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ABSTRACT

This thesis examines the mechanisms of various boundary friction

systems by comparing surface chemical and lubricated test results.

| Three aspects of boundary lubrication are investigated, oiliness using
lonc chain amine solutions, extreme pressure activity using dibenzyldisulphide
and surfactant-extreme pressure additive interference. In each case a short
literature survey 1s presented, followed by experimental results measuring
the change in surface chemistry and friction with temperature.

For long chain amines on stainless steel,adsorption and slow speed
friction results show that lubrication is provided by a predominantly
reversible adsorbed amine monolayer. Lubricant action fails when this film
is critically depleted which, under conditions of Langmuir adsorption, occurs
at constant adsorbed amine excess for a given load. ,

' A simple analysis of certain published results has shown. that this
adsorption—-scuffing model may also be applicable at high speeds.

The reaction of radioactively tagged dibengzyldisulphide on steels has
been investigatea and a reaction mechanism proposed. A comparison of
chemical and frictional results for similar systems indicates that an
anti~-seizure extreme pressure film may be fully effective when only a few
monolayers deep. Differences in extreme pressure lubrication at low
temperatures for different steels have been noted and an explanation proffered.

In additive interference experiments it has been shown that surfactants
can suppress the reaction of dibenzyldisulphide with steel. However,
vhereas long chain amine is‘most antagonistic at low temperatures it has peen
found that calcium sulphonate detergent solution interferes up to high
temperatures. The import;nce of this calcium sulphonate antagonism has
been demonstrated in lubricated tests, where it is shown to suppress extreme

pressure activity.
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MATN SYMBOLS AND ABBREVIATIONS

B.E.T. Brunauer, Emmett and Teller adsorption model.

Qi concentration of component i,

D.B.D.S. Vdibenzyldisulphide.

€ePe extreme pressure.

K equilibrium constant for adsorption process.-

in logarithm to the base e.

m, mol moles.

n, initial total number of moles of liquid.

nia number of moles of component i in phase o aF equilibrium,

n® total possible molar adsorptione.

nm nanometer,

N hewton.

noAX1L composite adsorption isotherm parameter.

m

At isosteric differential heat of adsorption.

R . gas constant,

R;H. relative humidity.

T Temperature, in °K unless otherwise stated. (—B)
lubricant breakdown temperature. (-w) wefting
temperature, (*amb) ambient temperature (hfilm) film
temperature. (~t) temperature at time t.

ATf flash Eemperature. (—fm) maximum flash temperature
(hf.t.) flash temperature at time t.

v velocity of sliding.

W . applied load.

xia concentration of component i in phase a (mole fraction).

E? surface concentration of component i.

it coefficient of friction (—S) static coefficient.

u?’ chemical potential of component i in phase a
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CHAPTER ONE

GENERAL  INTRODUCTION

This chapter introduces the subject of lubrication and some of the

chemical problems involved.

1.70. Boundary Lubrication

Rubbing two clean me?al surfaces together generally gives rise to
considerable friction. The contact points geize and Fear, and high temper-
atures are generated at the interface. The normal outcome is both extremely
damaged surfaces and an erratic and rough sliding motion.

Two effects are responsible for this phenomenon. The first is that the
two surfaces are probably very uneven on the atomic scale, so that they
interlock to resist sliding. As Herschel (1) put it in 1845;

"A surface artificially polished must bear somewhat the same kind of

relation to the surface of a liquid or crystal, that évploughed field

does to the most delicately polished mirror".

The second contribution to the high coefficient of friction arises
because it is energetically more favourable for clean metals to coalesce
and reduce their overall surface area than to remain apart. Extra work is
thus continually required to shear newly formed areas of metal contact.
Lubrication is concerned with mitigating these two effects so as to reduce
the friction between sliding metal surfaces. |

The most effective solution availaﬁle is to separate the two surfaces
entirely by a film of fluid. If the film is thicker.than the combined
surface roughness,then metal-metal shear is replaced entirely by fluid shear.
In this case the coefficient of friction is usually low and depends on the
fluid viscosity rather than on the surface properties of the rubbing solids.

This is the state of affairs in a correctly designed journal bearing. The
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0il, a classical hydrodynamic fluid, obeys the laws developed by Reynolds
in 1886 (2). The lubrication occurring under these conditions is thus
termed "hydrodynamic lubrication'.

IFFor high loads, between surfaEes with a high elasticity modulus, the
viscosity of the oil increases with pressure. This is the regime of
"elastohydrodynamic lubrication®, first introduced by Ertel-Grubin in 1947
(3). It occurs, for example, between a ball and flat surface at moderate
speeds, as in a ball-bearing race. The film thickness in this region is
generally several hundred nanometers so that solid-solid contact makes only
a very minor contribution to the frictional coefficient.

Unfortunately it is not always possible to have a complete fluid film
between rubbing metal surfaces. At very high loads and low speeds a coherent
o0il film cannot be maintained and it is only "boundary lubrication' that
prevents the systam reverting to dry, unlubricated conditions. The
function of a boundary lubricant is to modify the solid surfaces in some
way, by adsorption or reaction, so as to provide a surface film which is
more easily sheared than the bulk metal itself. It has been found that
such films need often be only one or two molecules in depth to lower the
coefficient of friction between.two quite rough metal surfaces (see Chapter
3).

Although boundary lubrication is most common where high loading exists,
such as in hypoid gears, it occurs in almost all machines on stopping and
starting before hydrodynamic lubrication is established. It is thus normal
practice to include some boundary lubricant even in oils expected to

function.primarily as hydrodynamic fluids.

1.20. Olliness and Extreme Pressure Acltivity

Two forms of boundary lubricating action can be distinguished. These

tend to operate under different conditions and are often known,respectively,
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as oiliness and extreme pressure (e.p.) activity.

Oiliness is a low temperature lubricating property which,it has been
shown,is related to the adsorption of very thin films on metal surfaces.
These provide a plane of low shear ;trength between the twé rubbing solids
and give, characteristically, coefficients of friction of 0.05 - 0.15.
Because the adsorbed films are quite thin, metal-metal contact is not
completely prevented and a "wear-track" is produced due to limited tearing
in the contact region.

Typical ciliness additives are long chain acids,ésters and amines, and
these are sometimes added to commercial oils to improve their low temperature
boundary lubricating properties. Since adsorption is the key to this type
of lubrication, however, many large polar molecules are effective to some
degree. For most purposes the natural polar oxidation products of mineral
oils provide the required ociliness properties. This can be seen by notlng
tge marked decrease in boundary lubricating action of a crude oil as it is
progressively refined.

It is a characteristic of oiliness additives that they modify only the
immediate metal surface. This is not the case with extreme pressure
additives, which are designed to provide boundary lubrication above the
breakdowvn temperature of the oily adsorbed layer, at about 150°C. Extreme
pressure additives are generally organic compounds containing a reactive
element such as sulphur, chlorine or phosphorus. These combine chemically
with the metal surfaces at high temperatures to give either a low shear
chemical film or a film upon which further polar adsorption can occur,but
more strongly than on the metal itself (see chapter 5).

The action of an e.p. additive is a controlled corrosion process (4).
An uneasy compromise often has to be reached between an efficient extreme

pressure agent, which corrodes the surface rapidly causing heavy wear, and
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a less reactive e.p. additive which is not such an effective lubricant in
preventing seizure. To limit corrosion, extreme pressure agents are
designed to begin reaction only at bigh temperatures where they are actually
neerded. Sometimes powerful extreme pressure additives are used during the
running-in of a machine, with a milder one being substituted for normal use.
This simple picture of two types of boundary lubrication is not an
exact one. There is evidehce that some e.p. additives behave as oiliness
agents at low temperatures. It has also been suggested than lubrication at

temperatures higher than the usual oiliness breakdown range can be provided

by a polymerised film of surface active material produced at the contact
region (5).

Both ciliness and extreme pressure activity are subject to investigation
in this thesis. Much fuller descriptions of both these types of boundary
lubrication are trerefore given later in the text. A diagram showing the
range of action of the various lubricating reglons, which illustrate the

difference between oiliness and e.p. activity, is shown in Figure (1.1).

1.30. Lubricant chemical composition

.Many fluids serve as lubricants including water, molten glass and
metals, air and both vegetable and mineral oils. Animal and vegetable fats
were probably the first to be widely used,since although simple refining
methods were available in the 5th century B.C. (6),it was only in the 19th
century that these were developed sufficiently to produce reasonably pure
hydrocarbon mineral oils. Nowadays hydrocarbon petrecleum products are the
most widely used of all lubricating fluids.

An important feature in lubrication is the addition of chemical
compounds to improve the various properties of an oil. This can be traced

back to the middle of the 19th century when Little (7) proposed the mixing
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of fatty acid soap with mineral oils to produce lubricating greases. It

was in the 1930's, however, that such chemical addition really became
popular,and by 1945 most of the present day additive types were already in
use. Many of these are not c;ncerned with the lubricating properties of the
oil directly, but with its ancillary characteristics, its cleanliness,
pouring properties, temperature stability and so on. All these additives
make the modern lﬁbricating 0il a very complex mixture. It may be useful,
“herefore, to summarize the chemical composition of typical oils.

\

1.31. Base stock

The most common bulk fluid or "base stock" used today is a hydrogenated
and refined petroleum oil. This, even after refining, is by no means simple.
It generally consists Of a mixture of aliphatic or saturated ring hydro-
carbons chosen to have particular viscosity preperties. Small concentrations
of organic nitrogen and sulphur-containing compounds are also present as
well as poorly defined oxidation products. As w§51nentioned earlier,these
polar impurities act as oiliness agents and can make the base stock itself
a reasonable lubricant under mild conditions.

-The complexity of a mineral oil and its impurities is a source of
difficulty in standardising lubricant behaviour. Even quite highly refined
base stock can vary from batch to batch enough to make its propertiés hard
to maintain without using large quantities of chemical additives.

Where performance is of overriding importance with respect to cost,
synthetic base stocks can be used. These have special properties such as
high temperature stability and also the advantage, especially useful to
scientists, of a well defined chemical structure. Thus, for example,
diester base slocks are used in gas turbine lubrication where reliability

and high temperature performance are essential. Silicone hydrocarbons are
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also sometimes used as base fluids. They have very high temperature
stability but only poor boundary lubricating properties. Often some thermal
stability has to be sacrificed by including chlorine in the silicone

molzcules to improve oiliness.

1.32. Lubricanl additives

Oiliness and e.p. agents, the main lubricating additives, have already
been considered in section (1.20). The other principal oil additives are
now considered in turn.

Detergents and dispersants are chemicals designed to prevent solid
deposits forming in a lubricating oil. Detergents generally denote those
which function at high temperatures, whereas dispersants are added to
disperse sludge forming in the cold. Innumerable detergents have been used
in oils since their first application in 1936 (8). Commercially the most
important today are long chain alkyl substituted sulphonates, phosphates,
phenates and salicylales. These are all metal salts, the metal usually
being barium, calcium or zinc. Almost always there 1s more metal present
than is needed just to neulralise the acid so that the salt is basic. The
basicity is valuable in neutralising acid contamination produced by oil
oxidation and fuel combustion. Dispersants also have a varied chemical
structure. They generally consist of a hydrocarbon base with added polar
functional groups such as amides or carboxyls. Fowkes (9) has shown that
dispersants function by adsorbing on particles of conlaminant.

Corrosion and rust inhibitors are added to lubricating oils to protect,
respectively, non-ferrous and ferrous engine components against chemical
attack. Corrosion inhibitors are usually metal dithiophosphates, and
sulphurised terpenes. Typical rust inhibitors are amine phosphates and

alkylthicacetic acid. Both of these addiltive types work by adsorption on
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the metal surface to give a protective film.

Two additives which are used to alter the bulk properties of oils are
viscosity index improvers and pour-point depressants. Organic polymers
are added to some base stocks to improve their viscosity propcrties. They
exert a greater thickening effect on the gil at high temperatures than at
low ones and so limit the overall viscosity change. Pour- point depressants
are also organic polymers. They modify crystal growth in cold oils to limit
the formation of interlocking wax crystals (10).

The final important additive type is the antioxidant group. Oils at
high temperatures and in the presence of metals and complex organic
chemicals are normélly very prone to oxidation. This results in increased
acid content, carbon impurities and a higher viscosity. Additives are
therefore employed to inhibit this oxidation either by adsorbing on the metal
@o suppress catalysis or by directly quenching oxidation chain reaction.

The chemicals which have been used as antioxidants are legion. Disulphides,
amines and phenols are just a few typical examples.

This has been only a brief summary of lubricant additives. DMore

thorough reviews are to be found in references (11) and (8).

1.40. Additive Interference

It can be seen that a lubricating oil may be quite a melange of chemicals.
All are important and are there for a specific purpose. With so many
different components great care has to be taken to ensure chat they do not
interfere with each other. Obvious possible interference effects are
straightforward chemical reaction in solution between different additives,
elther cold or under hot running conditions. Such reactlons are quite easy
to identify and eliminate by chemical methods. DMore subtle solution

interactions are possible, however, such as the formation of association
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complexes retaining the simple chemical properties of both constituents but
lowering the activity of each.

Much more important are interference effects in specific chemical
functions. Almost all boundary additives are designed to éct at the metal
surface, albeit in different ways and at different times. Since most of
these additives are polar surface—-active compounds the liklihood of inter-
ference as different additives compete for the surface of the metal 1s very
great.

Indications that such interference or "antagonistic" effects do occur
have been appearing more and more frequently in recent literature. These
will be reviewed in chapter 7 where experimental work in additive inter-

ference 1s described.

1.50. Introduction to the Project

The practical use of boundary additives has outstripped research. The
mechanism even of the simplest boundary lubricant is not yet fully understood
whereas new and ever more complex lubricating mixtures are continuously
being developed.

-Much lubricant test work is done on complex systems and, from these,
conclusions are drawn as to the basic lubricating mechanism of the various
additives. This is arguing from the complex to the simple, an apprdach
that is rarely very satisfactory. The work in this thesis tries to move
the other way by investigating the simple so as to find out about, and
understand, the complex.

A very simple lubricating system is considered. Hexadecane is the base
stock, long chain amine the polar material and dibenzyldisulphide the
extreme pressure additive. By using pure chemicals the number of extraneous

variables is minimized. The lubricating properties of this system are
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examined in detail with especial reference to the surface chemistry of each
component. From these experiments it 1s hoped to gain insight into the
action of much more complex lubricating oils.

The use of this type of '"model" lubricating system is not new in
lubrication. A recent example is provided by Rudston and co-workers (12).
It is, however, a valuable technique for studying the mechanism of action
of lubricating oils which, since they are often natural products, normally

have only a statistically defined structure.

1.60. Scope of Research

The work described in this thesis investigates and correlates the
chemical reaction and lubricating properties of two simple additives with
stainless steel. The experiments divide into three sections.

a) The adsorption and lubrication of long chain aliphatic amines in
héxadecane solution.

b) The adsorption, reaction and lubricating properties of dibenzyldis—
ulphide in hexadecane.

c) Interference effects of polar additives on the reaction and lubric-

ating properties of dibenzyldisulphide.
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CHAPTER TWO

ADSORPTION OF LONG CHAIN AMINES ON STEEL

2.10. Introduction

In 1925 Sir William Hardy (13) demonstrated that some forms of boundary
lubrication could be explained by the adsorption of long chain polar
surfactants. He suggested that the hydrocarbon molecules of such adsorbed
films lowered the field of force between rubbing surfaces and thus reduced
friction.

Many experimenters have subsequently developed this theory. The general
method has been to correlate the change in a surfactant's lubricating
property with its changing surface adsorption. Thus, for example, Frewing
(14) and Grew and Cameron (15) postulated that the fall in lubricating
capability of fatty acid solutions at a particular temperature was due to
physical desorption.

A major deficiency 1s most correlations has been that both adsorption
and friction studies have rarely been done by the same worker, using the
same system. The notable exception to this is the work by Hutchinson and
Rideal (16) who, in 1946, carried out adsorption and friction experiments
for long chain surfactant solutions on sodium nitrate crystals. They
observed quite good correlation between the concentration at which signifi-
cant polar adsorption took place and the concentration where boundary lub-
rication started to become effective. Unfértunately the work was limited
to one temperature so that full thermodynamic analysis was not possible.

This chapter concerns an investiation into the adsorption of long
chain amines on steel powder. An important feature of the work is that the
adsorption is measured at several different temperatures. The study is of

intrinsic interest as a non-aqueous adsorption system. However, the results
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will be used primarily for correlation with friction experiments (chapter 3)

and with additive interference tests (chapter 7).

2.20. Review

Adsorption from solution on to golid surfaces has been a flourishing
branch of surface chemistry ever since the piloneer work of Freundlich (17).
This is partly because of its great practical importance in a number of
industrial fields, such as flotation and detergency. However the solid-
liquid adsorption involved in lubrication is slightly different from these
as 1t is concerned with adsorption from a non-aqueous, non--polar solvent.

In this case the simplification can be made that double layer effects and
other electrical surface phenomena are absent. This survey will concentrate
on non-aqueous work on metals and metal oxides.

Only certain specific aspects of non-aqueous adsorption are considered,
effect of oxide layer, effect of solvent, adsorbed film thickness, etc.

Each aspect has considerable bearing on the work presented in this chapter
and together they provide a framework in which to view both- the experimental

technique and the new results obtained in this thesis.

2.21. Surface oxide lavers and cleanliness

An important feature of working in adsorption and lubrication is that
many metals quickly acquire a thin layer of oxide or hydroxide (18). Most
experimental work has thus been done on metal oxide layers rather than the
metals themselves. This creates great difficulties since an oxide layer
is nolt very reproducible, its thickness and porosity both being variable.

Some adsorption work has been carried out on clean metals. Smith and
collaborators (19) (20) and Groszek (21) have prepared surfaces by machining

metals under inert solvents. One disadvantage of this technique is the
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danger of the metals reacting with the solvent itself under the violent
preparative conditions involved. Similarly Greenhill (22) outgassed metal
powders anq then reduced them in a stream of hydrogen to try to produce
clecn, non-oxidised surfaces. The powders were than plunged directly
into solution. None of these authors reported higher adsorption on clean
mental than on oxidised surfaces although Groszek (21) suggested that the
heat of adsorption of octadecanoic acid on ground iron was higher than it
was on iron oxides.

Platinum and gold surfaces have often been used in adsorption studies
to minimise the oxide-film problem. They have been extensively studied
by Greenhill (22) Zisman et al. (23) (24), Smith and Fusak (25), and many
other investigators. With these unreactive surfaces no mention could be
found of adsorption of more than one monolayer.

There is still controversy over the relative importance of oxidised
and non-oxidised adsorption in boundary lubrication. The persistence of
an oxide film between melal surfaces after repeated rubbing has not been
assessed. Groszek (21) suggests that it is important to consider adsorption
on both ironoxide and freshly preparediron surface in order to understand
lubriéation. Apart from oxidation effect on the adsorption of polar
material on surfaces, Roberts et al. (26) have suggested that the converse
is important and have shown that adsorbed films inhibit the formatioﬁ of
metal oxide on aluminum.

Cleanliness is also a critical factor in adsorption and boundary
lubrication work. Very small quantities of adsorbed water and grease
contaminants can‘greatly alter the properties of surfaces (18). Most metal
surfaces quickly adsorb at least one monolayer of water shortly after
preparation if exposed to damp air (27). This water can have a marked

effect on the surface energy of the metal (28). Bascom (29) has obtained
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different results for the adsorption of polar compounds on metal oxide
surfaces dependent on the extent of pre-heating of the metal. He associated

this with the changing quantity of adsorbed water on the metal.

2.22. Effect of solvent on adsorption

The effect of solvent on adsorption is very marked. Both competitive
adsorption of solvent on the metal and solubility of solute in the solvent
are important. Groszek (21) has shown that the heat of adsorption of
octadecancic acid onironoxide differs depending on whether heptane or
hexadecane 1s the solvent.

Bewing and Zisman (24) measured contact potential and contact angles
to prove that polished metal surfaces are covered by an adsgrbed hydrocarbon
layer on withdrawal from alkanes. From contact angle measurements they
deduced that the alkane was adsorbed parallel to the surface rather than
vertical. A similar orientation has been suggested by Davidson and Kipling

(30) for the adsorption of alkanes on graphon.

2.23. The thickness of adsorbed films

A considerable amount of work has been devoted in recent years to
determining the thickncss of adsorbed films on metal surface. There are
two major schools of thought. Sometimes adsorption seems to be in the form
of a monomolecular layer (21), (25), (31), (32). On the other hand evidence
has accumulated, particularly from Russian sources, of the existance of a
thicker film, sometimes hundreds of nanometers deep. Thus Deryagin and
ce-workers (33) have studied the viscosity variation, with distance from
the surface, of thin layers of solutions on polished metal substrates.
They report structural layers 10 to 100 n.m.- deep. Gaines (34) investigated

the adsorption of radicactive polar solutes on metal plates and found an
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equivalent of six monolayers of octadecanoic acid on aluminium and copper.
A recent review of thick films is given by Allen and Draughlis (35).

Sherwood and Rybicka (36) and Smith and co-workers (19) (20) both
showed that the presence of moisture was necessary for the fomaiation of a
thick film of fatty acid. Harding (31) studied the adsorption of long chain
acids on ironby several techniques but was unable to detect films more than
one or two monolayers thick.

Recent work by Smith (37) has made the whole situation much clearer.

He investigated the formation of thick films of octadecancic acid from
hexadecane on to steel. The film thickness was calculated by displacing
hexadecane solution with mercury and measuring the remaining film's
capacitance. Smith found that ionically bombarded, and thus very clean

and dry surfaces, adsorbed only a monolayer of octadecanoic acid. When
mpisture was present a film several hundreds of namometers thick was formed.
He observed this thick £ilm under a scanning electron microscope and showed
that it had a fibrillous grease structure, With amines no thick film was
formed even in the presence of moisture.

.From this it seems likely that thick film formation is more a corrosion
than an adsorpltion phenomenon. It is not yet clear how great a part such
thick films play in lubrication with boundary additives such as fatty acids.
Certainly amines and alcohols lubricate despite the fact that they do not

appear to form more than a monolayer.

2.24. Adsorpltlon of long chain surfactants on metals.

The most common additives used in polar adsorption experiments have
been fatty acids. Bowden (38), Hirst (39), Cook (40), Walker (41), Doyle
(42), Greenhill (22), Daniel (32) and many others have carried out adsorption

taests of acids on various metal surfaces. Generally speaking they reported
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monomolecular films. Exceptions are Hirst, who obtained thicker films on
zinc and copper when molsture was deliberately introduced, and Coock who
found rather more than a monolayer of octadecanoic acid on iron after five
days. Both Rowden and Moore (38) and Daniel (32) showed that a group of
metals, cadmium, copper and zinc were much more prone to chemical attack
by fatty acids than iron, chromium or nickel.

Some adsorption work has also been done using esters and alchols.
Bowden and Moore (38) showed that octadecylalcohol, unlike the corresponding
acid, did not react chemically with zinc, cadmium or copper at room
temperature. Alcohols and esters adsorb less strongly than acids and * a
characteristic feature of their adsorption is the existence of a step in
the isotherm. This step has been observed by Daniel (32) and Groszek (21)
and has been explained in terms of an orientation change in the adsérbed
phase as concentration increases.

Investigations of amine adsorption are somewhat scarce. Cook and
Hackermann (40} studied octadecylamine adsorption on steel powder from
benzene by a direct weighing method. Measuring the powder surface area
by B.E.T. methods, they decided that total adsorption did not exceed two
monolayers over the concentration range studied. Their adsorption did not
reach a limiting value with concentration but seemed to rise linearly. This
may result from their experimental technique since they tried to correct
for solution evaporation from the powder surface after extraction from
benzene solution. A consistent evaporation error would account for the
steady rise in the adsorplion they noted with increasing amine concentration.

Block and Simms (43) also investigated the adsorption of octadecylamine
from bicyclohexyl on steel and glass. They used radiocactive measuring
techniques and found adsorption rather less than a closce~packed, vertically

oriented momolayer. Haydon (44) obtained isotherms for adsorption of
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n-hexadecylamine on steel and other metals using surface potential
measurements.

Bewig and Zisman (24) have carried out a thorough investigation of
adsorption of primary amines on platinum from alkanes at room temperature.
Using contact potential and contact angle measurements they studied the
rate of adsorption of amines and also the amount of alkane included in the
adsorbed layer. The alkane content of the film dropped gradually to zero
for most solutions. When the chain lengths (number of carbon atoms) of
both amine and alkane were the same, however, such as with hexadecylamine

and hexadecane, about 15% of the alkane was retained indefinitely in the

adsorbed film.

2.25. Revergibility of adsorption

Daniel (32) observed reversibility in the adsorption of fatty acids
and alcohols on metal powders. He noted that some desorption took place
when the ambient temperature was increased, and also on dilution.

In polar adsorption from non-aqueous solvent there is often a mixture
of reversible and irreversible reaction. Timmons (45) found that 60% of
the-total monolayer of octadecanoic acid adsorbed on iron was removed by
heating to 100°C. He concluded that the other 40% was cheinically adsorbed
in some way. Cook and Hackermann (40) investigated the adsorptionrof
octadecylamine on to steel from benzene and found a similar result. About
a quarter to a third of the total amount adsorbed could not be removed by
washing in pure solvent.

Cock and Ries (46) carried out experiments on the adsorption of
octadecanoic acid on iron from hexadecane. About one third of the total
was absorbed very quickly with the remainder taking much longer. They

showed that a rabtio of octadecanoic acid to hexadecane of 1 to 2 would be
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particularly stable from a lattice point of view and postulated that such
a monolayer was formed rapidly and that further adsorption tock place as a
slow hexadecane, acid exchange. (This does not explain, however, why Cook
ana Hackermann should find a similar ratio for benzene).

The most detailed reversibility tests were carried out by Block and
Simms (43). They investigated the adsorption of radiocactive octadecylamine
from bicylohexyl on steel and measured koth desorption by dilution and
exchange of amine by adding more concentrated, non-radiocactive solution.
They found that the amount desorbed was about 55% of the total, but 60%
could be exchanged. They suggested that strong, non-exchangeable adsorption
toock place on the metal itself. The exchangeable fraction, they thought,
might be adsorption on a film of water and the easily desorbed fraction
could be molecules filling in the spaces between the rest, held mainly

by weak, lateral rIorces.

2.26. Orientation and molecular vacking of adsorbed molecules

Many of the early adsorption experiments were done using powders whose
surface areas were unknown. In such cases it is difficult to draw any firm
conclusions as to orientation on the area of surface occupied by each
adsorbed molecule. Some indication can be obtained from Daniel's work (32).
He showed that a similar adsorption plateau, in terms of number of adsorbed
molecules, could be obtained for different chain length fatty acids on nickel,
and suggested that this indicated a vertical rather than a horizontal
orientation. The break in adsorption isotherms observed by Daniel (32) and
Groszek (21) also points to the orientation involved. The ratio of limiting
adsorption values above and below the step region corresponds well with the
ratio of the areas of'upright and flat adsorbed molecules.

More recent work has tended to include a B.E.T. surface area evaluation
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so that conclusions about molecular packing can be drawn. Generally speaking
polar molecules adsorb vertically at high concentrations whereas alkanes
are horizontally oriented.

There is not very much information available on the packing density of
amines for adsorption on solids. Block and Simms (43) for octadecylamine
on mild steel found thet a 0.003% solution in bicyclohexyl did not exceed
0.54 of a close-packed, vertically oriented monolayer even aftér seven days.
Adsorption on glass reached (.86 monolayers in the same time. Cook and
Hackermann (40) found that there was between 0.3 and 1.5 monolayers of
octadecylamine adsorbed on steel in the range of concentration studied; the

0.3 being irreversibly bound.

2.27. Variation of adsorption with temperature

References to the effect of temperature on adsorption are very scanty.
Daniel (32) carried out experiments with octadecanol and fétty acid solutions
at two temperatures. Sakurai and Baba (47) showed that as temperature
increased so did the chemical reaction of long chain fatty acids on steel
and iron. They detected appreciable amounts of iron in solution after steecl
had been immersed in fatty acid for over two hours at 100°C. No work on the
effect of temperature on adsorption of amines in non-aqueous éystems could

be found.

2.28. Sumnary of review

A survey of the literature suggests that adsorption of long chain
surfactants on to metal-oxide surfaces at roﬁm temperature is generally
only in the order of mcnolayers. This is certainly the case for esters,
alcohols and amines. Long chain acids can behave exceptionally in two

instances. A small group of metals, copper, calcium, lead and zinc seem to
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react chemically with fatty acids under most conditions. Tatty acid will
also react corrosively with other metals if these are damp before immersion
in solution.

The effect of increasing tenperature Ls to reduce adsorption although
in some instances more chemical reaction can occur.

Adsorption is jartially reversible but there is strong evidence that
an irreversible fraction of about one third is often found.

The literature shows that amines and fatty acids are more strongly
adsorbed than esters or alcohols.

This review mentions only a selection of the papers published in the
field. More thorough reviews of non-aquecus adsorption on solids can be

found in references (31) and (48).

2.30. Lxperimental work

2.31. Experimental aims and design

One of the main points of this work was to make a comparison between
adsorption and friction. For this a simple and controlled system was
desirable, amenable to theoretical adsorption analysis. This precluded the
use of long chain fatty acids, which the survey has shown, can attack metals
corrosively. It was docided to use long chain amines which were less
reactive chemically. Alcohols and esters were not suitable since the
literature has demonstrated that their adsorption on metals is only weak:
it was Lhought that unacceptal.'y high concentrations would be necessary to
observe appreciable adsorption at high temperatures.

In designing these experiments a balance had to be reached between a
very pure and well-defined system such as the sodium nitrate adsorbate used
by Hulchinson and Rideal (16), and a more complex and reactive metal adsorbate

which had some practical application in boundary lubrication. Unrcactive
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stainless steel was chosen as a compromise which, 1t was considered, would
minimise the chemical reaction occuring, whilst still being relevant to
lubrication. It was assumed that some water would inevitably contaminate
the steel and, instead of trying to eliminate adsorbed water és much as
possible, the contamination was controlled by maintaining a constant
absolute humidity throughout the cxperiments.

The choice of golvent was quite straightforward. A temperature stable
and non-volatile compound was needed. n-llexadecane fulfils both these
requirements and it also has similarities to a lubricating base stock. It
was the most commonly employed solvent in the literature and thus useful
for comparison purposesa

There was a notable gap in the literature for adsorption above ZSOC,
which indicated that work done in this field would be valuable in its own
right, apart from its application to friction. The rest of this chapter
therefore describes studies at several temperatures into the adsorption of

of long chain amines on Lo stainless steel from hexadecane soclution.
g

2.32. Adscorption measurement technique

Two general methods are avallable for measuring adsorption on solids
from liquids. The most commcir consists of mixing a solid powder and liquid
in known proportions, allowing cquilibrium to be established, and then
determining the resultant change in the composition of the liquid.

The second mecthod is not limited to powders but can be used with bulk
solid surfaces. The solid is removed from the liquid after equilibration
and the solute remaining on the surface is determined after removing excess
liquid clinging to the solid. The difficulty in this method is in the
treatment to remove supernatant liquid. The assumption has to be made that

adsorbed surfactant is not rocmoved whereas excess liquid is. Many other-
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wise valuable pieces of work have lost credibility by making this assumptiocn.

The first methed alsc has a disadvantage. The change in relative
concentration of one component is measured as it adsorbs on the solid.

Unl-=ss the arca of the solid i1s very great, or the adsorption many monclayers
thick, changes in concentration become very hard to distinguish at high
concentrations. A small difference between two large quantities has to be
measured — always an unsatisfactory procedure.

Portunately the concentrations to be studied in these experiments were
quite low and it was possible to use a solution monitoring technique. (The
second method of determinaticn, direct measurement on solid surfaces, 1s
used in chapter 5 of this thesis where irreversible reaction is specifically
studied). The solution measuring technique enforced an upper limit in
equilibrium concentration of ~ 50 x 10-5 moles amine/mole hexadecane, which
was rather unsatisfactory at very high temperatures.

At low concentrations the exact amount of solute adsorbed on the surface
can be worked out from the relative change in concentration using the

formula: ref. (48)

n  Ax

S o) 1

ni = m "o 0 eveoe 2.1

ni = moles of solute (cocmponent 1) in the adsorbed phase/gram after
equilibration.

n_ = initial total number of moles of liquid.

o]

Axﬁ = diflerence between mole fraction of component 1 in liquid before
and after adsorption.

m = wt. of solid (grams).

L

ns AXi and m are all measurable so that solute adsorpltion can be calculated.

(At high concentraticns the system is more complicated).
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To measure amine concentration a spectrophotometric method was adopted.
The amine was complexed with an acidified solution of a sulphanaphthalein
indicator, and then this coloured complex was extracted into chloroform. The
intensity of colour in the chloroform gave a measure of the initial amine
concentration. The lndicator solution was prepared by dissolving 0.1 gms.
of bromocresol green (a sulphanaphthalein indicator) in 10 cm3 of ethanol,
adding 0.5 cm3 of conc. sulphuric acid and finally diluting to 100 cm3 with
distilled water. |

The analytical procedure was as follows:-~ In each determination a small
quantity of amine solution was extracted with a micropipet’e and welghed in
a 20 cm3 ground glass stoppered test~tube. To this was added 5 cm3 of 0.2N
HC1, 4 cm3 of chloroform and 1 cm3 of the indicator solution. The whole
mixture was shaken for one minute and then centrifuged. Some of the clear
vellow chloroform layer was then extracted from underneath the agueous
layer with a hypodermic syringe and placed in a 10 rm cell in an H700 Hilger—
Watts spectrophotometer.

This method is a modification of one described by Pearce and Streatfield
(49). The procedure has been simplified to de%ermine amine from hexadecane
rather than from an aqueous solution.

By varying the initial weight of amine extracted, a wide range of
concentration could be measured. The actual weight chosen in each case was
adjusted so that the final optical density of the chloroform with respect
to the standard lay between 0.2 and 0.4, which is the most accurate measuring
regione.

A percentage transmittance against wavelength plot for the complex is
shown in Figure (2.1). The adsorption peak at 416 nm. varied with concentra-
tion and was used in all subsequent work.

Calibration tests, where different amine concentrations were used,
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showed that Beer's law was obeyed over a wide optical density range. These
are shown in Figure (2.2). The abcissa in this graph has a scale of

concentration which is calculated by:-

C. .V
. 1 hex

Scale concentration = ————————o0

\'S + V

hex chl
c, = concentration of amine in hexadecane {(moles/1000 cm3)
Vhex = volime of hexadecane extracted (cm3)
VChl = volume of chloroform added (cm3)

It is important to make this correction for the hexadecane solution
volume since it is entirelymisciblewith the chloroform rather than the
aqueocus phase.

In early experiments a special chloroform standard was prepared by
shaking pure hexadecane with hydrochloric acid, indicator and chloroform.
It was soon found, however, that the optical density of this chloroform
with respect to pure chloroform was always less than 0.01. Thereafter
pure chloroform was used as a standard in the gpectrophotometer although
every few days the original method was repeated as a purity Eheck. (It
was found that if the chloroform were shaken with distilled wa®er rather
than 0.2 N HCl a higher optical density was obtained).

This determination method was found not to be gignificantly dependent
on temperature. The amcunt of hexadecane mixed with the chloroform did not
change the optical density noticeably nor were measurable differences found
when small quantities of steel powder were carried over into the chloroform

mixture.

2.33. Materizls and apparatus

Metal powder was obtained from B.S.A. Metal Powders Ltd., Birmingham.
It was prepared by an atomisation process and its composition and main

syroperlics are shown in Table (2.1). Also given here is the surface area of
g
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the powder measured by kypton B.E.T., with the cross—-sectional area of a

kypton atom taken as 0.185 nmz. -

Table (2.1)

SPECIF'ICATION

AIST 302B. This is an "18/8" stainless
steel similar to ENG8B

COMPOSITICN
Fek% Ni Cr Si C
70 9.7 18.2 2.43 0.16

B.E.T. surface area = 0.0GOmz/gram
250 = 400 mesh grade

Mainly austenitic (non-magnetic)

Scanning electron micrographs of the powder are shown in fig. (2.3).
It can be seen that the individual particles are non-spherical but that
the actual surface is quite smooth.

Hexadecane was obtained from Koch Light Ltd., and was '"puriss grade'.
It was necessary to purify this further, however. Since solvent purity was
very important in all the experiments described in this thesis, some time
was devoted to determining just how much surface active material was
present in the hexadecane. These experiments are described in appendix A.

n-Octadecylamine, n-hexadecylamine and n-dodecylamine were obtained

from Liljenholmens Stearinfabriks A.B. Stockholm, Sweden. They were '"pur"
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and were used without further treatment.

Two slightly different experimental methods were used. For preliminary
tests, and investigations at high temperatures, the apparatus shown in
Figure (2.4) was cmployed. The reaction vessel was a 50 cm3 flask with a
detachable 1id having four ground glass sockets. The metal poﬁder was
mixed with a two-bladed stirrer which entered the top, central socket through
a mercury seal. The stirrorwas shaped so as to fit neatly against the bottom
of the flask. Temperature was maintained by an enclosing hoating mantle
controlled by feedback from a thermocouple immersed in Lhe solution. Temper—
ature was held steady within I 1°c up to 100°C and *2°c up to 170°C.

In later experiments the apparatus was simplified. Powder and solution
were placed in a series of 50 cm3 ground glass stoppered tesi-tubes. These
were two-thirds immersed in a water bath and automatically shaken. This
apparatus could be used satisfactorily up to 75°C. Again temperature was

constant Lo : 1OC.

2.34. Lxperimental procedure

A suitable concentration of amine in hexadecane was prepared and a
weighel quantity transferred to the reaction vessel. This solution was then
purged for 15 minutes with white spot nitrogen, which had passed through a
series of MgC12 bubblers and finally cotton wool. This controlled the
initial humidity of the experiment to a humidity corresponding to 25% R.H.
at 25°C.

The required temperature was then established, which generally took
less than five minutes. After this, solution samples were withdrawn to
check the initial concentration, and a known weight of powder was added.

The solution was then sampled periodically to check the concentration.

Each time, the stirrer was halted five minutes before a sample was taken to
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allow the powder to settle. The amount of adsorption could be calculated
from the initial and final concentrations using equation 2.1, allowance
being made for the solution removed during sampling.

Points further up the isotherm were obtained by adding small volumes
of more concentrated amine solution and determing the new equilibrium con-
centration. As successive points were measured in this way the accuracy
was reduced, since allowance had to be made for all the solution removed
during previous sampling.

When the kinetics of adsorption had been established,the second,
simpler type of apparatus was used. In this case the powder and solution
were shaken tegether, without intermediate sampling, until equilibrium was
reached, after which the final cocncentration was measured. Using this

apparatus it was possible to do batches of five to ten runs simultaneously.

2.35. Cleanliness and adsorption

Using powders it was obviously not possible to remove any surface
contamination by rubbing or ionic hombardment. Therefore a washing procedure
had te be adopted. A sample of stainless steel powder was soxhletted with
benzene in a cellulose thimble for two days. It was then dried in an oven
at 50°C and an octadecylamine adsprption isotherm measured. This was
compared with the adsorption isotherm using unwashed steel powder. The
results are shown in Figure (2.5). Each point represents a reading taken
after at least four hours equilibration (see section 2.31). As can be seen
there was negligible difference between adsorpltion on treated and untreated
steel over the concentration range studied.

This indicates that grease and oil (which would be removed by benzene)
were not serious contaminants. TIurther evidence of this is shown by the

fact that when the steel powder was placed on a surfactant-free, distilled
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water surface,all the particles sank rather than floating at the alr-liquid
interface. Since washing seemed to have no effect on adsorption further
work was carried out on untreated steel powder.

It is important to note that only the absence of surfactant contaminant
has been demonstrated. There was almost certainly an adsorbed water layer

on the oxide surface which could not be removed by weshing.

2.36. Accuracy

Before considering the results in detail the factors determining the
accuracy of the adsorption experiments need to be discusscd.

The preparation of initial amine solution, the addition of steel
powder and the extraction of samples for analysis all used a weighing
technique, and their combined errors were less than 1%. The greatest
uncertainty arosc from the measurement of concentration which almost always
controlled the overall experimental accuracy. The concentration measurement
error was compounded of axperimental inaccuracy in preparing the chloroform
samples and intrinsic scatter from the spectrophotometric apparatus itself.
The former was usually about 2% and the latter, within the optical density
range 0.2 — 0.4, was 1~2% (50).

An indication of the typical reproducibility of concentration measure-
ments using a series of samples from the same solution can be seen in Table
(2.2).

A difference between two concentrations gave the adsorption so the
accuracy of this is rather less than the accuracy of the concentration
measurements themselves.

For the concentratlion range 2 x 1O~6 » 3 x 10—4 moles/mole the largest

. . + . R
error was in the adsorptlon value and was — 4%. At higher final concent—~
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rations, as the change in concentration with adsorption dropped, this

accuracy decreased to reach Z 7% at 5 x 1O~4 moles/mole. At very low

Table (2.2).

Vol I
wt. extracted vol. extracted CONCe
Sample — 3 CHCl3 Adsorbance /1000cm
cm3
1 0.0535 0.0696 4 0.313 1.01x10"3
2 0.0540 0.0702 4 0.320 1.04x10"3
3 0.0529 0.0688 4 0.320 1.05x10"3
4 0.0524 0.0681 4 0.303 1.00x10—3
5 0.0528 0.0687 4 0.315 1.O4x10—3
6 0.0540 0.0702 4 0.312 1.00x10™> §
-3
Mean = 1.02 x 10
-3
o = 0.02 x 10

concentration the limiting accuracy was in the equilibrium concentration
réther than the adsorption value and large ratios of hexadecanc solution to
chloroform were needed to obtain a measurable optical density. Thus although
the accuracy of the equilibrium concentration fell to = 30% at 1.5 x 10—7
moles/mole, the adsorption, which was almost entirely dependent on the
initial concentration could still be measured to o,

This measurement of concentration with sufficlent accuracy was a
paranount limitation in all the adsorption experiments. A way over the

problem would have been to have used a higher surface area solid. This

would have ensured larger concentration changes on adsorption, giving more
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accurate adsorption determination. The use of a higher surface area steel
powder, however, would have resulted in a less well characterised steel
surface which would have detracted from subsequent comparison with friction
experiments.

Another possible inaccuracy arose from the effect of adsorbed water.
It was impossible to remove all the water contaminant from the metal, so
instead the humidity was controlled to 25% R.H. at 250C, which could be
paralleled in the later friction work. 1In a few early experiments carried
out without this humidity control no differences were observed in adsorption
behaviour.

The temperature control was generally x 1°¢. This was entirely
adequate above 350C, where the accuracy of measurement was less than the
adsorption response to 1°¢ variation. At 22°C and 30°C there was a slight
problem, however., An isotherm for adsorption <f n-octadecylamine from
n-hexadecane on to stainless steel powder at 22°C is shown in Fig. (2.6)
(This system was used as a proving test for the various trial procedures
tried out during the experiments, which explains the large number of points
on the curve), The calculated accuracy is shown for each point as the
standard deviation. As can be seen there is quite wide scatter in the
middle concentration range, which is probably due to the efiect of temper-
ature variation.

There were one or two other possible sources of error. The optical
calibration was tested with ~ach newly prepared amine solution. This
checked hoth the original calibralion and the newly prepared solution.’
Experiments were also carried out to monitor amine adsorption on the glass.
Slight adsorplion could be detected at very low concentrations. This was
not considercd to be significant, however, since the ratio of metal area to

exposed glass area was always grcater than 50 to 1, and very low metal
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coverages were not to be investigated.

2.40 Results and Discussion

2.41 Kinetics of adsorption

The kinetics of amine adsorption on stainless steel was investigated.
Most of the experimental work involved octadecylamine in hexadecane, and
its rate of adsorption on steel was calculated at several temperatures over
a wide concentration range.

Some kinetic results arc shown in Figure (2.7). Below 60°C an
equilibrium was reached afiter four to six hours, but ninety percent of the
adsorption occurred in the first ten minutes. Above 50°C there was a
comparatively slow, secondary reaction superimposed on the fast adsorption.
This was time-dependent and increased with temperature and so was probably
.chemical in nature. Below 90°C this slow, secondary reaction contributed
only a minor fraction of the total adsorption, even after\several hours.

It was thus relatively unimportant in lubrication tests where high temp-
eratures are rarely maintained for more than thirty minutes. Attention was
therefore concentrated on the fast, primary adsorption and experiments
were designed to limit the effect of the slow, secondary reaction.

No attempt was made to analyse the kinetics of adsorption quantitatively.
The time lag required for the powder to settle before a reading could be
taken made this impractical. It was noted, however, that concentration
differences above a very low concentration level made little difference
to the regction rate. A comparison was made between the rates of adsorption
of n-octadecylamine and n-hexadecylamine on stainless steel. This can be
seen in Figure (2.8). The two curves arc of the same form which suggests
the same kinetlc process occurred for both the matching and non-matching

amine~solvent adsorption systems.
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The results compare well with the only adsorption rates available for
an approximately similar system,those of Daniel (32) and Greenhill (22)
for stearic acid on iron powder. Danicl found 90% of the gdsorption occurred
within five minutes and equilibrium was reached in one or two hours.

Greenhill, for the same system, showed that equilibrium was attained after

four hours.

2.42. BEffect of chain lengtl on adsorption

Although most tests were carried out on the octadecylamine-hexadecane
system, some experiments weie also done using hexadecylamine énd dodecylamine.
These were in order to determine the effect of chain length on adsorption,
with particular attention to any differences occurring when both solute and
solvent had the same number of carbon atoms.

Adsorption isotherms for octadecylamine, hexadecylamine and dodecylamine
on stainless steel from hexadecane at 22°C are shovn in Figure (2.9). These
results are replotted in Figure (2.10) where concentration is represented
on a logerithmic scale. There are three main adsorption regions:i-—

a) At very low concentrations adsorption is the same in moles/gram
regardless of chain length. This can be seen most clearly in Figure (2.10)
where the three isctherms are clearly superimposed at low values.

b) At intermediate concentrations adsorption is dependent on chain
length such that the amount of amine adsorbed at a given concentration
increases with increasing chain length.

c) At very high concentrations the adsorption reaches the same
constant plateau value for all amines, independent of chain length.

These results are similar to those of Daniel (32) who studied adsorption
of fatty acids from benzene on to nickel powder. He alsc noted that increas—

ing chain length increased the strength of adsorption and that a constant
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molar plateau value was reached. Unfortunately he did not measure the sur-
face area of the nickel and thus could not determine the area/adsorbed
molecule.

It is interesting to note from Figure (2.9) that the total adsorption
of hexadecylamine from hexadecane is similar to that for octadecylamine at
high concentrations. This, combined with the kinetic data in Figure (2.8)
suggests that hexadecylamine in hexadecane behaves normally in the sequence
dodecylamine, hexadecylamine, octadecylamine.

Several authorsg have observed gtypical adsorption effects when the
chain lengths of solute and solvent match. Bewig and Zisman (24), in
particular, found that adsorption of long chain amines from alkanes on
platinum generally gave a complete amine monolayer after six hours. If
solvent and solute matched, however, a residual 15% of alkane was rectained
in the adsorbed £ilm even after twenty-four hours.

Many of the adsorption points on the hexadecylamine curve in Figure
(2.9) were measured aftes the system had been left at least twenty-four
hours. Thus it seems clear that for the hexadecylamine-hexadecane-stainless
steel system at 22°C there is no such obvious chain matching effect as was
ohserved by Zisman on plabtinum.

The general topic of chein matching will be considered in more detall

in chapter 3.

2.43. Reversibility of adsorption

The result of a sinplc experimental run to demenstrate that the
adsorption was, at least in part, reversible is shown in Fig. (2.11). The
temperature was ralsed periodically and the concentration monitored whilst
equilibrium stabilised. Temperature responded fully to change after four

minutes. This figure also shows the slow, time-dependent reaction occurring
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at high temperatures.

A few experiments were also carried out which showed that the adsorption
was not entirely reversible. After adsorption of hexadecylamine, some of
the metal porrer , (carrying with it a little supernatant liquid),was welghed
into a cellulose thimble. Thisg was then soxhletted in n-hexane for twenty-—
four hours and the concentration of amine in hexane neasured. From the drop

in weight of the metal powder during the washing process,a correction could

?
be made for the excess amine which had been carried over ir. solution. At
low concentrations of less than 10*4 moles/mole it was thus possible to
obtain approximate values (£ 10%) of the quantity of amine desorbed by hexane.
These desorption results showed that for hexadecylamine on stainless
stecl a residual (0,9 x 0,2) x 10”7 moles/gram, or about one third of the
total adsorbed amine was not casily removed. This agrees well with the
lower portion of the adsorption curves in Figure (2.10). Here the three
isotherms for different chain length amines were observed to coincide below
1.0 x 10—7 moles/gram, o that only above this was the adsorption dependent
on chain length. As will be seen in the next section, one third of the total
adsorbed molecules 1s removed by increasing temperature. This gives three
pleces of evidence for a frcction, more strongly adsorbed, probably
irreversibly.
a) Cne third of the adsorption is not removed by boiling hexane
(B.Pt. = 68°C).
b) Increase of temperatuce produces a limiting adsorption of about one
third of the total. -
c) One third of the total amine is adsorbed at very low concentrations
and the adsorption tends only very slowly to zmero as concentration
drops. Below this one third, the amounlt adsorbed is independent of

chain length.
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Exchange of adsorbed amine on the surface was not attempted, so the
observation of Block and Simms (43) that some of the irreversibly bound
amine may be exchangeable was not verified.

The approximate ratios of one third strongly and two thirds weakly
adsorbed often feature in the literature and seem to be characteristic of
several metal adsorption systems. It has been fcund by Timmons (45) Cook
and Ries (46), Cook and Hackermann (40) and Block and Simms (43). Their

findings have been discussed in the review, section (2,25).

2.44 The coffect of temperature on adsorption

A major part of the experimental work discussed in this chapter was
devoted to measuring the change in adsorption of amines with temperature.
This has already been considered briefly in section (2.41), where two types
of adsorption were identified. The first was a fast, semi-reversible
adsorpticon which attained equlibrium within four hours at 22°C and more
quickly still at higher temperatures. The second, which below 90°C
comprised only a small percentage of the total was slow and time dependent,
increasing with temperature and having all the characteristics of a chemical
adsorption. The results presented in this section concentrate en the
primary, rapid reaction.

Figure (2.12) shows isotherms at five temperatures for the adsorption
of n-~octadecylamine from n~hexadecane on to stainless steel. The adsorption
fell with temperature over most of the concéntrétion rang=. Similar results
for n-hexadecylamine on stainless steel are shown in figure (2.13). The
actual experimental results from wnich figures (2.12) and (2.13) were
obtained are given in appendix B.

For both amines, the amount adsorbed at very low concentrations was

independent of temperature and apparently irreversible (sce section 2.43).
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At very high temperatures, 75°C and 9OOC, true equilibrium was never reached
because of the slow secondary reaction. Tortunately the main adsorption was
so much faster than this, that equilibration could be assumed within a kime

interval for which the slow reaction contribution was negligille.

2.45. Thermodyanic anolysis of adsorplion resulks

Some caution is nccessary in applying thermodynamics to the experimental
adsorption results. The adsorbing surface was only poorly defined and
heterogeneous, so that quite a sophisticated adsorption model would be
necessary to descrike the system adequately. The results were not accurate
enough for this, however, so a simple model was used which cnabled general
trends to be discerned.

It has been demonstrated in sections (2.41) and (2.43) that adsorption
;eaches equilibrium and is at least partially reversible. This is importanc
since equilibrium and reversibility are pre-requisites for classical thermo-
dynamics. The slow, secondary reacltion mentioned in section (2.41) is
ncglected. This is considered justifiable since this reaction was minor
compared to the main adsorption, superimposed on it and easily separable.

Of the main adsorption only the two thirds reversible fraction can be
considered thermodynamically. This leaves a constant adsorbed fraction of
about one third about which no information is available, which leads to
difficulties in working out the total adsorption energy of the system (see
appendix C). The therwodynamic bases of the Formulae used in this section
are derived in appendix C.

The thermodynamics of adsorption gives the follouing formula for the

isosteric heat of adsorption.

+s Ist 2.2

emseocece
Ly

e s i

d('l/'m}ﬂ R TR
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c, = equilibrium concentration (moles/mole solvent)
r; = adsorption coverage of adsorbate (constant)
Aﬁgds = differential enthalpy change on adsorption

il

At isosteric heat of adsorption (defined as positi&e for heat
evolved).

This equation is applicable generally to monolayers, multilayers or
reversible chemisorplion (51) so that no specific model needs to be assumed.
The basic assumptions inherent in equation 2.2 are:-

a) Thalt some of the measured adsorption is rcversible; Aot then applies
te this part.

b) That the solution is ideal within the range studied, (otherwise
activity coefficients must be introduced).

The standard state of the solution is teken to be a concentration of one
mole/mole solvent. The "coverage" is defined as excess moles of adsorbate
per unit area of surface. This definition does notl involve any serious
ambigulity in the case of a strongly adsorbed solute, although difficulties
do arise in defining adsorption from very concentrated solutions, which were
not used here.

At is the molar heat of transfer of molecules from the standard state
to an infinite surface contained adsorbed molecules at a surface excess FL
It is, of course, the difference between the heats of adsorption of amine
and hexadecane on the bare metal, since in all cases amine was displacing
hexadecane rather than adsorbing directly on thg metal.

Equation 2.2 is applied in Figure (2.14) to the adsorption data from
Figure (2.1?); log,nC is plotted against 1/1°K for a series of differcnt
amine coverages. From this equation it l1s possible to calculate the
different isosteric heats of adsorption at various coverages in a given

tomperature range. These are shown in Figure (2.715). It can be seen from
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Figures (2.14) and (2.15) that there are three main regions of reversible
adsorption.

a) At high temperatures Agp is 35-50 kJ/mole. This is in line with
values other authors have obtained for similar systems. Zisman and co-
workers (52) found that heats of wetting for long chaln amines on platinum
lay between 35 and 55 kJ/mole vhen they plotted 1og10C against 1/Tw, Tw
being the lemperature needed for wetting. Frewing (14) also plotted 1og10C
against 1/TB where TB was tho temperature of breakdown of a lubricant film
on steel. He used fatty acids dissolved in white oil and found heats of
adsorption of 45-55 kJ/mole,

b) At low temperatures and coverages, much lower values of Agts
between 12 and 20 kJ/mole, were observed. A likely explanation for this is
that at these low temperatures the heat of adsorption of the solvent plays
a significant part in determining the overall adsorption equilibrium. It

must be rcecmembered that, for a given coverage,

st < Hds.amine ~ BHo4s. hexadecane

It secms likely that at temperatures of less than approximately 40°C, the
enthalpy of adsorption of hexadecane on the metal may be progressively
increcased by a pre-freezing effect, the freezing point of hexadecane being
18°C. Some evidence for this can be found in ref. (53).

¢) The third region of g OCcurs at high amine coverages, where the
isosteric heat starts to increase with coverage. Thus despite the fact
that in £he low temperature range At is especially =zmali at low coverages,
at high coverages it increases, to reach 100 kJ/mol at an area per amine
molecule of 0.38 nmz.

Only one refercence to a large increase in heat of adsorption at high
coverages for a similar non-aqueous system could be found in the literature.

Daniel (32) noted that the differential heat of adserption rose from 50 to
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100 kJ/mol as the saturation adsorption level was reached, for octadecanocic
acid from benzene on to nickel. He could not identify the exact significance
of this but suggested that it was possibly due to experimental inaccuracies.
This explanation seems unlikely in view of the simllarily between Daniel's
results and those found in this chapter.

One possible explanation for this phenomenon is that the heat of
adsorption increases with coverage as a result of lateral interaction forces.
The sideways attraction between ocltadecylamine molecules might be expected
to be particularly large because of their long chain length. Isirikyen and
Kiselev (54) have reported an increase in differcntial enthalpy of adsorption
with coverage for the adsorption of hexane on carbon. They noted a rise
in enthalpy of adsorption of 20% as coverage increased to a monolayer, and
ascribed this to lateral interaction forces. Such lateral interactions
have even been found for the adsorption of th= spherical atom, krypton,
on solids (55).

The effect can be analysed quantitatively from an equation by Salem
(58), which relates the dispersive energy of interaction (wdiqp.) between
two hydrocarbon chains to their distance apart. Salem derives the

expression:
N

W, = - 5.2 % 10‘2 (= ) kJ/mol
disp. D5
nm.
NC = number of carbon abtoms in one of the chains (18 for
octadecylamine).
Dnm = distance between chains (nanometers).

By assuming a hewxagonal adsorption structure the total interaction
enerqgy can be worked out for different packing densitics. It is found that
. . T s 2
such interactions are negligible for an area per molecule of 0.5 nm  but

: : ; . 2
rise to reach 80 kJ/mol when the area is just under 0.3 nm~ per molecule.
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This expected increase agrees with the rise in Ay at high coverages, noted
for octadecylamine.

Salem's equation calculates the total Van der Waals energy for a close-
packed monolayer and does not take into account the fact that the molecules,
even before adsorpltion, will have some Van der Waal's interaction with the
solvent. It can be demonstrated, however, that this initial interaction is
quite small, by considering the latent heat of fusion of octadecane. This
will result purely from the difference in hydrocarbon chain interactions
between the liquid and solid state and has a valuc of > 60 kJ/mol. It can
therefore be assumed that most of the dispersive energy of Salem's equétion
is, in fact, released during adsorption, so that his formula is applicable.

It thus seems likely that a basic 40 kJ/mol represents the heat of
adsorpticn of the polar amine heads on the metal surface. This is then
augmented,as the film becomes close-packed,by lateral interactions forces
between the long hydrocarbon chains.

An implication of this increasing lateral interaction at high coverages
is that hexadecane is not close-packed within an adsorbed amine framework
at low coveraées. If it were then there would be no increasing heét of
adsorption with amine coverage,since laterally interacting amine would
merely be replacing laterally interacting hexadecane.

For further thermodynamic analysis it is useful to apply a model to
the adsorption system. By correlating the model with the observed experi-—
mental results it is then poesible to derive values for the various
thermodynamic paramerers. This i1s discussad in appendix C.

Thermodynamics could only be applied to the reversible part of the
adsorption. A constant, irrcversible fraction was therefore assumed and
this was subtracted From the total adsorption, before analysis. This

. . . -7 .
irreversible adsorpticn was taken as 0.9 x 10 moles/gram (sce section



69

(2.44)).

In this analysis the simplest model was used, one due to Everett (57),
which gives the same equation as the Langmuir model applied to solution-
solid systems. This model should suffice to give a rough estimate of the
free energy and limiting adsorption value. (The accuracy of the results
hardly warranted the application of a more sophisticated and detailed
analysis).

Everett assumed a perfect adsorption system with similarly sized
solvent and solute molecules and derived an equation relating concentration

and adsorption, (appendix C). The equation is:-

\

xL xL
172 1 L 1 ‘
et ———— = bt + sooeeee -
L = = &t ey 2.3
(nyhx, /m) n :
1 : .
xﬁ = concentration of component 1 in solution (mole fraction)
L
X, = concentration of component 2 in solution (mole fraction)
noAxi/m = apparent adsorption of component 1 per gram of solid
(as derived from analysis of solution)
n® = total adsorption of components 1 and 2 per gram of
solid i
-
K = eqguilibrium adsorption constant.

For a very dilute solution,with component 1 much more strongly adsorbed

than the solvent, this simplified to

xﬁ xi 1
—— = -—é- +  —— o-..o-o‘-2l4
ni n Kns
noAxL.
s 1 .
n/ = — (see equation 2.1)

(for a strongly adsorbed component 1,K is large so that (K-1) can be taken
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as effectively equal to K.)

A plot of xﬁ/ni against xL thus enables values of ns, the total possible

1
adsorption, and K, to be estimated from the slope and intercept of the line
obtained. Deviations from linearity indicate the deviations from the perfect
adsorption system.

From the equilibrium constant, K, the standard free energy of adsorption

AG° can be calculated using the equation

AG° = — RT in K eceenes —=2.5

AG° is the standard free energy change in adsorbing one mole of amine and
desorbing a mole of hexadecane between standard solution and standard sﬁrface.
Standard selution for equation (2.4) is one mole/mole of component 1 and
standard surface can be taken as one half coverage. (Everett's model actually
gives the Helmholtz rather than the Gibbs free energy but the two can be taken
as identical for a condénsed system).

Equation (2.4) is applied in figure (2.16) using adsorption results, at
two temperatures, taken from figure (2.12). From each value has been sub-
tracted 0.9 x 10_7 molés/gram as representing the constant irrevefsible
adsroption (see section 2.43). In this way the analysis concentrates on the
reversible adsorption system only.

Figure (2.16) shows straight lines plots almost down to zero concentration,
which indicated that Everett's model may be valid for the system studied.

Using equation (2.4), AG® becomes —24 kJ/mol, and the total amine coverage,
after the irreversible fraction has been added on, gives 0.27 nmz/molecule

of octadecylamine at 22°C. i

If the values for adsorption from figure (2.12) are plotted directly

using equation (2.4), without modification by the removal of the irreversible

fraction, the curve obtained falls below a straight line at lower concentrations,
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indicating that the Everett model is not obeyed. This suggests that splitting
up of irreversible and reversible adsorption before analysis was valuable.
The fact that experimental results fit the graphical requ;rements of the
simple model used does not mean that the adsorption is perfecv, although
the converse is true. Kitchener (58) has‘stresséa the risk attached to
assuming an adsorption model from a straight line fit. This is particularly
true for the experimental data shown since it has already been demonstrated
that the enthalpy of adsorption varies with coverage. This makes a perfect
adsorption system unlikely.

The values AG® and n® dJo, however, represent basic constants of the

system and serve to give the general shape of the monotonic adsorption curve.

2.46. Area of adsorption and molecular orientation

Before discussing orientation and area of adsorption of amines on stec.
it is necessary to consider the dimensions of the various molecules involved.
If the n-hexadecane molecule is taken to be extended as a flattened

zig-zag, it can be likened, for packing purposes to a cylinder of length
2,3 nm and cross—sectional area 0.19 nmz- Thus it would occupy an area of
approximately 1.00 an- if laid flat and 0.19 nm2- if perpendicular. In
solution the alkane is almost certainly convoluted most of the time. There
is evidence (30), however, that it is extended on adsorption, and ££ is
certainly a linear zig-zag in the crystalline solid.

The three amines, n-dodecylamine, n-hexadecylamine a:d n-octadecylamine
all have a shape similar to n-hexadecane with approximately the same cross—
sectional area of 0.19 nmz. n~-Dodecylamine is 1,9 nm. long, n-hexadecylamine
2.4 nm and n-octadecylamine 2.65 nm. Thus the areas of these molecules if

2 2 2

adsorbed horizontally are approximately 0.84 nm~, 1.05 nm” and 1.17 nm

respectively. -
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An approximate estimate of the limiting area of adsorption can be
obtained by extrapolating the isotherms in figures (2.12) and (2.13). For
220C, in both cases, there is a plateau at.about 3.3 x 10_7 moles/gram of
powder; Since the area of the powder (Krypton B.E.T. - area per krypton

atom = 0.185 nm2) was 0.06 m2/gram, then, no. of adsorbed molecules/m2

-7 +23
_ (3.3 x 10 ) x (6 z 10 ) ' molecules/m2
6 x 10~
= 3.3 x 1018 molecules/ m2

This gives an area/molecule of

Area = 0.3 nm2/molecu1e

This value can be improved by applying the Everett-Langmuir adsorption
model (equation (2.4)). The area then works out as 0.27 nm®/molecule.
Whatever the exact value it seems likely, both from the area occupied and
from the fact that differegt length molecules reach the same molar adsorption
plateau, that adsorption is roughly a monolayer and adsorbed vertically rather
than horizontally. The main alternative is that the strongly bound layer is
attached horizontally to the metal with an incomplete vertically oriented
monolayer-on toﬁ of this.

The molecular area of 0.27 nm2 is high compared to the theoretical
consensed area which Fox (59) has found to be 0.205 nm2, for octadecylamine
on an aqueous substrate at pH 8.2. Several values of around 0.30 nmz/molecule
nave, however, been reported in the literature for adsorption on solids
rather than liquids. Bigelow, Pickett and Zisman (23) adsorbed octadecylamine
on to platinum from dicyclohexyl solution using a multiple dip techniquea.

They calculated an area/molecule of 0.30 nm2. Similarly Bornung and
Martin (60) found a coverage of only 0.7 of the theoretical condensed value

i
for octadecylamine on chromium, and Block and Simms (43) mention a similar
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fraction for the same amine on steel.

Changes in temperature apparently alter the limiting adsorption value.
Applying the Langmuir analysis to curves in Figure (2.12), the final
adsorption drops from 0.27 nm2/molecule at 22°C to 0.48 nm2/molecule at
50°C. This suggests that the most stable film density under given conditions
decreases with increasing temperature and there is no reason why 22°C should
be the temperature at which the closest packed monolayer occurs. At lower
temperature a denser film still may be obtained.

There are two explanations of why the area/molecule should be greater
than the condensed monolayer area on a liquid and why it should also be
temperature dependent.

a) The molecules may be tilted permanently, or vibrate around their
vertical position. They would, in either case, occupy more than the
theoretical limiting area, and if they vibrated éhey would also occupy a
larger area at higher temperatures. .Evidence of tilting has been found, using
electron diffraction measurements, by Brockway and Karle (61) and Bigelow and
Brockway (62).

b) The molecules may be close packed, but in separate micellar clusters
on the surface. These clusters would become smaller or more widely spaced
with témperature. This sort of configuration has been provposed by Eﬁstein_
(63).

A Yet a third possibility exists for the area per adsorbed amine molecule
being higher than the liquid condensed area. This may arise from the B.E.T.
surface measurement technique. It has been assumed that the area of metal
available to every adsorbing kypton atom is also available to amine molecules.
Both species do have very similar cross—sectional area, but 1f there were
any narrow pores in the metal these might adsorb more krypton than amine

becausekrypton is, overall, so much smaller. In this case the adsorbed area
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per molecule of the amine would have to be recalculated over the concentration
range based on a limiting adsorption of 0.205 nmz/molecule. This discrepancy
could only overestimate the area of the metal since it is unlikely that

amine could adsorb where kypton could not.

2.50. Conclusions

These experiments were designed to provide adsorption data for a compar—
ison with friction results, to be described in the next chapter. Several
facts have been demonstrated, however, concerning the amine-hexadecane-stain-
less steel adsorption system itself.

a) Long chain amines are adsorbed on stainless steel powder to form,

most probably, a vertically oriented monolayer.

b) This monolayer is not fully condensed at room temperature and
increases in temperature reduce both the adsorption at any given
concentration and the limiting adsorption level..

c) Different chain length amines reach the same adsorption plateau at
high concentrations and the same temperature. Longer chain length
amiﬂes are more strongly adsorbed than shorter ones.

d) About one-third of the tctal adsorbed amine is irreversibly
adsorbed. Tne remainder is reversible and obeys some of Ehe
requirements of the Langmuir adsorption system, especially at high
temperatures.

e) There is some evidence of lateral interaction forces between amine

molecules as the packing density increases.
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CHAPTER THREE

BOUNDARY LUBRICATION USING LONG-CHAIN AMINE SOLUTIONS

3.10. Introduction

In this chapter the type of boundary lubrication referred to as
"oiliness" in the main introduction is investigated. This was shown by
Sir William Hardy in a series of experiments in the 1920's (64) to result
from the adsorption of large organic molecules on the lubricated metal
surfaces. The surfaces can then slide between these adsorbed layers rather
than in the metal itself. Hardy's lubricating model is shown in figuré
(3.1a). The exact thickness of such lubricating oily layers is still in
doubt but it has been shown that just one or two monolayers of strongly
adsorbed material (less than 10 nm. thick) can provide good boundary
lubrication between quite rough steel surfaces, (65) (66).

There is little evidence that this type of lubricating film causes
changes within the surface of the metal itself. In this respect it differs
from the extreme pressure films considered in chapter 5. Lubricatlon seems ’
to be providea entirely by polar material being adsorbed either physically
or chemically on the metal surfaces. Several attempts have been made at
'relating the quality and strength of the adsorbed films to their lubricating
characteristics. In general, however, these have tended to concentrate on
the lubricating properties and relate these to only hypothetical adsorption
systems.

The work in this chapter consists of a systematic attempt to investigate
the lubrication of stainless steel with a long chain amine in hexadecane.
The variables observed are friction, temperature and amine concentration in
solution. These lubrication results are then compared with the adsorption

- results of the previous chapter. Having actual adsorption values available
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for the same system means that no assumptions need to be made about the
surface phase. Under any conditions the amount of amine adsorbed on the
surface 1s known exactly.

The friction results are considered with particular reference to
conditions of lubricant breakdown or "scuffing", so that the state of

adsorption at this point can‘be established.

3.20. Review

3.21. The role of adsorption in boundary lubrication

Hardy (64) carried out much of the early experimental work on boundary
lubrication. He studied a number of hydrocarbon—-type surfactants both pure
and in solution in petroleum ether. For a given homologous series he found
that Bgs the coefficient of static friction, decreased linearly with
increasing molecular weight. For.fatty acids, however, B levelled off at
about 0.05 with molecular weights greater than 200. He piétured lubrication
as resulting from an adsorbed film of surfactant which reduced the field of
force between sliding surfaces (figure (3.1a)). The larger the adsorbed
melecules the more the force field would be diminished. Hardy's work has
been extended by Levine and Zisman (67) who found that alcchols also caused
B to level off at 0.05, but only at molecular weights higher than'?SO.

The question then arises; how thick are these adsorbed films in
boundary lubrication? Hardy himself was not glways clear about this. At
times he assumed lubrication as resulting from only two, primary adsorbed
layers (68). In other papers, under conditions of lighter loading, he
envisaged orientation effects extending hundreds of nanometers into the
liquid (13). Thick films of this sort of depth have also been postulated
by Fuks (69), Deryagin (33) and other scientists (70). On the other hand,

a number of authors have shown conclusively that monolayer adsorption is
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Fiqure 3.l.a Hardy's model

Figure 3.1l.b Bowden and Tabdr's model

Boundary lubricating models
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perfectly adequate in giving good boundary lubrication with a coefficient
of friction of less than 0.1.

It has already been demonstrated, in chapter 2, that the amine-alkane
system on stainless steel gives only monomolecular films. In this brief
survey attention will therefore be concentrated on monolayer lubrication.
Good, modern reviews of thick boundary lubricating films, which are now
thought to result from corrosion reaction producté rather than physical
adsorption are to be found in references (35) and (37).

Many workers have demonstrated that very thin, even monomolecular,
films give good boundary lukhrication. Desvaux (71), Frewing (72) and .
Gregory (73) are some of those who have worked in this field. Frewing found
that the coefficient of friction for various alcohols and acids was the same
whether an excess of lubricant was used or whether individual monolayers
were built up by the Langmuir-Blodgett method (74). Gregory calculated the
minimum fatty acid coverage required to provide effective lubrication. He
placed small quantities of 0.1% lauric acid solution in paraffip oil on to
a cadnium surface. This gave good lubrication. By gradually extending the
area covered by the oil Gregory was able to show that newly covered surface
would not lubricate when there ceased to be enough acld to provide a
monolayer.

The most elegant demonstration that only individual monolayeréjare
required for boundary lubrication has been provided by Bailey and Courtenay-
Pratt (75). They spread calcium stearate monolayers on tw»> sheéts of mica
which they then rubbed together. The film thickness between the mica layers
was monitored during sliding using multiple beam interferometry. Bailey
and her colleague proved, in this way, that good lubrication was proyided
by a layer only 4.5 nm. thick.

Bowden and Leben (76) investigated the durability of thin films in
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providing lubrication. They showed that a stearic acid monolayer gave good
lubrication on stainless steel only for one or two runs over the same track.
As the number of layers was increased, so the film became progressively more
durcble, until, after 53 monolayer equivalents had been deposited, repeated
running had no effect on the film at all. Presumably when there were only
a few monolayers on the surface, no fatty acid was available to plug gaps
torn in the film at asperity metal contacts. This problem would not arise
if there were many monolayers or an excess of stearic acid solution.
Experiments carried out by Rabinowicz and Bowden (77) demonstrate that
even during good boundary lubrication some metal-mental ccntact occurs:
through the adsorbed film. They monitored the amount of wear during sliding
by making one metal surface radioactive, and showed that approximately two
percent of the total contact area during boundary lubrication was metal
to metal. Bowder: and Tabor modified Hardy's model of lubricated surfaces .
to take this metal contact into account (see Fig. (3.1b)). They expressed
the frictional force as derived from two sources, the work required to shear
the lubricating film and the work to shear the metal-metal contact (18).

This can be expressed as:

Frictional Force = Alas_ + (1-a)S] evesses 341
A = total area of contact
o - fraction of metal-metal contact B
Sm = shear strength of metal-metal contact
Sf = shear strength of lubricant

Applied load and sliding velocity can both affect the friction in a
boundary lubricating system, simply by heating the film or in a more
complicated fashion. A distinction must be made, however, between gradual
changes in the coefficient of friction of a lubricating film due to load

and speed and the sudden breakdown of the film as a result of some imbalance
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in the system. This second effect will be considered in the next section.
At low speeds, coefficient of friction is usually independent of load
over a wide intermediate range (170 - 170,000 kN/mz). At very low and very
high loads p, increases slightly (78),(79). The effect of speed on friction
at slow sliding speeds is complex. Friction can either increase or decrease

with speed, depending on the efficiency of the lubricating film.

3.22. Relationship between adsorption and lubricant breakdown

The coefficient of friction in a boundary lubricating system often
rises sharply at a characteristic temperature. Tabor (80) showed that for
pure hydrocarbons this temperature was similar to the melting point. For
fatty acids, however, the "critical temperature" was higher than the melting
point and increased with increasing molecular weight. Bowden and Tabor (18)
ascribed this effect to the formation of a metillic soap by chemical reaction
between acid and lubricated metal. They thus supposed that the frictional
increase was due to melting of this soap.

Frewing (14),(72) observed similar results but noted that the lubricant
failure temperature rose as the surfactant solution concentration was
increased. On the basis of this he suggested that & lubricating solution
could work in the same way as a deposited monolayer — i.e. by reversibly
adsorbing a monolayer of surfactant on the rubbing surfaces. Sinceuéﬁe
adsorbed layer was in contact with the bulk solution it could be treated
using equilibrium thermodynamics.

Frewing carried out experiments rubbing steel on steel at low speeds
in surfactant sclutions. He increased the temperature gradually whilst
monitoring friction, and thus obtained critical temperatures for different
concentrations, where friction increased and fubbing became irregular. He

was thus measuring:
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TB = £(CW,V A
TB = critical lubricant failure temperature

C = concentration of surfactant in solvent

W,V = constant load and velocity

Frewing assumed that the adsorbed species was in constant equilibrium

with the bulk fluid. By combining a form of the Lan¢muir isotherm (kinetic

derivation)
X
K = =t essevee .
C(1-%) 3.3
X = fraction of surface covered at equilibrium
K = equlibrium constant.
. d In K

with =3¢ = -~ U/RTZ’ (the Van't Hoff Isochore) teeenae 3.4
R = gas constant
U = Heat of adsorption of surfactant with respect to bare metal

and by assuming that the friction transition occurred when the surface
fraction of adsorbed surfactant dropped to a constant, critical value, he
obtained;

X U

Inen=y = R’

+ Integration Constant ceceesss 3.5
B

This expression, (3.5) predicts a linear relationship between 1og10C
and 1/T§ K. Frewing (14) plotted these two functions and obtained a series
of straight lines with negative gradients, for different lubricants. Because
of this agreement between his theory and experiments he felt justified in
calculating values of U. He found these to be generally between -35 and
-55 KJ/mol, dropping to 18 KJ/mol for very weak surfactants. (U here
would be the energy of adsorption of one mole of surfactant at the critical
coverage).

This type of extrapolation, from experimental results to a mathematical

!
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- model by graphical comparison can be somewhat hazardous. This was noted in
chapter 2. Plotting a reciprocal against a logarithm is also quite similar
to plotting logarithm vs. logarithm and will yield a straight line for quite
a number of relationships. Frewing carried out no actual adscrption
experiments and so could not know the true state of the adsorbed system.

The most significent of the friction—adsorption comparisons was carried
out by Hutchinson and Rideal (16) who set out to prove directly the connection
between reversible adsorption'and lubricant breakdown. They carried out
friction and adsorption experiments with long chain surfactants on sodium
nitrate crystals. Using increasingly concentrated surfactant solutions they
found the concentration at which a given solution started to lubricate
effectively. This corresponded well with the concentration at which there
was a sharp rise in the adsorption isotherm. Hutchinson and Rideal chose
godium nitrate so as fo be sure of a well-defined and reversible system.
Their experiments proved conclusively that boundary lubrication could be
obtained by a physically adsorbed film, and that the amount adsorbed is
critically important. This work was limited to room temperature so that
the variations of lubricant failure and adsorption with temperature could
not be correlated.

In 1965, Askwith, Cameron and Crouch (81) extended Frewing's thermo-
dynamic approach. They showed that the equilibrium constant, K, gi;en in
equation (3,3) could be related to the frge energy of adserption of the
surfactant by: ‘

AG® = ~RT 1nK ceeeees 3.6
Since

AG = AH = TAS,
Agkwith, Cameron and Crouch, assuming a Langmuir adsorption isotherm,

obtained the expression:
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o]

—Ai + ASO = R(ln._-e—" - 1nc) eawesose 3.7
TB 1~-8

AH® = standard enthalpy of adsorption

As® = standard entropy of adsorption

0

frgctional monolayer coverage at lubricant breakdown

They thus found the value of the integration constant in equation
(3.5). By assuming that film breakdown occurred at fractional monolayer
coverage § = %, Askwith, Cameron and Crouch calculated values of ASO, the
standard entropy change on adsorption, for different long chain surfactants.
This assumption of § ~ % was not as serious as all that,since ln(eli—e? varies
little between the range 0.2 < 6 < 0.8, so the exact value of § chosen was
not critical.

Askwith, Cameron and Crouch also noted a correlation between lubricant
breakdown and the length of surfactant molecules compared to that of the
solvent molecules. Thus higher loads and temperatures were required break
down hexadecylamine in hexadecane lubrication than were needed for either
tetradecylamine or octadecylamine in the same solvent in the same molar
proportions. A similar effect was noted with acids and alcohols.

This work was continued by Grew and Cameron (15) who investigated the
variation of lubricant failure temperature with concentration of dodecanoic
acid in a series of differen£ chain length alkane solvents. Plots of
logiOC VSe 1/'1‘B were drawn in the same way as Frewing (14), and enthalpiés
of adsorption were obtained from equation (3.7). These varied between
-45 and -200 kJ/mol depending on the solvent chain length. The steepest
gradient (largest enthalpy of adsorption) occurred when chain lengths of
solute and solvent matched. In this case the enthalpy of adsorption
(=200 kJ/mol) was of the same order as the sublimation energy of the fatty
acid. |

Cameron and Grew (15) extended their experiments to compare a naturally
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occuring surfactant with the fatty acid they had used previously. A surface-
active material had been extracted from natural mineral oils by Groszek (82),
and Grew and Cameron measured lubricant breakdown temperalure using several
difterent concentrations of this in various solvents. Again plots of lOgiOC
against 1/TB gave straight lines suggesting that the mechanism of lubrication
was similar for both natural surfactant and fatty acids. The gradient of

the lines obtained using the mineral oil extract was largely independent of
solvent.

Two authors have experimented with the effect of parameters other than
concentration on the lubricant breakdown of simple polar systems. Cowley and
co~workers (83) and Sharma (84) have both investigated the dependencé of
breakdown temperature on applied load. They investigate the relationship:

T £(W)

B c,Vv
W

applied load
C,V = constant concentration and speed

Both experimenters showed that for low speeds, where frictional heating
could be neglected , increasing load decreased the breakdown temperature
initially, but at high loads *he film breakdown temperature reached a limiting
value which was load-independent.

Sharma (84) also investigated the effect of surface roughness on,
lubricant failure temperature of long chain amines on steel. He found an
optimum rgughness at which a higher temperature was needed to cause film
breakdown than was required for both rougher and smoother surfaces. Changes
in load and surface roughness generally had a much smaller influence on
lubricant failure than did temperature.

Tt must be stressed that we have been considering low speed sliding
conditions. At Higher speed, load and velocity both contribute to a

frictional film heating effect which dominates lubricant breakdown.
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3.23. Other solid-surfactant adsorption systems

It has been noted in the previous section that very often the
relationship between lubricant breakdown temperature and surfactant
concentration for a simple lubricating oil is:

1

logioc o /TB

TB = breakdovn temperature

A similar relationship has also been found for other surface desorption
systems.

Bigelow, Glass and Zisman (52) found this sort of relationship for the
critical temperature of wetting of metals with surfactant solutions. They
showed that when very clean metal surfaces were prepared and dipped into
surfactant solutions (long chain acid, amines etc. in alkanes) then the
metal surface appeared quite dry on withdrawal from solution. A whole
series of experiments were carried out (23)(85),(24), to show that this
resulted from an adsorbed monomolecular layer on the metai which presented
a low energy surface to the supernatant liquid, and thus would not wet under
normal conditions. The surface could be made to wet if either the concent-
ration of surfactant solution was lowered or the solution temperature was
increased. The relationship between these two variables for critical
wetting was: . )

logiOC o 1/Tw

Tw = wetting temperature °K. .
and the gradients of the straight lines so obtained were guite similar to
those obtained by Frewing (14).

A valuable outcome of this work has been to provide a useful criterion
for cleanliness of metal surfaces. It is normally very difficult to.prepare
a metal surface free from organic contaminants, but the non-wetting condition

was found to be very sensitive indeed to such contamination. Thus in
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obtaining a non-wetting surface one has a visual relative measure of its
degree of cleanliness.

Sakural and Baba (86) also obtained a linear logiOC VS, 1/T relation-—
ship. They measured the rectification effect of a thin film of adsorbed
surfactant between a flat plate and hemisphericalsurfaces. The temperature
at which this effect vanished abruptly was related to the concentration of
various long chain acids and soaps in hydrocarbon solvents. éimilar gradients
of 1og10C vs. 1/T were obtained to those of Frewing (414) and Zisman and

co-workers (52).

3.24. Scuffing

Up till now in this chapter, the pﬁrases "lubricant breakdown" or
"£ilm failure" have been used to describe the sudden increase in friction
from good to badlubrication which is sometimes observed when the operating
conditions of a lubricating system are changed. It is often more convenient
to use the word "scuffing" to describe this phenomenon. Some explanation
of this is needed, however, since the practical engineer's concept of
scuffing is generally rather different from just a sudden rise in friction.
The word was originally coined to describe an effect that is sometimes
seen in practical boundary lubrication,a sudden rise in friction accompanied
by severe deformation of the rubbing surfaces. The Institute of Mechanical
Engineers have given the definition (87):-

"gross damage characterised by the formation of local welds between

sliding surfaces."

The extent of damage and the catastrophic natpre of scuffing depend,
however, largely on the load and sliding velocity. Thus if friction®
increases due to preliminary film breakdown; the heat generated at high

sliding speeds will greatly exacerbate the failure. At low sliding velocities,
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on the other hand, in test rigs especially, initial film breakdown can be
identified in its early stages merely as a rise in friction. The subsequent

violent tearing and vibration that take place wunder fast running do not

occur in such mild conditionse.
Throughout this thesis a sudden rise in friction from  ~ 0.1 to

p~ 0.2 will be referred to as "scuffing" since Lt is recognised that at

normal running speeds this would in fact take place.

3.25. Summary

Previous work has shown that solutions of long chain surfactants in
hydrocarbons provide a good boundary lubrication up to some critical condition.
In most cases this critical condition is very dependent on temperature and
lubricant composition and, at low speeds, is less dependent on ;1iding speed
and applied load.

Lubrication can be provided by physically adsorbed monolayers although
chemically formed monolayers and multilayers may also occur.

Various authors have suggested a connection between the breakdown of
a physically adsorbed monolayer and critical scuffing conditions. By
assuming adsorption models they have been able to show that such an approach
is reasonable. It remains ﬁhproven, however, until a direct comparison of
known adsorption with known lubricating capacity is made.’ Only Hutchinson
and Rideal (16) in one experiment at one temperature have attempted such a
compari son.

This chapter concerns an investigation into the lubricating properties
of long chain amine solutions in hexadecane on stainless steel. This is

to relate the critical scuffing conditions as a fuhction of temperatdre and

concentration to the adsorption results of the previous chapter.
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3.30. Experimental

3.31. Experimental aims and design

A method was required of testing the variation of friction with
lubricant composition and temperature whilst operating under conditions of
boundary lubrication. The need for accurate temperature control made it
essential to use a very low speed apparatus so as to avoid the complication
of frictional heating and also ensure boundary lubrication conditions. Other
desirable features were a lubricant holder which did not need to much fluid
(hexadecane is rather expensive) and a machine which would use metal test
pleces of shapes easily obtainable as stainless steel.

The standard Bowden-Leben apparatus was chosen, which rubs a ball on a
flat metal plate (see next section). This had the advantage of operating
both at very low sliding speeds and in the correct load range. The load
had to be large enough to ensure full boundary lubricating conditions but
not so large that the compressive yield stress of the rubbing metal was
exceeded. Matveevsky (88) has shown that anomalous lubricant behaviour
may occur if such extremel? high loads are used.

One major feature of the experimental design was the control of
temperature to a constant value before each run. The run was then carried
through at this constent temperature. In this respect the lubricatiqn tests
described in this chapter are different from those of Frewing (72)/or Grew
k15), who raised the temperature during each run, but similar toythosé of
Hutchinson (16) and Matveeveky (88).

The constant temperature approach was used specifically to ensure
equilibrium adsorption. Equilibrium conditions are fundamental to the
thermodynamic analyses of Frewing and Cameron et al. and it was thought
that both these authors changed the external conditions rather too fast

to be sure of maintaining an eqgilibrium situation at the surface. This is
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particularly important since it was shown in chapter 2 of this thesis that

half an hour was needed to reach equilibrium adsorption on steel at 50°¢c.

3.22. Bowden Leben apparatus

The Bowden Leben machine was devised in 1939 (89) to measure coefficient
of friction at low speeds as a function of load, temperature and velocity
with different lubricant and rubbing metal combinations. A diagram of the
apparatus used in this series of experiments is shown in figure (3.2) with
a photograph in figure (3.3).

The frictional system used was a 15.%mm (°/8") diameter steel ball
rubbing against a flat steel plate. The steel plate lay in a shallow trougﬁ
so that it could be completely flooded in lubricant. This trough was heated
externally. Both the lower plate and its containing trough could be hoved
smoothly and at constant speed with a hydraulic piston arrangement. This
provided the frictional couple since the‘ball, which was héld against the
plate, remained stationary.

The steel ball was fastened in a chuck and spring loaded against the
plate. The vertical force was measured with a spring balance. Between the
chuck and a rigid mounting block was a spring-steel plate to which was’
attached a s£rain gauge system. This measured the horizontal displacement
of the ball and chuck and thus indicated the frictional force on the ball.

A signal passed from the strain gauges through an amplifier to a fast
response pen recorder.

The temperature of the rubbing surfaces was measured on a potentiometer
from thermocouples immersed in the lubricant and held close to the contact
region. A special feature of the apparatus was the temperature control device.
Normally on the Bowden-Leben, the temperature of the fluid is raised

continuously throughout a run. In these experiments the heater was controlled
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by a thyristor unit which responded to feed-back from a palr of thermocouples
immersed in the lubricant. (This was the same control system as was used in
chapter 2). So as to ensure constant temperature conditions, a metal cover
was placed over the whole trough throughout each run. In this way it was

possible to preset and control the temperature quite accurately.

3.33. Materials

The amine used in all these experiments was n-octadecylamine. It was
the same sample as that used in chapter 2. The n-hexadecane was also similar
in make and purity to that used in the adsorption experiments of chaptér 2.
Its purity and surface-active properties are described in appendix A.

The 18/8 steel plate was of specification ENS8B and the steel balls
ENS8A (A.I.S.I. 302). These specification compositions are shown in Table

(3.1).

Table (3.1)

C si Mn | S p Ni cr | M| T
EN 58A 0.16 0.20 2.00 0.045( 0.045 7.0~ 17O _ _
T | max min max max max 10.0 20.0
0.15 0.20 2.00 0.0451 0.045 7.0 17 0= 4x
EN 58B -
1 max min max ‘max max 10.0 20.0 C min

Specification of Stainless Steels (wt %) .

3.34. Experimental technique

The steel plate was first cleaned and then normally immersed immediately
in freshly prepared amine solution of known concentration at room temperature.

(Some experiments were done to test the effect of pre—adsorbed water on

lubrication. In this case the plate was not immersed straight after cleaning,
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but firsttreated in a way which will be discussed, together with the results,
in section (3.44).)

The plate was left in amine for not less than twelve hours, when it was
transferred into the Bowden-Leben trough and covered with more amine
solution of the same concentration. Then the steel ball, which had been
thoroughly cleaned, was fastened in the chuck, rubbed gently with 400 grade
carborundum paper and dipped into the amine. The chuck was mounted so that
the ball rested gently on the steel plate, half covered with lubricant.

After adjusting the thermocouples in position just touching the contact,
the metal cover was placed over the apparatus. The temperature was then
raised to its required value and maintained for at least 4 hour (only 15
minutes at 90°C). After this time the ball was loaded against the plate
and a run carried out at constant speed and load. The speeq used was always
0.1 mm/s. and the load 17.8N (41bf), which corresponded to the maximum Hertz
pressure of O.87GN/m2 (125,000 p.s.i.).

This type of experiment was repeated using different concentrations and
different temperatures. In each experiment a fresh solution was used and
the metal pieces thoroughly cleaned. The cleaning procedures of both plate
and ball will be discussed in the next section.

After each experiment, the effect of frictional force was calibrated
on the pen recorder by laterally displacing the chuck with a spring}gélance
arrangement. From this calibration plot and the .frictional trace, values

coefficient of friction could be worked out for each run (see section 3.36).

3.35 Cleaning procedures

Cleanliness is of prime importance in boundary lubrication since, as
has already been mentioned, single monolayers of surfactant on surfaces

change their friction characteristics completely. Experimenters in the
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past have had difficulty in standardising the cleanliness of thelr metal
surfaces. In this thesis, Zisman's concept of wettability (23) was adopted
as the criterion of a sufficiently clean surface.Zisman showed that only the
most rigorous of cleaning methods gave a surface that was not wetted by a
long chain surfactant-alkane solution.

Simple soxhletting of steel in organic solvents was found to be
inadequate. Finger prints left on the steel balls were not removed completely
even after twenty-four hours, in boiling toluene. Nor were non-wetting
surfaces obtained by such a technique. Grew (90), after much experimentation,
adopted an abrasive cleaning procedure which entailed repeated rubbing of
each surface with carborundum paper. This, he found, usually gave surfaces
which would not wet Qith long chain acid solution.

In these experiments the much simpler procedure of ionic bombardment
was adopted. This method of cleaning surfaces is based on bombardment by
medium energy ions and electrons. Using this technique, clean steel surfaces
which gave non-wetting monolayers in concentrated amire solution were
invariably produced. A diagram of the apparatus is shown in Figure (3.4).
The steel plates were always abraded with 320 and 400 grade carbonundum
paper before ionic bombardment so as to remove any deeply penetrating surface
contamination.

It was not feasible to clean the steel balls by ionic bombardmégt, so
these were soxhletted in boiling toluene for four hours and then plunged
into analar acetone. After h2ing mounted in the chuck, each ball was rubbed
gently with 400 grade carborundum paper to remove any remaining contamination
by abrasion. No ball was used for more than three experimental runs and

each was soxhletted between each run.

3.36. Stick-slip and friction

It was found that the Bowden-Leben machine rarely gave a smooth curve
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Figure 3.4. Ionic bombardment apparatus (ref. 37)



of frictional displacement against time. Generally some degree of "stick-
slip" occurred. This is a form of intermittent motion that can be considered
as resulting from the coefficient of static friction being greater than the
coefficient of kinetic friction. The ball and plate stick tocether until
there is sufficient spring force to overcome the static friction. The ball
then slips quickly, since once moving, kinetic friction between ball and
plate is at first insufficient to halt slidiﬁg. The whole procedure is then
repeated.

From mathematic analysis of stick-slip it can be shown that the shape
of the stick-slip curve is characteristic of the machine employed. Particularl
important are the stiffness of the stationary rubbing member, its degree of
damping and its mass. In the Bowden-Leben apparatus used, the spring holding
the ball horizontally in position was quite weak and poorly damped. This
meant that the apparatus was particularly prone to stick slip. (On the other
hand it also meant that the frictional displacement was lérge and thus
could be accurately measured.)

In these experiments, the peak coefficient of friction just before slip
has been used as the measured variable. This can be roughly identified
with the static coefficient but it will always be somewhat lower than the
real static coefficient value because of inertia forces. Thus it must be
stressed that the value, L , measured in this work is not a true constant
of the lubricating system but is also characteristic of the mechanics of
the machine used. Fortunately this did not matter in these experiments
since it was a relative change in friction which was being studied under
independent conditions rather than any absolute value.

The convention of taking the peak coefficient of friction in stick
slip as M, the static coefficient and of taking scuffing to be a sudden

increase in pt from 0.1 to > 0.2 is the same as that adopted by Grew (90).
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It differs from Frewing (72), who took scuffing to occur when smooth sliding
suddenly deteriorated to stick-slip. Bristow (91) has criticised the use of
the stick-slip transition in this way as being more dependent on the friction-

velocity relationship than the friction-temperature variation.

3.37. Accuracy

The overall accuracy of these experiments was less than the adsorption
measurements of the previous ghapter. This represents the difference between
the two types of system. Adsorption is relatively straightforward and
reproducible. The variables are easily controlled. Scuffing, on the dther
hand, depends on many variables that are much more difficult to reproduce,
the most notable being the rubbing surfaces themselves. There is thus a much
wider statistical scatter since any one of the several small factors can
trigger lubricant breakdown before it would normally be expected.

In this section the accuracy of each of the measured &ariables will be
considered in turn. Concentration accuracy is most easily dealt with. The
solutions used could be prepared to within 0.1% down to quite low concent-
rations. This error was thus negligible compared to others.

Temperature control varied depending on the range involved. Up to 50°¢C
it could be determined to = 2.5°C. (0.5°C at room tomperature). At 75°C the
variation was ¥ 4OC and at 90°C, X 7°%C. The problem did not lie in main-
taiﬁing a non~fluctuating temperature. The control device Qas such that the
actual variation with time was only ¥ 1.5°C even at 90°C. The main difficulty
was in determining the exact temperature of the contact. Cooling of the
chuck in air produced a temperature gradient between the liquid and the
steel ball. This was mitigated but not completely prevented by placing a
metal shield over the rubbing area. The temperature variations quoted

therefore represent the maximum estimated error in the actual contact
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temperature value. Since the temperature control was preset, the variation
between points on a single temperature curve was only Z1.5%.

Coefficient of friction was the least accurate of the three parameters
studied. For good lubrication ( g ~ 0.10) the variation was less than X 159,
At conditions of lubricant breakdown,howewr, the accuracy of y was only X 40%.
Fortunately such an accuracy level was acceptable since the range of | being
studied between scuffing and non—-scuffing values greatly exceeded the combined

error.

3.40. Results

In this chapter the experimental results are separated from the dis-

cussion, which will follow in section (3.50).

3.41. Effect on immersion time on friction ar:d scuffing

No specific experiments were carried out to test the effect that time
of immersion in the lubricant had on friction. It was noted, however, that
for concentrations below 5 x 10_6 moles/mole.of amine, an oleophobic mono—
layer was not. found for several minutes at room temperature. At higher
concentrations non-wetting occurred almost instantly. Because of this time
lag, at high temperatures the temperature was always held for at least % hour

—

(15 minutes at 90°C).

3.42. Reversibility of lubricant breakdown

Before applying thermodynamics to the lubricant breakdown process it
was important to ascertain whether this was reversible. A sequence of
experiments was therefore carried out to test reversibility with temperature.
Priction was measured at a serles of different temperatures, each being

maintained for 15-30 minutes. After each run the steel plate was left in
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the original amine solution and the temperature changed to a new value. The
results of this set of experiments are shown in Table (3.2) and Figure (3.5),
where the friction-time plots are reproduced to indicate the sort of traces
actially obtained. It can be seen that lubricant breakdown was reversible

for the system studied.

Table 3.2.

Stainless steel lubricated with octadecylamine in hexadecane

a
R?ﬁs Temp. Timg at load 1bf |speed mm/s égigi_ 1L .

Order Tc e moles/mole
1 21° 24 hrs.| 4(17.8N) 0.1 9 x 107> 0.10
> 35° 30 min | 4(17.8N) 0.1 9 x 107> 0.10
3 55° 30 min | 4(17.8N) 0.1 9 x 107> 0.12
4 68° 20 min | 4(17.8N) 0.1 9 x 107> 0.135
5 90° 15 min | 4(17.8N) 0.1 9 x 107> 0.24
6 68° 20 min | 4(17.8N) 0.1 9 x 107> 0.12
7 55° 30 min | 4(17.8N) 0.1 9 x 107> $0.12
8 35° 30 min | 4(17.8N) 0.1 9 x 107> 0.11

3.43. The effect of temperature and concentration changes on friction

for water—free systems

Friction results are presented in graphical form in Figs. (3.6) and
(3.7)., where coefficient of friction in individual runs is plotted against

logioC at a series of ambient temperatures.
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Figure 3.5. A series of friction traces showing the reversibility

of lubricant breakdown. Octadecylamine on stainless steel.

Concentration = 6 x 10"'5 mol/mol.
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In these experiments the steel plate was taken from the ionic bombard-
ment cleaner and plunged immediately into amine solution, so that water had
little opportunity to adsorb from the atmosphere.

It can be seen from figures (3.6) and (3.7) that there vcre three main
friction ranges at a given temperature. At zero and low amine concentrations
only poor lubrication occurred (Fl= 0.2 — 0.3) and there was high amplitude
stick-slip. At higher concentrations of amine the coefficient of friction
was much lower (0.08 - 0.12) and only very mild stick-~slip toock place. In
‘the intermediate range, which was scattered over about one third of.an order
of magnitude of concentration, the friction value appeared to be in tr;nsition
between good and bad lubrication. This transition region can be taken as
the scuffing point although, under the mild running conditions of the
Bowden-Leben apparatus, the only obvious change was a slight increase in
friction, wear scar and stick-slip. '

The exact values of C at very low concentrations in figures (3.6) and
(3.7) should be treated cautiously since adsorption of amine on the metal
plate may, in these instances, have slightly changed the final concentrations
of the amine~hexadecane solutions. The amount of octadecylamine solution

used in each run was approximately 30 cm3-

3.44. Effect of adsorbed moisture on friction and scuffing

The surface of an ionically bombarded metal might be expected to be
much cleaner than that of the steel powder used for adsorption in chapter
2. The powder had been exposed to normal atmospheric conditions for several
weeks and would thus be likely to have a well-developed adsorbed water film.
To make a useful comparison between polar adsorption and lubrication
it was necessary to test for the effect of adsorbed water on friction.

This was equivalent to contaminating the metal plates until they corresponded
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to the metal powder. Two modifications were made to the normal experimental

method to accomplish this. In one set of tests the octadecylamine solutions

were wetted to 25% ¥elative humidity at 250C.in the same manner as described

in section (2.34). The newly cleaned metal plates were then immersed in

this slightly damp solution. The second technique was far more drastic,

and probably produced a steel surface more like the metal powder used in

chapter 2. The ionically bombarded steel plate was suspended in a closed

glass vessel which contained a pool of water in the bottom. The steel was

left in this saturated atmosphere for fourteen hours before being immersed

in amine solution. .
Experimental friction measurements using this second technique are

shown in Figure (3.8) together with the curves obtained for the dry solution-

metal system. It can be seen that friction results were similar in both

wet and dry cases, sﬁggesting that changes in the amount of adsorbed water,

at least above a certain minimal level, do not greatly affect the lubricating

properties of the system. Oleophobic monolayerswere also obtained on the

damp metal.

3.45. Oleophobic monolaver effects

The oleophobic character of adsorbed amine films was not investigated
specifically. Retracting surfaces were, however, observed when transferring
the metal plates from amine solution to the Bowden-Leben trough at room
temperatures. There seemed to be rough correlation between this oleophobicity
and the ability of the amine to give good boundary lubrication.

The oleophobic effect provided evidence of the high stability of the
amine film once it.had adsorbed, and its effectlveness in preventing surface
contamination by impurities. Two steel plates which had oleophobic surfaces,

and some supernatant (10 x 10_5 moles/mole) amine solution retracted in



Figure 3.8. Effect of adsorbed water on friction for octadecylamine
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globules on top of it, were left in the open on a laboratory bench for one
week. There was no indication, after this time, that any of the original
oleophobic character had been lost due to penetration of impurities from

the London atmosphere.

3.46. Effect of load on friction

A few experiments were carried out changing the load on the ball during
a'run. In this way the effect of applied load on friction ‘could be assessed.

In the well lubricated region it was found that coefficient of friction
gradually increased with load but remained considerably below the values
characteristic of lubricant breakdown. This effect was probably due to
increasing penetfation of the film by metal-metal contact at high loads
without actual collapse of the boundary lubricating film.

In the poorly lubricated region, b was much more dependent on load and

increased from 0.25 at 17.8N (41b) to 0.40 at 35.6N ~ (81ib).

3.50. Discussion

3.51. "The effect of concentration and temperature on scuffing

It can be seen from figures (3.6) and (3.7) that there is quite a
narrow range of amine concentration over which friction changes from a
typical, good boundary value of p = 0.10 to a poorly lubricated one/of L=0.20.
These coefficients of friction correlate well with values found elsewhere
in the literature for good a:d bad lubrication in similar systems. Thus
Albertson and Wolfram (92) found He to be 0.23 for pure white oil lubricating
cast iron, but 0.13 when the white oll contained 1% octadecylamine.

Figures (3.6) and (3.7) also confirm other experimenters in showing

that, for a given concentration of octadecylamine, good lubrication breaks

down at a specific temperature above which the remaining lubrication is
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characteristic only of the solvent. Further comparison with the work of
Frewing (14) and Grew and Cameron (15) can be made by plotting, as did these
authors, the values logioCB against 1/TB, wheré TB and CB are the critical
temperature and concentration at which coelficient of friction suddenly
increases. Such a plot is shown in figure (3.9). The failure conditions

at various temperatures were taken as the points of inflexion in the curves
in figures (3.6) and (3.7). From figure (3.9) a good straight line is

sbtained, and using Frewing's scuffing theory (14), the energy of adsorption

works out as 65 ~ 15 kJ/mol.

3.52. Correlation between adsorption and scuffing

The friction experiment results of the previous section are now
compared with the adsorption results for the octadecylamine-hexadecane system,
reported in chapter 2. 7

In Figure (3.10), the adsorption plot of log,,C againét L%k at a

2 amine excess is shown on the same

constant coverage of 1.4 x 10_7 moles. cm
graph as the lubricant failure plot of figure (3.9). The amine adgorption
under these conditions corresponds to 40% of the total adsorbed at high
concentrations. At high temperatures, (greater than 40°C), there is
approximate agreement between the two curves, suggesting that the v;riation
of adsorption and of scuffing with temperature is similar. This conclusion
can be extended to suggest that at these high temperatures, scuffing occurs
at approximately constant amire film coverage, as Frewing's theory (14)
predicts.

There is, however, a marked divergence between the scuffing and constant
adsorption curves in the low temperature range. This can best be explained

by considering a film failure model., If scuffing is characterised by

failure of the adsorbed film, then the values being measured in adsorption
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Figure 3.9.
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and scuffing are rather different.

For amine adsorption, the quantity being evaluated as the gfadient of
the 1Og10C VSe 1/T plot for constant coverage is the difference between
the enthalpy of adsorption of amine and that of the hexadecane, both on the
bare metal: the adsorption is essentially competitive.

Thus:

H eas. AH oine ~ “Phexadecane.
The low gradient at low temperatures for adsorption was ascribed, (chapter 2),
to high values of AHhexadecane unéer these ébnd%tions as a result of a pre-
freezing phenomenon.

Film breakdown with increasing metal-mental contact is a desorption
process that is not necessarily the true reverse of equilibrium adsorption.
There are two ways of regarding it. One can either say that strongly
adsorbed hexadecane at low temperatures strengthens £he adsorbed film so
that less amine coverage 1s required to withstand scuffing. Alternatively
one can picture the surface being transformed on scuffing from amine-covered
to either bare metal or metal with just a little adsorbe@ hexadecane. From
this viewpoint the enthalpy measured will be largely the enthalpy of
adsorption of amine on bare metal, since the desorption is not competitive.

A continuing small heat of adsorption of hexadecane on metal, even at
high temperatures, would also explain the slight overall difference between
the adsorption and scuffing curves in figure (3.410). Since the difference
lies within the experimental error, however, it is not possible to decide
whether it is significant.

The fact that scuffing occurs, in the experiments studied, well below
coverages of amine at which lateral interaction forces become important means

that these interactions played no part in the lubricant breakdown process.



The difference between adsorption and scuffing can be represented

schematically:~
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b) At low temperatures
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[In these diagrams, molecules are presented as only adsorbing on one of
the metal surfaces. This is purely for simplicity since adsorption will,

of course, take place on both.
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In comparing adsorption and lubricant breakdown it has been assumed

hexadecane

Il

stainless steel surface.]

that the same thermodynamics can be applied for normal adsorption and for
adsorption at the heavily loaded interface. There are two main problems

in this assumption. One is the effect of pressure on the thermodynamic
equilibrium and the second involves possible changes that may occur in

the thermodynamics as a result of alterations in orientation of thgladsorbed
layer brought about by applied load.

Fortgnately solvent and solute molecules have approximately the same
size. This means that applied pressure should not greatly affect the
position of the adsorption equilibrium, since increasing load will not
favour adsorption of one component with respect to the other.

Any changes in orientation will alter the overall energy of adsorption,

but if the main contribution to the strength of adsorption under film

failure conditions is the attraction between the metal and the amine
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functional group, then the thermodynamics will remain qualitatively similar
in stressed and unstressed systems. Only if the main adsorption strength
were due to laterial interactions would alterations in film orientation change
the thermodynamics of film failure. ~ Since it has already been shown that

the scuffing range lies in the region where lateral interactions are
unimportant, it is reasonable to compare adsorption at the loaded and unloaded
interfaces without further knowledge of how the film deforms. Because of
possible changes in film orientation, however, a quantitative comparison of

of adsorption and failure would be only speculative.

3.53. Chain matching

In figure (3.11) is shown the adsorption logiOC VSe 1/T plot for a
series of contact coverages of amine using the hexadecylamine-hexadecane re-
sults of chapter 2. Also on the graph are scuffing results for the same
system due to Grew and Cameron (15). It is clear that thege is a corfelation
between scuffing and constant adsorption as was observed using octadecylamine,
although it seems that for hexadecylamine a higher amine coverage is needed
to support an equivalent load. An especially interesting feature of figure
(3.11) is, however, the absence of any unusual effect due to chailn matching.

Chain matching is an ancmalous film strength that has been found to
occur when long chain solute and solvent molecules both have the same number
of carbon‘atoms. References to the effect in lubrication, corrosion,
adsorption, coacervation and viscosity are to be found in refs.(15),(93),(24),
(94) and (95). Most chain matching results come from fatty acid-alkane
systems, but Askwith (81) and Bewig (24) mention the effect in connection
with long chain amines.

The most thoroughly investigated occurrence of chain matching in

boundary lubrication has been reported by Grew and Cameron (15), who plotted
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10910CB VSe. 1/‘I‘B for lubricant breakdown using a series of long chain
hydrocarbons with dodecanoic acid. For extreme non-matching combinations
the energy of adsorption, as worked out from the gradient gf the line
obtained, was 40-50 kJ/mol. This rose to 180 kJ/mol for dodecanoic acid

in dodecane. Such a high value of adsorption energy is characteristic of

a system with full lateral interaction energy as well as acid-metal polar
attractive forces. It is similar to the energy of sublimation of the fatty
acid. Presumably the lower eﬁergy of adsorpticn of ~-50 kJ/mol represents
the case for which lateral interactions are minimal.

Work by Grew (15), and in this thesis suggests that there is no such
enhanced energy of adsorption, at the scuffing range studied,for matching
amine systems, although Bewig and Zisman (24) have found that matching
amine and hydrocarbon does have a specially high stability in adsorption at
low temperatures. From the adsorption results in chapter 2, the observatic:
that lateral interactions begin at high coverages suggest that they do not
occur at lower amine coverages for the non-matching octadecylamine-hexadecane
system.

It would thus seem likely that the scuffing systems where matching
chain effects occur, involve the failure of a laterally interacting film,
which has a much higher temperature sensitivity then polar adsorptiopf Fatty
acid may promote the formation of such a laterally inte?actisg filﬁ;
perhaps containing adlineated alkane molecules of the same chain length.
Certainly this would be more likely with chemically bound acid than with
amine, because of its low mobility.

Bewig and Zisman's (24) matching results with amine adsorption only
occur at high coverages where lateral interaction would exist anyway.
Finally Askwith, Cameron and Crouch's matching chain results for amines

may have occurred because they were working under high loads in a 4-ball
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rig. Pigure (3.11) shows that higher amine coverages are necessary to
support higher loads. Conceivably the coverage required to withstand
scuffing in these tests, at such high loads, was so great that lateral
intoractions existed between the adsorbed amine molecules.

This is only a tentative explanation for the differences observed
between matching and non-matching systems, although it seems very likely

that lateral interaction forces are the key to the whole question.

3.60. Conclusions

At high temperatures, satisfactory correlation is obtained between
log10C VS. 1/T plots derived both from direct adsorption and friction
experiments. This indicates that in this range scuffing occurs at a constant
adsorbed amine coverage, dependent on the load. Below 40°C an extra term
must be introduccd to account for solvent effects, which suggests that the
coherence of the adsorbed film rather than simply the amouht of amine

adsorbed is the critical factor.
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CHAPTER FOUR

ADSORPTION THEORY APPLIED TO HIGH SPEED SCUFFING SYSTEMS

4.10. Introduction

The preceding chapter has described an investigation into thin film
lubrication at very low sliding speeds. It was shown that the variation in
scuffing was consistent with an adsorption model. Low speeds were used so
as to make the system as simple as possible, by avoiding frictional heating,
and also to ensure that equilibrium conditions were attained. 1In this
chapter it is demonstrated that a similar adsorption model can be applied
at higher speeds. Two series of scuffing results are taken from the
literature and each is analysed. Both sets of data are shown to be

compatible with the model which was applied at low speeds.

4.20. Adsorption theory applied to medium speed scuffing

Data is taken.from & paper by Askwith, Cameron and Crouch, published
in the Proceedings of the Royal Society (81). They measured scuffing of
one - inch, (éS.4 mn), diameter EN31 steel balls in a 4-ball test rig, using
hexadecanoic acid in n-hexadecane as the lubricant. The scuffing load was
determined as a function of concentration of acid in alkane at a constant
speed of 200 rpm (154 mm/sec). Their results are shown in figure (4.1a).
In figure (4.1b) is a graph from the same paper indicating the typical
coefficients of friction obtained for different loads.

Askwith, Cameron and Crouch measure the relationship

CB f(WB)V"I‘amb

1l

)

It

concentration of acid in alkane at scuffing

Tamb = gmbient temperature (constant)
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A

Velocity (constant)

W

B load at scuffing.

It is important to note, however, that scuffing is also dependent on the
terperature of the lubricating film which, since frictional heating occurs,

is not equal to the ambient temperature but is a function of applied load.

Thus;
Tfilm = Tam? + AT, ceeeese 4.1,
Tfilm = total film temperature
ATf = friction rise in temperature (flash temperature)

and since frictional heating depends on lcad and velocity;
Tfilm = Tamb + £(W,V)
The aim of this analysis is to show that the high speed scuffing
system varies with concentration in exactly the same way as the low speed
one, except for this frictional heating effect.
The temperature increase due to high speed sliding has been the
subject of a series of papers of increasing complexity ever since the
pioneer work of Blok (96). 1In this analysis Blok's original formula is }
used, Its validity and the effect of applying different temperature equations
will be considered in the assumptions, listed at the end of this section.
Blok gives the expression for the maximum flash temperature between

sliding surfaces, which is the temperature at which the film is most likely

to break down as;

2uPL1 + 1//2]V.r
T
2

dapcll + (rrVr/Sa) ]

sscassve 402-

coefficient of friction

p‘ =
p = mean Herlz pressure
V = sliding velocity
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r = Hertz contact radius

o. = thermal diffusivity of steel
p = density of steel

c = heat capacity of steel

For the 4-ball machine used, this simplifies to:

2
/3
ATf m = 0.949 nw Vi—i- LGB AL I LR 4-3.
e k[1+0.627(af92]
k = thermal conductivity

W = top bali load (1bs). (lbs are used in this analysis
since they are the units employed by Askwith et al.)
n = no. of reﬁolutions per second of the top ball.
Values for k and ®, taken from ref.(97) are:

o 6,045 mm2/sec.

kX = 2.604 kg/sec.’C.

It

The values V and r can be represented as

1 -2
4.07 W? x 107 mms

v =-—2——5--1-‘%E11 mms /sec.

60/3

This formula (4.3) gives the flash temperature as a function of load.

r

Values have been computed for each measured peint in fig. (4.1a). The
coefficient of friction in each case was taken from the results shown in
figure (4.1b). These flash temperatures are shown in table (4.1) with

Askwith, Cameron and Crouch's experimental data.
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Table (4.1)
wib AT % ot % Yo x 10 GO o9 ¢
H flash film film moles % g10
0.058 300 73.0 368.0 2,717 0.025 - 1.60
0.055 375 78.0 373.0 2.681 0.050 -~ 1.30
0.054 425 82.5 377.5 2.649 0.100 - 1,00
0.054 480 88.5 383.5 2,608 0.220 - 0.65
0.054 510 91.8 386.8 2.586 0.33 - 0.48
0.054 525 92.8 387.8 2.579 0.40 ~ 0.40
. o
Tambient = 295K
From this table, a graph of 10910C against 1/T’i1m is plotted in figure
(4.2.) Tfilm represents the total film temperature in equation (4.1),

where the ambient temperature is 295°K.
As can be seen, a very good straigﬁt line is obtained for this plot,
sirilar to those found at low speeds. Using the formula (chapter 3).
AH = 2.3 R x Gradient
one obtains the value,
AH = -170 kJ/mol.
This is different from most values found for AH (14) (52), which are
normally about -50 kJ/mol. It is, however, very similar to the only other
matching chain solute-solvent scuffing system which has been measured.
Thus Grew and Cameron (15) found the anomalously high value of
AH = =190 kJ/mol for dodecanoic acid in dodecane.
It has thus been shown that the graph obtained for high speed scuffing
at different concentratibns, whilst at first sight very different in form

to the low speed case, gives on analysis a similar relationship between
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Figure 4.2. LogiOC plotted against 1/T°K for medium speed scuffing
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concentration and scuffing temperature. This suggests that the same sort

of model holds in both cases.

4.21. Assumptions

a) The adsorption system is in equilibrium during running. There
is no direct way of verifying this, although the step method of applying
load used by Askwith, Cameron and Crouch does ensure that frictional
heating takes place quite slowly.

b) The ambient temperature of the solution was constant at 295%
(22°C). This assumes that the frictional heating did not raise the buik
temperature greatly. Since the speed was quite low, and the flash
temperatures small, this is a reasonable supposition. The actual ambient
temperature quoted by Askwith was 10-15°C. This is probably slightly in
error since hexadecane freezes at such temperatures. A typical indoor
temperature is 18-22°C. The actual value chosen was not critical, since
the ambient temperature does not change the form of the 1og10C vs 1/T
plot markedly, but only shifts it laterally.

c) It wés assumed that Blok's flash temperature formula was valid.
Blok's formula was employed since it was both the simplest and the most
thoroughly tested of the various friction heating equations. More _--
sophisticated mathematical treatments have been carried out by Jaeger
(98) and later by Francis (99). Recent work by Bailey (100) and Blok
(101) has suggested that Blox's original estimate may have been
approximately 15% too low. It was found, however, that the addition of a
consistent 15% to the flash temperature values calculated in table (4.1)
did not change the gradient of the curve in figure (4.2) by a significant
amount, but only shifted it laterally. The choice of flash temperatture

equation was therefore not critical.
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d) A major assumption in this analysis was that loading served
only to increase temperature and had no direct effect on scuffing. This is
supported by the work of Cowley (83) and Matveevsky (88), who have s#owp
that at high loads and low speeds, the scuffing temperature response to

changes in load is very small.

4.30. ILubrication at very High Slding Speeds

In this second analysis, the idea that scuffing occurs when the
adsorbed film desorbs is extended to account for a phenomenon which is
observed at very high sliding speéds. This is the apparently enhanced
strength of the lubricant film between gear teeth under these conditions.
Thus, whereas at low sliding velocities, the scuffing load of gears
decreases with increasing speed, at very high sliding velocities the
effect is suddenly reversed and much higher loads are required for scuffing.
This effect has been observed by Borsoff (102), Niemann (103) and Ku (104).
The results analysed in this section are the gear tests of Borsoff (102)
(105) using é.A.E. 30 mineral oil. These have been chosen because they
are especially well documented and the data is presented in great detall.

Three of Borsoff's experimental curves are shown in fig. (4.3). Fig
(4.3a) portrays the basic scuffing curve of load against rotating speed.
Fig. (4.3b) shows a plot, derived from this, of scuffing load against the
actual sliding time of two rubbing gear surfaces. Fig. (4.3c) illustrates
the effect of increasing ambient temperature. The scuffing load is
plotted against different oil inlet temperatures for a series of runs at
the same speed.

It can be seen from fig. (4.3b) that there are two distinct scuffing
regimes, with the changeover region lying at between ten and twenty

microseconds sliding time. Each regime will be considered in turn.
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The first part of the curve, where the sliding contact time is large,
corresponds to the lower speed region in fig. (4.3a) and its shape can be
easily explained in terms of Blok's critical scuffing criterion (96).

This has been discussed in the preceding section where it has been shown
that scuffing can occur when
T, = constant = Tamb + £(W,V) ceceens 4.1.
film <
For gears, Blok predicted that the maximum flash temperature would

be given by (106):

3 A
ATg o, = EOLV) = apfve
a = constant
n = coefficient of friction

This formula has been tested many times (107), (108). In practice
the indices of W and V have been found to vary from system between 0.5 and
i.O, probably partly because coefficient of friction is also a variable.

Plotting logiOW against logiOV for Borsoff's dafa gives a good
straight line in the lower speed region, indicating that Blok's critical
temperature criterion may be obeyed. From fig. (4.3c) the actual flash
temperature value can be calculated. Fig. (4.3c) shows that the scuffing
load decreased with ambient temperature. From equation-(4.1) it can be

seen that when W = 0,

Tpq, = Tab = 180°C. |

(The flattening-out of the scuffing curve in Fig. (4.3c) at high
ambilent temperature is probably due to extreme pressure action of the
sulphur in the mineral oil. This would be able to react continuously
with the out-of-contact gear surfaces at high ambient tempefatures).

Thus we have a straightforward model for scuffing in the lower speed

range. The scuffing load has that wvalue which will just raise the flash
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temperature above 1800C. At this temperature, the film desorbs during
sliding and the rubbing gear teeth scuff.

The main purpose of this analysis is to show that the second regime
in fig. (4.3b), where the constant temperature scuffing model breaks down,
can also be explained in terms of an adsorption model.

The explanation involves a non-equilibrium desorption model. The
anomalous scuffing behaviour is observed when the actual gear contact
time is only of the same order as the residence time of the molecules at
180°C. Thus one explanation for the Borsoff high speed efrect is that
the lubricating molecules simply do not have time to desorb whilst the
the surfaces rub. In this case, no film breakdown could occur in practice
even though it should on thermodynamic grounds.

Some calculeizions show this to be quantitatively reasonable. If

desorption is first order, as suggested by de Boer (109), then:

R AR
= fractional monolayer coverage
t = time
k1 = desorption rate constant
91 = coverage at time t = 0

also from de Boer,

e —AH/RT
k1 = —
To
AH = enthalpy change in desorption
To = fundamental time of oscillation on the surface

temperature in °K.

1]

Hence
de e ~AH/RT

6—91 To

dt e e oe 4.4.
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A very approximate way of evaluating this is to assume constant
temperature during contact. Then, integrating eguation (4.4) over a

given rubbing time th gives:

1 t

oy

loge(e—ei)

~

Scuffing can occur when the mean residence time of the molecules

(1/k1) is roughly less than or equal to the total contact time th.

Iy
21
loge(e—ei) ~ 1

0
th

This is not a very useful approximation, however, since the
temperature T increases continuously during sliding contact so that the
residence time decreases concomitantly. The temperature at time t during

a sliding contact is:

= m
Tt = Tarb + A"f.t.
ATf £ = flash temperature at time t. ’
, During sliding, ) -
AT = ar, (re)?
f.t. 7 TTfm h
ATfm = maximum flash temperature rise
(as calculated from Blok's equation)
thus: -
T, = Tamb + AT, (Y/6)7 4.5
t— fm ‘t}‘-\ s e "8 . -

Combining (4.4) and (4.5) gives:
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£ Y
~AH/R(Tamb + AT (7/ )%)
de gt

e
(6-8,) To

This equation takes into account the change in mean residence time
(1/k1) of the adsorbed molecules during sliding.

For the whole sliding period,

+ 1
6, . ty ~AH/R(Tamb + AT, (7/% )%
1oge(9-61) — e dt :
To o

t [ ) e 4.6
[loge (9—91)} _n e'r +BX dx ecvesse eOe
To o

| S
1l

A = = AH/RTamb

B = AT, /Tamb
fm B

As in the approximate analysis, film breakdown can be assumed to occur

when:

log_(6-6,) = 1
O,

This gives a criterion for film breakdown of

To
Y > T

(o

where I is the R.H.S. integral in equation (4.6).-5O and I_ can both be
evaluated.

T, Can be estimated from an equation by de Boer (109)

2
/3
-3 MV
T, = 4,75 x 10 (7— ) sec.
s

M = mean molecular weight
V = molar volume
T = melting temperature °K
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This gives an approximate value of

T, = 2 x 10—12 sec.

AT_ can be taken as 160°C {from fig. (4.4c)) Tamb, is approximately

fm

the inlet temperature (300K). In this analysis, a series of values of
AH was taken, between 70 kJ/mol and 30 kJ/mol. This is the typical
adsorption range for polar surfactants on steel (14),(52).Ic, the integral
expression in equation (4.6) was computed iteratively. Using the above

values of and Tamb, we obtain scuffing if

To’Tflash max

t. > 20 psec. AH = 45 kJ/mol

h
£, > 10 psec. AH

43 kJ/mol

This is in reasonable agreement with the cbserved results. It can be
seen that, from fig. (4.4b), the anomalous scuffing regime occurs when
th’_drops below 10-20 psec.

Thus the explanation postulated is that when the sliding time is
less that 20 psecs., the molecules do not have time to desorb in response
to the normal flash temperature rise before the period of contact ends.
In this situation, for scuffing to occur,the temperature must be increased
(by increasing the load) in order to decrease the residence time below

the contact time.

4.31. Assumptions

The main assumptions made in this analysis are:
a) That first order desorption is occurring and that the condition for
0. :
scuffing is [1oge(e_91):| 1" _ 4 This assumption that the logarithm

eth
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equals unity is a conventional one and can never be perfectly true. 1In
practice the logarithm will give a constant value between 0 and 1. The
assumption of first order is not critical. Spink (110) has suggested a
zero-order desorption. This wili give a similar constant L.H.S. value of
unity in equation (4.6).

b) Scuffing in the lower speed range follows a constant temperature
criterion and the film fails at 180°C.
c) The normal skin temperature of the gears just before sliding
is equal to the oil inlet temperature. This probably true at low speeds
but is less accurate as the rotational velocity increases. The possible

variations are discussed by Kelley (111).

4,40 Conclusions

Both medium and very high speed scuffing have been related to_the low
speed adsorption model proposed in chapter 3. Medium spee& scuffing has
been shown to differ from the low speed case only as a result of frictional
heating., A tentative explanation for high speed scuffing effects in a
discoentinuous éliding system has been given in terms of a non-equilibrium

model.
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CHAPTER FIVE

~THE REACTION OF DIBENZYLDISULPHIDE ON

STEEL SURFACES FROM HEXADECANE

SOLUTION

5.10. Introduction

Extreme pressure additives were first widely used in the 1930's, as
the loads and frictional temperatures had become too high, in some applicat-
ions, for the traditional mineral oils to withstand. It was then found that
the addition of certain chemically reactive organic compounds enabled higher
loads and temperatures to be used. These chemicals were therefore cailed
"extreme pressure" additives.

Effective extreme pressure (or e.p.) additives usually contain one or
more atom of an element that can react with metal surfaces under boundary
lubrication conditions. These are the non-metals to the right of the
periodic table, notably sulphur, chlorine, phosphorus and iodine.

It has been found that; in very general terms, an e.p. additive functions
by reacting chemically with a rubbing metal surface to form an adhering
film which has a lower shear strength than the metal itself. The film
then acts as a solid lubricant and takes over the task of lubrication when
metal to metal contact would normally occur.

A successful extreme pressure lubricant is designed to react only when
temperatures are reached such that normal; oily boundary lubrication breaks
down. This prevents continual corrosion of the metal surtrace under ordinary
running conditions. Generally speaking, phosphorus and chlorine additives
are used at lower temperatures than sulphur containing ones. Iodine has
been used for the lubrication of titanium.

Although the overall mode of action of e.p. additives has been



134

understood for a loﬂg time, only recently have experiments-been done to
investigate the exact mechanism' of formation of the protecting layer.
This is remarkable since appreciation of the mechanism would seem to be
éssential in the design of a successful lubficant.

In the next two chapters are described a series of experiments into
the reaction of a sulphur e.p. additive on steel. There are two sets of
tests and they have been put in separate chapters. This chapter investigates
the reaction of the additive, dibenzyldisulphide, by purely chemical
means. Chapter six looks at the same additives performance in a simple
lubricating system. It is t.oped to show the value of combining these two
approaches in solving the problem of extreme pressure mechanisms. Since
the two methods are closely connected, a single review of work done in the

field is presented, in this chapter.

5.20. Literature Review

5.21, The use of sulphur extreme pressure additives

The sulphur containing extreme pressure additives have tended to become
progressively more complicated in structure over the years. The simplest,
and the first used, was sulphur itself, merely dissolved in the lubricating
oil. One of the earliest known references to lubricant additives is a
patent of 1859 describing the addition of flowers of sulphur to a mineral
0il (112). Since there are naturally occurring fractions of sulphur and
sulphur compounds in mineral oils these mﬁst have been acting, unrecognised,
as e.p. agents long before their value was appreciated.

The most commonly used sulphur additives today are sulphurized fats,
olefins and terpenes (113)., Their detailed structure is not usually known,
since they are manufactured by sulphurizing complex mixtures of naturally
occurring terpenes, unsaturated fatty esters and similar compounds. Sulphur

is introduced across the double bond.
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Typical structures (114) are: .
CH,
. //O
CH;(CHQ;CH\— H—(CHL)’E-—(:\R
S
eV
CH; \C"':. )
a terpene a sulphurized fatty ester

Also sometimes used are Hisulphides. These are especially amenable to
experimental analysis, since they are pure chemicals and thus have a well-
defined structure. The experimental work in the next two chapters uses

dibenzyldisulphide, which has the structure:

S—-S5
dibenzyldisulphide

5.22. Methods of investigating extreme pressure activity

There have been two basic ways of investigating the action of sulphur
‘ e.p. agents. The first is the chemical approach. A large number of
chemical techniques have been used to study the fiim produced on metals by
sulphur additives, both in rubbing and sﬁétic conditions. Radiochemical
methods have been particularly useful, with S-35 as the radioactive species,
(115),(116%(117). Other methods which have been employed include electron
probe microanalysis (118), x-ray fluorescence (100), electron diffraction
(119), x-ray diffraction (120) and thermogravimetric analysis (121) és well

as straightforward chemical analysis (122).

The other approach has been to observe the actual lubricating properties
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of various additives as a function of chemical structure (123), e.p.
concentration (124) and metal type (100).

Both these types of investigation have led to certain mechanisms
being advanced as to the lubricating properties of sulphur additives. These
mechanisms will be considered in section (5.26). Before then, some of the
sPecific experiments investigating the effect of temperature, load and speed

on e.p. activity will be described.

5.23. Effect of temperature on e.p. films and their lubricating properties

Although it has long been recognised that the function of an e.p.
agent is to react with the metal surface under high temperature conditions,
remarkably little systematic work has been done (or at least published)
concerning the effect of temperature on e.p. reaction. This fuqdamental
importance of trwperature was recognised by Bowden (125) who suggested that
the name "extreme pressure'" agents would be better changea to "extreme
temperature'.

Prutton et al. (122), in 1946, showed that sulphur organics could form
a sulphur-containing film at high temperatures. They mixed iron powder with
e.p. solutions at 250°C and by subsequently adding acid were able to
measure the exteht of reaction from the volume of H2S evolved.

Some years later, Elliot and co-workers (126) investigated thé kinetics
of reaction of sulphur and dibenzyldisulphide on steel at three temperatures.
Thgyused'a radiocactive technique and showed that reaction continued indefinite-
ly with time within the limits of their experiments. At 100°C there was
vefy little reaction but this increased at 150°C and 200°C. Dibenzyldis-
uphide reacted less thén sulphur at 150°C but gave a thicker film than sulphur
at 200°C. Borsoff and Wagner (127) and Loeser and coworkers (128) carried '
out the same sort of experiments but under both static and rubbing conditions.

Borsoff and Wagnher studied the static reaction of dibenzyldisuphide on steel
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strip in the range 25 - 190°c. They found reaction rate increased with
time and temperature. In similar experiments in a gear system they

showed a constant film thickness was produced, which was between five and
thirty monolayers deep. Loeser, Wiquist and Twiss (128) carried at static
experiments to measure the reaction of zincdialkyl-dithiophosphates on cast
iron. They obtained about three monolayers of sulphur at 100°c afte?
twenty hours compared to twenty monolayers at 160°C. In dynamic loaded
conditions twenty-five monolayers were formed in twenty hours at 100°c.

An elegant technique for measuring the reaction of sulphur e.p s
at very high temperatures was devised by Barcroft (129). He measured the
change in resi;tance due to corrosion in an e.p. reaction. From the
changing resistance he obtained kinetics of reaction up to 700°C.  Barcroft
showed that the reaction rate obeyed Arrhenius equation in the range
500-700°C for ditenzyldisulphide on stainless steel.

Sakurai et al. (120) used Barcroft's technique to investigate further
the rate laws governing the reaction of e.p. agents. They found that
corrosion of iron and stainless steel usually followed a parabolic law.

The exception to this was with dibenzyldisulphide on iron, which at high
temperatures reacted abnormally'quickly. This Sakurai ascribed to the
formation of cracks in the surface of the metal and sulphide film which
permitted further sulphur penetration. No such effects were obserﬁed with
stainless steel. Typical thicknesseﬁ_qbtained for dibenzydisulphide on
stainless'steel were 30 nm. at 4106C, 80 nm. at 560°C and 160 nm. at 6500C,
all after ten minutes. On iron the films were generally about ten times
thicker.

Manteuffel and co-workers (115), in 1964, investigated the effect of
temperature and load on lubricating properties of various sulphur additives.

For dibenzyldisulphide they observed a sharp increase in reaction in the
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120°¢ region, where éulphur film thickness rose rapidly in both the rubbing
and unscarred regions.

Dorinson and Broman (130) investigated the reaction of two aliphatic
disulphides on iron powder in the temperature range 165—256OC- They showed
that at least five monolayers of ferrous sulphide could be formed without
altering the observed zero-order reaction rate.

Recently Matyeevsky (121) has measured the reaction of various e.p.
additives with iron powder using thermogravimetric analysis. He relates
the degree of reactivity of each e.p. additive to its lubricating capacity.

A good deal of work har been done in the study of corrosion to
investigate thé-action of extreme pressure type chemicals on pure metals
such as iron and nickel. Thus Llopis, Arizmendi and co-workers (131) (132)
(133) have looked into the effect of temperature on the reaction of sulphur,
mercaptides and organic sulphides on iron and nickel. Generally speaking
reaction rates always increased with increasing temperature although the

various rate constants were different in different temperature ranges.

5.24. The effect of sliding load and speed on extreme pressure activity

In general, increasing load and rubbing speed seems to produce a thicker
e.p. film. Loeser et al. (128) showed that in the dynamically loaded case

twenty-five monolayers of sulphur were produced on cast iron using

zincdialkyldithiophosphate. This compared to only three monolayers under

static conditions. The same effec£wQas noted by Borsoff and Wagner (127)
using dibenzyldisulphide in a gear system. The film depth increased from
ten to thirty monolayers of sulphur in the range of load studied. Borsoff
and Wagner noted that the actual film thickness at a given load reacbed a

constant value with time shortly after the run was started.



Campbell (117) also investigated the reaction of radioactive
dibenzyldisulphide on hypoid gears during running. -‘He showed that a
steady film thickness of 100 nm. was reached on the driving faces of the
gear teeth. On the coast side, the thickness was about half this value.

Manteuffel and co-workers (115) measured the quantity of sulphur in
both the loaded wear track and the unscarred metal surface at different
loads in a 4-ball test rig. They found the sulphur content of the wear
track to be about 100 times as great as that of the unscarred region.

Barcroft and Daniel (134) calculated the thickness of sulphur e.p.
films in hypo}d gears. They used S-35 and found average film thicknesses
of about 50 nm. for an unscuffed gear surface, assuming 25% of sulphur in
the film. This corresponds well with Eorsoff's values (127). Barcroft
and Daniel also measured the depth of penetration of reacted sulphur by
progressively polishing away known thicknesses of the gear surface and
measuring the radiocactivity remaining. The limit of penétration under

normal conditions proved to be about 700 nm. For shock-loaded crown-wheel

teeth the penetration was much deeper, however, and radioactive sulphur was

1

detected at 5,000 nm. depth.

Recently Allum and Forbes (118) have measured the film thickness of
e.p. sulphur films in the wear track of a 4-ball rig using electron probe

microanalysis. They estimated maximum film thickness under these, loaded,

conditions as 300-500 nm.

'5.25. Anti-wear and anti-seizure effects of extreme pressure lubricants

13

Davey and Edwards (135), in 1957, differentiated between two lubricating

properties a sulphur additive could have. These were the production of a
chemical film to prevent scuffing - an "anti-seizure" film, and the

formation of a film on the bare metal or on the previocusly formed chemical
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film which reduced friction and wear, - an "anti-friction" or "anti-wear"
film. The first of these could be measured in terms of the maximum load
to seizure. The second was represented by the wear scar diameter before
scuffing. Davey and Edwards found that different disulphides and
monosulphides could have better or worse anti-wear and anti-seizure
properties depending on their chemical structure.

Allum et al. (123) (136) have extended this work and suggested a
mechanism for the different effects, which will be discussed in the next

section.

5.26. Mechanisms of extreme pressure action

Prutton et al. (122) were the first to suggest a specific mechanism
for the formation of sulphur extreme pressure films. They observed that
dibenzyldisulphide was more reactive than phenyldisulphide and monosulphides

and suggested the mechanism:

R2SX + Fe ————} FeS + RZSX—i

for disulphides although they cculd not ascertain whether the additive
split up on the iron surface to give sulphur prior to the main reaction.

A good deal of work on metal-organic sulphide reaction mechanisms has
been done in corrosion studies. The reaction of monosulphides on iron has
been investigated by Titz (137) and Baladin (138). Titz and his colleagues
suggested that mercaptan was formed in solution by thermal decomposition
and this then reacted with iron. Baladin, however, could find no evidence
of mercaptan and suggested that decomposition took place on the surface

according to the sequence.

Fe + CnH SR — CnH + Fe .... HSR —-9CnH + FeS + HR

n+1 2n 2n
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Llopis et al. (131) investigated the surface reaction of a series
of organic sulphides on iron. They showed then the speed of reaction was

in the order

R=-S-R < R~S~S5-R << R-5-H < R~5,~R < R-5,-R

3 4
in nitrogen but that air enhanced the reactivity of mono- and disulphides

whilst supressing the mercaptan and higher sulphide reactions. Llopis

proposed a reaction of disulphide via the radical sequence

R,S, —> 2RS —> 2Fe .....SR —> FeS_ + RS
and he suggested that oxygen increased radical formation.
Davey and Edwards (135), using evidence obtained in lubrication %ests,
put forward a three stage process for the reaction of disulphides on steel,
The first two involved involved the formafion of an adsorbed layer, and a

mercaptide layer.

R

/ .
R~-5-S-R + Fe —> Fe "'S\S R - A

Fe.. s/R —_ F/ - B
\e \ -

S-R S-R
Both these products, they suggested, protected the surface, like a fatty
acid film, to reduce wear.
Finally under conditions of heavy loading and temperature these gave
ferrous sulphide with good anti-seizure properties but only poor anti-wear

properties.

This mechanism, which is very similar to Baladin's (138) has been greatly

developed by Allum et al. (123) (136), who suggested that the efficiency of a
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given disulphide as én anti-wear or anti-seizure lubricant depended on its
structure.

Allum and Ford (123) showed that the anti-seizure activity of different
disulphides was related to the strength.of the C-S bond. &he weaker this
bond, the more effective the additive in forming a sulphide film and thus
preventing scuffing.

Later Allum and Forbes (136) demonstrated that anti-wear efficiency
was related to the strength of the S-S bond, so that the weaker this bond
the more effective the compound as an anti-wear additive. Thus for example,
diphenyldisulphide is a poor anti-seizure but a good anti—wear.additive
relative to dibenzyldisulphide. This, as Allum and co-workers points out,
fits in very well with the Davey and Edwards type model. If anti-wear
requirements are the formation of mercaptide layers, this can be represented

pictorially as:

QCK_,%/C”’Q QS _%Q

AR AR AR RS TUNRRENRNRNNRAN

for dibenzyldisulphide and diphenyldisulphide respectively. (In these
diagrams, the arrows represent the movement of electrons). Obviously the
mercaptan ion or radical intermediate is stabler in the phenyl case than

the benzyl, being a - to the benzene ring, since it is stabilized thus:

Q
-
5@ AN é

[The ionic case has been drawn, but the reaction may go through a radical

(ref. (139))

intermediate. Stabilization would occur in a similar fashion].
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The reverse holds true for the formation of FeS. In this case the

C~-S bond will be cleaved e.g.

g
/

| . 4
TYUTT IRV SNTST TRUT IR NSNS SS

O, Q,

In this case the benzyl cation or radical would be stabilized by
delocalisation, with the cha;ge a~ to the benzene ring, whereas the phenyl
would not. Thus dibenzyl C-S bonds would break more easily. This
explanation for the differeat lubricating effects of various disulphides
is reasonable although it has been inferred primarily from the effect of
chemical structure on lubrication with little other,supporting evidence,

So far only the mechanisms of sulphur film formation have been
considered., It is also necessary to show how such films, once formed, serve
to lubricate. There has been gquite a lot of controversy in recent years
over the exact composition of the anti-seizure film. Since Prutton (122)
showed that sulphur was present in the layer, it had generally been assumed
that the film consisted mainly of iron sulphides. The majority of £ilm
thicknesses mentioned earlier in this review were worked out frem the actual
sulphur content assuming such a structure. Some detalled analysis by
Godfrey (119) in 1962, however, using x-ray and electron diffractién,
showed that for some sulphur e.p. additives the main film constituents
were oxides of iron. Godfrey thus suggested that sulphur catalysed the
formation of iron oxides and it was a combination of these with just a small
quantity of sulphide which gave good anti-~seizure properties.

Sakurai et al. (120) carried out similar experiments using x-~ray
diffraction and showed that whereas diphenyldisulphide gave mostly oxides

at 4900C, dibenzyldisulphide produced mainly a sulphide film. The whole
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situation is thus very confused.

It is obvious that a sulphide layer by itself is insufficient to give
good lubrication, as is often observed in the extreme pressure range.
Greenhill (4) describes some experiments on the lubricating properties of
artificially built up sulphide layers. He found that even when the optimum
film thickness of 200 nm. was reached, the coefficient of friction was still
0.4. For thinner sulpiide films it was much higher. Greenhiil also found
that if fatty acid in paraffin oil were added to the sulphide film, the
coefficient dropped to 0.1, even at temperatures where fatty acid and
paraffin oil on the clean metal would not lubricate. Thus the combination
palmitic acid and sulphide layer was better than the individual componenté,
lubricating up to 200°C on copper and steel.

Sakurai et al (140) demonstrated a similar effect., They showed that
fatty acid and dibenzyldisulphide molecules were both more strongly adsorbed
on sulphide layers than on normal metal oxide surfaces. Thus it seems likely
tha£ an extreme pressure film is not a simple sulphide layer. Not only may
it contain a complex mixture of oxides, but there is perhaps also an
associated physically or chemisorbed monolayer on top of it.

One furtheg analysis of the mechanism of e.p. lubrication needs
mentioning. This is a series of papers by Sakurai and co-workers who have
developed a rate mechanism for the action of e.p. films in terms of the
opposing effects of sulphide film formation and the film being abraded away

(141) (118).

5.27. Summary

The action of sulphur €. p- additives is, as the literature survey shows,
extremely complex. Even for pure disulphides neither the mechanism of film
formation nor the way this film then lubricates is fully established.

Increasing temperature always increases the film thickness of the

sulphur affected layer. There is a large variation, however, in.the actual
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depth found by different authors.

Both loading and sliding increase the sulphur f£film depth. It is not
clear whether this is due to enhanced reaction at higher frictiocnal
temperatures, to the generation of nascent metal, tc the formation of cracks
down which a chemical reaction can take place or merely to sulphur containing
material being physically ground into the surface. A number of studies
have shown that a constant film thickness is attained under sliding condit-
ions, as opposed to static conditions where film thickness seems to build
up indefinitely with time.

There are no detailed studie; of low temperature reaction of e.p.
additives on steel. Borsoff and Wagner (127) have published the main
work in this range but they do not fully describe the starting conditions '
of the reaction. i

The next tvw chapters present experiments into the effect of temperature
on the reaction of the sulphur-containing e.p. agent dibenzyldisulphide.

This chapter includes chemical investigations. The next correlates these

results with tests on lubricating systems.

5.30. Experimental

5.31. Experimental aims and design

The aim of these experiments was to investigate the chemical reaction
of an e.p. sulphur compound on various steel surfaceé. For the main part
of the work a radicactive technique was employed using the weak B-particle
emitter, S-35. By this method a large range of film thickness could be
measured, down to less than one monolayer coverage, simply by varying the
activity of the solution. The radiocactive technique alsc overcame the dif-

ficultles :posed by sulphur inclusions in the steel itself which complicated
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other sulphur analytical measurements.

The original intention was to measure the extreme pressure reaction -
on the steel powder used in chapter 2, by monitoring the changing
concentration of sulphur additive 1n scolution using a liquid scintillation
counting methed. This was found to be impractical because there were very
low reaction rates below 13o°c; so that no significant change in the
concentration could be detected. Alsco, above 13OOC, the hexadecane solvent
tended to char, producing a yéllow coleour in sclution. This ceclour then
acted as a quencher teo lower the efficiency of the liquid scintillation
measurements. To overcome these difficulties a solid scintillation counting
methed was employed.

It was not practical to extend the radicactive tagged solution technique
above 170°C. At temperatures higher than this, radiocactive fumes were
being evolved as quickly as they could be safely dispersed by the fume cup-
board extractor. To see how the reaction proceeded beyond‘this temperature
a few experiments were therefore carried out using electron probe

microanalysis.

3.32 Materials

n-Hexadecane was the solvent used in all the experiments in this
chapter. It was obtained from the same source and purified in a similar
manner to that used in chapter 2, (see Appendix A).

The non-radicactive dibenzyldisulphide was purchased from Hoﬁkins and
Williams Ltd. and was a microanalytical standard. Radiocactive dibenzyldisul-
phide was obtained, ready prepared, from Radiochemicals Ltd., Amersham. It
had a specific activity on arrival of 23 mCi/m.mole and was tagged with

5-35.
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A wide variety of steels were tested in these experiments, generally
in the form of small 19.0 mm (0.75 in) diameter metal discs. EN 58B
stainless steel and mild steel were the most commonly used, and discs
of these two metals were punched from 76 pym (0.003 in) thick plate and then
ground with carborundum paper down to 600 grade.

Several other steels were also used and the effcect of heat treatment
on reaction was investigated. For these steels, each disc was parted off
a 19.0 mm (0.75 in) diameter bar and then surface-ground on both sides to
the required thickness, Before use, each disc was rubbed with 600 grade
carborumdum paper. Those metal discs to be heat-treated were heated after
parting-off but before being ground dowﬁ. A list of the steels used, along
with their heat treatment and hardness just before use is shown in table

(5.1). The thickness of each disc was 50 to 75 pym. (0.002 - 0.003 ins.)

Table (5.1)

Stee} . . Heat Treatment H?rdness
specification Vickers
EN 58B NONE 170
Mild steel NONE 100
EN 40B NONE 290 -
EN 40B 880°C for 30 minutes. 510
0il quenched. 240°C 30 minutes '
EN 39B NONE ) 267
EN 31 NONE . 210
EN 31 840°C 30 minutes
0il quenched. Not tempered 1010

5.33. Apparatus

Two types of apparatus were used. The first was designed to stir the
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metal samples in the solution, but this was simplified after it had been
shown that stirring was not an important factor in the reaction.

The initial apparatus consisted of a stirrer with several glass holders
attached down its length. These were designed.to hold 19.0 mm (0.75 in)
diameter metal discs whilst covering up only a very small fraction of their
surface area. The stirrer was rotated slowly in a large quickfit test-tube,
which it entered through a mercury trap. Solution was placed in the test-
tube and heated by a surrounding mantle. The temperature was measured using
thermocouples placed in a thin walled indentation in the bottom of the
test-tube and thermocouples aiso served to control the overall temperature
by feedback to the mantle through a thyristor control unit. The dis-.
advantages of this technique were:

a) A lot of radioactive solution was required to immérse the metal

discs.

b) It was difficult and time consuming to extract a metal disc for

counting.

To overcome these'disadvantages later experiments simplf used an open,
tall glass beaker surrounded by a controlled heating mantle. The discs
were laid in the bottom of the beaker for a specified time and then with-
drawn with tweezers.

The solid scintillation counter was type 663 from Isctopes Development

Ltd., Aldermaston and a Panax P7502A counter was used.

5,34, Experimental techngiue

Each disc was cleaned before use by rubbing with 600 grade carborundum
paper, soxhletting in benzene and finally being immersed in analar acetone.

Initial experiments used the stirring apparatus. Several cleaned metal

discs were mounted on the stirrer so that they rotated in a radiocactive
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dibenzyldisulphide solution at the requisite temperaturé. Periodically the
stirrer was halted and metal aiscs removed and washed. Washing was a
standardised procedure normally consisting of two minutes in each of ten
small beakers of acetone, followed by a final brief rinse from an acetone
wash bottle.

Each disc was then dipped twice into a 6% solution of collodion-
acetone (B.P.C. 1949) in acetone. This was a precautionary measure developed
from reference (142) to deposit a thin protective coating cver the reacted
surface so as to prevent possible volatilization of radioactive material
in the scintillation counter. There was no positive evidence of any such
volatilization but the precaution was continued since the scintillation
counter was being used by several other expérimenters. The weight deposited
at each collodion dip was < 0.0005 gms., and was thus negligible in terms
of blocking the radioactive emission.

After each disc had been dipped in collodion, it was ieft to dry and
then placed in the pan of the solid scintillation counter. The count rate
of each disc was measured for a period of time dependent on its activity.
This will be discussed in section (5.36).

Using the second experimental technique, the discs were laid face .
down in the bottom of a beaker of radicactive solution. After with@rawal
they were washed and counted as outlined above.

The radioactivity of the test solution was adjusted to suit the
conditions of the experiment. Thus a quite high activity of 1OM Ci/cm3 had
to be used at room temperature but the normal solution activities at
higher temperatures were much lower.

No disc was used for more than one experiment and no radiocactive
solution for more than one short series of runs at high temperature, since

there was a possibility that oxidation of the solvent might interfere with
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the reaction.

5.35, Calibration

It was necessary to calibrate the solid scintillation counter readings
in order to estimate the exact amount of sulphur per unit apparent surface
area.,

This was done by making liquid scintillation readings using the test
solution. Then:

) (cpm)S (Eff)L C
—-(cpm%; ) (Eff)S -

Atoms S/mm2

Ad .

(cpm)S = count rate on test disc

(Cpm)L = count rate using 1 cm3 radioactive solution

(E‘.ff)L = efficiency of liquid scintillation counter

(Eff)S = efficiency of solid scintillation counter
C = concentration of solution (S atoms per cm3)
Ay = surface area of disc (mm2)

By using different units for C (e.g. molecules of dibenzyldisulphide
per cm3); the amount reacted could be obtalned in different units.

The two efficiencies were calculated using reference samples of known
‘activity. This invalves the assumption that the efficiency of both gélid
and liquid counter were the same for the reference samples and test samples.
This is reasonable since the reference standards were C-14, with a p-particle
energy very similar to S-35. -

The ratio of (Eff)L /(Eff)S found was 1.04.

5.36 Accuracy

The main source of experimental error was the scatter of the amount
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reacting. This varied depending on the conditions but was Z10% up to
1300C and i25% at higher temperatures.

A series of experiments on the same system were carried out to estimate

the standard deviation from the mean. The results are shown in Table (5.2)

Table 5.2
Sample Upper Lower
No. Face cpm Face cpm

1 2760 3120

2 2180 1890

3 2280 2610

4 1960 1220

5 2280 1600

6 1400 1320

7 1610 2540

8 1800 | 2690
mean = 2140 cpm

3 -

standard dev., = 500 cpm

0.8 wt % dibei.zyldisulphide in hexadecane rgacting
on EN 58B at 140°C.
The wide scatter in the results meant that counting inaccuracies
" could be neglected by comparison. The exception was at low temperatures
when there was only a little sulphur reaction. In this region the count

rate was not much greater than background and counting had to be prolonged
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in order to obtain satisfactory accuracy. The theoretical counting deviation
was always < 5%.

It is interesting to note from table (5.2) that there was no difference
between reaction on the upper steel, disc face and that which lay against

the bottom of the glass beaker.

5.40. Results and Discussion

5.4.1., Effect of stirring on the reaction of dibenzyl-dsulphide on

stainless steel

The difference in reaction of the same system in stirred and non—.
stirred experiments was tested using EN 58B stainless steel discs. These
were immersed for ten minutes at 145°C in 0.8 wt% dibenzyldisulphide
solution. No significaﬁt difference was observed between stirring and
static results and the simpler static apparatus was used in all subsequent

work.

5.42. Effect of temperature on the reaction of dibengzyldisulphide on steel

A series of runs were carried out at different temperatures, holding
the other variables constant. Two types of steel were used, EN 58B stain-
less steel and mild ste=l. The concentration of dibenzyldisulbhide in
hexadecane was 0.8 wt% and each disc was immersed in solution for 10
minutes. The results are shown in figs (5.1) and (5.2). Each point is the
meanof four counts, two discs measured on either side. The two graphs
for different steels are similar both in overall shape and quantitatively.
There are three different regions on the reaction curves. At very low
temperatures, below GOOC, the amount ‘of sulphur reacting on the surfaces

was very small and corresponded to much less than a complete monolayer of
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dibenzyldisulphide,  From 60°C to 110°C, the amount reacting was independento
temperature, at 3.5 x 10_12 mols. dibenzyldisulphide per mm2. Finally

above 1100C, the reaction was exponential with temperature, obeying the
Arrhenius equation.

These three different temperature regions can be explained by a single
adsorption-reaction sequence. The low temperature region corresponds to
very limited chemical reaction. There may, however, be reversibly
adsorbed dibenzyldisulphide which would be washed of with acetone. The
second region is in the right order to correspond to a monnlayer of
dibenzyldisulphide molecules. The apparent area per molecule obser&ed.is
~0.50 nm2., whereas the area of dibenzyldisulphide varie; between 0.8 and
1.2-nm2'dependent on its molecular orientation. The real to apparent )
surface area of the steel is probably a ratio of between one and two (143)
which would make the density of reacted disulphide correspond quite well
to a chemically adsorbed monolayer of dibenzyldisulphide or mercaptide.
Above 110°C this molecular layer presumably starts to break down to give a
sulphide film. Since the thickness in Fig. (5.1) corresponds to a layer
of a¢-Fes 0.5-0.8 nm thick at 1600C, the dibenzyldisulphide must have
decomposed to give a more compact layer.

The suggested reaction sequence is shown schematically in Fig (5.3).
-It corresponds well with the sequence inferred by Davey (2135) and Allum
and co-workers (123), (136) from the effect of molecular structure on
lubricant efficiency.

To test whether physical adsorptién of dibenzyldisulphide occurred
at low temperatures, experiments were carried out at 20°C where the steel
discs were washed only three times on withdrawal from solution, and with

heptane rather than acetone. This solvent might not be so effective in
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H

physically desorbing adsorbed disulphide. It can be seen from figs (5.1)
and (5.2) that in both cases the amount of adsorption left after this
treatment corresponded to the monolayer of dibenzyldisulphide. This may
have been due merely to inefficient washing-off of the supernatant liquid
but it quite possibly represents a physically adsorbed monolayer at low
temperatures.

Two features of the reaction mechanism remain unresoclved. These are
whether the main reaction goes through a radical intermediate and also
whether disulphide breakdown of the sulphur-sulphur band occurs in solution
or on the metal surface. Unfortunately the structures that favour a .
radical intermediate will usually favour carbanion_stability, so structural
indications are not very helpful. The effect of oxygen in enhancing the
reaction of dibutyldisulphide with iron (131) is interesting in this respect

and may indicate an lonic intermediate.

5.43. Reaction rate of dibenzyldisulphide on steel

The kinetics of reaction were not specifically investigated although
a few runs were done to test the effect of immersion time on reaction.
These are shown in Fig (5.4). The steel used was EN 58B stainless steel
and the solution was 0.8 wt% dibenzyldisulphide in hexadecane. B

At 80°C the amount reached a constant value after a few minutes. At
higher temperatures there was no evidence of any such limiting thickness,

which is in accord with the results of Llopis (131) and Borsoff and

Wagner (127).

5.44. Effect of steel composition and hardness on reaction

The effect on reaction of both steel composition and hardness were

.

tested. A standardised experimeﬁt of 10 minutes immersion at 14OOCj
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in 0.8 wt.% dibenzyldisulphide solution was carried out on a series of
different metal discs. The results are shown in fig. (5.5), where each
reaction level was taken as the mean of four disc-face measurements. In

this figure the various steels are:

A EN 58B 18/8 stainless steel.

B EN 56J 13% Cr. Rust-Resisting steel.

C EN 31 | 1% Carbon-Chromium steel

D EN 31 1% Carben-Chromium steel. Heat treated.

E EN 40B 3% Chromium-Molybdenum steel .

F EN 40B . 3% Chromium-Molybdenum steel. Heat treated.
G EN 39B 41% Ni, Cr, Mo steel.

(for heat treatment and hardness details see section (5.32)).

Taking into account the scatter of the results, as observed in section
(5.36), only metals E and G can be considered as significantly more
reactive than the rest.

This similarity between the reaction of different metal types is
indicated even more effectively by the correspondence between figs (5.71)
and (5.2). Although the two steels were very different in composition, the
overall reaction was the same in both cases, except, possibly, in that

mild steel seemed to react at slightly lower temperatures.

5.45. Effect of oxide film

During most of these experiments the presence of an oxide layer was
assumed,since immersion occurred several hours after the steel discs had

been rubbed with carboundum paper. A few runs, however, were carried out
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with discs rubbed with 600 grade carborundum paper immediately before
immersion. No significant differences were observed, but this is not very
conclusive since no effort was made to prepare an oxygen-free

dibanzyldisulphide solution.

5.46. Reaction of dibenzyldisulphide at high temperatures and in a.low

speed wear track. Electron probe.

The radioactive monitoring technique was not extended above 170°c. A
few tests were, however, done at higher temperatures and the results
analysed by electron probe microanalysis.

In these.experiments 25x20x5 mm blocks of EN E8B steel were laid in
a Bowden Leben trough (see Chapter 3) so that they were fully immersed
in 0.8 wt % solutions of dibenzyldisulphide in hexadecane. The temperaturé
was maintained for ten minutes before the blocks were withdrawn and washed
in acetone. After about eight minutes immersion in dibenzyldisulphide
solution a slow speed wear track was made on each block using a 15.9 mm
(5/8 in) diameter stainless steel ball under 17.8N (4 1b) load.

The amount of sulphur on both the unscarred surface and in the wear
track was measured using pulse height analysis. Unfortunately the
presence of purple-grey inclusions in the steel, which contained high
concentrations of sulphur and titanium, made it impractical to try and
obtain quantitive results since the measurements of one of these inclusions
would have completely upset an area count. Qualitative estimates of the
reaction were possible from the line traces, however,by comparison with
traces from a fresh piece of metal. -
Samples below 130°C showed very little extra sulphur over untreated

metal, either inside or outside the wear track. From 145°C to 255°%C the

amount on the unscarred metal increased successively and showed no sign of
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reaching a limiting value at high temperatures. The tracks in the metal
samples heated above 130°C showed more sulphur content than the outside
metal, with the difference becoming more pronounced at higher temperatures.
An interesting feature of the hign temperatuge results was a grouping of
trace spikes, typical of small sulphur-containing inclusions, along the
edge of the wear tracks.

These microprobe results show that the reaction continued to increase
‘with temperature well above 170°C. The fact that the enhanced sulphur
content in the wear track was only observed at high temperatures suggests
that it is unlikely to result from local extremely high temperature fléshgs
due to asperity contact. More likely reasons are grinding-in of sulphur—
containing material by sliding action, or the formation of cracks in the

surface down which sulphur could penetrate.

5.50. Conclusions

The reaction of dibenzyldisulphide solution with steel has been
investigated. Three different effects have 5een identified, at‘different
temperatures, which have been combined to provide a reaction sequence,

It was found that the initial reaction of dibenzyldisulphide was
little affected by the exact nature of the steel under the conditions

studied.
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CHAPTER SIX

LUBRICATION OF STEEL WITH DIBENZYLDISULPHIDE

6.10. Introduction

This chapter describes tests carried out to investigate the friction
~ temperature characteristics of dibenzyldisulphide. The results of these
tests are then compared with experimental work from the previous chapter to

decide the state of a surface during extreme pressure lubrication.

6.20. Experimental

6.21. Experimental aims and design

Since the effect of temperature on the extreme bressure reaction was
of prime interes=, slow speed lubrication tests were probably best. These
avoid any of the complications resulting from frictional heating. A ball on
triplane machine was used since it had good temperature control and was
enclosed, so that high temperatures could be maintained without undue
evaporation of the lubricant. Another advantage of this apparatus, which
made it more satisfactory for this work than the Bowden-Leben machine was
that the friction-measuring device was rigid. No stick-slip could occur,
which would have greatly confused the results, since these were generally
in the high coefficient of friction range, 0.2 to 0.3.

To aid comparison between the surface chemical experiments of chapter 5
and these lubrication results, both systems were made as similar as possible.
A 0.8 wt % solution of dibenzyldisuphide in hexadecane was thus used in most

of the tests.

6.22. Ball on triplane apparatus

This machine, shown in Fig. (6.1), was a development of the standard

4-ball test rig. It consisted of an upper ball which rotated against the
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Figure 6.1. Ball on triplane apparatus.



165

flat ends of three pegs whose axes coincided at the centre of the ball. The
geometrical arrangement of the pegs with respect to the ball is shown in
table (6.1) and was chosen so that each peg gave a separate wear track on

the ball. Presland and Francis (144) have shown that, in the 4-ball rig,

Table (6.71)
. . 1
Peg Angle to Vertical |Circumferential
Angle
A 45° 0
B 55° 45" +137° 22" :
C 34° 15" ~ 99° 36"

inconsistent behaviour can result from all the lower balls rubbing in the
same track. The pegs, held in a steel cup, were arranged so that each
carried the same load.

The lubricant was contained with a detachable shield which screwed on
the cup, and around the shield was wrapped an electric heating wire
controlled by a Variac transformer.

The whole assembly was mounted on a cyndanio platform which was loaded
from beneath by a pivceted loaded arm. The load acted through a thin-walled
torqué tube fitted with strain gauges to measure friction. Temperature
was monitored continuously by two thermocouples, one resting lightly on the
rotating ball surface and the other against one of the pegs. Signals from
both torque tube and thermocouples were recorded.

Using a low power microscope, the wear track could be observed contin-

uously during running, through a window in the peg cup. Advantages of this

apparatus over the standard 4-ball rig were:
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a) Three wear tracks were produced instead of one., This improved the
repeatability of results since it diminished the effect of individual
inconsistencies in the steel surface. Thus a small scratch present before
running, instead of having a large effecF on the single wear track and
possibly causing scuffing, would affect only one the wear tracks and thus
play a less important part in the overall friction trace.

b) A wider variety of materials could be made in the form of pegs
than was obtainable as one inch balls, and such pegs were cheaper to
produce. Also the pegs, being smaller, were easier to clean in large numbers
than the corresponding balls.

6.23, Materials

The dibenzyldisulphide used was a micro~analytical standard produced by
Hopkins and Williams Ltd. The same make of hexadecane was used as was
employed in earlier chapters. Its purificétion is described in appendix A.

Tests were done using two ball and peg metal combinations. Stainless
steel ball and pegs were used in most experiments, the ball being EN 58J
and the pegs, specification EN 58B. Also tested was a combination of EN31

ball and pegs. The specified composition of these steels is given in table

(6.2).
Table (6.2J) e
C Si Mn S P Ni Cr Mo
EN 31 0.90- 0.10- 0.30- 0.050 0.050 1.00~
1.20 0.35 0.75 max max 1.60
EN 58B 0.15 O.?O 2.00 0.045 0.045 7.0-1 17.0-
max min max max max 10.0 20.0-
EN 583 0.12 0.20 2.00 0.045 0.045 8.0-| 17.0- 1.5-
max min max max max 12.0 20.0 2.5

The balls were 25.4 mm.

(3/16 inch) diameter.

(one inch) diameter and the pegs 4.7 mm.
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6.24. Experimental technique

Ball and pegs were soxhletted in toluene for not less than four hours
and then, whilst still hot, immersed in analar acetone. They were then
taken out, allowed to dry, and assembled in the cup holder, which was
immediately filled with lubricant. No load was applied for twenty minutes,
so that equilibrium had time to be established. The upper ball was then
rotated at one r.p.m. and a load of 8.9N (21b) was applied to the pivot
arm. This load and speed, which corresponded to ~1 mm/s and a maximum
Hertz pressure of 1.17 GN/m2 (170,000 p.s.i.) was used_throughout the
experiments in this chapter.

When the friction had stabilized at room temperature, the heating unit
was switched on so that the lubricant temperature rose steadily. In this
way continuous traces of friction and temperature were obtained throughout
a run.

No lubricant sample, peg or ball was used more than once, and between
each experiment the cup and metal shield were cleéned in an ultrasonic bath,

both with toluene and acetone.

6.25 Accuracy

Part of a typical trace is shown in fig. (6.2). It can be seen that
the friction response fluctuated rapidly about a well-defined mean. This
mean kinetic coefficient of friction could be determined to A 8%.

There was considerable scatter between different runs using the same
system, and actual friction values could differ by up to 20%. This was
probably due to surface scratches and slight variations in the peg heights.
Generally, the mean coefficient of friction of several runs was taken. For
all runs with the samesystem, relative changes with temperatures were always
identical even if the absolute friction values might differ slightly between

runs.
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6.30 Results

6.31. Tubrication of stainless steel using 0.8 wt % dibenzyldisulphide

in hexadecane.

Several runs were carried out using this system, raiéing the temperature
up to 250°C. In each case the friction dropped at 160-170°C from poorly
lﬁbricated conditions, not much better than pure hexadecane, to a much lower
value. The mean of the friction traces is shown in fig. (6.3), together
with a friction curve for pure hexadecane. The average rate of heating was
6°¢ per minute.

To test whether rate o temperature rise had any effect on the drop
in friction, an éxperiment was done at a much lower heating rate of 1.5%
per minute. No significant difference was noted, the drop in friction

beginning at ~160°C.

6.32. Reversibility of the lubricating effect -

A trial friction run was carried out using 0.8 wt % solution of
dibenzyldisulphide on stainless steel but switching off the heater coqtrol
at 190°C so that the temperature started to fall. The traces of temperature
and friction with time are shown in fig. (6.4) where it can be seen that
the friction began teo increase again as soon as the temperature dropped

below 160°C.

6.33. Effect of dibenzyldisulphide concentration on the lubrication of

stainless steel

A test was done using 6.4 wt % dibenzyldisulphide in hexadecane. The
results are shown in fig. (6.5), together with the characteristic friction
trace at lower concentrations. The disulphide was not fully solublelat
room temperature at such a high concentration and the solution did not clear

until the temperature reached approximately 65°C. The friction results were
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quite similar to those at 0.8 wt % concentration and qoefficient of friction
fell from 0.3 to 0.15 at 160-170°C. The only difference between the two
concentrations was at very low temperatures. Below 70°C the coefficient
of friction of the very concentrated solution was unusually small, probably

because undissolved dibenzyldisulphide was acting as a solid lubricant.

6.34. Effect of metal on lubrication using dibenzyldisulphide solution

To test the effect of steel composition on the lubricating system, an
experiment was carried out using 0.8 wt % dibenzyldisulphide solution in
hexadecane but with EN 31 ball and pegs. The friction-temperature curve
in this system was rather different from stainless steel and is shown .
in fig. (6.6). There were two lubricating transitions in the range studied,

one’ occurring at 160—17OOC, as for stainless steel, but the other being a

smaller drop in friction at 65—7OOQ.

6.40. Discussion

A notable feature of the dibenzyldisulphide solution lubricating results
was the repeatability of the drop in friction at 160-170°C. 'This occurred
in the same t;mperature‘range independent of concentration, metal type and
rate of heating.

It is suggested that this drop in friction results from the formation
of an.anti—seizure extreme pressure film. It was noted in chapter 5 that
sulphide layer build-up starts at 110°C and increases rapidly with temperature.
The lag between this initial reaction at 110°C and the extreme pressure
effect atiSOOCIprobably represents the time required for a sufficiently
thick film to form.

There are two possible modes of extreme pressure film formation during
a test. The sulphur-containing film may be.building up continucusly from

"110°C until there is a thick enough layer to operate. Alternatively the
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newly formed film may be almost entirely scraped away during each rotation
in which case extreme pressure lubrication would only occur when a suitable
£ilm was built up during one revolution,

Three pieces of evidence support this second possibility.

a) The fact that heating rate changes had little effect on the
temperature at which the extreme pressure film became effective suggests
that continual build up throughout the test is not relevant.

b) The fast rise in friction as the temperature fell below 160°¢
suggests that the film was continually being abraded away, so that below
this temperature it could not be replenished quickly enough. .

c) Work by Bailey (100) on the lubricating properties of different
metal combinations has shown that the ©uUt of contact time is a vital feature
in controlling scuffing.

The critica. lubricating film must therefore be the film building up
at 165°C in a time of one minute (one revolution). This Corresponds, from
chapter five, to just one or two monolayers of sulphide. éﬁch an analysis
assumes that all the film is scraped off during rubbing. However much is
abraded, it is evident from the results that, unless dibenzyldiéulphide is
much more reactive to scratched than unscratched steel, the extreme pressure
film need be only a few monolayers thick to give anti-seizure lubrication.

There is no reason to suppose that a sulphide layer alcone is ?roviding
the lubrication above 160°C. Sakurai(140) has shown that fatty acid and
dibenzyldisulphide are irreversibly adsorbed on iron sulphides. It is thus
likely that oxidation products of hexadecane and also dibenzyldisulphide
itself will form a chemisorbed lubricating film on sulphide as soon as this
is produced.

The drop in friction at 65-70°C for EN 31 steel may be due to the

formation of a mercaptide film with some degree of lubricating activity.

bl
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At low temperatures for both steels no lubricating action was observed and
dibenzyldisulphide molecules were presumably only weakly adsorbed on the
metal and easily séueezed off. The transition at 65-70°C for EN 31
corresponds well with the formation of a chemisorbed monolayer of
dibenzyldisulphide or mercaptide shown for mild steel in fig. (5.2), and
may indicate the presence of a film not so easily displaced from the surface.
This may possibly correspond to the "anti-wear" region referred to by
Davey (135) and Allum et al. (123) (136).

There are two possible reasons why stainless steel éhould ?ot show
this lower temperature friction drop. It may be that the less reactive
EN 58 steel does not bond so stronglywith dibenzyldisulphide or mercaptide
in this region, and so will not lubricate. It was, however, shown in
fig. (5.1) that a chemical monolayer of disulphide forms on stainless
steel above 80°C. A more likely explanétion is that stainless steel is téo
soft and easily deformed to give boundary lubrication with only a monolayer
of disulphide. The wear tracks on EN 58 and EN 31 steel balls are shown
in fig. (6.7). Both photographs were taken after standard‘runs with 0.8 wt %
dibenzyldisulphide‘solution up to 240°C. It can be seen that EN 31 was
lightly scratched whereas the softer EN 58 stainless steel was heavily torn
with a wide wear—scar being produced. A thin monolayer of chenically
adsorbed dibenzyldisulphide would clearly be much more effective on the
smoother EN 31 track. It was, indeed, remarkable that the transition at
160-170°C was so similar for the different steels and that just a thin

sulphide layer could lubricate the heavily scratched EN 58 wear track.

6.50. Conclusions

Investigations have been carried out into both the reaction and

lubrication of dibenzyldisulphide on steel. Two types of lubricating
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activity have been identified which can be te_ntatively compared to “anti-
wear" and "“anti-seizure" activity, as desc'ribed by Davey (135) and Forbes
(113). Anti-seizure activity corresponded to the formation of a very thin
sulphide layer, which occurred at 170°C under the conditions studied. The
possible anti-~wear lubricant activity corresponded to the a chemisorbed
monolayer of disulphide or mercaptide, and was found in the temperature
range 70-170°C.

Anti-seizure lubrication was observed with both stainless an<.i EN 31
steel. The propsed anti-wear lubrication, on the other hand, was not-
effective with stainless steel. This may be one reason why stainless
steel is so difficult to lubricate.

These tests provide chemical evidence to support the anti-wear and
anti-seizure breakdown mechanisms of Allum et al. (123) (136). They imply,
as Allum suggests, that anti-wear activity is =ontrolled by S-S bound
cleavage, to give a mercaptide, whereas anti-seizure activity depends on the

breaking of the C-S link to form a sulphide layer.
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CHAPTER SEVEN

INTERFERENCE EFFECTS IN BOUNDARY LUBRICATION

7.10. Introduction

This chapter describes tests to investigate the interference effects
that surfactant oil additives have on the action of the extreme pressure
agent, dibenzyldisulphide. The experimental techniques are the same as
those used in previous chapters and comparison is drawn between e.p:
activity without added polar compounds and the same systems with polar
material. Such work is obviocusly of practical importance in the field.of
boundary lubrication since antagonistic interference must be minimised in

order to produce an efficient additive package.

7.20. Literature Review

Almost all references to additive interference found in the literature
concerned competitive effects at the metal surface. These are less easy to
przdict than straightforward chemical interactions in solution and more
difficult to circumvent.

The commonest type was the inhibition of extreme pressure activity
due to the presence of polar surfactants. Smalheer and Mastin (145), in
1956,.described some practical axle tests in which two types of boundary
lubrication were observed, one operating at high speeds and the other
at high torque. They found that those additives required to mitigate high
torque conditions, carboxylic acids and esters, tended to reduce or
negate the effectiveness of the sulphur e.p. lubricants added for high
speed lubrication, and vice vérsa.

Okrent (146) in 1961 pointed out that oil-soluble soaps and surfact-

ants having detergent properties lowered the efficiency of anti-wear
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additives in V-8 engine tests. Similarly Studt (147) showed that long chain
acids and alcohols reduced the effectiveness of chlorine containing e.p.
agents. Thus pure 1.1.1.3 dodecyltetrachloride in hexadecane solution had

a higher failure load than when mixed with either lauryl alcohol or lauryl
acid in the same solvent. Studt also noted that the fatty acid had a
greater antagonistic effect than the alcohol and suggested that the polar
additivés reacted with the metal surface to form a protective layer against
e.p. attack.

This approach was greatly extended by Grew and Cameron (15) who carried
out a series of experiments to show that hexadecylamine interfered wit@ the
activity of diphenyldisulphide on steel by adsorbing on the metal surface.
Grew demonstrated that, using variable load, high speed 4-ball tests,
mixtures of 0.3% wt amine and 1.0% wt amine with 1.1% wt disulphide behaved
in scuffing as though there were no dislphide oresent at all, in failing
at quite low loads.

When the ambient temperature of the test was raised from 22°C to 100°C,
the 1.0% wt amine + disulphide solution continued to show no e.p. activity.
The 0.3% wt amine + disulphide solution, on the other hand, did not scuff
within the load range of the test rig, so it was clear that disulphide was
acting as an anti-seizure agent.

Grew concluded that normally the applied load raised the surface
temperature until the adsorbed, amine film failed. Since this amine layer
had prevented disulphide reaction, seizure took place as soon as the amine
failure occurred. With 0.3% wt amine solution at 100°C the amine adsorbed
film was not close-packed enough to prevent diphenyldisulphide attack. This
meant that a sulphide layer could build up unhindered, with increasing
temperature, to prevent seizure.

Grew (15) applied the same experimental technique to show that natural

base-oil impurities could also lower the effectiveness of anti-wear agents.
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He compared the extreme pressure activities of diphenyldisulphide in light
stock base oil and pure paraffin oil. Using variable load 4-ball tests

he showed that the disulphide prevented scuffing more effectively in
paraffin oil solution than in light stock, although the light stock on its
own was a more efficient lubricant than pure paraffin oil. Grew also used
the hot wire technique of Barcroft (129) to demonstrate that acetic acid
corroded steel more rapidly in white oil than in light stock, presumably -
because of natural surfactant.inhibitors in the impure mineral oil.

Rounds (148) h.as compared the friction of steel using different base
oils containing a variety of additives. He showed that the effectiveness of
the additives generally increases as the base o0il ig progressively refined.
Rounds also studied the interaction of the friction-modifying additive,
chlorinated wax, with a series of oxidation inhibitors. From this work
he suggested that base-oil oxidation of a limited nature:may be an essential
factor iﬁ,additive response, although too much would be defrimeﬁtal.

Interfereﬁce effects at surfaces are not confined to those between an
extreme pressure agent and a polar additive. Interference is also possiblé
between a pair of different polar additives or between two e.p. agents.

Clayfield (149) has studied different mineral oils and additive solutions
in terms of their spreading properties which, he shows, relate closely to
their lubricating characteristics. He demonstrated interference effects
betweeﬁ different base~oil mixtures and also showed that interaction between
base sto;k and certain metallic detergent adaitives could ozcur, to produce
a mixture with a low spreading pressure.

Sprague and Cunningham (150) have shown that such interference can be
quite selective. They noted that calcium phenate inhibitor cancelled the
anti-friction behaviour of a 0.6% sperm oil solution but had only a small

effect on a 0.6% saturated carboxylic acid solution.
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Interference between different extreme pressure additives has been
demonstrated by Sakurai and co~workers, (116), who showed that sulphur
e.p. agents were suppressed by the addition of chlorine containing additives,
dependent on the surface activity of the sulphur compound used.

These examples taken from the literature have mostly been surface
antagonistic effects. Many other possible types of interference are
possible, such as chemical reaction in solution or suppression of a required
reaction by the quenching of an intermediate species. An interesting recent
example of a possible type of interference that an additive formulator would
have to consider is given in a recent paper by Ratnasamy and Fripiat (151),
who show that thiophene and ethanethiol react chemically to decompose on the

surface of MoS This raises the question of whether solid Mosz, a widely

29
used chemical in lubricants, would adsorb other sulphur-containing additives.
Such interference is not put forward as a particularly likely possibility,

but merely as an illustration of the numerous difficulties thgt may arise in

trying to prepare a non-interfering additive package.

7.30 Experimental

All the experiments described in this chapter used experimental
techniques discussed earlier in the thesis. No specific discussion of

experimental technique or accuracy is therefore necessary.

7.31 Materials and lubricants

The steels, octadecylamine, dibenzyldisulphide and hexadecane were all
the same samples as those used in previous chapters. In some tests a
calcium sulphonate solution was employed. This was a commercial additive,

Aloa 246B, containing neutral calcium sulphonate with 2.46% Ca and 2.85%S.
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The T.B.N. value was 20.8. This additive is used in concentrations up to
1
5% as a high temperature detergent.

A series of experimental lubricating solutions were prepared, which

had the following composition:

I Hexadecane solvente.

0.040 wt% (3.6x10"% m/m) octadecylamine.’

1T Hexadecane solvent.
0.040 wt% (3. 6:v:'10--4 m/m) octadecylamine

0.80 wt% dibenzyldisulphide

IIT Hexadecane solvent.
4.5 wt% calcium sulphonate solution

(corresponding to 0.12 wt¥%s)

Iv - Hexadecane solvent.
4.5 wt% calcium sulphonate solution
(corresponding to 0.12 wt%S)

0.80wt% dibenzyldisulphide -

No experimental solution was used more than eight days after preparation.

7.40 Results

7.41, Interference in radiocactive reaction tests

Experiments were carried out to test the effect of two surfactant

species on the chemical reaction of dibenzyldisulphide on steel. Exactly
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similar radiocactive techniques were used to those described in chapter 5,
the only difference being that a small quantity of polar material- was
placed in the disulphide wolution before reaction. ‘

Qurves obtained for dibenzyldisulphide reacting on stainless steel
with added octadecylamine (I1) and calcium sulphoﬁate (IV) are shown in
figs (7.1) and (7.2). On each graph is superimposed the reaction curve of
pure 0.8 wt% dibenzyldisulphide solution. As in chapter 5, each reading
was taken after ten minutes immersion, and the discs washed in acetone.

It can be seen that octadecylamine was especially effective in
suppressing radioactive film formation at very low temperatures, so that
below 50°C almost no radioactivity could be detected on the surface. At
higher temperatures sulphur-containing film build-up was reduced 20-40%
by the added amine. -

Sulphonate did not shield the surface from radiocactive sulphur attack
as effectively as amine at ver; low temperatures. There Qas, however, a
very striking suppression of S-35 film formation above 600C, which
persisted up to at least 170°C. This effect was quite dramatic and reduced
the radiocactive reaction fifty-fold in some instances.

3imilar experiments were carried out using mild steel discs, and

almost identical results obtained.

7.42. Interference effects in ball on triplane lubricating tests

A series of tests were done to measure the change in friction with
temperature using the ball on triplane technique described in chapter six.
Four lubricant mixtures were used, octadecylamine in hexadecane (I),
octadecylamine + dibenzyldisulphide in hexadecane (II), calcium sulpﬁopate
in hexadecane (III) and calcium sulphonate + dibenzyldisulphide in hexadecane

(IV). Friction traces for pure surfactant solutions on stainless steel are



185

20 ,
| -
!
l
STAINLESS STEEL !
]
]
N —O— added octadecylamine ,’
5 ’
% __. pure dibenzyldisulphide I
o 15 - solution {
|E‘ ) |
S ]
) !
[ I
S I
Z
O
10 -
<
L
m .
v}
Q
M
&)
5|
) | 1

20 40 60 80 100 120 140

TEMPERATURE (°C)

Figure 7.1. Effect of added octadecylamine on the reaction of

dibenzyldisulphide on stainless steel

160



-12
10 )

—2
nm. X

{ mols.i

REACTION

DBDS.

186

50

40

30

20

STAINLESS STEEL

= _@Or— added calcium sulphonate

- pure dibenzyldisulphide

—
-

-

solution

1

120
(C)

40 80
TEMPERATURE

the reaction of dibenzyldisulphide on stainless steel

Figure 7.2. Effect of added neutral calcium sulphonate solution on



187

shown in figs (7.3) and (7.4), together with superimposed traces for pure
hexadecane. In figs (7.5) and (7.6) are the friction curves for the
surfactant—disulﬁhide mixtures (II) and (IV)and also the trace for pure
dibenzyldisulphide, In all cases an 8.,9N (21bf) load and one r.p.m. speed
were employed. |

At the concentrations used it can be seen that the pure surfactant
solutions, amine and sulphona#e, behaved similarly. Both gave good boundary
lubrication up to -a temperature in the range 60-80°C. At this point
friction rose abruptly and thereafter lubrication was characteristic of
the hexadecane solvent.

Both surfactant-disulphide solutions gave similar friction results to
pure surfactant at low temperatures. With added disulphide, friction was
slightly lower in the 20-40°C temperature range but the difference was not
Very significant. At intermediate temperatures, 80-150°C both traces gave
high friction values, similar to pure hexadecane andpurésurfactant solutions.
Above 160°C the surfactant-disulphide mixtures both showed the character-
i;tic e.p. friction drop noted in chapter 6, but there was a marked
difference in magnitude for the two surfactants. Octadecylamine had very
little effect on the e.p. friction drop, so that the curves for disulphide
and disulphide + amine were similar. Sulphonate, however, suppressed the

e.p. reaction so that the friction decrease at 160°C was quite small.

7.50 Discussion

7.51. Interference in the radioactive reaction experiments

It is immediately clear that both octadecylamine and neutral calcium
sulphonate suppress the reaction of dibenzyldisulphide on steel.
In the concentration used the amine interfered most effectively whilst

it was still quite close-packed with lateral interaction, up to 50°C. At
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these temperatures the adsorption résults (chapter 2) show that the amine
would form a laterally interacting, coherent monolayer through which
dibenzyldisulphide could not penetrate. A temperature of 50°C corresponds
to an amine coverage of approximately 60% of the total.

The amine film need not be immobile to prevent dibenzyldisulphide
reaction, and there may be a rapid exchange of octadecylamine molecules
between solution and the surfgce. Dibenzyldisulphide would not, however,
be able to avail itself of such continually created adsorption sites - so _
long as there were a high overall mean amine coverage. Tﬁis is because
dibenzyldisulphide, to adsorb flat would need simultaneous desorption of
a group of about eight adjacent amine molecules.

At higher temperatures, amine suppressed the reaction by approximately
25%. This may represent the 30% irreversibly adsorbed fraction noted in
éarlier adsorption work (chapter 2). Alternatively it may.just be the
average effect of a continuing reversible adsorption interference at high
temperatures. .

The behaviour of neutral calcium sulphonate is significantly different
from amine. It is not such an efficient inhibitor of disuphide reaction at
low temperatures, perhaps because it does not form such a coherent, laterally
interacting,adsorbed film. At higher temperatures, however, the sulphonate
is extremely effective at suppressing e.p. chemical reaction. The importance
of this in terms of lubrication will be shown in the next section.

Various suppressive mechanisms are possible, on the zurface or in
solution. Suppression on the metal surface could be purely steric, with
the surfactant acting as a screen to prevent disulphide attack. In this
case, sulphonate would probably form a disoriented chemical film at high

temperatures, not coherent encugh to lubricate but able to limit preliminary
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adsorption of the bulky diéulphide molecules. Altérnatively interference
on the surface may result from the quenching of one of the disulphide
decomposition steps.

Chemical reaction in solution is unlikely to cause the Jdegree of
interference observed, in view of the high concentration of disulphide
compared to amine or sulphonate. Also, the very efficient low temperature
amine interference suggests a surface adsorption process, since any
chemical interference would be expected to become more effective at high
temperatures. A few simple tests were done mixing amine and disulphide
and warming the two together. No difference occurred in Spectrophotométric
adsorption at 416 nm (see chapter 2) as compared to a similar solution of
pure amine, which shows that there is no simple chemical reaction under
these conditions. ‘

On balance a surface interference mechanism is most likely, and this
is probably a steric effect, at least for amine interference and for
sulphonate interference at low temperatures. For sulphonate at high
teuwperatures, interference may be either steric or chemical at the surface.
Further tests on the adsorption of sulpheonate on metals at high

temperatures would be necessary to elucidate this.

7.52. Interference in lubrication tests. ’

The lubricating effect of adsorbed layers of sulphonate and amine at
10Q temperatures is clearly seen in figs (7.3)-(7.6). Octadecylamine
ceased to lubricate at between 60 and 80°C. This is slightly lower than
the corresponding scuffing tempefature on the Bowden Leben apparatus’

(chapter 3), probably because the Hertz pressure at the surface was 35%
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higher in the ball on triplane experiments. The amine was a reversibly
adsorbed film in this low temperature range (chapter 2) and the sudden
friction rise resulted from desorption. It is not clear whether sulphonate
was physicaliy or chemically adsorbed at low temperatures,:

At intermediate temperatures neither oily lubrication or e.p. activity
occurred in any of the systems tested. This is shown clearly in figures
(7.5), and (7.6). Lubricatiop is provided only by the solvent.

The especially interesting feature of the friction tests is the effect
of added surfactant on e.p. lubrication at high temperatures. Thus, although
octadecylamine does not lﬁbricate above BOOC, it does not interfere mafkedly
with the action of the e.p. aibenzyldisulphide at 160°cC. Calcium sulphonate
ceases to lubricate above BOOC, in the same way, but suppresses the e.p.
activity strongly above 160°C. This corresponds well with the radioactive
tests, which also showed that sulphopate inhibited e.p. regction much more
than amine.

This is quite an important result. Two surfactants have been tested,
becth giving similar lubricating properties at low temperatures. One of
them, however, continues to intérfere strongly with e.p. reaction above
its oily failure temperature,whereas the other does not affect e.p.
lubrication.

Fig. (7.5) demonstrates very clearly the phenomenon known as the
"temperature gap". This was described by Whyte (15 2) and is the non-
lubricating region between normal mineral oil lubrication and e.p.
additive protection as temperature rises. It can clearly be eliminated
in two ways, either by extending low temperature protection up to ~160°C
or by lowering the temperature of e.p. attack to the low temperature ‘failure
region. A successful way to achieve the first of these has so far

eluded manufacturers. The second alternative risks continual corrosion
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of the lubricated surface leading to heavy wear.

7.60 Concluéions

The effect of added polar compoinds on e.p. activity hac been tested,
both chemically and in lubricated tests, It has been demonstrated that
octadecylémine suppresses the reaction of dibenzyldisulphide only slightly,
and does not significantly affect its lubricating action. Neutral
calcium sulphonate, however, in the concentrations in which it is normally
used as a detergent, suppresses both the chemical reaction and the e.p.
lubricating properties of the disuphide.

Both surfactants behave as normal oily boundary lubricants at low

temperatures.
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CHAPTER EIGHT

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

This thesis has described investigations into several aspects of
boundary lubrication. The general approach has been to compare surface
reaction with friction properties for a series of simple metal-lubricant
combinations. This technique has helped elucidate the way lubrication
works in such systems. ’

The thesis can be diviced into three parts, each covering a particular
facet of boundary lubrication. In this, concluding chapter, these different
aspects are considered in turn. The main conclusions from the experimental

work carried out, and possible resulting lines of research in the future,

are then summarized.

8.10. 0Oily Boundary Lubrication. - Experiments with Long Chain Amines

(Chapters 2, 3 and 4). -

Conclusions

1) The adsorption of long chain amines on stainless steel gives a
predominantly reversible,vertically oriented monolayer.

2) At temperatures above 4OOC, such reversible amine adsorptioh obeys
the Langmuir adsorption isotherm, at least over the concentration range
studied. For low temperatures, lateral interactions between adsorbed
molecules, and solvent adsorption effects, cause deviations from this simple
model.

3) A comparison of friction and adsorption has shown that, for the
long chain amine - stainless steel system, good boundary lubrication can

be provided by a physically adsorbed, reversible monolayer.
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4) Detailed friction and adsorption tests at a series of temperatures
have demonstrated that lubricant failﬁre can result from desorption of the
physically adsorbed amine. When adsorption obeys the Langmuir model,
luk:icant failure occurs at constant amine coverages. Outside the Langmuir
range the mode of failure suggests that the important parameter may be the
total adsorbed film energy with respect to bare metal.

5) Analysis of high speed écuffing results has shown that a low speed
adsorption model may be quite simply extended to cover faster running ’
conditions, taking into account the relation between the contact time and

the time for desorption.

Suggestions for future work

There are two directions in which the polar adsorption work of chapters
2 and 3 could be extended. .

Firstly it would be of interest to investigate the extent of reversible
adsorption on other, more reactive, steels, to see whether such adsorbtion
is as important on these as it is on stainless steel. More detailed work
on naturally occurring surfactant fractions, after the manner of Grew and
Cameron (15), would also be uceful, to discover the extent of physical
adsorption for these polar compounds.

Secondly, quantitative adsorption and friction experiments on a much
more controlled system than stainless steel would be interesting. If
adsorption and lubrication were measured for a crystal surface, as was
done by Hutchinson and Rideal (16), a completely reversible system would
probably result., Tests at different temperatures would then permit direct
calculation of the film energy of the adsorbed phase, and it would be

possible to examine a quantitive comparison between total adsorbed film

energy and the work done by the applied failure load. Such an approach
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has been attempted, in a rudimentary way, by Van Olphen (153) and
Rabinowicz (154), gut has yet to be applied satisfactorily. This type of
analysis was, unfortunately, not feasible using the results in this thesis
since full reversibility is needed to calculate adsorbed film energy, and
flat surfaces are required to estimate the potential energy expended by the

applied load.

8.20. Extreme Pressure Lubrication. - Experiments with Dibenzyldisulphide

(chapters 5 and 6).

Conclusions.

1) It has been shown that irreversible chemical adsorption of

dibenzyldisulphide on steel begins in the range 60-800C, with the formation

of a monomolecular film of disuphide or mercaptide.

2) Above 110OC, for both mild and stainless steel, a rapid build-up
of sulphur-containing film occurs, equivalent to a thickness, in the time
of the experiment, of several fermous sulphide monolayers. This film
formation was exponential with t:zmperature.

3) When both stainless and EN31 steel are lubricated with
dibenzyldisulphide at high temperatures there is a characteristic friction
drop which corresponds to the formation of a very thin (one or two.---
monolayers deep) sulphide film on the metal. Since much of this layer is
scraped away during contact, the critical feature of this type of film is
the amount forming between mgtal—metal contact periods. This type of
lubrication may be "anti-seizure% (see section (5.25)).

4) It is evident from these results that the sulphide film alone
is not providing the observed lubrication. A likely possibility is that
further chemical adsorption takes place on the reacted film to give "oily"

lubrication.
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5) EN31 steel exhibits a friction drop under conditions which correspond
to the formation of a monomolecular, chemically adsorbed mercaptide or
disulphide layer. This occurs in the range 70°¢C to 160°C for the system
studied and has been tentatively compared to “anti-wear" extreme pressure

activity (see section (5.25)).

Suggestions for future work

The extreme pressure work in chapters 5 and 6 demonstrates the value
of using both surface chemical and simple lubricating test techniques to
séudy oil additive action. Successful correlation of both provides thé
initial predictive link in a sequence that must be completed to understand
fully a lubricant's activity. The whole chain is: a) surface chemical
experiments: b) low speed laboratory rig tests: c) high speed laboratory
rig tests: d) high speed test-machine runs: e) engine tests. Recent
work by Bailey (100) has also provided a link between b) and c) for extreme
pressure activity.

Future work should evidently aim at further correlation between
chemical reaction and extreme pressure lubricating ability for more
additives. Fortunately there is a suitable phosphorous isotope, P-32 ,
so that radiotracer reaction experiments can be studied for both sulphur
and phosphorus.

An interesting experiment using the radioactive technique of chapter 5
would be abrade the reacting metal surface in solution. This would

:
determine the importance, if any, of nascentmetal on the e.p. reaction.

With the ball on triplane apparatus, work a£ variable low speeds

would be useful, to determine the importance of the reaction kinetics on

e.p. activity.
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8.30 Additive Interference. -~ Effect of Surfactants on Extreme Pressure

Activity., (Chapter 7).

Conclusions

1) The radiocactive monitoring technique has proved a useful way of
studying additive interference on metal surfaces. Antagonistic effects
are more easily and accurately detectable by this method than by using
laboratory test rigs.

2) It has been shown that n-octadecylamine shields steel surfaces
very successfully from e.p. attack at low temperatures, wien the amine
has an ordered film. At high temperatures there is a continuing 25%
shielding effect but this did not make a significant difference to extreme
pressure efficiency in the laboratory test rig used.

3) Neutral calcium sulphonate, in concentrations used commercially
prevents the build-up of a sulphur-containing extreme pressure film on
steel. This is so marked that the extreme pressure lubricating efficiency
is greatly reduced.

4) A comparison of adsorption and interférence experiments for
octadecylamine suggests that direct screening of the surface is the most
likely interference mechanism for this system. With calcium sulphonate
the interference may be screening or alternatively a chemical effect at

the surface.

Suggestions for future work

Once the metal samples have been prepared, the radioactive test
technique described in chapter 5 is extremely quick and straightforward.
The approach could easily be extended to assess the interaction of a whole

group of additives with a view to eliminating particularly antagonistic
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types. The same method could also perhaps be employed to try to develop
a detergent with lower antagonism to e.p. agents at high temperétures.
The amine results show that such surfactants do exist.

It would be of interest to investigate the adsorption of calcium
sulphonate at high temperatures, as has been done for amine (chapter 2).
This would indicate whether this additive's interference was steric in

nature.

These experiments have all looked at very simple and pure chemicai
systems. As such they have been easily controllable and provided some
conclusive information on lubricating mechanisms. Working on this basis
tests can be done on progressively more complex lubricants - white oil then
mineral oil solvents, commercial sulphurized organic e.p. additives. and
finally complica£ed additive mixtures. It is hoped that the work in this

thesis provides a useful foundation for such a development.
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APPENDIX A

Solvent Purification

Hexadecane solvent was purchased from Koch Light Laboratories Ltd.,
and was “puriss". It arrived in brown, sealed bottles but was invariably
found to have a pronounced odour when opened. Since hexadecane itself is
odourless, this indicated the presence of impurities, most probably
oxiddtion products or unsaturated hydrocarbons. Very pure solvent was
essential for the work in this thesis since obviously any surfactant
contaminant would have interfered directly with the lubrication and
adsorption results being measured. It was thus necessary to purify the

hexadecane before use.

purification technique

The hexadecane was purified by shaking with activated-alumina and
activated silica gel in a brown glass bottle. The ratio of solid to-
liquid was approximately 1:2 by volume. It was noticed that after two
days of continual shaking, the odour of the contaminated hexadecane had
entirely disappeared. The mixture was then left, without shaking, for
at least a fortnight before use. When it was required, hexadecane was
passed through an activated silica gel column and then pumped throﬁgh a
sintered glass filter to remove solid alumina and silica gel. The glass-
ware used in this filtration procedure had been previously cleaned with

concentrated nitric acid and ethyl alcohol to give a hydrophilic surface,

then washed with distilled water and dried.

Measurement of hexadecane purity

Experiments were carried out to estimate the purity of both the

untreated and purified hexadecane by measuring their surface tensions with
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respect to water. The drop volume'technique was used, which considers the
maximum limiting velume of a drop of liquid which can be suspended on the-
edge of a capillary (155).

The apparatus, which is shown in fig. (A.1), was similar to that used
by Adam (156). It consisted of a U-tube attached at one end to a water
manometer, the other end housing a glass capillary which was fed by a
micrometer syringe pipette. The U-tube was partially dipped in a water
bath at 22°C.

The free end of the capillary had been polished in a small, cylindrical
metal jig with successively finer carborundum paper until no edge imperfect-
ions were visible under a magnification of x20. It external diameter

was‘measured, using a travelling microscope, as 5.52 % 0.01 mm. All the

glassware was cleared before use with concentrated nitric acid followed
by €thanol, until a hydrophilic surface was obtained.

The purity of the distilled water used in these experiments was of
extreme importance since the surface tension between water and hexadecane
will reflect the presence of surfactant in the water just as strongly as
in hexadecane. To obtain acceptably pure water, singly distilled water
was passed through a resin bed and activated charcoal and then distilled
from a quartz heating unit. The conductivity of the resulting water was
1.5 ymho.

In each experiment distilled water and hexadecane were shaken together
in 3:1 proportions for 15 minutes and then allowed to separate. Aqueous
phase was placed in the bottom of the U-tube (see fig. (A.1))w;th 20 to 40mms.
depth of hexadecane on top in the open end. The micrometer syringe was
also filled with aqueocus phase, and the capillary tip dipped ~4 mm under

the surface of the hexadecane.
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Fiqure A.1. Drop-volume apparatus for measuring surface tension
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After 10 minutes equilibration, a drop of water-was Formed.in the
hexadecane and enlarged until it just began to '"neck'. The drop was then
lef£ for 5 minutes and finally its volume was increased until it detached.
At this point the scale on the micrometer was measured and the whole drop-
forming process repeated. From the difference between the volumes at
detachment of each drop, the individual drop-volume could be calculated,

The drop-volumes found were generally so large that only one
measurement could be made for each syringefull of water. To refill the syringe
and thus obtain mofe readings, without disﬁantling the apparatus, the
right hand arm of the water manometer was raised. vThis raised the
distilled-water level in the left hand side of the U-tube so tha£ the

syringe could be refilled directly.

Surface tension between two phases can be calculated from the equation:

F.V.(p1 - p2) g

'Y = R ssoevecae A'i..
y = surface tension Letween phases 1 and 2 in M™I/m

2
g = acceleration due to gravity (9804 mm./sec )

Py = density of water (0.998 gm/cm3 at 22°%)

Py = density of hexadecane (0.770 gm/cm3 at 22°%¢) -

R = radius of capillary (2.76 mm.)
V = volume of drop (cm3)
FF = factor dependent on V/R3

The factor F is an empirical constant given in tables by Harkins and Brown
(157 .

The experimental results and the calculated surface tension for both
purified and non-purified hexadecane are shown in table (A.1). Each

volume reading was measured six times to obtain a mean and standard
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deviations. The factor F used were taken from ref.(Al).

Table A.1.
o Purified Non—-purified

Temp = 2% c Hexadecane Hexadecane
drop-volume 0.2837 0.2166
V. Ccm~.
standard + +
deviation of V@~ 0.0007 ~0.0010

P 0.2348 0.2390

surface Tension,

Y.
mJ/m2

53.5 ¥0.1 a2.0 X 0.2

These experimental values can be compared with values obtained in a
precise series of experiments by Aveyard and Haydon (158) using extremely

pure hexadecane.

20°c 53.77 mJ/m°
25°¢ 53.30 mJ/m°
30°¢ 52.90 mJ/m°

It can be seen that the experimentai value oﬁtained for purified
hexadecane in this thesis was very close (within experimental error) to the
literature value. This indicated that the purification procedure to
remove surfactant was satisfactory.

A noteworthy feature of these results is the extremely high surface
activity of the commerical '"puriss" hexadecane. A trial experiment showed
that even a 10—5 m&l/mol solution of octadecylamine in pure hexadecane did
not have such a low surface tension with water as the non-purified

hexadecane.
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This work illustrates the danger in using unpurified hydrocarbon
solvent in experiments concerned with surfaces. Throughout this thesis
the hexadecane was purified as described in this appendixi Doyle and
Ellison (42) have shown that long chain hydrocarbons oxidise quite
quickly at room temperature. They noted the reappearance of some surface
active properties only 19 hours after an alkane had been purified. For
this reason, no solution was used, in the work in this thesis, more than
one week after its date of pfeparation,and care was also taken to store

all solutions in a dark cupboard.
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APPENDIX B

AMINE~STAINLESS STEEL ADSORPTION RESULTS

1. n-Octadecylamine in n-hexadecane on stainless steel at 30°C

Concentration Adsorption Concentration Adsorption
(mol/mol x 10‘5) (mol/g x 10—7) (mol/mol x 10—5) (mol/g x 10—7)

33,7 * 280 2.69 1.90

28.4 2.60 1.58 1.55

21.2 2.55 0.94 1.35

12,0 2.45 0.88 1.41

10.3 2.45 0.45 1.18

9.05 2.30 0.28 1.07

6.60 2.10 0.19 0.87 .

2.90 ~ 1.65 ‘

2. n-Octadecylamine in n-hexadecane on stainless steel at 50°C
Concentration Adsorption Concentration Adsorption
(mol/mol x 10—5) (mol/g x 10‘% (mol/mol x 10-5) {mol/g x 10—7)
45.0 2.15 8.2 1.75
33.0 2.05 - 6.5 1.65
20.2 2.05 2.02 | 1.40
19.3 1.90 1.33 1.35

15.3 2.00 . 0.45 1.15
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3. n-Octadecylamine in n-hexadecane on stainless steel at 75°%¢

Concentration Adsorption Concentration Adsorption

(mol/mol x_io-%' {(mol/g x 10_% (mol/mol x 10_% (mol/g x 10_7)

8.45 " 4.35 2,12 1.20
4.50 1.28 0.87 1.11
2.49 1.32

4, n-Octadecylamine in n-hexadecane on stainless steel at 90°¢

Concentration Adsorption Concentiration Adsorption
(mol/mol x 1O~5) (mol/g x 10_3 (mol/mol x 10_% (mol/g x 16_3
49.0 1.80 9.9 1.30
37.5 1.60 4.50 1.25
29.5° 1.52 3.50 1.15
15.3 ) 1.55 2.69 1.05

10.2 1.35 1.96 0.95
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5. n-Hexadecylamine in n-hexadecane on stainless steel at 50°C

Concentration Adsorption Concentration Adsorption
(mol/mol x 10_5) (mol/g X 10—6 (mol/mol x 10—% (mol/g x 10—7)
19.5 2.20 4.0 1.80
15.7 2.15 2.2 1.60
11.1 2.10 1.21 1.38 -
9.4 1.90 0.55 1.21
6.6 1.85

o
6. n-Hexadecylamine in n-hexadecane on stainless steel at 75°C

Concentration Adsorption Concentration Adsorption

(mol/mol x 10_5) (mol/mol X 10—3 (mol/mol X 10_5) (mol/g x 10—3’

25.0 1.85 5.9 1.60
18.9 1.80 2.7 1.40
16.2 1.75 2.3 135
12.6 1.75 1.25 1.10
10.4 1.65 0.82 1.10

9.9 1.65
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APPENDIX C

THE THERMODYNAMICS OF ADSORPTION FROM

SOLUTION ON TO SOLID SURFACES

a) Derivation of Isosteric Heat of Adsorption

For the liquid phase, the chemical potential, ”?’ of each component
varies with temperature and solution composition (pressure assumed constant).
If the solution is dilute and ideal (which it probably is for the amine

used in this thesis) then: ‘

L L
f<I0) o
dp,L = (—1 dT + ('_1' dXL
. 1 . L L 1
ar X4 axl T
3 L
-] o] -
= —sg + '_E' dXI{ . seccoas e A.2.
o, IT
-Ei is the partial molar entropy of component 1 in the liquid phase.
xg is the mol fraction of component 1 in liquid phase.

For the adscrbed phase there is a similar expression but it is slightly

more difficult to define the surface concentration. One satisfactory

definition is the surface ex:.ess, r;, where:
L
I T ¢ S L A3
ra = — =n,; X, - N, X4 eeseess A3,

(the terms of this equation are defined for equation (2.1))
i.e. the number of moles of one component in a surface sample-greater than

the number in the bulk sample when both contain the same total number of moles.
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Then, assuming that the area of the surface and the pressure are

constant, and that the adsorbate is inert,

S s
o )
S 1 B
du = (—-) dT + (——) 2
1 3T 3l 1.
M 1
S
o
=3 1
=—S + (—'—) dl_‘ LI N I Y A.4n
1 a[’,_‘LT 1
=5 .
—Sl is the partial molar entropy of component 1 in the adsorbed
phase. !

At equilibrium,
S L

so that, from equations A2 and A4,

L
_ ou . :
—Sg + (——%) dxg = _Si + ( 1') r;
3%, /T ol )/

For isosteric conditions, i.e. at constant rﬂ,
1

L

L
Bul -8 - A.5
(____ = _(51 - Sl) seenvee

BXQ )T ’ H

In solution at constant temperature:

1 RT 1r1a1

dy

(a1 = activity of component 1 in solutionJ
Then, assuming an ideal solution and unit mole fraction as the standard

state,

du RT 1n x

1 1
dx
RTx__j; sseoase A.6.
1
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Substituting equation A5 in equation A6 gives:

RT =S =1,
(;;) dx, = -(s1 - &) ar

or
T RT

(alnx,l) ] (Ei-éi)
P

The enthalpy of adsorption at equilibrium for onc component can be

given by:
- =S = =5 L
F . = -(H - B = -T(E - B
thus
i d 1n X, )
~71 ads. T [—-
RT? 1
or

~0H; e i ( d 1n x1>
R -\ (/1)
Iy

A is the equilibrium or differential enthalpy of adsérption of one

Hi ads.

mole of component 1 from unit mole fraction solution of éomponent 1 under
"ideal dilute" conditions, at constant pressure. As measured it represents
the difference between enthalpy of adsorption of component 1 and component
2.

The isosteric heat of adsorption “qst“ is often used. Since the system

is at constant pressure,

= -A

qs t H’.l ads, . ‘

b) Application of Model Isotherms to Adsorption Data.

The normal way of calculating the standard free energy of adsorption
in a two component system is via the equilibrium constant K. From this we
have the relationship:

AGS = —RT 1nK
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K can be found by equating the chemical potentials of each component in the

two phases,

and suitably defining standard states of both the liquid and adsorbed phases.

This gives an equation of the type (ref. 53):

. 4 = 0 nOAxg I, ’ :
InK =-A4A dlnd

2 L 2 .

al =1 ™1
5 =

ag = activity of component 2 in liquid phase
. R _
A2 = partial molar area of component 2 in adsorbed phase

so that K can be determined by integration over the adsorption isotherm.
This sort of formula is difficult to apply, however, unless data are available
over the whole range of concentration. ,
A simpler technique is tg assume a model of édsorption which givés a
furctional relationship between concentration, adsorption and equilibrium
constant, and which can be expected to apply reasonably well to the system
being studied. Evergtt has described two such models, one applying to
perfect adsorption systems with two components both having nearly the same
sized molecules, and the second taking into account regular solutions,
differences between solute and solvent molecular size, and, briefly,
surface heterogeneity (57) (159).

In analysing the adsorption results of chapter 2, it was decided to
use Everett's simple model, which would suffice to give a rough approximation
of the free energy of adsorption.

For a perfect, two-component adsorption system with both components

having the same size we have the equilibrium between surface and solution
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S . @@= @ + @°

The equilibrium constant for this can be written as:

X%
1°72
K = XL XS esaseass A7,
1°72
o
Ny
where xg = — = mol fraction of component i
n* -
in phase «.
Since fi = (1—£3), equation (A7) can be represented as:
XS
_]1._-; = ——5—_‘_3 PRI A08.
X4 1+(K - 1)x1

From equation (A3), the surface excess [1can ko expressed:

n AXL
f1 B o1 S L S L
1= - = NgX; = noX,
or alternatively,
L
n_Ax
o 1 S, S L
m = n (x1 b x,l) ®seswusase A.9.
Equations (A8) and (A9) give: )
xL xL
1 72
-_— = 1_' (XL + 1/(K"’1)) essecee Aoio
L S 1
(noAxi/m) n

which simplifies for very dilute solutions to:

L
1

(noAxi/m> n n> (K - 1)

X

I s
0] e
Y

215
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This is the expression used in chapter 2 to calculate K and ns.
A similar formula can be obtained directly from the Langmuir isotherm.
This is hardly surprising since both Everett's perfect model and Langmuir's
model make similar starting assumptions. The Langmuir model presupposes
a two-component system. (originally gas and adsorbing solid, but also
solute and adsorbing solid with an inert solvent, or solute and solvent
with an inert adsorbate). With the assumptions; .
a) The energy of adsorption of each molecule is the same irrespective
of coverage.
b) The number of adsorption sites is fixed and all are occupied by one
of the two components. (If one of the two components is the solid

this means, in effect, an empty site).

then a formula of the type;

e -
1 .
= K ceeeses AL1LL
a1(1 - 61) .
61 = fraction of sites covered by component 1
a, = activity of component 1 in solution
K = equilibrium constant

can be obtained either by statistical mechanics or by kinetic models. (The
form of equation (A.11) is dictated by the two assumptions. Thus é.constant.
energy of adsorption implies a constant value of K and a fixed number of
sites divided between two components provides the 6/(1-8° expression).

For the case of an ideal dilute solution adsorbing on an inert solid

this can be modified to;

N_/N
1778 - X |
C1(1—N1/NS)
N, = no. of sites occupied by component 1.

1
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Ns

total no. of sites available (N1+N2)

<1

concentration of component 1 in solutione.
Which can be rearranged to give an expression of the same form as

Everett's equation,

S 1 €1

v——n - — + vman

N1 NSK NS

A recent and thorough treatment of the various methods of calculating K

for more sophisticated systems is to be found in reference (53).
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