCH HCCH  HCH BeGH [
H-C-H H-C-H H-C-H H-C-H 0
Y, , / §

H-ClH  H-CH H-dH
\ NE \

H-C-H  H-CH  H-C-H

/ /
H-C<H H-CiH H-C\—H
H-/C-H' H-/C-H H-,C-H
H-C-H H-C\—H H-C\-H'

H-\C-H H-C-H  H-C-H
/ L/

Fig. 7.1 Representation of a stearic acid
monolayer on an iron-iron oxide sub-
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régions have significantly different chemical activities.” He makes 1ittle
attempt to.visualise the nature of the long fange force, merely assuning its
presence in the light of experimental recultis,

ne model of Allen and Drauglis (9) is noteworthy as it atiempts to
isoléte some of the faceis of the unknown long range force, To do this they
go through some of the prchable prbcesses involved in the formaiion ofra multi-

molecular layer, again of stearic acid. The final film model is almest identical

0
ok
e
o]
j
44}
]
@
L X}

to that of Akhmatov, but the two major assumptions used in its form
(i} the rod-shaped, polar hydrocarbon molecules interact with one
another to form ordéred domains, i.e. random layers of laterally linked dimers,

in the liquid state.

(ii) the bounding surfaces establish an orienting force which acts on

~

the ordered domains of the liquid, aligning them with the surface layer(s).
This orienting force is somehow promoted by the crdered layers further intc the
bulk of the fluid.

A Tb‘justify the first assumption they mention the clustering tendency of

molecules in liquid orystals. They also mention the difference hetween the'

electric field necessary to orient such liquid crystals (about 100 volts/cm) as

OPEosed to that necessary to overcome the effect of intermolecular forces once
internal ordering has beesn established (as high as 105 volts/cm). In defence
of the second assumption they invoke the existence of such co-coperative pheromenz
as ferro-megnetism, suggesting that a similar process may be devisive in prodvcing
long range order,

_Tre research of Deryagin and co-workers{1C) experimentally confirmed

the electrical nature of adhesion forces in several boundary systems, FElectric
diocharges were prolduced on tearing films from their subtstrates. Following

this, Peryagin developaed an electrical theory of adhesion (i1). He asserted

that in some systems the electric field predicted by electrophoresis (electric

double layers - Chapter &) becomes secondary to the "electrolyte concentration

gradient" =ffect, which he designates as "diffucion phoresis". No experimental
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. verificaition of this theory as applied to the polymelecular boundary layers
relevant tc this research has been reportied., Fis theory is imperiant, however,

1d effects degpendant

it

as it indicates the possibility of long range eleciric fi

on the constitution.and molecular orientation of the boundary fikm,

Baefore such phenomena can be investigated the nature and energies of

-

7.1.3 Tvrea of Yolecular Bonding

"In the multimolecular structure of ihe boundary layer of a predominantly
_physically adsorbed caroxylic acid there are other bonds in addition to thai
between the polar head groupsAand the metzl. These involve the interaction of
ca£boxyls in dimér rows, of non~polar hethyl end groups and of the methylene

(CH2) radicals of the carbon chains., These forces are compared, in Table 7.1,

with an intramolecular force.

' ‘ Table 7.1

Interactions Physical Nature | Interaction Energy
of Forces k cal/mole

Interactions between car-
Covalent Forces
bon atoms and methylene .
. 2T (intramolecular)
chains: N

84

Interactions between car-
boxyl (or hydroxyl) radi- Adsorption Forces 13
cals and metal surface:

Interactions between car— Debye orientation
boxyls or hydroxyls in forces and Hydrogen 15
dimers : Bond

Interaction between methyl | London dispersion

radicals: Forces ~ 10_l
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A.%rief description of the physical nature of each of the three of
these intermolecular interaction types follows: . |
(i) The bonding between the end éroups (carboxyl or hydroxyl) in the
dimers is strong, resulting from an orientation irnteraction of high erergy
‘coupled with hydrogen btonding. According to Akhmatov (2) each dimer is a
qﬁadrupole resulting in a v;ry short range electric field.

(ii) Generall&; the metﬁyl radical (QHB).has no_eléctric moment sc any
bonding between adjacent methyl end groupsmust be due to the weak London-Van der
Wzals dispersion. forces. | |
- ) -(i'i)‘The methylene chains of normal hydrocarbons, polar and nen-polar,
are comnonly assumed té be non-polar. This implies that intefactions between
carbon chains in molecular rows must bé due-to melecular Van der Waals forces.
Assuminé‘no orientation of poiéfisation'effects the attraction will egain be by
London dispersion forces. As described earlier, these forces can accumulate,
especially in close packed molecular structures, meking the energy of this
interaction relatively high. This mzy be a major contributory factor to the
"chain matchi;g" éffects described in Chapter 4. The possibility of an overall
electfic moment being produced between the.methylene chain links under conditions
of;stress, (i.e. bendiég) is discussed by Akhmatov (2).

0f these intermolecular forces the role played bty hydrogen bonding is

least understood. 3Some of the relevant properties of hydrogen bonding substances

are reviewed bzlow,
¢

T7.1.4  Hyiropgen Zonding

-The hydrogen bond is an atiractive force between two molecules created
by a hydrogen atom which, being.chcmically linked to cne of the molecules
(e.g. in a carboxyl or hydroxyl group) simultanecusly interacts with an oxygen
atom (for example) of the other molecule. These interactions are known betiween
hydrogen and 7,0 and ¥ atomgc, and, to a2 lesser extent, C, Fa, Cl and S atoms.
The enerzy of this type of tond depends upon its position in the molecule and

other steric conditions, and upon the nature of the other interacting atom,
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varying overall from_2 to 20 kcal/mole. The bonding energy of a dimer
(i.e. a carboxyl-;arboxyl interactién) is about 14 kcal/mole, each hydrogen
bond being between 6 and 7 kecal/mole .

The mechanism of this bond is not yet fully upderstpod, but it
can be regarded as an eépecially powerful type of electrostétic attraction
of the dispersion type. It caﬁ be thought of simply as arising between
a non-bondiﬁg orbital and a protonated orbital because of the pewerful
attraction of the dense region of electron density within the former for

N

a proton.in the latter., More complex theories, such as "frequency
modulation" and "Prediésociation", all-ha;e some defficiences and a
thorough quantum mechanical analysis has yet to be produced.

Hydrogen bondiﬁg/foriwo molecular types is shown in figs. 7.2.a
and 7.2.b. One is fof a dimer of a saturated fatty acid, showing atomic
separations in Angstroms. The second shows the combinétion of saturated
fatty alcohol molecules giving a hydrogen bond chain., 1In both, as is
éenerally the case, the hydrogen bond is-indicated by a dotted 1line.

] Hydrégeﬁ bonding molecules tend to have either proton donating
groups or electron donating groups, i.e. are acidic or basic. Some nole=-
- cules exhibit both qualities and generally have the strongest interactions.
The classification of some compounds and bompound types by their hydrogen
bonding abilities is given in Table 7.2., taken from Pimentel and McClellan
(12) produced in 1960. Hydrogen bonding has far reaching effects on many
bulk properties of liquids (as well as solids and gases), but only the

relevant topics are discussed here.

(a) Viscosity Variations:

Bulk viscosity measurements are not a particularly sensitive tool

-

for detecting hydrogen bonds, but it is generally highér for those

substances known to associate. -The variation of bulk viscosity with
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Table 7.2 Classification of Compounds by
Hydrogen Bonding Type

Class of Molecule E ]
Compound " contains pLes
Proton Donor | Electron
Groups Donor Groups
(Acid) (Base)
Mainly halogenated com—

A Yes No pounds with enough hal-
6gens to activate the
hydrogens: CHC13,

C2HC15, etCases and pos-—
sioly C2H2 protons

B No Yes Ketones, aldehydes, ethers,
tertiary amines, esters,
olefins,

AB Yes Yes Water, alcohols, carb-
oxylic acids, primary
and secondary amines

N No No Saturated hydrocarbons,
cs,, cCl,
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molecular weight for diffcren%-hydrocar&on types ac presented by Vendall (13
is shown in fig. 7.3. The effect of hydrogen bonding is exhibiied by

higher visccosities of the alcolols and acids compared with the ncen H-tonding

3

esters, keton and n—péraffins. In thn view of Pimentel and 17cClellan the
enhanced viscogities may be atir ributed to the "increased size and reduced
mobility of the hydrogen bonded complex’

As density #s involved in the kinematic viscos ity‘of fluids it is

relevant to mentlon the effect on it of hydeNen boﬂxlnb. _Generally, the

density is increased and the molar volume decreased. This reflects the unusually

~short 1ntoraton1c d1 tancns of the hyurogen btond. The smal’ increase in hydro-

'gen bond formation with pr83oure seems reasonable in the llbut of these trends.

The density increments are af ecbed also b mo‘ecular qtructure bpln leos
J. Y 3

’

marked for the longer chain molecules

(v) Dielectric Constart Variation:

It is not possible to make a simple statement about the ef’ect of

hydrogen bonding on values of dielectric constant or dipole moment, but the

follow ng ge;érali tions are valid.
:—n._Qi)mDialectric constant and. dipole moment do not increase together

(11) High valu s of dielectric constant are usuvally found in inter-
molecularly hydrogen bonded substances in which non-q&clic association occurs,

(iii) If the dielectric ceonstant is low for a substance in which
association occurs, then inira molecular hydrogen bonding as opposed te inter
molecular bonding is the most likely mechanism.

{iv) The arrangerent of molecules within a polymeric urnit can be
roughly determlned by cemparing the measured dipole mbment with values cal-
culated by the vectorial addition of bond dipole moments for varicus arrangements.

&he vefj high dielectric constani of water hzs caused i{ 1o be studied

quite intensely, Several theories have been produced to explain this high

value and again the idea of long range ordering (in liquid crystals) in such a
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~nanner that the hydrozen bond dipoles do rnot cancel is often invoked, Crganic

hydrexyl compounds {e.g. aliphatic alcohols) can be thoughtof as being similar

¥

to water but with one hydrogen atom replaced by a large non~hydrogen bonding

group. The size of this 'inert' long chain apprecishly disrupts the order that

can e achieved. The hydrogen bonded chain arrangement proposed for such
molecules is shown in.fig.‘7.2.b, Harris (14) and co-workers deduced from
‘dielectric constént values for pressures up to 200 atmospheres at 25—5000 that
for'alcchols with less steric hinderance (é;g. ethanol) an infinite chéin

1ength model flts the data.

(e )Conductance Variation:

: Generally hydrogen bonds only markedly incrsase the conductance of

systems when high degrees of order, ionization and orientation are present., A

v

notable exception is water, whose ﬂ+, H,O and OH _ons have uwnusually high
mobilities, which 2nhance the conductance. Pollock and Ubbelohde (15) demcn~
strated two points for solid orgenic acids. Conductance is high for crystals

havlng a "cooPera ive assemblage of H-bonds", almost 100 times greater than it

is in the solids with closed pairs of hydrogen btonds, i.e, crystallire dimers.

.Second¢y, the interruption of the continuous chain (e.g. by water of crystalli-

sation) decreases this conductance. These workers concluded that a hydrogen

bond chain makes a good path for movement of protons (i.e. proton tunnelling).

(d) Pyroalsciric Behoviour:

Pyrcelectric systems are those containing elements of stable permanent
polarization. Timentel and MeCleallan stzte that "hydrogen bonding is one of
the impoxrtant ordgrln mechanisms responsible for permanent polarization®. A

F
special kind cf pyroelectricity'where the polarity is reversible in an applied
field, namely ferroelectricity, occurs in a few known crystals, e.g. Rochelle
’ 7 Ty J 3
salt, & large amovnt of research has been done on these substances recently

(e.g. R. Pline and S, Sveiina (16, 17)),hydvogen Yonding proving to be the 211
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The panticipaticn of hydrogen bonding in ‘adsorptic
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suspected for some time by several researchers, notably Akhmaicv (2}, bui no
definitive results along these lines have teen produced. Le apparatus used

in this research can detect several hydrogen bonding effects, i.e. vizcosizy,
conducitivity and dielectric ccnstgnt variations. Scme resulis of Chapter ©
imply that the trends in these.prcperties showmn by the bulk fluids vwhere
associétion occurs may be accentuated under boundary layer conditions, Further
investfgations of these effzcts with improved "apparatus comparing the results
of fluids known to associate with those-that Po not were carried out in the hope
fhat'some relationship betﬁeen hydrogen bending and the unknown long range ferce

“may become apparent. ' .

,"/ »

T.2 Txperimental Apparatus znd Irocedure

‘

Several deficiencies in the ball apparatus needed overcoming before
sufficiently accuratevreadings could be taken for compariscn of the film
thicénesses with theory. The faults were: .

(i) Tae Spﬁefical shape, complicating the analysis of fluid ficw

. ungder the hydrostatic pressure of mercury, and preventing satisfactory polishing
of -the surfacs, '
(ii) Surface asperities of up to 400 %, reducing the accuracy of film
thickness measurerments, and creating marked field concentrations which promoted
(iii) The unknovn factor where the insulafed wire joined the tall,
creating possible field concentrations and film weaknesses,
(iv) The difficulty in determining the overall cleanliness of the ball,
The plate appzratus was designed to cvercome these protlems, sece fig. T.4.
It consisted of a layer of chromivm vacuum deposited onto zn optically flat

glass slide. Any asperities were thus reduced to the order cf 1CCR. A

connecting wire was attached to one end of the chromium strip with conducting
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epoxy resine A second glass slide containing a square hole of area much

‘ . -5 2
less than the chromium capacitor.plate, i.e. 0.5 cm2(5 x 10 ~5m ) was

s

sealed over the metalised surface. The two edges of this-hole which
were perpendicular to the vertical flow of the test fluid were tapered to
prevent any restr;ctioné. The apparatus was fix;d around the edges with
an epoxy resin, within the mercury connection wire was embedded down

one side,

In thié apparatus only glass and the extremely smooth chrome
plate came into contact with the test fluids. The electric field
. concentrations which would occur at the edges of the chrome plating
were masked by the glass, and so could not interfere with tﬁe capacitance

measurements. The planar geometry of the apparatus simplified the

theory and made the cleaning much more certain.

The procedure in these experiments was identical to that used
'with the ball apparatus. The wet and dry cleaning processes were used
as described earlier. The thinning curves of each fluid were plotted
on log~log paper together with the correspondiné curves obtaineé

from the computed theory. The relevant bulk properties for all the

pure fluids tested are shown in Table 7.3.

The pure hydrocarbons and the esteré were purified as
described in Chapter 2.6.3. In the cases where small concentrations
of polar molecules were dissolved in hexadecane the solutions were

found inwmlk to retain the properties of the saturated hydrocarbon .

The tests on each fluid were-repeated at least three times, all at
room temperature (21 - 2300) and with 30 minute growing periods, unless other-

wise stated., The errors were calculated from distribution of theée results, as
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Table 7.3 Properties at 21°¢

Hydrogen
Test Fluid Absolute Density3 Dielectric bonding
Viscosity in g/cm Constant properties
in c.poise (Table 7.2)
Hexadecane 3.48 0.77 2.15 None
Squalane 26.4 0.81 2.15 None
Oleic Acid 28.8 0.88 2.4 AB
N-decanol . 8.6 0.83 6.8 AB
Pentaerythritol- | ,, 4 1.01 3,57 B
tetravalerate
Di(2 ethylhexyl)-| 4 4 0.92 4.05 B
adipate
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tefore, On th

W
byt

ew occasione wnen the conductivity vose encuzgh to effect ike

capacitance readings (before complete dielectric breakdown), tke errors incurred

were calculated using the calibration curves of Chapter 2.4.2,

T3 Regults azrd Niscussicn

T.2.1 The Pure Hydrcearbons

These tests wére carried out mainly to compare the fhecretic 1 predic ctions
with the experimental thinning curves, as the hydrocarbons, especially squalane,
appeared to behave as newtonian fluids in earlier ewxperiments with the ball
xapparatus (Chapter 5.3.2). The thsoretical and experimental thinning curves of
squalane and hexadecané are shownAin fig; 7.5. The two curves for each fluid
sho% good zgreement. It can be seen that fbr squalane the fwo graphs are
parallel a‘thouch the fluid appeared to thin slightly faster than theéretically
predicted. Thls small discrepancy may be explained as follows:-

First there is the increase in the actuzl surface area due to roughness and
asperities over the area used. For the highly polished surfaces used in this
ﬁork the différence-would result in calculated film thicknesses too low by 4%
to T4, The filmithicknesses are calculated assuming uniform depth of the fluid
actoss the capacitor piate. In practice the film will most likely be thinner
over the asperity peaks and thicker over the valleys.' Smith (18) discusses
this péint concluding that it would also vesult in the values obtained for the
film thickness being too low, This effec{ is closely related‘to the surface
roughness so that the discrepancy would probably be of the same order, i.e. 4%
to Tt

'The tests -carried out with hexadecane produced variable results, early
dielectric breakdowm océuning on several occasions, The results thained here,
however, were far more conolutan+ than those obtained with the ball zpparatus
and show good agreement with the theory. The grapﬁs show that the fluid thinned

too quickly by comparison with theory, even if the uncertainties in the surface

arez and film thickness discussed for squalane are taken into account. This
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Fig. 7.5 Experimental and theoretical thinning
curves of hydrocarkons
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indicates that the viscosity of hexadecane in these thin fiims is slightly
lower-than‘its bulk value. - The decrease may fe explained by the fact fhat
hexadecane consists of lorg chain non-polar molecules., It is generally
écccpted that such nonjpolar iong éhain molecules tend to lie flat along 2 non-

polar metal substirate, although with virtually no bonding. &s the ambient

O ’ Ld L3 3 b
temperature was only 3 C above the melting point of hexadecane there would be

\D2
~r

little thermal motion to disrupt this orientation near the surface. Houwink (1

reports that long chain molecules tend to 2lign themselves in the direction

of any flow when themmal agitation remains a minor facter, and that such orderin

~

‘once initiated, tends to increase. These factors could well combine in this

apparatus to give a thin film of hexadecane with molecules predominantly

oriented in the direction of flow. An apparent decrease in the cross-sectiocnal
- . ’

area of the molecules, perpendicular to the flow, and, therefore, a corresponding

decrease in the viscosity would result,

T.3.2 Tre Bsters

The thinning curves of the two esters tested are éhown in fig. 7.6.
Both fluids thinned to below SOOR with a gradient of -}, i.e. parallel tc treir
théoretical counierparts. No electrical instabilities were observed in the
films until final dielectric breakdowm occurred., The Di (2 ethyl hexyl)-adipate
appears to have retained its bulk viscosity throughiout the thinning, its slight
displacement from its theoretical curvs being similar io the case for sgualans,
Pentaerythritoltetravalerate shows a viscositly increase, the thinning
curve teing higher than predicted hy thedry. at any time the film thickness
is too large by a facter of up to 407, which corresponds to a viscosity increase
of up to 1007, i.e. from 27 centipoise to atout 50 centipdse. nis increase
Y
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iich it »
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electrical breakdowm at about 5' 0%Z. This is explained if near to the meizl

surface (at about 10,0008 end telow) the molecules accurmulate in such a way as
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Fig. 7.6 Experimental and theoretical thinning
curves of the esters
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- to markedly increase the wviscosity of the film, but that no erhanced tonding

to the substratie occu Such a molecular accumulaticn could form in micellar
type siructures around water molecules, A relatively smzll numter of water

. o - -
molecules would diffuse from the damp metal oxide subsirate into “the bulk of

the film. Here they could form hydrogen-bonded complexes with the electron-

_ donor group of the ester, in this case exposed oxygen atoms. Such an accunulation

»

would show the non-polar ends of the ester molecules to the bulk cf the f£ilm,
i.e., noen-pclar macromoleculas would be produced. Thez ester molecules zlone

cannot h d*oaen-bo“é together as they have no proton donating groups, so that

-

no leng range macro-molccular chains and/or long range ordering can be produced

by this mechanism, The increased viscosity therefore can bte explained by the
‘ _

formation of micelles around water molecules from the substrate, and their
non-polar nature is consistent with the fluid continuing to thirn in a newtonian
-fashion dewn to'SOOR, there being no enhanced bonding to the substrate.

The retenticn of its bulk properties indicaies that Ti(2 ethyl hexyl)-

edipate cannot form these micellar structures. This may be acccunted for by the

s

two dquble borded oxygens of each molecule being quite stably tonded in six-
copponent rings w within-the molecule, i.e. intra-molecular bondln Tnis could

statistically reduce zny macromcYecular formations around waler molecules to a

~marked- extent, Little or no viscosity incrementis would be expécted.

The curves of fig. 7.7 show large différences between the theoretical
and expserimental results, The0.1% cetylalcchol solution in hexadeczne thinnned
at 2 sinilar réte'(i.e. viscosity) to the pure hexadecane (fig. 75) until it
reached 2,0003 after about 20 minutes. Here there was apparently a sudden
increaselin the t41nn1n5 rate which corresponds tc either a large viscozity

L) n 3 Y A
decrease or an inecreass in the dielectric constant of the fiuid (see Chapter 5).

A viscosity decrease of such proporitionms {dewn 1o about % of the bulk value)
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Fig. 7.7. Experimental and theoretical thinning

curves of the alcohols
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cannot be explained by an physical means, including that used for pure hexadecane

in section 7.3.1. It appears, therefefe, that the dielectric constani of the

.

solution increased by at least 10055 (i.e. to about 4) for a film thickness of

2;0003 and below, After this the film thinned with a gradient of less than -3,

i.e, its viscosity was continuously increasing, until electrical breakdown
occurred. Assuming the dielectric constant did increase, then-the viscesity
increments started when the flvid wes still 2,0002 thick, reaching a value of

about 8 centipoise bafore electrical breakdown.

”hcse results can be explained if the cetyl alcohoi hias been adsorbed

onto the metal substrate to form a film over 1,0003 deep consisting largely of

the alcohol., The increase-in the dielectric consiant corresponds to the attain-

ment of a high degree of order in the film and the increasing viscosity suggests

a contirued strengthening of the bonding in the siructure.

Tne thinning curve for n~decanol is far belcw the theoretical plot for

a fluid of the same viscosity. This again is explained by a corresponding
increase in the dielectric constant due 1o long range ordering of the molecules

.

of approximately 100! (i.e. up %o about 12). In this case, however, the

increment {ook place within the ¢1rst minute of thinning, and at a filw depth
.

of“at Jeast 10,0003. The fluid then thinned with a g;adient of less than -%,

corresponding to a continous increase in the viscosity, until electrical break-

down occurred. After 100 minutes of thinning a step in the graph irdicates a

further dielectiric constznt increase, afier w“*ch the conductance of the film

rose guite markedly. 3y correcting for the dielectiric constant increments the

film was ealculated as being over 2,3033 thick after thinning for one day, =t
which time the wviscosity had increased to the crder of 40 centipoise.
7.3.4 Mam Drtir Anfds .

LR - - o Ld Lo PRI

The iwo fluids tested were a C.71¢ solution of stearic acid in hexadccane

and pure oleic -acid, their graphs zre shom in fig. T7.8.
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Fig. 7.8 Experimental and theoretical thinning curves

for fatty acids on wet and dry cleaned surfaces
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Tre stearic acid sclutions thinned on the wel clearned chremiuvr surfaces

to give classical chemisorbed thick films around 1,3C K thick., It is rnoticezble,
_however, that at first even this solution thbuned below the theorstically

predictied curve fo* pure hexadecane. On the dry cleaned subsirates produced
. 2
in the ioniCAbombardménﬁ apparatus the stearic acid solution thinned similarly

to the fatiy alcohols., Again the dieleciric constant appez2rs to have increased

 Within the first minute; by the order of over.BOOﬂ. There %as a further
dielectric increase when ﬁhe film was around 5,0003 thick, followed by larg
increments in the conducitivity. After 5 days of thinning the film was at least
'1}0003 thick, and *the viscosity had risen to the order of 70 centipoise. These

results again are explained by a ligquid crysialline structure reaching over

.

10, ook into the film, the order in this structure increasing as the film thins

to a viscous fllm about 1, OOOR thicg .it is important to remermber that the
stearic acid in the solutlon could not react chemically with the oxide and
hydroxide free metal substrate.

" The two thinning cﬁrves of oleic acid were produced for growing gpericds

of 15 minutes axd 60 ninutes., The results for the short growing pericd are

similar to those reportad in Chapter 5, as the film became highly cenducting

-

after 10 minuies of tplnnlng. By comparison with the theoretical plot a very

large and continuous increase in the'dielectric con°*én is indicated. Trese
results were obtained ona wet cleaned metul substrate, i,e. the oxide aﬁd "
hydroxide layers were not removed, and thersfore a chemisorbed thick film,
similar to that produced by the stearic acid solution, was expectied to form

Then-the growing period wes increased to 80 mirnutes the ithirming curve show

*1

the pres“nce of a cnexlqorbod £3lm, The displacement of the grzph from the

theoretical curve suggesis a dielectric increase of over 3007, and, allowing

~ s Fad

for this, the residuzl film would have been over é,CuO? thick alter 2 days of

d

pie

thinning  (i.e. 2 £ilm of similar thickness to that produced by stearic ac

under equivalert conditions),



insufficient time toc allow a coherent film of. reaction product to form over the

\

in the oleic zcid films, It was shown in Chap

-176~

Trne increments in the dielectric corstant and conductivity corre

v

to lonb range correlation in the liquid fatty acid over ?O,COOS from

oxide surf ce, The difference between the iwo experimental curves suggests

that the larger amount of chemical reaction product (formed during the longer

J

growing period) retards bot th the dielectric constant and conductivity incrementis

. ’

ter 4 that 15 minutes

Was

an

metal svrface, 50 that, in some regions, rot erough metal scap was present to

interfere with the physical long range order in the pure acid, and hence

with any long range physical orientaticn are discussed later in this chapter,

1.4 Surmary and Conclusions

The results described in thais chapter can be surmarised as follows:

(i) The pure long chain hydrocartons thirned very similarly to the

theofetical predictions, and retained their bulk properties at least down to

film thlﬂ”qes*es of Ci.

P

theory, the only change from bulk fluid propértze

]

increase of Tentaeryithritolteiravalerate for films bz2low 10 CCCi.
A N )

being the small viscosit:
S

(iii) The fatty alcohols showed large increases in their dielectric

ih]

“dielectric breakdown occur ed. How and why this reaction product can interfere

(ii) The thinning of the esters alsc bore a close relationship to the

constants and their visccsities., With the pure liguid alcohol, n-decancl, these

effects occur=d within the first minute of thinning at a thickness of over

10,00CA. The C.70 solution of cetylaleshcl in hexadesceane did not show

increments until the £ilm had thinned below

at this thickness the alcohol concentration had increased enough .(by prefe

adsorpition) for long range erientation of the molecules to begin.
{iv) The fatty acids also showed large increases in their
For the 0.1 solution of stearic acid in hexadecane the dieleciric

increased only when ithe formation of the metal soap was prevented.

2,00C%. This was probabl;

visces

those

P
171e

constant

Lecause

Se

rentia

]
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was, however, even larger than that shown by the alechols., The pure Iiguid

acid {cleic acid) exhibited dielaciric constant increments in all cases, althcugh
the greatzr the amount of chemical reaction product fecrmed the smaller was this
Ancrease in the relative permittivity. The films of both acids .showsd laréé

increments in their conductivity fo* thicknesses below S,UUCi wnen the production

of the metal soaps was very low. -

By referring to table 7.3 it can be seen that those filuids whose thin

films exhibit large variations from their bulk properties (i.e. the fatty

alcohols and acids) are the fluids capz le of extensive hydrogen tonding. The

way in which intermolecular hydrogen bonding affects the bulk viscosity, dielectric

constant and conductivity of fluids has been described earlier in this chapter

(7.1.4). These effects have been magnified within the thin films investigated

in these experiments. This can be explained if the degree of hydrogen btonding
was increased under these conditions, and such an inc;ease can only occur in
fluids when long range ordering of the constituent molecules is present. The
moleéular orientations and the structure of the long range.order regime which
could produce the large changes deiected in the viscosities and dielectric

constants of the associating fluids are discussed below,

hnl
4

Tolial Propesed Structure of Thysically idsorbad Films

The theory of molecular crientation put forward by Allen and Dauglis {9),
descrited in section 7.1.2, cannot explain the atove resulis. The repeated
layers of fatty acid dimers aligned perpendicularly to the substrate surface .

tracture conld exhibhit no increase in

0N

-would be of very low polarity. Such a
its overall polarisation arnd therefore its bulk dielectric constant should not
change, Also, the slip planess produced by the neightouring methyl-methyl end

groups are irtompatible with the Viscosity incresenis detected. Firally such
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liguid state due to the decrease in ion mobility - again in oppositicn tc the

experimental results,

or alcohols is much lower than that of the individual molecules due to tné
cancelling nature of the intergctiﬁg dipoles and hydrogen bonds. The reculiing
quadrugpole moment in the centre of the complex has a very small range, much

less than the tdtal length of the dimer, according to Akhmatov (2). Iarger
-complexes of a basically similar nature to dimers, such as the associated alcohol
~-éhain of fig. 7.2.b will also héve é very low‘overallrpolarity; These 'quasi- -
non-~polar polymers would %tend 10 align anti-parallel to any force field, In |
'this system the field is periendicular to the substrate due to the dectric

~
double layer prbduced by tﬁe ﬁetal and the primary moﬁo—layer so that the polymers
would tend tc lie flat against the exposed methyl end groups, as in fig. 7.9.a.
Those dimers and polymers lying closest to the monolayer would experience
an eléctric field due to the double layer of a similar size tc the intermclecular
bonding field.j Fach individual molecular dipole would iend to racrientate, 1o
.
some extent, in the direction of the electric double layér field, i.e. perpendicular
P

to ithe substirate surface. The resulting bending of the dimer and pelymer sitructurss
would decrease the sirength cf the hydrogen boﬁding, but simultancously increzse

the local sirength of the electric double lzyer field whilst prormcting it

further inte the fluid film, Zossible realignments of the molecules in dimers

of a fatty alconol and a3 fatty acid under these conditions are shewn in fig. 7.9.%.
These ben! polymers ccuid close pack onto the methyl end groups of iz

1y btonded laterally by

multi-intermolecular hydrogen bording. OCnce established, a further polar layer

-

would form zbove this cne, azain enhencing the 2leciric field perpendicular to

[
(a1
Ca

the substrate, and establiching it further into the fluid. In this way = highly

e
=7

-
)
[#]
)
r
[®)
2
i
=

ordered, semi-crystalline structure could form dsep into the flu
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Fig. 7.%a Orientation in doukle layer field of dimers
and polymer

chains atove primary monolayers
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Field due to A
’/’——’.electric doukle /‘_‘\\\\“

layer
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-Q Additional field -0 g0 0-
‘ due to reorien- | X

tated dipoles \
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Fig. 7.9t Froposed realignment of fatty acid

+

and alcohol dimers in double layer
field



I
"
|




N
I¢]
o
=
M
sl
(&}
o
]
0
<
D
)
5
L-te
¥
pot
ot
1
et
[l
’-
ot}
H
W
b
e
©
)
;
7,
<4
Q
[+
I
fo?)
0
)
o
&
b
o
b da
o

fig. 7.1C. DJuck 2 stru
pyroelectric properties, i.e. it would have a spontaneous polarization., Accoriding
to Hi1l (2C), the extent of the spontaneous polarization which can arise in
/9 E 3

these structures iz of the order which woculd only be incduced in nermal cryztals

. 5 8 .
by fields of 107 to 10 volts/en. By comparison, the alternziirg field applied
by the capacitance measurement circuit of between 1.0 and 10 volis/cm would be

negligitle. .

. The long range crdered structure described above would satisfy the

experimentel results of this chapter- in every respect. It is evideni that the

Iuid molecules mast e bvth pol xr and capable of intermolecular hydrogen bonding

—

’The:re sulting spontanecus polarzzatlon accounts for the large increments observed
in the dielectfic constants qf the films. The replacemént of the methyl-methyl
slip planes with ones containing extensive lgteral hydrogen bonding would result
in the continued viscosity increments reported, - The premotion of the electric

field deep irnto the fluid tallies with the observed anocmolous effects 10,000&

from the metal surface. The enhanced conductivities measured are almost cexrtainly

)
due to proton "“hopping' or tunnelling, This conduction process weuld take place
in the . hydrogen bcniiég planes, the conducting links between oné plane and the
nex$ foermed by defects in the multi-planar structure. Such lzttice defects
would be situated where non-polar cr non-hydrogen tonding molecules were trapped
in the structure. Tf these interfering molecules became predominant they would
greatly reduce ihie order and the range of ihe semi-crysialline structurs. This
would explain the @ ecrease-of dieleciric constant variations cbserved with the

fatly acids whern lorge zmcuntis of metal snap were preseni, and also the lower

range of "the effecta cbserved for cetyl alcohol dissolved in hexadecane,
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The mercury squeeze-film apparatus has been developed in two ways to

investi; ute more fully several properties of fluid films between 50,0093 and
200R. The ‘existence of at least iwo quite different types of sirongly adherent

13

polymolecular fluid layers on metal substirates has been clearly established.

. ;

8.1 Shear Sirength of Chemisorbed Thick Films

The thick films produced by long chain carboxylic acids on damp metal
“o%ide surfaces - were sheared tangentially by pumping themercury past them. The

films formed by the myristic, stearic and palmitic acids proved especially resistant

2
to shearins, thirning to about 1,5C ¢l under a force of 150 newtons/metre (or much
more if turbulence occurred, see Appendix B). 1“lec’rmcal instabiliiies in these

films rnllst undergoing shear made it necessary io observe them 1nterfero et* cally.
This latter technique confirmed that the films consisted of interwoven soap

£ibrils betneen 1,000% and 5,C00% in length. Tae bulk of the results obtained

were found ic be in ~enera.L agreement with those of Fuks (Chapter 4, ref s 3).

An important observation was the marked increase in shear strength

-~

exhibited by the thick films formed from solutions of chain mstching fatty acids

howed wmuch greater electrical resistance,

L’)

and solvenis, These films also

a1

cor*“Spon irg to well developed ccherent films of reaction product (i.e. metal

soap). The chain matching phenomenon strongly cupports the theory that the

Ry

chemisorbéd f£ilms have a guasi-crystalline structure. Such a structure would
graw wuch mors exiensively and be inhierenily stronger when the melal seap

-

molecules and solvent molecules are ¢f similar dimensions.

8,2 Tavestigntion ¢f Thysical Ad=orption
The platie apparatus was developed to measurs the ihinning of the tesi

fluids down to~2C0% urnder the nydrostatic pressure of mercury. 3y comparing these

m
t.l-
Y
)

rJu
=

t

b

!

results with theoretical curves the apraratus could be used as
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viscometer. The saturaied paraffins were shown to reilain their bulk progerties

throughout, Tne esters exhibited little chanée in their progperties, aithough
where micellar formations were possible small viscosity incremenis were found.

The most inleresting results were obtained for those fluids éapable of
cooperative hydrogsn bondiné, i.e. the fattiy acids aﬁd aléohols. These fluids
all showed increments in their diélectric constants, v;scosities and conductivities
for film thicknesses below 10,0003. These resulis made it e§ident that a higﬁ
degree -of molecular ordering of a physical nature extended deep into the film
from the metal substrate; The current theories of such lohg range aligrment
iﬁcorporate large accumulations of'single‘diﬁérs or dimeric chains which can
satisfactorily explain neither the above results nor many obtained by previous

vworkers. A revised theory was proposed in which the dimeric accumulations

have bent and realigned within the range of the electrical aouble layer field
near the surface to form a permanently polarized highly ordered pyrcelectiric
structﬁre.

fhis_theory may a1so account for the electrical breakdowns of the
chemisorbéd tﬁick f£ilms whilst undergoing sheer, as described in Chagpter 3. The

fluid above the film weak spots reasonably could be expected to consist mainly

”

of“unreacted fatty acid as little or no chemical adsorption could have occﬁrred
at these points., If bvasically physical adsorption then took pi;ce 2t these
points forming the proposed pyroelectric structuré then the enhanced confuctiviiy
(due to proton tumnelling) and the large potential caused by the spontaneous
permanent polarization would accelerate elecirical breakdowmn.

8.3 Toszible ™iiure TRassarch

Yuch more research needs to be carried oul into the sheaxr strength of

-

‘ke chemisorbed thick films so that their role in practical lubricating systems

may be esitablished. Some pointers to this work follow:
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(i) The films should be exposed %0 much higher tangentizl shear, until

1

Ey

e

phyachL breakdowvn occurs for every case. Here the larze increase in shear w

the advent of turbulence could be utilized, although accurate measurement of

" the shearing force would be a problem, - f -

21 e

(11) A much larger range of solvenis and acidic additives should be

tested with special emphasis on the occurrence of chain matching.

’
N

' (iii) The inves%igation of the effecf.of large temperature variations
on the thick film properties could also prove interesting.
(iv) Stainless éteel has not yet been used as the substrate in the
-shear experiments. ”'uh this metal the effecu on the shear stron gth of the
thick films of increased surface rcughness might be observed, an important
point from the lubrication asgect.

-~ - ' -
(v) The interferometric system could be improved so that more accurate

optical measurements of film thicknesses might be made simultaneously «ith the

capacitance measurements.

PossiBilitiqs for the continued reasearch into the mechanisms of physical

adsorpition of fluids on variocus substrates are manyfold:

% (i) So far cnly tests on stainless steel and chrome subsirates have

teen made, Using interfercmetric measuremenis of film thicknesses as an alter—

native to capacitance measurements the adsorptién of fluids on many interesting

but non-conducting substrates may be situdied. Cuch surfaces would also bte

useful for teéts on fluids with relatively high conductivities and dieleciric

constants, 2.g. distilled water.

"(ii) The state cf the°° sutstrates prior to testing might also be vaerisd.

, Apart from the "weit" and "dry" cleaning techniques, the surface energies covld
be greatly affected using high volticge discharges toth tefore and‘during ihe

UAl

(iii) Tempesrature variations should give very clear insight into the

[

. 3
of these films,

mechanisms of the diecleciric properiies and conductivitie
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:Dielectric dispersion measurements using a large rangs of applied frequencies
would be véry useful in this repseact, ﬁut the technigue would be very difficuli
to perfect in this system. ore direct measurements could be made on the
electrical properties of the films, e.g. detection of rectification, and the
disrupting effect of siight anounts of additional water in the fiuids;‘

(iv) Liany different and m;re ¢omplex solutions. ought to 5e tested from
R a practical vie%point. vincludéd in these woﬁld be industrially proved oil
mixtures and some of theif constituent parts,to help establish the role of each
fraction and study possible interference between some additivies. Other worthy

-

“tests would be those on important physiological fluids, e.g. sinovial fluigd.
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APPENDIX A . _ -

The Effect of Turbulence in the Cell Apparatus

In chapter 2.3.3 it was mentioned that at high flow rates,
equivalent to a pressure drop across the cell of 34 cm. of mercury,
the Reynolds number,‘Re, approached the critical value of 2,000, above
which it is generally accepted that turbulent flow replaces laminar
flow. The shear produced by laminar flow for low Reynolds numbe; was
calculated earlier (chapter 2.3.3), but here the approximate shear
resulting from turbulent flow must be estimated.
| In fact in this system, -Re' will not rise greatly above 2,000.

5

. Assuming therefore, that it is in the range 2,000 < R,e < 107, then the

Blasius law will apply, i.e.

C_ = 0.079 R e e e . (A.1)
f e LI )
where Cf is the skin-friction coefficient.
An expression for the shear stress at the wall,i?, under
these conditions is:-
1 2 '
T_—_-Cfxzpmum U 7 V8- |
where P is the density of mercury
and u is the average velocity of the mercury in the channel, .
u may be calculated from the relationship:
4 1
T, 7 7. D7 -
u_ = 0.817 x 8.6 (~=) " x VY ' x (=) P e (A.3)
m p m 2
m
where )%n is the kinematic viscosity of mercury
and hc is the channel separatione.

These three equations may be combined to give an eXpression for TTin

terms of R , V., p_, 7 and h_, all of which have known values. This
. e? "m’ “m? /m c
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expression simplifies to

ek
R 3|7 472‘
Ta 2] x40 O ¢ ')
2 h 2
c P ' ,
Substitutiﬂg %he values of the various constants gives:
R %
szx{-zi R ¢ W)

The Reynolds number, Re’ calculated from the maximum flow rate
in the cell is in the range:

2,000 < R, < 2,500 . Using these two values in equation (A.5)

gives values of shear in the range 5 x 103 newtons/metre2 <T<9x 103

newtons/metrez. Comparing this range with the maximum shear of 1.5 x 102
newtons/metre2 calculated assuming laminar flow indicates a very large
increase in shear experienced at the channel walls resulting from the
transition to turbulent flow.

This increase can‘be explained by considering the effect on the
mercury velocity profile with the advent of turbulence. As the value of
R, increases over the critical value (~2,000) turbulence will replace
laminar flow within the boundary layer at a point close to the entry of
the channel. This turbulent boundary layer will then spread inwards
as the flow continues downstream, until it has fully developed. It will
produce, therefore, a velocity profile which is far from the parabolic
model for laminar flow, (see fig. A.1). ~ The velocity is almest constant
across the centre of the flow chamnel, but the velocity gradient near
tﬂe channel walls will be mﬁch larger than for the parabolic case. As
the velocity gradient at any point in a fluid defines the shear stress
in the fluid at that point it follows that, for the same rate of flow,
turbulent flow will produce a much larger shear at the channel walls
than laminar flowe.

With respect to the results of chapter 4 it is an interesting
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pointvthat if turbulence did arise then the thick films withstoced a
much larger shear than 150 newtons/métrez. The approximate calcula-
tions above indicéte that the shear which.thinned them down to between

1,500 R and 2,000 2 coﬁld have been of the order of 5 x 103 newtons/
metrez, i.ee ~50 gm/émz. By comparing these values with the graph
of fig. 4.1b, they can be seen to fit the results produced by Fuks
much more closely than reported in chapter 4. The apparently greater
shear strength of the tﬁick films produced in this research c0uld.be
explained by the added resiliance produced by chain matching, as dis-

cussed earlier.

Laminar flow

e G G O [N < IN< NI INE
Turbulent flow
(larger velocity
profiie at wall)
¢ &G o SR NN

Fig. A.l Comparison of velocity profiles
for laminar and turbulent flow
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APPENDIX B

Table of results obtained by Fuks (Chap. 4, ref. 3)

Table B.1 Influence of Shear and Fatty Acid on Residual Film
Thickness of a Turbine 0il
(Viscosity = 35 c.poise)

Fatty Acid None 0.1% 0.1% 0.1%
Additive n Palmitic’ ~ | Palmitic Behenic

. . »*
Chain | ... Cas CHa(CR,)COOH | CH,(CH), COOH | CH,(CH,),CO0H
Molecular weight 350 256 256 340
Normal stress (psi) 8.5 . 8.5 25 12

Static Film

Thickness (R) 1,200 1,900 1,200 1,900
Shear Stress (psi) . 1.15 0.54 1.28 0.45
Sheared Film 2 800 1,200 900 1,300
Thickness )

Table B.2 Stress Relationship for Stearic Acid in
Various Solvents

Solvent Chain Molecular Shear Normal
Weight Stress, psi |Stress, psi
Benzene CcHe ) 78 0.03 42.5
Hexane CH4(CH,), CH, 86 cees . 54
Isooctane (CH3),CH(CH,), CH4 114 0.045 57
Dodecane CH, (CH,),0 CH, 170 0.073 74
MS.-20 Cas to 40 * 300-400 * 3.1 310

* Estimated



-190-

APPENDIX C

Computed Solution of Differentizl Thinnings Bovetion

The partial differential equation derived in chepter 6 is:

W= —KH®  [3(an+1)h —h((3N+1)(7w.8_h + how )
24(N-50) ox R ox ox
2 +5(2N+1+G(3N+1)) (Wah +ha_»_4))
(2N-56) dx  ox

This can be solved for h using the Gauss—Siedel iterative technicgue on

a two dimensional mesh where x and t are the two dimensions. For this
method a clearer expression for h is necessary. lion-dimensionalisation

also simplifies the computation.

Cel Ton~Dimensionalisation

The eguation is clarified by letting

F-(N- gG)
Q = 2N+1{

and ES :3hl+ 1

It

which reduces it to:

dh - —kr[3qah - h(eswah N (5(Q+GS)+S)(WQ13 +haw))
dt 24F ox ,

The non-dimensionzlised values of h, x and t may be used vhere:

X
H

LT = wt/1?

L can be any value of length, and is set here as the length of the plate

.C.2.

]
= X

apparatus; V, 1is the kinemztic viscosity of the test fluid, znd hes
dimensio [L T-]
By substituting the expressions of C.2 in the functions G and R

the non-~dimensionclised ecvetions becone:
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a1

=
N

\_

e C3
and F2

"
<
i

where W is now dHe.
a7 .
Using the expressions of C.2 to non-dimensionalise the ecquetion C.l

gives: L
g = — k2H [30H — H (6SWH 4 (5(Q+ GS) +S)(WH 4 HaW))
dT 24y, F oX P oX 2F ' oX X’

vhere P - (_.gHW)‘ﬁ I | . C:3.2.

Defining A as

- 5
A 68\«13_1)%( +(&(a +.c5)+s)(w%§ +VH3_\LXJ)

reduces the ecuvation to:

dH -w - -KL?’.H1<3QQH —-AH_)
dT 24V, F X P

which is, in terms of H:

| | %
Ho = (- 24V°F.W/KL3(3Q%4< _%ﬂ)) e C4

The iteration nrocess carried out by the computer uses the old
value of H 2t & verticuler mesh point (i.e. H(I;J)) on the right hand
side of ecuation C.4 to calculeate the new value oﬁ the left hand sidee.
This new value is used in the next iteration and so on.

Yhen computed, ecuetion C.4 cou}d not. be made to convergé, mainly
because the function within the scuare root reveatedly went negative
during the iterction procesé. Another exvression for H(I,J) could be

obtained from its differential with respect to X, which may be written:

OH . H{+1,7) — H(I,T)
X AX

where the I suffix refers to the x dimension

and the J suffix refers to the 1t dimension

(from Crandall (C.1)).
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Thus equation C.4 becomes:

HOLT) = H(Ia,T) + (B%F g + AH).AX..C5.
| KQCH* dT  3QP

C.2 Boundary Conditions

As this is a propegation problem only one boundary coundition
need be specified, i.e. the variction of H with x at a particuler time.
This relstionship was obtained from an approximated form of the basic

equation where terms in H” and higher powers were neglected. Inuetion

il

Ce3.2. reduces to:
dd — KL® . 3QH*oH

dT 24, F oX

where P now = M. .

-CcHaH e Cé.
oX

= 5.‘;3..(2+_1_)
8, N

Assuming H is a separable function in terms of X and T, i.e.

H(X,T) = H(X).H(T)

ie.€e

h

o ¥=1==

where

equztion C.6 becomes

HIX) dH(T) = — C.HOX) H(TT, QH(X)
dT oX

1 dH(T) - — CHKX).oHX)
H(T?® dT X

This is a justification of the above assumption, as each side of

the eguetion is a function of a different variable. 3oth expressions,

thercfore, must erual a constant, B.

Teking the veriesbles inside the differentials the expression iss

dHE)™ _ COHNY . B

aT - oX

. Integrating these,give: 1'

S = BT +~C1
H(T)*
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2

C

where'Cl and 02 are constents.

UL HGT) = HX).H(T) e =(BX/C + G )1,2.,.. o)
BT + C,

This simplified solution is encouraging as it predicts that the -
film thickness is inversely proportional fto the scuare root of the
period of thinning. This concurs with the experimental evidence and
the Stefan—Reynoldsrexpression.

To evaluate the constants 01{ C2 and B certain starting ?alues for
H must be assumed. These were varied to illustrate the dependence of
the thinning curve on the experimental starting conditions. 4 itypical
exanple is demonstrated below.

et X=0,7T=0 put H=20

i.e. H(0,0) =0

This boundary condition results from the fzct that the glass
slide rests on the mercury surface prior to the addition of the test

fluid, znd therefore, =t the very bottom, there will be no oil film.

.". from C.T (_:2 -0 ivee Cyp = O
C

. HXO = (CBci)

equation C.T becomes: {

/-
H = on( X )2 ... CT1
HXO2CT ~+ 1

Difterins exnerimentsl sterting conditione cen be cimul-ted by

Y

verying HXO betircen 107> metres and 10,000% (10_6.metres) in ecwetion

C.7.1 which defines H over the two dimensionel grid.
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C.3 The FProsranne

ixpression C.5, which defines H in fterms of GH, dH, &l 'ﬁﬂ lescer
. d¥ ax ax

termk -containing d, ig solved by the progremne shown below. The fect
thot sone lesser functions of H involved the square roobts of o negzetive
cxpression proved troublenone. If these cxpréssion§ became nositive at
any point then the iteration cycle became complex znd therefore meaning—
less. In physicel terms it is 1mpoq,1ble for these exvrer91on° to rise
above zero, Jeb, es the iterction cycle involves oscilletion Lround the
solution vrtil it converges to that solution, such cn eventueslity
could, «nd did, arise. To safegusrd against this, therefore, severzl
"teat »rocedures™ vere incluﬂed in Qhe progremnme which dy-possed the
problem. |

By verying the velues of the constrnt relating the properties

of the ©luids tested, the theoreticzl thinning curve for each fluid wes

‘celeulated.

VFROGQAH AdSCINFUT, OUTPUT, TAPES=INPUT , TAPES6=0UTPUT)

DATA

CRAFRFFXIRAARL RN LSRR RNT R AR RN R AR AR RN T FENY

~

c*#;#;

CE¥xrn

DIMENSINN H(51,;51)°S(51,51), 7(91,?),T(g;,Z),QSWU(Q),DHT(DI,Si),

1DHX(51 51) 4 DUX(51,51)
CH*r& 25

DE FIN: VISGCSITIZS AND DENSITIES.
VISHG=1.51%1%%* (=3) :
DENHG=13 H* 17, %*2
OIL IS SAUALANE,
VISOIL=2.064*1{ *%(=2)
DENOTIL=R 1%473,#*2
Y DEFINE ITERATION COHNSTANTS,
GRAV=9,81
ELLE=3 %10, %%(=2) :
CAY=GRAV* (DFENHG-DTNOIL)/VISOTIL
ENNE=VISOIL/VISHG ' '
COO0=2¢ ¥SHHE+L ‘ ©
ESSE=3 ¥ CHHZ ‘l'i N
C:;-CKY*ELL:*“‘4CEVOIL¥(2.+1 /ENNE) /8, /VISOIL
=.1
In 51
JN=61
INM=IN-1

AJNM=EgN-L
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Cx¥xxx VARY STARTINAG COHAITIONS
CHERRRER A IR AR R DL AR R FFBR IR AR FFFRRIRER SRR X RN
1JK=0 '
3 TIK=TJIK+1
HOO—'DQ ’.-.x '\.'
IF(TJ%ENe 1) HX0=1§, ¥* (=2)
IF(IJUX.EQ,2) HXO=1yg,¥*(~3)
MHAX=1y0
c .
C o
Cxxxxs SET X=GC~-0RDIHNATES
C¥#¥¥¥¥4¥444##%¥¥4¥4¥§¥4¥¥444¥¥4#4¥¥4¥¥¥4¥¥44¥44¥¥
Y(igi)ZQQZ
DO 14 I=2,IN
X(I,i)—X(I -1,1)+3.3/FLOAT ( TiNM)
17 X(I,2)=X(I,1)-X(I-1,1)
: X(1,2)=X(2,2)
Cx¥® %% SET .T-CO-0RDIHATES
c - .
c .
Cexrxx ITERATION PEPEATS FOR 1, 15, 107, 1340 ,10G00MIN CYCLES
c¥¥¥¥¥¥4¥¥¥¥#¥¥¥¥4¥¥#¥¥¥¥¥4¥3¥¥¥¥$44¥¥¥¥¥¥¥¥¥444¥4
T, 1)=0,
TIME=VISOIL/DENOIL/ELLE®*2%61,
K=1
2 K=K+1
T(1,1)=T(J”’1)
DD 11 J=2,JIN
T(Iy D) =T (J=1,1)+TIMZ/FLOAT (JHH)
11 T(J,2)=T(J,1)-T(J=-1,1)
T(1,23=T(2,42)

Cc
c .
C¥x¥+x SET INITIAL H-YALUZS
c¥#¥¥¥-¥¥ .¥¥- HREFF AR RERARRIRRESFREPELE FEFEEF R ERFERERRFS
no 12 I=1, IN - )
RS (I;i)=‘:‘c
START=((HXO0**2-HO0¥*2) *X (I,1)) ¥¥,5+H00
CIF(KeZ0e1) H{I1)}=START/{CIE¥(HXO¥*2-HOO¥*¥2)*¥T(1,1)+1.)¥%,5.
IF(KeNCe 1) HA{I,1)=H(T,JN)
DN 13 J=2,JN
RS{Is )=,
13 H(I,J) =START/{CEZ*(HXO0**2=-HOO0*%2) *T(J,1)+1.)%¥*,5
3.2 CONTINUE
C
c

C¥x»#%¥ *  ITERATION GYCLZ BEGINS
c#*###&‘%’-l‘#%’-&’-#% L EE R L ERELE R ELI LI REE LR ELERRESEEE L P
NI TER=
‘4 NITCR= NITER+1
RSOU(1)=3,
c .
C¥*¥¥x  CALANULATE DISFERSNTIALS AND CONSTITUENT FUNGCTIONS.
c#*‘#-\”ﬁ?-&##-‘&#%ﬂ& DL FRERE REXFRNRPY FRRLI R XL RERERY
00 14 J=2, JN
DO 14 I=1,IN
IF(I.EN. 1) 60 TO 4t
IF(T.£n. Ii) GO TO 55
DHX{T, J) = (R (T+1, J) =1 (I=1,J)) 72 S X(T, 2)
60 TO 57
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Gl DHX (15 0) (=20 *H 02y J) +L #HI2, ) =H(Z,0)) /247X (1,2
55 DMX(IH, )= (2 FH (1M, J) =4 ¥H (INY, JY £ IN=2,00) /24 /X(IH&,Z)
57 IF(J.EQ, 1} GO T0 06 .
. DHT{(I, D =(HIT, J#1) =H (T, 4~1)) /2, 7T, 2)
66, DHT(I,Ji)=(3 4P(I JJ)-Q«*H(I,JNM)+H(I IN=-2)) /2 /T(JNM,Z)
O Z=W(Iy .
IF(7,LL¢..) GO0 TO 22,
IF(DHT(T,J) 4687 o) GO TO 9
GEE= (= POO*?#DHT(I,J)/s ) #% 5
g IF(DHT(I,J Y620 .) GEE=0,
ce II’( LE:~.¢) GEZ="%
CFFE=CHNE=2,5%GEE
IF(EFFELE3e¢) EFFEZENNE .
CON=8,*VISOIL/ (CAY*DENDIL*ELLE**3%C00)
c _ A
P _ A _ |
Cra¥en CALCULATE MH(I,J)e
CHERTRHRIXFRALBLFXRFIERF AN BRRRED R ARAABUSE R I I AN,
IF(Y.EQ, IN) 6O TO 16
L HUI I =H(I+4,J) +CONFEFFEXOHT (I, J)*X(I,Z)/7‘*2
16 RUIN, ) =2, *H{INM, J)~H(IN=2,J)
1.7 H(I, J)-“P*(H(I J1=7) +7 :
IF(AP (MT3J)) LT 12 ¥ *(=20)) PS(I,J) 3.
‘IF(ABQ(H(I,J)),LT¢13 *4( 231)) GO TO 14
RS(I,J)=10=2/H(I)) ‘
¢ _ _
C*¥x¥¥ CHECK FOR CONVERGENCE,
C#e:--r-x»###4%444-‘!44#444#44444.44#4##44###44#44444a’-a’w—&v-

14 IF( A3S{RS(I;J)) 6T, ABS(RSOUCLI)) RSHU(L)=RSI(I,J)
IF CINITER+NYAX-1)/M{AX~NITER/NMAX) 999,398,399
898 HRITE(H,522) .
HRITE(G,558) ((H(I,0),I=1,IN,5),J=1,JH,5)
PRITE(5,513)
WRITE(S, 5339 ((RS(I; ) ;1=1,11,5),J515JM,5)
_ WRITE(G,554) MITER
399 CONTI!U: :
IF(NITER.GENMAX) 6O TO 78
- IF (A3 5(°°1H(1))¢GT..301) GO To 1
WRITE(Gy532) '
HRITE(G;5%3) ((H(I,3),I=1,IN,5),J=1,JH;5)
WRITE(6;5733)
HPLTL(B-rﬁus ((RS(I;J),I=L,3IN,5)30=1,J4;5)
WRITE(6, 57 4) HITER '
TIME=TIE*12,
IR(K..Te5) GO T0 2
GO TO 77 S _ -
_ - 78 HRITE(R,.5%95) NITER - =
= 5C5 FORMATII2H THT PROCESS DID NOT CONVERSE IM,15,11iH ITERATIONS)
77 IF(IJN,LT.2) 6C T3 3 , : '
508 FORMAT(1H 5 (11E11,4))
501 FORMAT(LH ,2I5)
52 FORMATI(LH ,1 Xy37HOISTRIBUTION OF FILM THICKMESS/

£11X, 37 Hemm e e e e v e e e o /7)
563 FOMAT(LH 4 //4H 423X 16HRESIDUAL TABLE/ 21X, 14Hmmwmmmmmmmemme )
564 FORMAT (LH ,//7H NITER=,I5)

STOP ‘ :

,_END
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