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ABSTRACT

The friction-temperature characteristics of EN31 steel
lubricated with solutions of phosphorus compounds in
hexadecane have been investigated on a modified four-ball machine.
Electron probe microanalysis revealé the phosphorus content in the
wear scars on the steei.

Static immersion tests have been carried out to trace the
chemical reaction which occurs. Temperatures up to 400°C have
been rcached using induction heating.

The purity of the phosphorus compounds has becn investigated
using thin layer chromatography.

A relationship has been found between the behaviour of the

phosphorus-containing additives and their chemical structures.
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CHAPTER ONE

LITERATURE REVIEW

1.1 Introduction

The lubrication of metal surfaces by oils can be for convenience
divided into three regimes: If the two metals are entirely separated
by a fluid film, 'hydrodyﬁamic” lubrication occurs. The behaviour of
the contact is governed by the bulk physical properties of the
lubricant, of which the viscosity is by far the most important (1).
The frictional properties afise purely from the shearing of the
viscous lubricant. The intermediate situation is the 'mixed!
lubrication regime. Solid-solid contact makes a measurable
contribution to the coefficient of friction, the film not being
thick enough to prevent asperity contact. At high loads and low
speeds a complete fluid film is not maintained between rubbing
surfaces. It is under these conditions that the regime of 'boundar&'
lubrication exists.

Sir William Hardy (2) was the first to introduce the term
boundary lubrication. His basic concept that, at low film thicknesses,
the interaction between molecules reacted with the surfaces becomes
the primary determinant of frictional resistance, is accebted. The
precise mechanism of boundary lubrication is still not generally
agreed ﬁpoh and may even vary from oune set of conditions to another.

There are many variables to be considered. The frictional
characteristics are determined primarily by the physical and chemical
. properties of thin surface films of wmolecular proportions. The
rheological properties of the bulkilubricant arc of minor importance,
and the coefficient of friction is largely independent of spced and

viscosity.



The function of a boundary lubricant is to modify the solid
surfaces in some way and so provide a surface layer which is more
easily shearcd.

Oiliness additives are houndary lubricants which act at low
temperatures by adsorption on to the métal surface. This
modification of the‘immediéte metal surface results in a thin film
which however does not entirely prevent metal-metal contact.

Effective additives are large polar molecules, notably long chain
acids, esters, amines and alcohols.

Under conditiong of boundary lubrication the chemical properties
of the lubricant becomé very important in determiniﬁgthe wvear and type
of damage that can occur. Where penetration of the oil film by
asperities is intermittent, as in ligﬁtly loaded contacts, the
effective additives are 'antiwear' (AV) agents. Ag the load is
increased,lthe Qumber of metallic contacts increases and the molecular
layer is not able to prevent‘asp;rity welding. Seizure or scuffing
ensues. There is a large increase in temperature and wear.Additives
which are effective in limiting wear and damage under these
conditions are 'extreme pressure' (EP) agents. Those which work well
in one region do not necessarily work well in another.

The first EP additives were developed in the 1920s to permit
operation of hypoid gears (3-5). They are gencrally organic compounds
cqntaining phosphorus, sulphur or chlorine. These combine chemically
with the metal surfaces at high temperatures to form a film of low
shear strength or a film on which further adsorption can occur mofe
strongly than on the metal élone (6). The corrosion process involved
must be controlled and conscquently such agents are designed to begih

reacting only at high temperatures. It has becn suggested that EP

10



additives he referred to as extreme temperature additives (7).
Concerning corrosion control Davies (8) states that:-

"The speed of formation of the protective film is an

important factor and it is possible that incipient

lubricating emergencies may build up too quickly for

the formation of a boundary film by chemical reaction

with the sliding surfaces, but that higher chemical

activity to overcome this is limited by the need

to avoid materials which are actively corrosive."

Modern lubricating oils are very complex mixtures. The addition
of chemical‘compounds to improve the propérties of an o0il can be
traced back to the middle of the nineteenth century. Little (9)
proposed mixing fatty acid soap with mineral oils to produce
lubricating greases. Widespread chemical addition occurred during
the 1930's. After 1945 most of present day additive types were
already in use. The most common base stock for these additives is a
refined mineral oil which generally consists of a mixture of
aliphatic‘or ring hydrocarbons with specific viscosity properties.
The presence of impurities in the oils makes sténdardisation
difficult. Synthetic base stocks with a definite chemical structure
are used to meet specific needs, but these are more expensive.

The prescuce of metals and complex organic chemicals together
with high temperatures render oils liable to oxidation. This results
in increased acid content, carbon impurities and a higher viscosity.
Antioxidants are therefore added and these work by gdsorbing on the |
metal surface to inhibit catalysis or by quenching the oxidation

chain reaction.

11
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These additives malke a necessary contribution to the efficiency
of the lubricating oil, but if many are present it is possible that
interference occurs. This may take the form of chemical reaction in
solution at different temperatures or the formation of unwanted
complexes. Also there may be strong competition between the
additives for the metal surface.

The object of much of the work being done on load-carrying
additives is to determine a mechanism for their action; In addition
to additive interference, variables such as load, speed, temperature
and atmosphere need to be considered.

The complexity of oils, the difficulfy in duplicating test
conditions and the apparently contradictory results obtained from
using different experimental techniques, all make the situation very
uncertain. They also illustrate the need for caution in the
_interpretation of results and postulation of mechanisms.

Advances in the study of load-carrying additives have usually
been made by trial and error and the modification of existing systems.
Design and development would greatly benefit from a more exact
understanding of the mechanism of action of such ddditives. The fact
that performance in laboratory tests may differ considerably from

that under actual operating conditions must also be taken into account.

1.2 Barly Research

The work of Sir William Hardy was the most comprehensive and
systematic for the period 1919-1934. It revgalcd the great importance
of the boundary layer and the influence of the adsorbed molecule on
" lubricating properfies. Measurements made were restricted to static

friction, which is the force required to start motion between two solids.



13

The results were explained on the assumption that the adsorbed
films on each surface remain intact and that the frictional
resistance was due entirely to molecular interaction between the
outside surfaces of the two adsorbed films (2).

Bowden and Leben (12) carried out a more detailed examination
of kinetic friction and pﬁt forward a fheory to account for the more
complex physical procesées.that occur during sliding. They maintained
that the frictional behaviour of boundary lubricated surfaces was
largely governed by the extent to which the lubricant film was
broken down during sliding.

- Blok(7) considered pressure and temperature ih the region of
contact to be the basié mechanical factors and he distinguished four
types of boundary lubrication:-

(i) 1low pressurc and temperature

(ii) high temperature

(iii) high pressure

(iv) high pressure and temperature
[le suggested that fextreme tempefature' (instead of 'extreme pressure')
be adopted for (iv) as, fo£ example, temperature flashes on gear tecth,
were more decisive than situations arising from high pressure.

At the same time Beeck and his co-workers (13) published results
of a study of wear prevention by phosphorus additives. A mechanism
for their action was put forward based on the ‘chemical polishing’
action of such agents; the load becomes distribufed over a larger
surface and local pressures and temperatures arc decreased. It was
stated that the phosphorus compounds used produced a metal phosphide
on the surface, thus lowering its melting point markedly, and by

this action aiding greatly in maintaining a polish.
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They discussed an iron-iron phosphide eutectic theory of polish and
wear prevehtion. Many of the tests were carried oult on blends of
tricresyl phosphate (TCP) in mineral oil and it was found that
addition of oleic acid considerably improved the lubricating
properties of the TCP blends.

Between 1945 and 1947 Davey and co-workers (l4f18) published
results ofwork done on the EP lubricating properties of compounds
qontaining sulphur and chlorine. Results obtained from the four-
ball test machine led to the conclusions that chloride and sulphide
films were formed. For compounds containing both chlorine and
sulphur; it was postulated that iron chloride was mainly responsible
for the EP propertiesAand that the sulphide film assisted in the
smooth wear of this chloride film or in its'formation. .This worlc
confirmed the results obtained by Prutton et al.(19).

Bowden (20) concluded that the action of EP additives was
brought about by chemical attack and work by Greenhill (21) on the
lubrication of metals by compounds containing sulphur emphasized the
importance of the conditions at the moving surface in relation to the
stability of the additive. Gregory (22) investigated the action of
artificially produced éhloride films and certain chlorine-containing
organic compounds. le maintained that chloride formation takes place
under conditions of high temperature and pressure and that these
films together with the preformed chloride films showed extremely
good frictional properties. Both Greenhill and Gregory stress the
importance of using an additive sufficiently stable and non-cprrosive
under less severe conditions. It may be of interest here to mention
the use of radioactive tracers by Greg;ry (23) in the study of friction

and lubrication. This is still a very widely used technique.
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Results of work done in Germany during the war years were published
in 1948(24). Tingle reports that a large number of compounds was
synthesized and tested. It was concluded that for extreme pressure
activity a given molecule must contain:-

(a) a phosphorus atom

(b) another active group, e.g. Cl or OH (for attachment

to the metal surface)

(¢) at least one alkyl or aryl group (phosphoric acid itself

is not active).

Thus the following compounds were found to exhibit good EP properties:-

' 0
: <
O O O
H
- . 0 '
Phenyl phosphinic diphenyl ester ya proved to be the

P
N\
-
best additive. llaving discovered some useful additives attempts were
made to correlate their behaviour with other measured properties. An
early theory attributed enhanced activity to increased acidity but
pll mcasurements did not lend support to the theory. An attempt was
then made to correlate activity with the degree of adsorption. Oue
method tried gave useful results. The degree to which dilute
sulphuric acid reacted with iron powder trcated with the oil was useﬂ
as a measure of the relative degree of adsorption. Further insight
into the mechanism of action was given by interferometric |
investigations of bearing surfaces run with pure oil and oil

containing an additive. No detailed explanation of the mechanism
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of action of phosphorus - containing EP additives was given however.
Thorpe and Larsen (25) carried out an evaluation of lubricants
by studying the variation of the coefficient of friction with speed.
Blends of TCP in white o0il were used and it was suggested th.t this
compound reacted rapidly with steel to form a thin, solid, non-
conducting film of low shegr strength. The improved lubrication
shown by fatty acid - TCP blends was explained by the authors as
being due to improved adsorption of the polar fatty acid on the
surface of the chemically formed film. |
Davey (26) investigatea the action of some phosphorus compounds:-
blended in mineral oil} alone, in the presence of fatty acids or esters,
and in the presénce of sulphur. He found tﬁat phosphites were superior
to phosphates and that alkyl esters were superior to aryl esters. The
addition offatty acids, csters or sulphur improved the properties of
‘ blends of phosphites and phosphates. Some thiosulphites and
thiophosphates exhibited éood EP properties and compounds containing
the ClS—C— group showed excellent lubricating properties. Thé author
was of the opiuion that phosphorus compounds effect the lubrication
of steel by reacting éhcmically to form phosphide films. By 1950 this
wvas the generally held opinion concerning the mechanism of action.

More recent work will now be discussed.

1.3 Tricresyl Phosphate

The lubrication mechanism of tricresyl phosphate (TCP) has been:
studied extensively many times. The mechanism has been attributéd to
~a polishing actiou via fommation of an iron-iron phosphide eutectic (13).
The formation of iron-iron phosphiae was identified in the corrosion
reaction of iron with phospite or phosphate under static conditions

at 200° ¢ (26).



Furey- (66) investigated the effect of surface roughness on
metallic contact aud friction in the transition zonec between
hydrodynamic and boundary lubrication. It was observed that very
smooth and very rough surfaces gave less metallic contact than
surfaces of intermediate roughness; very smooth surfaces also
gave less friction. TCP was seen to reduce metallic contact and
friction, it had little effect in reducing surface roughness. The
additive merely slowed down the wearing-in process of the base oil
and it was concluded that the 'chemical polishing' mechanism was
incorrect.

Godfrey found no evidence of iron phdsphide vhen investigating
the action of TCP on steel (67). Ille revealed that when steel —
sliding on steel was lubricated with TCP, a film containing a
mixture of FePO4 and FeP03.2H20 was férmed. Other friction and
wear cxperiments and film analyses supported the phosphate formation
mechanism. . God{rey maintained that the wear reduction could be
attributed to a combination of mechanisms:- the physical separation
of metal éurfaces due to the presence of an inorganic salt, the oil
absorbency and retention by the phosphate film, and the formation of

plateaux which encourage hydrodynamic lubrication.

17

Barcroft however showed thﬁt even a thin film of reaction product

(5003 or less) on a stainless steel surface was enough to inhibit
further reaction and he specifically identified iron phosphide on the
surface (52). He also investigated tappet surfaces after lubricant
containing lgbelled triphenyl phosphate was used, and found
ingrganic phosphate and organic phosphate. Ile proposed a four step

mechanism for the action of the neutral phosphate:-
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(i) adsorption on a metal surface,

(ii) hydrolysis to yield acid phosphate,

(iii) formation of a metal organophosphate

and

(iv) subsequént decomposition to the metal phosphate (68).

Cottington and Ravngr have investigated interactions in neopentyl
polyol ester - TCP - Fe systems (69). TCP was found to stabilise the
system by generating a passive oxide film on the active metal surface.
The authors point out that its excellent AV properties and metal
passivating effect to reduce catalysed ester thermal degradation must
be weighed against its reactivity with cafboxylic acids, water and
possibly other materials, to generate corrosive acids.

Neopentyl polyol ester-based lubricants thermally degrade when
in contact with mild steel at 310%° C. Jones et al. have also shown
.that the process can be inhibited by the addition of small percentages
of TCP (70). Their Qork showed that the effect of the TCP was to
promote the formation of a passivating surface film. This film was
found to be an iron oxide rather than iron phosphate film (cf. GOdfrey
(67) ).

Llopis et al (71) used 32P labelled compounds to study the re-
activity of iron‘with solutions of TCP in hexadecane. The influecnce
of oxygen on the kineticé of these reactions was studied using aerated
and de-aerated solutions. The presence of oxygen seemed to increase
the reactivity of the compound. Under the microscope the films
appeared to have different textures in air and in an inert atmosphcre.
It seemed that for the additive the reaction in the absence of oxygen

‘was initiated in the flaws in the metal surface which served as



points of attack. In the presence of oxygen, small randomly
distributed crystals were observed, which by further growth covered
the whole surface as a thick film, i.e. this growth seemed to be an
important factor in the kinetics of the surface reaction.

Goldblatt and Appeldoorn (72) have studied the AW behaviour
of TCP in different base stocks and in various atmospheres. It
appeared that its effectiveness depended upon the conditions of
operation, being much less iu base stocks containing condensed-
ring aromatics and in atmospheres of high relative humidity.
Results,; relative to the base stock, were found to be similar for
air and an inert atmosphere. The authors.stated that the mechanism
of actiou was not clear but it did not appear to involve a prior
hydrolysis to an acid phosphate.

Klaus investigated the effect 6f.impurities in TCP by using
labelled phosphorus, 32P. The wear studies suggested the presence
of 32P chemical{y combined with the bearing metal and a definite
relationship was shown between effective AW behaviour and the level
of %%p chemical combination (73). Bicber (74) used a thin layer
chromatography/activation analysis technique to determine the
presence of phosphorus - containing impurities in TCP. It was shown
that these polar impurities enter into the lubrication reaction
in preference to the TCP molecule itself and are respousible for the
AV effectiveness. Investigations led to the conclusion that the

active wear-reducing species in TCP was a mono- or diaryl phosphate.

19
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In further work, Bieber, Klaus and Tewkesbury (75) used the same
technique to study the action of TCP. The main impurities werec
thought to be acid phosphates and chlorophosphates. The
improvement of AW property was maintained to be directly related
to the level of acid phosphate impurity in a fixed concentration
of TCP in a given mineral.- oil. The weaf improvement appeared to
be independent of the chlorophosphate and other impurities of
intermediate polarity in the TCP. The authors stated that the
active ingredient was acid phosphate, not TCP, and that the TCP
acted as a reservoir for the formation of these poiar impurities
during the life of the lubricant.

The main conclusions to be drawn from the work of these authors

seem to be twofold. Firstly the polar impurities in TCP (alkyl or

20

aryl phosphate acids) are better load-carrying agents than the ncutral

ester itself. Secondly, TCP can degrade hydrolytically and/or
thermally unde£ antivear conditions to give iron organo/inorgano
phosphate films of excellent load-carrying ability (59).

Barton>(65) assumes that the effective ingredients (i.e. acid
phosphates) are the same for both zinc dialkyldithiophosphates(to be
discussed later) and TCP and explains the difference in apparent
lubricity level as being due to the quantity of polar impurities
present. The active phosphorus-containing impurities in both
additives showed the same bechaviour in four-ball wear tests and in

chromatographic separations. Acid phosphates appear to be effective

in both cases.
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~Forbes et al. have used data from their own four-ball tests
and adsorption tests together with results from a review of the
more recently published work in an attempt to clarify the
mechanism of action of TCP (76). Their work included a study of
the adsorption-reaction of pure hydrolysed TCP with iron powder
in various fluids, four-ball tests on TCP in a range of base o0ils,
aé well as a study of ﬁhc effect of aromatics and water on‘the
additive performance. The results showed that TCPwas an effective
antiwvear additive at high concentrations, regardless of the nature
of the base o0il, but at low concentrations its performance wvas
adversely affected by aromatics and naphthenes. The decrease in
performance was said to be due to the formation of a mixed film
containing a lower quantitylof phosphorus. Acidic degradation
products were found to have similar AW properties to pure TCp
at high concentrations but showed better performance at lower
concentrations. This was attributed to the more rapid rate of
reaction of the mono-~ or dicresyl acid phosphate degradation
products with the metal surface at lower concentrations. The
authors postulated'a mechanism for action whereby the TCP is
adsorbed on the metal surfacc and decomposed to give acid
phosphates, which react with the metal surface to give metal
organophosphates. These may further decompose to givc inorganic

metal salts.

1.4 Metal Organothiophosphates

These compounds have been used as lubricating oil additives
for many years. Most of the cxperimental work done has involved

the use of zinc dialkyl- or diaryldithiophosphates (usually
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referred to as ZddP) in investigating the load-carrying capacity and
antioxidant efficiency of this class of compounds. The general

structure of the dithiophosphates can be represented as follows:-

X0 0X X

S S alkyl, aryl or a'karyl
‘\P/7 \\P/ ’
7 ~N

X0 N S -M- S'// 0X - M

metal (usually zinc)

It is generally agreed that the activity of metal organo-
thiophosphates both as antioxidants and as load-bearing additives
is due to their breakdown; this normally being the result of
thermal degradation. Many workers have éttempted to deduce the
mechanism of breakdown by various methods but there has been
little consistency in the conclusions drawn. The author (107)
has reviewed earlier research on the-action of ZddPs (27-50).

Brazier and Elliott(ﬁi) investigated the temperatures at which
ZddPs decompose using thermogravimetric analysis. Using this
technique it is possible to determine accurately the % weight loss
at a givén temperature. Gas phase chromatography was used to
identify chemicall& the compounds formed. Contrary to the work of
Luther and Sinha (48) the authors maintained that the mechanism of
initial breakdown was independent of the nature of the alkyl group.
The resuits obtained supported those of Rowe and Dickert (505 in Bso
far as the order of product evolution was found to be, alkene,
mercaptan,and hydrogen sulphide. They maintained th#t most ZddPs
decompose by an auto-catalytic two-stage mechanism involving the
loss of four alkyl groups and two sulphur atoms. The first products
of decomposition arc alkenes and mercaptans,and at higher temperatures
hydrogen sulphide, sulphides and disulphides are formed. Results
obtained and conclusions drawn may be inconsistent because of the

variety of experimental techniques used.
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Barcroft (52) developed a technique for investigating the
reactions between EP additives and metal surfaces at temperatures
up to 600° C. This he did electrically by heating a thin metal
wire which is immersed in the additive - containing oil and noting
the resistance change. A dialkyl compound and an alkaryl compound
were tested and the differences in reactivity weré found to be
considerable. fhe resulés showed that structural differences
have a considerable effect on the reactivity of such additives.

Sakurai and Sato (53, 54) used the same technique to study
the corrosivity of, and correlation between chemical reactivity
and load-carrying capacity of,oils containing P agents. ZddP
was found to slow down the corrosion rate of iron compared with
that in oil alone. Ncither sulphide nor phosphide was detected
on the iron surfaces and.the authors venture the idea that polymer
formation results in the deposition of a barrier film. Using the
hot-wire method the authors postulate a relationship between
reactivity and corrosion rate.

Zamberlin et al. (55) have also investigated the influence
of chemical structure of ZddP additives on the AW and EP properties
of lubricants. TFour ZddPs were used, all of which had the same
or a similar number of carbon atoms. The main difference was that
the alkyl radicals of two compounds were primary and of the other
two compounds were secondary. Tests were also carried out on a
commercial sample of zinc diaryldithiophosphate. Iour-ball test
machines were used. The results suggested fhat the chemistry of

the alkyl group has an influence on the AY and EP properties.



The difference was greater between the compounds containing aromatic
and alkyl ;adicals than between both compounds containing alkyl
groups. The order of efficicncy was found to be aromatic ¢ primary
alkyl< secondary alkyl. With more severe conditions the difference
in reactivity was found to be even greater.

Thus there is good evidence that MddPs function by thermally
decomposing where they are most needed; in high stress regions-
vhere surface temperatures are high. The effect of variation in
carbon chain length and the differences observed with alkyl and
aromatic compounds is discussed by Furey (56).

In 1969 Allum and Forbes published results of investigations
into the effect of chemical structure on the load-carrying capacity
of MddPs (57) (M = metal). TFour-ball test machines were used
(EN 31 steel balls) and in order to study the reaction of additive

with the metal surface, some adsorption tests were carried out. An

24

examination of AW and EP results for additives at different concentrations

revealed that the relative order of activity was unaffected although
the overall level of activity was altered. The results showed that
the nature of the metal atom was a major factor in determining the
load-carrying properties and that the factors governigg AW and IP
activities are differeﬁt. The nature of the alkyl group'appcared
to have a leéser,effect on both the AW and FP propertics. The
authors to some extent confirm the results of Rowe and Dickert (50)
but point out that not all the facts are easily explained.

In a further investigation, Forbes, Allum and Silver (58) uscd'
electron probe microanalysis (EPMA) in worl done oﬁ the load-carrying
properties of MddPs. The surface topography and the nature of the

surface layer of wear scars is obtained for several compounds.



25

The results show that the nature of the MddP affects the surface
topography, element content and distribution of the wear scar in
both the AW and P regions. The metal, phosphorus,and sulphur

are found to be.present in the surface layers for all additives
tested. The AW fesults suggest that the metal and phosphorus (and
to a lesser extent, sulphur) at high concentrations in the wear scar
are probably necessary fo} good performance and the surface
topography of the scars is indicative of the effectiveness of the
additives. An interesting point is that although the elcment content
and distribution are similar in the EP region there is a reversal in
the ordcr of performance of the additivcé. Forbes (59) maintains
that MddPs function-primarily as AW additives and exhibit moderate
EP activity and that AV activity increases with decreasing thermal
stability of the MddP whilst EP activity decreases.

Further work on the correlation of thermal stability and load;
carryiﬁg capacity has becn done by Jayne and Elliott (60) who carried
out tests with a great many metal organodithiophosphates using four-
ball and Timken machines. They observed little difference in
performance in both four-ball EP and AVW tests but did establish that
the lower the thermal stability the better the OK load in the Timken
test.

From work done the?efore it would seem that the nature of the
metal and the hydrocarbon part have a marked effect on AW and EP
activity. Also there is considerable evidence to show that the
more thermally unstable dithiophosphates have better load-carrying
properties. The main usc of the additives is in the AW rather than

EP region.



Rowe'ls mathematical model of adhesive wear and its control
by surface adsorption of a single component lubricant has been
expanded (61) to include an additive as a second component. The
model was tested by a comparison with experimental wear ratn
results and the data was found to correlate fairly well with the
model for the ZddP used. |

Feng et al. (62) ha;é investigated the deposition of a beneficial
surface layer resulting from a chemical reaction involving one or
more compounds in the lubricating fluid but not the metal surface
itself. This is in contrast with the usual approach of regarding
the rubbing surfaces as reactants with the compoﬁents. They'found
that the reaction between a molybdenum complex and a mixture of
ZddPs produces 'in situ' deposition of molybdenum disulphide and
some unidentificd crystalline material. The presence of MoS2
was established by electron diffraction. Considerable reductions
in friction and wear were aobserved. Black has compared the surface
deposits of M082 and ModdP and studied their behaviour (G63).
ZdadP was also used in the tests, carried out on a Falex test machine.
Electron microscopy and diffraction wére used to examine the
surfaces. Amorphous polymeric deposits werc detected on surfaces
run in ModdP and crystalline depogits were found pnly on surfaces
run in Mosg. The lubricating properties of the two very different
compounds of molybdenum were considered by the authors to depend
upon the nature of their deposits on the bearing surfaces. With
M082 it seems that relatively large isolated crystallinc flakes are
the effective lubricant. ModdP is less effective and becomes more
so at elevated temperatures, probaﬁly because of softening of the

organic film separating the metal test pieces.



Coates has analysed manj lubricating oils and oil additives
by thin layer chromatography (64). This technique can be used for
routine analysis and quality control during manufacture. The |
author points out that a very comprehensive analysis is ob*ained
with the additional use of techniqgues such as gas chromatography,
infra-red spectroscopy and ultra-violet spectroscopy. Good
separations have been achieved for ZddPs on silica gel thin layers.
Recently, Barton ét al. (65) have used paper chromatography in
combination with neutron activation analysis to analyse zinc
dihexyldithiophosphate. The additive is shown to contain small but
significant amounts of both phosphorus - and ziﬁc - containing
impurities and it is believed that these impurities are adsorbed on
a metal surface in preference to the zinc dihexyldithiophosphate
molecules. An acid phosphate - type compound is belie;ed to be the
active polar impurity controlling the wear behaviour. The following
mechanism is proposed:-
(i) prefercntial adsorption of polar zinc - and phosphorus -
containing impurities on the surface of the metal,
(ii) asperity contact producing relatively high local
temperatures, and
(iii) chemical reaction of the polar phosphorus - containing
impurities with the bearing metal to form a metal
phosphate which functions as a protective surface film
of low shear strength. The impurities are believed to be
a partial acid cster and/or a thioacid ester, both of which

may contain zinc.
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Thus ZddPs have been the subject of much study and a survey of
the literature shows that many pertinent factors are in dispute.
It does seem however that phosphorus, rather than sulphur, is the
dominant wear-reducing element in the additives. The roles of
thermal decompoéition, adsorption kinetics, thermal stability and
nature of the metal and hydrocarbon groups are not entirely agreed
upon. |

7ZddPs are excellent lubricity additives which also exhibit
antioxidant, detergent and corrosion inhibition activity. A more
exact understanding of their mechanism of action would prove very

beneficial.

1.5 Other phosphorus-based compounds

Although MddPs and TCP have probably been the most cxtensively
studied compounds, a great deal of work has been done on other
phosphorus-based load-carrying additives. This section reviews
some of the work.

Radioactive labelling is a technique often used. Zaslavskii (28)
studied film formation‘of several anticorrosion agents including
triphenyl phosphite (32P labelling). Metal plates were mechanically
cycled in and out of heated oil containing the tagged additives. The
author concluded that.films were formed by chemical reaction of
phosphorus with the metal but no‘mechanism was suggested. Vinogradov
et al. (29) used the same radiotracing technique to study the action
of tributyl thiophosphate and tributyl phosphate on steel and copper.
The amount of phosphorus bound on the surface of steel and the rate of
reaction were both found to increase with temperature (20° - 150° ©€).
At lower temperatures the rate of film formation levelled off. The

authors concluded that the film formed was a phosphide.
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Film formation studies of hypoid gear lubricants and additives
were carried out by Elliott et al. (5). From the results obtained
using radioactively labelled compounds it seemed that certain films
built up steadily with time until an approximately constan!. thickness
was reached. Others initially built.up and were then partially removed
only to be built up agaip, thus undergoing a cycle of changes. In the
latter case it wasmted that a certain minimum adherent film thickness
alvays remained. - Appreciable phosphorus-bearing film was
concluded to be a phosphide. High speed and low speed tests were
carriéd out on three different test machines and it was considered
possible for the results obtained to be used in predicting the
behaviour of hypoid gear oils in full—scaie axle tests.

Messina et al. (77) investigated blends of a series of long chain
phosphates and phosphonates in bis (2-ethylhexyl) sebacate and mineral
oil. |

0 OR
i g _ _ ! _ . i
Me - (CH,) & - t-o0 (cu,) -0 oﬁa -0 phosphates

n =10 or 16, m = 2, 3 or 4, R = ethyl or butyl

—» 0 - - phosphonates

0
Me - (cn) -0
2'n R

0 - (CH2)2 -

O=g=O

n = 10 or 16, R = ethyl, butyl or 2 - ethylhexyl

Evaluation of the additives was by Shell four-ball and EP test machines,
Falex EP, and a modified Bowden:-Leben apparatus, along with oxidafion
stability and rust prevention determinations. The lubricity properties
of the long chain phosphorus compounds compared favourably with the

values determined on some of the gear oils in use at that time.
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The compounds tested were found to improve the oxidation stability
of the diester but there appeared to be no improvement in rust
prevention in either the sebacate or the mineral oil.

A number of substances of different structure were synthesized
by Sanin et al. (78) and their influence on frictional wear was
sfudied. High molecular-weight fatty esters, organochloro - and
organosulphur - compounds, phosphites, thiophosphites, thiophosphates
and chloroalkylphosphonates were all investigated. The AW properties
appeared to be directly influenced by the presence of chlorine,
sulphur and phosphorus. Organothiophosﬁhorus and organochlorophosphorus
compounds proved to be the most active in the AW region. Further work
(79) was carried out with additives of the organophosphorus class,
namely esters of phosphqric, thiéphosphoric and phosphonic acids,
which contained chlorine in trichloromethyl groups. It scemed that
by increasing the number of - CGl3 groups in a molecule of the
organophosphorus compound, additives could be developed that would
enable the oil to carry enormous loads without any seizure occurring.
The authors maintain that the effect of these additives on frictional
wear is due to the concerted acfion of the trichloromethyl group, at
the éxpense of whose chlorine a chloride film forms, and of the
phosphorus compound resulting from additive decomposition, to give
a phosphide film.

Using radiotracers Manteuffel et al. (80) investigated the
relative activity of P additives containing phosphorus and sulphur.
A procedure was devised to measure the contents of the radiotraced
elements in the ball scar area surfaces. Results indicated that
phosphorus was more reactive than sulphur and that reaction was very

temperature dependent.

ROV
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Phosphorus was tested in an organic dithiophosphoric acid component
form and the sulphur forms tested were the the thiophosphoric acid,
an alkaryl disulphide and an organic sulphide. The sulphur
reactivities decreased in the above order, thiophosphoric acia

being the most reactive form. Radiotracer measurements showed that
some radiotraced element.remained on the overall unscarred surfaces
of the test balls after solvent washing and the authors presumed this
to be the result of adsorption and reaction between the metal and the
lubriéant.

Rounds has studied the effect of additives on steel-steel
friction by investigating surface topography and film composition (81).
Thrust ball bearing studies in which the surface topography was examined
with an electron microscope and in which additive elements were
measured by X-ray fluorescence indicated that surface films of
appreciable thickness were formed by oil additives and that the
additive composition controlled the surface topography and the film
composition. The phosphorus additives studied werelbis—P—chloroethyl
vinyl phosphate, dialkyl phosphates, didodecyl phospite, TCP and two
dialkyldithiophosphates. Additive concentration, friction-time and
temperature studies suggested that most of the surface active additives
reacted in some manner‘rather than physically adsorb on the surfaces
although the structure of specific compounds protecting the surface
was not known. It was concluded that there was no general correlation

between surface appearance and the cffect of the additive on friction.
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In a further study (82) Rounds investigated the effect of
additive-base oil interactions on a steel-stecl system. His object was
to see if the choice of base oil would affect the friction
characteristics of an additive. Didodecyl phosphite was evaluated in
two naphthenic oils which represented the extremes in normal refining.
It was found that the static friction reduction caused by the phosphite
addition was much greater in the highly refined oil. A similar
rclationship was observed for kinetic friction, but the friction
reductions were much smaller. The results with synthetic fluids
generally fell within the mineral oil range. The magnitude and
dircection of the basc oil - inhibitor reaction was found to vary
markedly depending on which friction - modifying additive was used.
XRF measurements indicated that phosphorus, chlorine and sulphur all
form surface coatings of appreciable thickness but the amount of
element present on the surface varies with the base o0il used and the
additive comp&sition. I'or the chlorine and sulphur additives there
was some correlation between the amount of the element on the surface
and the reduction in kinetic friction. No corresponding 6orre1ation
wvas found for the phosphorus additive.

Rounds has carried out dynamic friction and static immersion
tests in which oil temperature was varied,and dynamic friction tests
in which load was variedyon steel balls with 0il blends containing
commercial additives (83); The phosphorus - containing additives.
fested were TCP, two ZddPs and didodecyl phosphite. Analyses of tﬁe
ball surfaées by XRF showed that significant surface coating formation
Qas initiated between 120° C and 175° C for most of the additives

studied but there was little insight regarding the actual compounds present.
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Although the surface coating thickness generally increagsed with
temperature, the rate of increase differed for static and dynamic
tests and from one additive to another. The author suggested
that 'in situ' polymerisation may be occurring but admits that
there is as yet no proof.

The same author has investigatéd the effect of non-hydrocarbon
base oil constituents én the friction and surface coating of
certain additives (84). Non-hydrocarbon constituents were added
to blends consisting of a chlorinated wax, a sulphurized terpene
0il, or didodecyl phosphite in a highly refined mineral oil. The
studies showed that the non-hydrocarbon constituent can cancel the
cffect of the additives on static friction at concentrations that
might be encountered inlless refined mineral oils. It also
appeared that the non-hydrocarbon éould be quite selective. Their
addition generally reduced the amounts of chlorine or sulphur
found on the_surface whereas the amount of phosphorus was found
‘to increase.

It can be seen fpom these studies that the many variables
necessitate great care in postulating mechanisms of action for
additives. Rounds' work on, for example, didodecyl phosphiﬁe has
clearly shown this.

Barcroft and Daniel have studicd the action of neutral organic
phosphates as EP additives (68). A radiochemical analysis was made
_of the EP films formed on the surfaces of the tappets of an engine
lubricated with an oil containing triphenyl phosphate (32P). No
_support was found for the iron-iron phosphide eutectic thcory and
the results indicated the presence ofmetal phosphates and metal
organophosphates formed via acid phosphate intermediates derived

from the cster.
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Subsequent rig tests led the authors to conclude that the effectiveness
of neutral organic phosphates as EP additives depended upon the ease
with which they hydrolysed on the metal surface to form acid phosphates;
the better performance would be from the ester more easily hydrolysed
(This contrasts with the view held by several workers that the
effectiveness of such additives is related to their thermal
decomposition.). The authors put forward the following mechanism:-

(i) adsorption of the ester on to the metal surface
(ii) hydrolytic decomposition of the ester to give an acid

| phosphate, and
(iii) recaction of the acid phosphate with thé metal

surface to give metallic organid phosphates which
decompose further to give metal phosphates.

In his study of AW and EP agents for lubricants Forbes (59)
carried out four-ball tests on a wide range of phosphorus compounds.
The results showed that all the phosphorus additives which degraded
either thermally or hydrolytically to form strong acids had excellent
AW properties. Phosphinic and phosphoric derivatives which gave
weak acids were found to have AW properties little different from
those of the base oil. This indicétes that the phosphorus étom itself
does not pguarantec good AW activity. Results also showed that certain
phosphorus additives, notably phosphoramidates and amine phosphates,
gave considerably better initial seizure loads in P tests than TCP did.
The author speculates that the phosphorus additives adsorb on the
surface, degrade under increcasingly severe conditions to fofm polar
species which react with the iron to-form iron organo/inorgano
phosphorus compounds and that the AW activity of the additives is
prdbably controlled by the rate of formation of this layer, its strength

of attachment and its rate of attrition.
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Forbes and Battersby (108) investigated the load-carrying
properties of arange of dialkyl phosphites under AW conditions
using a four-ball machine. Adsorption/reaction of these compounds
with iron surfaces was also carried out. The results shoved that
both the load-carrying and adsorption/reaction properties of these
dialkyl phosphites are markedly affected by the chain length and
structure of the alkyl éroup.

Forbes and Silver (85) investigated the influence of the chemical
structure of certain additives on their load-carrying performance.
The additives studied wefc N~-substituted di-n-butyl phosphoramidates,
amine salts of di-n-butyl phosphate, and derivatives, e.g. esters
and amides, of phosphinic and phosphenic acids. Results showed that
both the AW and anti-scuff activity were very dependent upon the
environment of the phosphorus atom. The amine salts of di-n-butyl
phosphate were found to be the best load-carrying additives. In
general it was found that the effectiveness of the phosphorus
compounds decreased with decreasing strength of the acid formed on
decomposition.

The authors maintainecd that the phosphoramidates adsorbed on
to the metal surface, then broke down to give active species and
that thermal or hydrolytic degradation of the molecule ‘can occur
under the lubricating conditioﬁs. Mechanisms are postulated for
both forms of degradation. N-mono-substituted phosphoramidates
were generally superior to the di-substituted compounds. The e
authors suggested that the reason why some compounds gave betfer
results than others could be used to predict the effectivgness of -

other additives.
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As ; result of this work studies were carried out to investigate
the effect on load-carrying capacity of varying the alkyl group
attached to the phosphate and the amine on a range of dialkyl phosphates
and their alkylémine salts (86). AW and EP properties were found to
be markedly dependent upon the structure of the compounds. Some
alkylamine salts of dialkyldithiophosphates were also studied.

Results indicated that the load-carrying properties of the

alkylamine salts of dialkyl and alkyl acid phosphates varied with the
chemical structure of both the acid phosphate and the amine, and that
Vthe chain length of the dialkyl phosphafe played an important part.
Results from a study of dithiophosphate analogues indicated that
there were no similar trends and that the free acids were poor AW
additives probably because of the corrosive nature of the acidic
sulphur. With regard to the action of amine phosphates, conclusions
from the results of more recent work contradict those previously
reached (87).

Barber (109) prepared and studied a variety of phosphonate esters,
N-alkyl ammoniumvalkyl hydrogen phosphites and a few phosphinates.

They were tested as extreme pressure additives at equimolar
concentration in mineral oil on a four-ball machine. Tpe ammonium
alkyl hydrogen phosphifes showed unusual effectiveness in raising the
initial seizure load. A few of the compounds prepared were also tested
for antiwear activity.

It would seem from much of the work reviewed that the phospho?us
atom itself may not contribute greatly to the effective load-carrying
ability and that environmental factors such as the presence of chiorine,
sulphur;-nitrogcn, the nature of the alkyl group; and chain lengthvcau be

of considerable importance.
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Sakufai and Satﬁ (54) have used the hot-wire method to study the
high temperature corrosion reaction of iron in oils containing
phosphorus additives such as a phosphite, phosphate, thiosulphate,
acid phosphite, thiophosphite and acid phosphate. It was found that
the neutral type esters showed very little chemical reactivity
towards iron in marked coptrast with the high reactivity of the
acid type esters and thiophosphite. X-ray analysis showed basic
iron phosphate and iron sulphide to be the main reaction products for
the neutral type and acid type esters and thiophosphite respectivel&.
The aufhors stated that thé results scemed to support the iron phosphate
lubrication mechanism for these EP additives, wheféby a mixture of the
basic iron phosphate, 2FeFe4 (PO4)3 (OH)5 .and iron phosphates,

Fe, (PO4)2 and FePO,, was formed. Lauryl additives were studied.

Their work also points out the fact that different factors may
influence AW and EP activity. FIrom this and previous studics (53)
they assumed that the load-carrying capacity of films obtained by

EP additives was in the order:-

phosphide > phosphate 3 sulphide > chloride

but that the order of AW properties of the films was:-

sulphide > phosphate > phosphide

Recently Hall (88) has studied the effect of certain phosphorus
compounds as AW additives for neopentyl ester oils. Some of the best
results were cobtained with acid phosphates. The length of the alkyl
chain also appcared to be a significant factor. The author maintained
that small quantities of extraneous acidic substances were fesponsible
for the AW action of phosphites at high loads and that larger amounts
of thesec substances were necded at still higher loads. In certain
cases amines were added to neutralize acid phosphate type additives and

this showed that free acids promoted the AW action at high loads.
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Rounds has investigated the effect of steel composition on
additive performance (89). The magnitude of the steel effect
appeared to depend on the additive and on the oXygen available.
Elemental analyses of the surface coatings indicated that all
contained significant organic fractions and bulk analyses of the
0il revealed that additive decomposition was an essential step in
surface coating formatioﬂ. The author maintained that for.didodecyl

phosphite and a zinc diaryldithiophosphate, oxidation of the additive
was necessary but oxygen availability did not influcnce the action of
a zinc dialkyldithiophosphate. Speculative mechanisms are proposed
for the reac£ions occurring. In a discussion on fhis paper Forbes (90)
has presented results that in some ways lead to different conclusions;
the position is by no means clear.

This section has reviewed only the work done on a small selection
of phosphorus—containing_additives; some are effective as EP agenfs
and others as AY agents. The factors governing the two types of
behaviour may be different and in some cases a reversal in additive
performance has been noticed in the two regions.‘ In considering load-
carrying ability it is clecar that a great many factors are pertinent
and that care must e taken in the interpretation of results. The
influences may be environmental within the molecule itself or
operational.

Many of the phosphorus additives used contribute in more than
one way to the final performance of the lubricating oil. An .
examination of patents reveals that many phosphorus compounds,.covering

a wide range of structural types, are used in many different ways. -
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For example, silyl phosphates (91) and mixtures of hindered pheﬁols
and alkyl phosphonates are used as antioxidants (92). Many compounds
act as both detergents and antioxidants (93). Metal salts act as
detergents as do metal-free compounds such as qualernary amaonium
thiophosphates (94). There are examples of phosphate ecster acids
acting as load-carrying additives and rust inhibifors for metalworking
fluids (95) and of phospgorus—based compounds being used as corfosion
inhibitors and combustion chamber deposit ﬁodifiers(QG). Small amounts
of phosphorus compounds are shown to be beneficial to high temperature
lubricants (97) including polyphenyl ethers (98).

Testing of additives can be done by a process of trial and error
but if the effect ofvcertain variables can be systematically analysed,

useful predictions may be made concerning hitherto untested compounds.

1.6 Operational FFactors and Techniques

The féctors iﬁfluencing boundary lubrication are many and not
least among thesc are operational factors such as load, speed,
atmosphere and tcmperature.

The two principal componcuts of the atmospheric effect are water
vapour and oxygen. It was shown by electron diffraction studies as.
carly as 1941 fhat oxygen is a factor in the chemical action of TP
additives and the antiwear action of organic phosphates is belicved
to be influenced by water in the oil.

The temperature is pertinent in so many ways in the field of
boundary lubrication. EP and AW additives are gencrally cléssified
according to the {emperature at which-they opecrate. Thérmodynamics
and chemical kinetics must also be considered carefully. It has been

shown that the AW effectiveness of a number of common additivés}
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including'deP, is closely related to their adsorption kinetics;

the more rapidly adsorbed additives being the more effective.
Kingsbury (99,100), Rowe (101) and others have investigated

aspects of heats of adsorption on the function of a boundary lubricant.

Liquid-solid interactions must also be taken into account. Some
of the controlling factors inveolved are bulk properties of the liquid
and solid (e.g. elasticity), melting points, and chemical affinities.

. There are many types of chemical interaction occurring, additive
interférence recactions are an example. Gallopoulos and Murphy
obtained direct IR spectrophotometric evidence that ZddP reacts with
certain dispersants even though the chemistry of the effects was
uncertain (102).

Testiﬁg methods used in the study of boundary lubrication are
many and varied but their basic purpose is to evaluate the effectiveness
of lubricants or bearing materials under certain conditions. This
evaluation is generally based on friction and wear. Difficulties arise
when lubricants or bearing materials are put to actual use or when an
attempt is made to correlate results obtained from different test
methods. Smallheer and Mastin (4) in their work on hypoid gear
lubricants emphasized the importance of carrying out full-scale test
procedures. In studying the effectiveness of many of the phosphorus-
bascd additives, static immersion tests are often performed. These
give valuable insight but behaviour under actual operating conditions
may be very different. Tour-ball AW and EP test machines are amongtthe
most commonly used in the study of the lubricating.properties of

phosphorus compounds.
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It ig important to know the state of the contacting surfaces
before, during and after the experimental testing. lence surface
examination plays an important part in the investigation of
lubricating additives. Topography is often examined by the use
of the stylus-type of measuring technique.

Surface film composition has been assessed using such techniques as
X-ray diffraction, electron diffraction, radioactive tracer
techniques'and chemical spot tests. Radiotracer methods tell what
elements are on the surfacg but not their chemical form. To do this
low energy electron diffraction (LEED) can be used. Examination of
surface films is a difficult problem in real systems because, for
example, the film may be present in exceedingly small amounts, or be
amorphous, or the products may be contaminated and/or unstable.
Furthermore the detection of a particular species does not necessarily
mean that it is involved in the lubrication process. Electron spectroscopy
chemical analysis (ESCA) isla more recently developed technique by
which a study of chemical ghifts gives information about the chemical
environment of an atom; i.e. detecting more than its presence.

The surface topography and the nature of the surface layers of wear
scars obtained with phosphorus compounds has been investigated using
electron probe microanalysis (EPMA). Forbes et al. (58)‘used this
technique in a study of the part played by the metal atom in certain

dialkyldithiophosphates.
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The use of chromatographic techniques is becoming more
widespread. Among the earlier work done was that of Groszek and
Palmer (103). Coates has reported good separations for many
phosphorus compoundé using thin layer chromatography (64). Recently
Barton (65) has used paper chromatography in combination with
neutron activation analy;is to investigate adsorption in the
lubrication process of ZddP.

A technique for investigating rcactions between EP additives
and metal surfaces at temperatures up to 600° C was developed by
Barcroft (52). This "hot-wire'" method involves heating a thin metal
wire electrically whilst immersed in an 0il containing the EP agent.
Wire temperatures are obtained from a knowledge of the resistance/
temperature characteristics of the metal used. The rate and extent of
the reaction between the metal and the EP additive can be deduced
from the change in resistance of the wire with time. The efficiency
of the method depends on the sensitivity of the resistance-measuring
device but even though resistance changes of 1 in 10,000 may be measured,
this accuracy is never attained in practice. Bulk oil temperatures and
contact resistances between the wire and terminals are subject to
variation. There are two basic assumptions; that additive attack
is uniform over the whole surface and that the resultant product
is non-conducting. The validity of these assumptions is questionable.
The method has also been uscd by Sakurai and Sato (53, 54), to study a
great nuwmber of phosphorus-based additives. There scems to be a need for
a-more satisfactory method by which the rcaction between metals and

additives may be studied at high temperatures.



Matveesky (104, 105) has worked on the temperatures of
tribochemical reactions between EP additives and metals by carrying
out friction experiments and thermogravimetric analyses. Results
of this work showed the possibility of determining the temp~ratures
of physical desorption of oil-additive mixtures under friction in
boundary lubrication conditions by a thermal method. The same
method could also be usea to find the initial stable temperature of
the chemical reaction between Eﬁ additives (or decomposition products

of additives) and the metal.

1.7 Concept of the Rescarch Programme

Many investigations have been carried out into the action of
phosphorus load-carrying additives but there has been little
systematic study of the relationship between the chemical structure
of the compounds and their behaviour under both static and dynamic
conditions.

In an attempt to clarify this relationship it was decided to
test a wide range of phosphorus compounds and to cxamine the effect
of differences in, for example, functional group and alkyl chain
length. Dynamic friction tests and static immersion tests were to
be carried out and resultant surfaces examined by electron probe

microanalysis.

The author has published an extended versioun of the Literature
Review (107).

43
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CHAPTER TWO

FRICTION TESTS

2.1 Introduction

It was decided that friction tests on a series of additives
would constitute a major part of investigations into the activity of
phosphorus-based load-carrying additives. The tests were to
investigate the friction-temperature characteristics of the chemicals
and this chapter describes them. By combining these results with
those obtained from static immersion and surface analyses, the
mechanism of action of the additives would be clarified.

Emphasis was put on establishing a simple procedure and using
reagents of uncomplicated molecular structure to reduce the number
of experimental variables that would come from the combination of
apparatus, system and operational conditions.

Many types ;f test machine have been devgloped to investigate
lubricant performance. The most commonly used in scientific, as
opposed to routine monitoring work, are the Bowden-Leben and four-
ball machines. Their respective configurations are a hemisphere on
flat and a four ball tetrahedron. The Bowden-Leben machine hés a
numver of disadvantages. The friction-mcasuring device is not rigid
and this may promotc stick-slip. A large surface area of lubricant
is exposed and consequently there is considerable evaporation and/or
oxidation. It was hecided to use the ball on triplane, a modificatién
of the standérd four-ball apparatus. The three lower balls of the
foﬁr—ball tester have beenvreplaced by cylindrical pegs. The device
is capable of testing lubricants up to 300°C ovcr'wide ranges of load

and speed.
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Also the system is less prone to evaporation and oxidation of the

lubricant.

-2.2 Ixperimental

2.2.1 Ball on Triplane Apparatus (Fig. 2.1 and Fig, 2.2)

| The machine consisted of an upper ball which rotated against the
flat ends of three cylindrical pegs whose axes were coincident with
the ball centre. The load normal to thcrball surface was the same
for each peg and the pegs were supported such that each gave a
separate wear track on the ball. The pegs gg'diameter,fg'long)
were held in a stainless steel cup.

The cup was threaded to accept a lubricant-retaining sleeve. A
heater, controlled by a Variac autotransformer, was made to fit
concentrically with the cup assembly. The whole cup and heater
arrangement was mounted on a cyndanio disc above the friction-measuring
device. The temperature of the test specimens was recorded by a
stainless stecel, shecathed Chromel-Alumel thermocouple cemented into the
cup just to the side of onc of the pegs. The output from the
thermocoupie was fed into a pen recorder. Plugs.and socketls used for
the thermocouple leads facilitated easy dismantling and cleaning of

the apparatus.



Fig. 2.1 Ballon Triplane Machine
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The loading system (Fig.2.3) was a lever arm with a mechanical
advantage of five. The load was applied through a spring balance
arrangement which was attached to the framework of the machine and to
the free end of the lever arm. The frictional torque develored by
the rotation of the ball against the stationary pegs was measured by
a torque tube (fitted with strain gauges) mounted on the lever arm.
The tube was arranged to be in tension to prevent buckling and was
pivoted at both ends.

The ball (1" diameter) was held in a chuck by an interference
fit of .001". The chuck waé driven by a toothed belt from an
electric motor with a constant output speed of 1,000 r.p.m.

Reduction gear-boxes could be inserted between the mofor and the chuck.

2.2.2 Experimental System

) The Solvent

n-Hexadecane (C ) was the solvent used throughout. It met

16 “34
the requirements of being non-polar, temperature stable, non-volatile
and containing few contaminants. It had the added advantage of being
often described in the literature as a carrier and was thus useful for
comparison purposes.

The purity of the solvent was very important. The solutes to be
used, i.e. the adsorbents, are substances with high surface energy and
an affinity for impurities present as traces in chemical reagents. |
When adsorption from concentrated solutions is being considered
impurities may be unimportant since they can be swamped or displéced
. from the surface by competition with other adsorbents. When solute

concentration is small however the nature of the surfaces may alter

considerably in the presence of a trace impurity in the solvent.
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Hexédecane, when pure, is a colourless and odourless liquid. The
batch delivered by the manufacturers had a distinct smell so was
assumed to contain contaminants. It was purified by shaking for three
days in a brown glass bottle with activated alumina and activated
silica gel, both activated by strong heating for a few hours. The
mixture was left for several days. The odour was'found to have
disappeared. Immediately before use the hexadecane was filtered
through sintered glass. Fresh batches were purified at regular
intervals to exclude as far as possible the presence of oxidation
produéts.

Tﬁe Solutes

Many commercial phosphorus-based load¥carrying additives are
compounds of high molecular weight and complex structure.
Interpretation of results obtained from testing such additives
would be likely to prove inconclusive because of the many
uncertainties. For this work therefore it was decided to examine a
range of some of the simpler phosphorus compounds. A list of thesec
together with their molecular weights is given in Table 2.1.

The compounds were chosen such that comparisons could be made between
phosphates and phosphites, trisubstituted and disubstituced compounds,
and compounds with different organic groups. Phosphoric acid

was chosen as a compound which did not contain any organié groups.
With the exception of zinc diisopropylphosphorodithioate all were

liquids. e



Compound

tricresyl phosphate
triethyl phosphate

tributyl phosphate

diethyl phosphate

dibutyl phosphate
di-(2-ethylhexyl) phosphate
tricethyl phosphite
triphenyl phosphite

diethyl phosphite

diisopropyl phosphite

zinc diisopropylphosphorodithioate

-

phosphoric acid

(071170)3 P=0
(02}150)3' P=0
(041190)3 P=0
(c i 0), P:/O(:{

=0
(04}190)2 Py

—0
(08H170)2 ?\OH

(C2H50)3 P

(06}150)3 P
~0
-

(CHLO), PTy

. §O
(c0), Py

C,lI_0
\
37 P

c.i0” O SkM

37

(1{0)3 P=0

Molecular Weight

368
182
266
154
210
322
166
. 310
122

166

492

98

Table 2.1 Additives Used
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It is probable that many of the compounds, both commercial
samples and laboratory reagents, contain polar impurities. Several
workers maintain that these impurities are to some degree responsible
for load-carrying properties. The additives used in this
investigation were analysed using thiﬁ layer chromatography (Chapter
Four). Polar impurities Qere shown to be present and this was borne
in mind during the test programme.

Ball and Peg Material

Throughout the work the balls and pegs used were made of EN 31

steel.

2.2 3 Experimental Procedure

A standard cleaning procedure wés adopted. All balls and pegs
were soxhletted in toluene for three hours and whilst sfill hot were
quickly transferred and immersed in Analar grade acetone until they
were needed. It has been demonstrated in the laboratory that
repeatability of results is only obtained when all traces of grease
are removed from the surfaces.

The peg cup, lubricant- retaining sleeve , and chuck were
immersed in toluene and placed in an ultrasonic cleaning bath for
ten minutes. This was followed by immersion in Analar acetone for
five minutes in the ultrasonic bath. Test specimens were only
introduced when these parts were thoroughly dry. The pegs were
removed from the acetone, allowed to dry and assembled in the cup.

The lubricant was introduced immediately. The ball was mounted in the
chuck. All this was done‘as quickly as possible to prevent the
adsorption of atmospheric contaminants, notably to minimise the amdunt

of water vapour present.
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The strain gauge bridge was balanced at zero tep ball load and
the recorder pen zeroed on the chart. The torque was recorded by the
pen deflectioﬁ; corresponding coefficients of friction were obtained
from calibration curves. The spring balance was adjusted t~ the
required load, this being one fifth of the top ball load as the
system had a mechanical advantage of five. The other pen of the recorder
was set to zero, subsequent deflection measuring the thermocouple
output. The motor was started.

When the friction had stabilised at room temperature the heater
~was switched on. From theﬁ on the temperature rose steadily.
Continuous traces of friction and temperature were thus obtained
throughout a run. On completion the recorder pens were returned to
their zero values to see if any drift had occurred. On occasions
this was the case so the slight difference was noted accordingly.‘
None of the pegs, balls or lubricants was used more than once. The
cup, lubricant-retaining slecve and chuck were all cleaned as above

between each run.

2.2.4Tcst Programme

The first runs were carried out to estaﬁlish a set of operational
conditions for the comparative part of the work. The variables
investigated were load, concentration and heating rate. A speed
of 1 r.p.m. was used in all the tests. The range of values examined
was largely based on previous workvcarried out in the laboratory.
Several of the additives were used at this stage, tricresyl phosphate

being the most extensively studied.
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The results of the tests (2.3) indicated, for reasons to be
discussed later, that the values of load, concentration and heating
rate given below were the most suitable and the following set of
experimental conditions was adhered to for the remainder of the

test programme.

Load - B0 kg top ball load
Speed 1l r.p.m.

Heating rate ~ g° K.min

Peg material EN 31 steel

Ball material ‘ EN 31 steel

Solvent purified hexadecane
Environment air

Concentration 0.5% by weight TCP

(The concéntrations of the other additives were such that
the number of molecules of compound, i.e. the phosphorus

concentration, in the same weight of solution was constant)

The remaining experiments tested all the additives under identical
operational conditions and at equivalent molecular concentrations in
the hexadecane. Several solutions of the same additive were made up
and tested. No runs using the same solution were done conéecutively.
Some of the runs were stopped early so that comparisons of phosphorus
éontent in the wear tracks at varying stages of a test could be made
using eleqtron probe microanalysis (Chapter Three). Additicnal tests
were carried out with hexadecane only as the lubricanf and in some
cases with no lubricant at all. Table 2.2 lists the additives and the

concentrations used.



Additive

tricresyl phosphate
triethyl phosphate
tributyl phosphate

diethyl phosphate

dibutyl phosphate

ai-( 2—.ethylhexyl) phosphate
triethyl phosphite
triphenyl phosphite
diethyl phosphite
diisopropyl.phosphite

zinc diisopropylphosphorbdithioate

phosphoric acid

Concentration (% by wt.)

0.50

0.25

0.36

0.44

0.23

0.42

0.19

0.22

0.67

0.13

Table 2.2 Additive Concentrations

used in Comparative Tests
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2.2 .5Accuracy

Part of a typical trace is shown in Fig. 2.4, It can be seen
that the friction response fluctuated rapidly about a well-Adefined
mean. There was some scatter between different runs using the same
system and.actual friction values différed by up to 15%. This may have
been due to slight variat;ons in the lengths of the pegs and/or variations
in surface topography. The mean friction value of several runs was
- always taken. For all runs with the same system however, relative

changes occurred at the same temperature‘(i 5° X) even if the

friction values differed from test to test.

2.3 Results

2.3.1 Reversibility

A trial friction run was carricd out using a 0.5% by weight
solution of tricresyl phosphate. The heater control was switched off
when a temperature of approximately 220° € was rcached. The coefficient
of friction at a particular temperature was the saﬁe on heating as it
was on cooling. Slight differences may have been caused by surface

changes.
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2.3.2 General Features

The coefficient of friction value stabilised at room

temperature. TFor most of the additives tested there was an initial

increasc in friction on heating but generally there was considerable

overall reduction as the temperature;went from ambient to
approximately 220° C. The temperatures at which distinctive
decreases occurred varied from compound to compound but for.any one
additive the values were constant. In some cases the magnitude of
friction drop was slightly greater than apparent as there was some
zero driff on the pen recorder. This was allowed‘for by astight
adjustment of the instrument. Different solutions of the same
additive were tested and no two runs using the same solution were
done consecutively. Consistency and repeatability were very good.
The graphs presented in this chapter are the mean of at least four
traces and usually six.

The torque tube was calibrated. TFor the system

coefficient of friction

-
i
nou =N

frictional torque

W

top ball load
This was derived in the following manner; A, B and C representing

positions of the pegs.

Fig. 2.5

the
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The angles of inclination to the vertical of the pegs are 450,

51° ang 39°.

W =R cos 45° + R cos 39° + R cos 51°

1

R(cos 45° + cos 39° + cos 51°)

23R cos 45°

o.o W: ':é'lg'
J2
and R = l%iﬂ

To within 2% all the pegs can be considered at 45°. This is well

within the required accuracy.

Fig. 2.6

peg / ball

Torque = Friction force (F) x r
for each peg
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S
b
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The coefficient of friction can therefore be calculated from the

torque by this simple relation.

2.3.3 IEstablishment of Conditions

Load

Several additives wére tested under 20kg, S50kg and 100 kg top
ball load. Results for 20kg and 50kg showed good repeatability and
both loads seemed suitable. 100kg was excessive for this experimental
apparatus under these conditions. - This load was above the calculated
elastic/plastic transition. There was little reﬁeatability, the higher
friction values deviafed morc from the mean and friction drops were
inconsistent. S50kg rather than 20kg‘was chosen because friction
drops were more distinctive. Fig. 2.7 and Fig. 2.8 show traces
obtained using tricresyl phosphéte and diethyl phosphite respectively
under a 20kg load. Comparison with Fig. 2.12 and Fig. 2.20 using a S0kg
load but with all other variables the same illustrates this. Unrubbed
surfaces ha&e a varied topography of peaks and troughs and contact
pressures when they are loaded together are orders of magnitude
greater than those indicated by the apparent area of contact. At
the beginning of friction tests, before ball and peg surfaces are
worn, the oxide films on the surfaces are ceasily penetrated and
lubrication is more a function of the metal than of the oxide films.
The higher the load the greater is this effect. When 100kg load
is used the. results are inconsistent; the additives are unable to

cope with the severe conditions.
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Heating Rate

High (~20° K min 1y and 1ow ( ~2° K min -1 heating rates
gave inconsistent results. The most suitable range was between
4° K min -1 and 8° K min “l- ¢ was decided to use the latter
value so that the time the oil was exposed to possible oxidation would
be lessened. Fig. 2.9 shows three of the graphs obtained using a
0.5% solution of tricres&l phosphate, 50kg load, and a heating rate
of ~-20° K min —l. These clearly indicate the wide scatter cbtained
using such a high rate. If the heating rate is sufficiently low
adsorption processes can bé maintained in equilibfium at all times
and measured temperatures will be a true indication of actual
temperatures at which changes occur. However, long exposure of
the lubricant to the atmosphere, especially at high temperatﬁres,
promotes the presence of large quantities of oxidation products.
High heating rates lessen the formation of unwanted substances but
have the disadvantage that effective lubrication may persist to
temperatures higher than recorded because equilibrium is not
established quickly enough. Also at very high heating rates the
pen recorder does not respond adequately when changes are occurring.
A compromige must therefore be reached.

Concentration

The effect of concentration was investigated for several
additives. Tricresyl phosphate was used at values of 0.1, 0.5
and 2.5% by weight. As might be expected the stronger solutions

lowered the friction. With a 0.1% solution initial friction values

were high and there was no significant decrease as tlie tests progressed.

—
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Using a 2.5% solution (Fig. 2.10) a low coefficient of friction
was obtained throughout. Comparison of Fig. 2.10 with Fig. 2.12
illustrates the trend and shows how a more distinct friction drop
is obtained using a 0.5% solution. This concentration effect was
the same for other additives tested. A high concentration
for these tests was not suitable though because differences in
behaviour of the additives were less detectable.
Speed

The main aimvof the work is to compare additive behaviour
and this being so speed is not a major consideration. 1 r.p.m.

was chosen so that frictional heating was negligible.

2.3.4 Comparison of the Additives

A summary of results obtained for each additive is given
below. Figs. 2.11 - 2,25 plot coefficient of friction values
against temperature for all the compounds tested.

tricresyl phogphate Tig. 2.11 and Fig. 2.12

It will be noticed that there are two graphs for tricresyl
phosphate. Results of chromatographic separations (Chapter Four)
revealed that one sample was considerably purer than the other.
The effect of impurities was investigated by carrying out tests
on both samples. In each case there was considerable increase in
friction on heating followed by an overall coefficient decrease of
0.2. Tor the purcr sample however initial and final values were

higher.
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triethyl phosphate Fig. 2.13

Initial friction values rose to 0.4. A steady decrease occurred
between approximately 60° C and 120° C wntil a value of 0.25 was
reached. The gradient then levelled congiderably.

tributyl phosphate TFig. 2.14

As with the other trialkyl phssphates the high value of friction
attained on heating decreased by approximately 0.2. In this case
however the decrease occurred in two distinguishable drops.

diethyl phosphate Tig. 2.15

For this additive there was no initial increase in friction.
Throughout the entire temperature range‘the value of 1 was only
0.04 + 0.02. Tor every run a slight decreasec was noticeable as the
test progressed but its magnifude easily lay within the limits of
experimental error.

dibutyl phosphate TFig. 2.10

This additive was known to be a mixture of 55% dibutyl.phosphate and
45% monobutyl“phosPhate. As above, the initial value of M was
extremely low and remained so. A slight decrease was again
detectable but as before easily lay within the limits of experimental

error.

di-(2 —ethylhexyl) phosphate TFig. 2.17

The shape'of the graph differs considerably from those obtained for

the other dialkyl phosphates. On heating the coefficient of friction

rose to 0.3. A slight decreage then occurred but at higher temperatures
B rose again. A drop at very high temperatures may not be

attributable to the additive action.
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Fig. 2.16 Dibutyl/monobutyl phosphate
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triethyl phosphite Fig. 2.18

For this additive there was an overall reduction in frictional
coefficient of 0O.1.

triphenyl phosphite Fig. 2.19

In this case the value of p on heating was 0.3 and decreased
considerably to 0.05. It was still decreasing when the runs
were stopped.

diethyl phosphite Fig. 2.20

Friction values were low throughout the entire temperature range.
lx‘decreased from 0.2 to O.1.

diisopropyl phosphite Fig. 2.21

The coefficient of friction rose steadily to 0.3. A decrease
occurred and was continuing when the tests ceased. The final value
of M was 0.15.

phogphoric acid TPFig. 2.22

There was a very rapid increasc in ‘ﬁlto 0.6 on heating. A marked
decrease occurred until the value levelled off at 0.3. For runs
using this additive there was significantly more deviation from
the mean.

zinc diisopropylphosphorodithiocate IMig. 2.23

The initial friction value was 0.l and this rose steadily throughout
the duration of the tests to 0.3.

hexadecane only TFig. 2.24

The graph obtained was very similar to that obtained for phosphoric

acid.. Towards the end of a run Qo was increasing again.
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dry conditions Fig. 2.25

Values of M were high throughout the entire temperature range.
On heating friction rose to 0.7. Between approximate temperatures
of 60° C and 140° C this decreased to 0.55 but was starting to
increase again at higher temperatures.

With the exception of phosphoric acid, all the additives gave
réduced friction values fhroughout the entire temperature range when
compared with values obtained by using hexadecane alone as the
lubricant. Trialkyl phosphates were the least effective but dialky%/
monoalkyl phosphates performed very well. It is interesting and
important to note that the less pure samfle of tricresyl phosphate,
that is the one containing more polar impurities, gave a better
reduction in friction than the purer sample. This is similar to
some results reported inAthe literature. Disubstituted compounds
- were noticeably more effective than trisubstituted additives. The

conclusions to be drawn from the tests are discussed below.
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2.4 Discussion

2.4.1 Geheral Features

The reductions in friction obtained by using the additives are
attributed to reactions, physical and/or chemical, between the
compounds and the steel surfaces. The magnitude of friction
decrease and rclated temperatures are functions of chemical
reactivity, size and shape of the molecules concerned. In this
work definite relationships have been found between acidity, steric
factors and frictional behaviour.

The'early drop in friction is associated with a property of the
steelrfor the following reasons. It has becn noticed a number of
times in the laboratory when compounds very different from these
phosphorus-containing ones have been tested. Even stronger.evidence
is given by the fact that runs using hexadecane solely as the
lubricant and runs done under dfy conditions show a frictional
r;duction in this temperature region.

It is most probable that there is a lubricating effect caused
by an oxide layer on the surface of the steel. 1In thc absence of an
additive there is a breakdown of this, thus allowing more metal-
metal contact. When additives are présent however the value of o
drops further or levels off and the influence of the metal-additive
interaction becomes predominant. At lower temperatures the two
mechanisms are operating simultaneously but to differing extents
depending on the compound used. This merging of effects explains
why friction reduction is gradual in some cases but in others two

distinct drops are seen.
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Towards the end of a test, i.e. at elevated temperatures,
there is sometimes another reduction in }1 . However it is
difficult to ascertain what is happening under these severe
conditions. The hexadecane is boiling and condensing. Alkane
oxidation and/or polymerisation products may be the effectve

lubricants.

2.4.2 Comparison of the Additives

The importance of acidity and steric factors is now discussed,.

Firstly, a summary of results of work donec to establish the
presence of acidic species is given. The additives were analysed
using thin layer chromatography (Chapter Four). Although quoted
as being of a high percentage purity both commercial and laboratory
samples will, with time, contain impurities. These are acidic, formed
hydrolytically by reaction with atmospheric moisture. The technique
and results attained arc later described in detail. Polar impurities
were found in all casecs but for some compounds were barely detectable.
In some cases distinct spots, indicating the presence of well-defined
species, were obscrved ;for others considerable streaking was noticed.
The following are examples of what was found. Two samples of tricresyl
phosphate were analysed. Three distinct spots were seen for onc but
for the other two ofthese were less distinguishable. Hence the amount
of impuritics present was greater in the former sample. The dibutyl
phosphate was quoted by the manufacturers as containing 45% ﬁonobutyl
phosphate. This was confirmed by the presence of two distinctive spots.
In analysing results and drawing conclusions the presence of polar .
impurities was acknowledged. These were mainly di- and mono—derivativcs
in the trisubstitutéd compounds and mono-derivatives in the disubstituted

compounds.
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A mechanism of action of phosphites is now put forward. Examples
of the chemical forms in which they exist are as follows. Triethyl

phosphite can be represented thus,

BtO p

- 0Lt
Et0~”
and diethyl phosphite as
MO~ - on
Et0

In reality however the disubstituted form exists largely as

BO\ 2 0
Et0— "~ ~ H

This isbecause of the very high bond energy of the P = 0 group.

All the phosphites tested lessened friction. The lack of initial
build-up can be attributed to physical adsorption by the additives;
}Lvalues for the di~-compounds are lower than those for the tri-
compounds. The former are more polar and capable of inducing stronger
dipole moments. Below is a representation of the type of attractive

forces operating.

The additives are acting as effective boundary lubricants." Orientation
of the molecules at the surfaces is important; the relevant factors

of sizc and shape are later discussed.
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As the temperature increases there is sufficient energy for
chemical reactions to occur. Atmospheric moisture facilitates
hydrolytic degradation of the additives either in bulk solution
or in an adsorbed layer on the surface. Phosphites are easgily

hydrolysed; the formation of the P = O bond is energetically

favourable.
E40 | QO
V,

P - OBt +HO — Q‘P( +  EtOH
Et0” Et0” “ H
triethyl phosphite diethyl phosphite ethyl.alcohol
Et0, 0 Et0, 0

P + B0 ——> N 4+ EGOH

Eto” “ H o~ “H

monoethyl phosphite

Other workers have detected large amounts of alcohols present in test
lubricénts thus strongly indicating that degradation is hydrolytic
rather than thermal or oxidative. These polar species then react with
the steel surfaces to form protective chemically combined {ilms. The
acidity determines the strength of attachment and hence effectiveness
of the additives. Reactions are represented in the following manner

using cthyl compounds as examples

H\P 0 II\P pe
nf/ ot 5 0’ “OEt

'\\\\\\Fé<\\\\ ﬁb

The oxygen becomes bonded to iron ions and/or cations in the surface

oxide layers.
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Lone electrons on the oxygen become bonded to the iron with loss of HY
jons. The actual composition of the compounds formed is affected by
the predominance of divalent iron (i) or trivalent iron (ii). The
driving force for the rcactions is the favourable lattice eaergy of

the end products.

o, M e 0, M

$P\ + Feéz;) —> Fe )R\ (i)
- 0" oLt : o’ Nort|,

@ _

0, A 0,

:4 + Fe@ —> Fe P (ii)
0/ “OLt 0’ oLt

S N 3

The effect of atmospheric oxygen must be taken into account and the

reaction represcnted below is occurring to some degree.

—

On /H (U
. 1 p °

O2 + 2 G}K + Fe -_ Fe N + H20

H Ot 4 0Lt ‘9

' -

As the temperaturce is raised still further increased reaction can lead

to the formation of an inorganic £ilm.

O\\ /H 0\\ /H
K + 1, 0 — P, + Dtol
Et0” ‘oH 1o~ ‘on
0y M
A\N
P
0’ Mo

e
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Metals ;how a strong tendency to lose electrons. In this case such
behaviour would result in the formation of iron-phosphorus bonds,
The phosphorus atom is acting as an electrophile and the iron is
showing nucleophilic activity. The possibility of this occurring
is enhanced by the fact that the P = 0 functional group is strongly

electron-withdrawving.

H P(;o

~
HO” _ OEt
R

NN N

Results from friction tests and chromatographic analyses support
the facﬁ that the presence of acidic species is necessary for effective
antiwear behaviour. Chromatographic resulits also indicated the
presence of polar species in the phosphate additives and good
evidence of the importance of their behaviour is given by the two
samples of tricresyl phosphate tested. The one containing greater
amounts of polar compounds gave a better performance.

FFor phosphates, as with phosphites, physical adsorption occurs at
low temperatures. IFriction values (Pigs. 2,11 - 2.17) were lower at
all temperatures but less so initially for trisubstituted phosphates
than for any group of compounds tested. Induced dipole moments are
smaller for these additives. Diallkyl phosphates induce high dipole
moments which result in strong attachment. .

Chemical reaction occurs as the temperature increases. lydrolytic
degradation of the additives results in the formation bf strong acids.
Phosphorus oxy-acids, containing the phosphoryl group (P = 0), have
low pK values. Reactions involving the central phosphorus atom of
tetrahedral phosphoryl compounds frequently.occur. The phosphorus

atom acts as an electrophile.
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0 0

o ! S :
A + 4 S 4 X + R\
7/ /

1 (N
The effectiveness of the nucleophile depends on its basicity,
polarizability and conjugative effeccts within the molecule. This
reaction occurs with these additives in the prescnce of the

©)]

nucleophilic OH group. There is enough water in the atmosphere

for this hydrolysis to occur either in bulk solution or at the

surface.

EtO 0Lt ’ Et0 OBt

~

p” + HO — Np” + EtOH
o’ Yo 2 B Yo
triethyl phosphate diethyl phosphate
Et0 OLt Et0 ol
7~

~p - + 0O — P +  Etoll

-~ o m-~ o

monoethyl phosphate

In agreement with the literature it would seem that necutral phosphétes
act as reservoirs for the formation of impurities during the life of
the lubricant and that these acidic species are responsible for the
load-carrying properties. In a study of the action of tricresyl
phosphate Forbes and Battersby (108) have shown the detrimental

effect of added water. Further they maintain that hydrolysis to

Phosphoric acid

Ho__ ol
P\
m” o

docs not take place under antiwear conditions.
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Resultant large amounts of cresols were not found in test solutiocns.
Phosphoric acid/oil blends had no load-carrying properties under
conditions in which tricresyl phosphate was effective. The authors
suggest that such uncontrolled hydrolysis could lead to (a) the formation
of corrosive acids, (b) competition at the surface between the acid and
the effective ingredients, or (c¢) a mixed tricresyl phosphate/water film
of low load-carrying capacity. Results of the present work concur

with this. There was no reduction in friction values when phosphoric
acid was added to hexadecanc.

The polar species react with the steel surfaces.

BON 20 - RN | N
—s —
u 0/ okt 0 “oEt  Turther 0 o

'y I ~ hydrolysis | |
\ O\ S;\\\\ : \ }; N\ and reaction N\ \m

As is the case for phosphites, iron-phosphorus bonds may be formed

due to the.tendency of metals to lose electrons.

EtO\\P<;O
e

~

HO OEt

Acidity in anorganic compound(RII) is governed by the relative

stability of the anion RCD

wvhen formed. Any variation in structure
that will facilitate the removal of hydrogen ion 1162 or will serve

to discourage its recombination with RS will increase the acidity.
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2 N — 2 N 2 2
o -1u = P

It can be seen from the above equation that delocalisation of electrons
occurs. This increases the stability of the anion. Diethy’. phosphate
is thus a stronger acid than diethyl phosphite. Results of friction
tests show that dialkyl phosphates give greater friction reduction
than dialkyl phosphites; strong evidencetorelate acid strength to
behaviour under frictional conditions. The effect of introducing

an electron-withdrawing substituent increases the strength of an

acid due to the resultant étabilisation of the molecule. Electron-
withdrawing groups used here, such as OLt, do increase the strength.

Aryl substituents are cven more effective..

@
nto, Co o o Lo Bto_ .0
—
A — 1 * PR — L
B0’ R0 L 1 0”7 20 80" 0
*e <:’

The lone pair of electrons on the oxygen atom of the OEt group is not
able to exert a mesomeric effect in the opposite direction to the
inductive effect due to the intervening saturated carbon atom. The
mesomeric effect arising for example in the case of dicresyl phosphate

results in further delocalisation.

Me

(KN go
P” .

0.” ﬁoﬁ\- H ‘
5 v '

Me
Similar situations arise with triphenyl phosphite and its related

compounds.
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Resuits from this and other work lead to the conclusion that
steric factors are important. This is to be-expected since good
orientation of the molecules at the surface will enhance coverage
and facilitate reaction. Althougﬁ tricresyl phosphate‘dissuciates
to form strong acids which are good load—carriers,'molocules of the
additive are large and bulky and the high coefficients of friction
found initially are attributable to considerable steric hindrance

at the surface.

He " Me

'

tricresyl phosphaté

In a comparison of the behaviour of triphenyl phosphite (Fig. 2.19)

with that of triethyl phosphite (Fig. 2.18) itwill be seen that for

the former, initial frictién values are higher but final ones are
considerably lowér. This is explained in terms of grecater steric
hindrance of the large phenyl groups being considerable at the
beginning of a test but.the acids formed on hydrolyéis are strongop
than those formed from triethyl phosphite and subsqquent reduction

_in friction is thus increased.
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Antivear effectiveness increases with chain lengthj; larger molecules
adlineate more satisfactorily at the surface. Branched chains have an
adverse effect on load-carrying activity. A comparison of di~(2-cthylhexyl)
phosphate test results (Fig. 2.17) with those of diethyl phosphate
(Fig. 2.15) and dibutyl phosphate (Fig. 2.16) stroﬁgly illustrates this.
Also the branched chain diisopropyl phosphite (Fig. 2.21) gives a

poorer performance than dicthyl phosphite (Fig. 2.20).

Strong evidence is presented to confirm the definite relationships
between acidity, steric factors and frictional behaviour. The
results obtained are entirely consistent with the hypotheses put

forwvard.

2.5 Conclusions

1. Addition of phosphorus additives to the hexadecane solvent
results in reduced friction ﬁhroughout the entire temperature
range investigated.

2, Acidic species, whether formed by hydrolytic dcgradation or
‘alrcady present, are responsible for the load-carrying action.

3o Steric factors are important.
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CHAPTER THREE

ELECTRON PROBE MICROANALYSIS

3.1 Introduction

It was decided to use the well-established technique of electron
probe microanalysis (E.P.M.A.) to investigate the phosphorus content
of wear- tracks on balls used in the friction tests. This was done
firstly to see if phosphorus-containing material was indeed present
_and secondly to see if there was a correlation between amounts of
phosphorus and results from the 1ubricatiqn tests. This chapter
describes the relevant features of the method and gives the resulfs
obtained by its use.

The bombardment of elements by electrons or primary X-radiation
results in the emission of characteristic X-rays. This fact has been
used in spectrochemical analysis of relatively large sample areas
since the 1920s. The first attempt to use characteristic emission
to give localiscd chemical information was that of Hamos (110) in
1938. X-rays were generated at the surface of a specimen by
fluorescence under a large -area primary beam and were selectively
reflected by a crystal on tb a photographic plate. The distribution
of a particular element was directly recorded in two dimensions with
a resolution of 20-50 am .. The essential feature of present day
microanalysis however is localised excitation of a small area of
sample surface by a finely focused elcctronvbeam or probe, giving a

resolution of approximately 1 am .



The first commercial machines operating in this way were
fundamentally crystal X-ray spectrometers attached to converted electron
microscopes. During the 1950s several commercial instruments appeared
as the result of a great decal of development work. These included
types where the specimen surface was scanned by the probe such that an
image of the distribution of a selected element over a certain specimen
surface area was produced on the X-ray tube. The main disadvantage of
the early machines was that crystals were limited to analysing materials
of atomic number greater than 11. The use of multi-layer pscudo-crystals
of large effective lattice parameter and diffraction gratings has
however extended the working range of present day microanalysers to
atomic number 4. The emphasis nowadays is on improving resolution,
sensitivity and information display. Machines employing combined
electron microscopy/microanalysis equipment and a variety of other
techniques for localised examination and analysis of surfaces have

been developed.

3.2. The Machine

Fig. 3.1 is a schematic representation of the electron probe
microanalyser. The machine used in the investigations was the
Japanese Electron Optics Laboratory (J.E.0.L.) JXA - 3A.

'

3.2.1 Relevant Design Features

The eléctron source is a triode electron gun with a tungsten
filament.j Two magnetic lenses form a focused, demagnified image of
the eleétron source at the specimen surface. The'encrgy of the beam
must coﬁpromise between the requircments of resolution and those of

X-ray production.
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A low overvoltage (ratio of beam energy to X-ray excitation energy)
reduces clectron penetration into the surface, thus increasing
resolution, but a high overvoltage optimises X-ray production.
Joint consideration must be given to the need for high probe

current for sensitivity and small probe size for good resolution. The

two are related thus:-

5 48/3

T 2/3

(4 cs)

- B

Where I is the maximum current obtainable in a probe of diameter dj
B is the brightness of the electron source§ and CS is the spherical
aberration constant of the final electromagnetic lens.

A limitation of the instrument, which has a normally incident
probe, is that the obstructing effect of the final lens reduces take
off angles to approximately 20°. This results in a less of
X-ray cnergy due to ahsorption and an increase in errors introduced
by the varying surface topography of the specimen. A higher take off
angle can be achieved by inclining thé specimen to the beam. However,
this:introduces large fluorescence effects which must be allowed for.

The spectrometer crystal selectively reflects characteristic

wvavelengths according to the Bragg equation:-

n\N=2 d sin@
With the spectrometer turned to a particular wavelength, )\, the
intensity of emission from the sample can be quantitatively compared

Qith that from a suitable standard and an estimate of concentration made.
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Two spectrometers enable two elements to be analysed simultaneously.
Use of this facility was made in the case of zinc diisopropylphosphoro-
dithioate when both phosphorus and sulphur contents were assessed.
Co-axial electron and optical systems are used in the JXA - 3A
microanalyser. This being so it is possible to correlate the point
of impact of the probe with features observed by conventional
microscopy. Advantage was taken of this arrangement throughout the
investigation.
Another feature of the machine is that the specimen can be driven
under the electron beam at constant speed and consequently elemental
distribution is determined over comparatively large a?eas of sample.

Line -scans are thus obtained on an attached pen recorder unit.

3.2.2 Errors

The main sources from which error may be introduced are variations
in the probe and in the topography of the surfaces. The former are
usually caused by instabilities in the column. Most modern macﬁines
have virtually eliminated these however and the probe characteristics
were considered congtant throughout. Depending on the take off angle
and spectrometer geometry, the count rate observed for given excitation
conditions will vary with specimen height, surface slopes and roughness.
The phosphorus distributions recorded are average values of element content
over the depth of penetration so it is likely that the surface layers
contain more phosphorus'than apparent; The probe pnetrates the sufface
of the specimen to a depth of up to g_fml . The c;rvature of the
specimen together with the roughness of the track render accuracy

indeterminate.
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.

Conclusive guantification requires that the specimen should have a flat
surface in order that there is no change in the X-ray take off angle.
Specimen contamination and composition changes are negligible.
Statistical uncertainties of X-ray emission impose a limitation on the
precision of analysis.

It must be emphasized that the aim of the work is to compare
additive behaviour and this being so the above-mentioned factors do not
detract from the value of using this technique or the certainty with

which conclusions can be drawn from the results obtained.

3.3 Ixperimental

Balls run in the lubrication tests were sectioned on an elastic
grinding wheel to obtain specimens of suitable size which contained
wear tracks. The sampleé were cleéned both in acetone and tolucne
in an ultrasonic bath. They were then given no treatment other than
mounting suitably in plasticine in a brass holder and earthing with
silver paint. The spectrometer was set to measure phosphorus content.
After visual microscopic examination a spcéimen wvas positioned in the
microanalyser and then moved at a constant speed of 20 um /min under

the electron probe.

3.4 Results

For all the samples, traces were run from jusﬁ outside a track
across most if not all of it. An untéeated blank, a surface run under
dry éonditions, and one run in hexadecane aionc all gave the expected
low hackground level. With the exception of épecimens run invphosphoric

acid solutions, the presence of phosphorus-containing films was

established for all the additives.
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For some of the compounds tested considerable phosphorus was found
outside the tracks. TFigs. 3.2 - 3.4 give a good indication of the
types of traces obtained. Fig. 3.2 shows a trace obtained with a
solution of diethyl phosphate. The values remained fairly high

and steady across a track. In contrast Fig. 3.3 illustrates the

low levels obtained using trialkyl phosphates, in this case triethyl
phosphate. Fig. 3.4, for triethyl phosphite, indicates the
considerable fluctuations in phosphorus count that were observed for
some édditives.b Phosphorus peaks tended to coincide with visually
dark lines as observed through the microscope.

A brief description of results obtained for each additive is
given helow. Figs; 3.5 - 3.8 plot count values against distance across
the surface for trisubstituted phosphates, disubstituted phosphates,
trisubstituted phosphiteé and disubstituted phosphites respectively.
Fig. 3.9 plots all the values for comparison purposes and Fig; 3.10
plots one from each group in an attempt to simplify the comparison.
In all cases the background level is marked in. The graphs do not
show all the peaks and fluctuations scen on the traces. The values

marked are indicative of the average phosphorus content in that region.

tricresyl phosphate

The less pure sample exhibited a low level of phosphorus outside the
" tracks with peaks inside. The purer one showed little or none outside
the track and the peaks found inside were at lower levels than

previously. The peaks noticeably coincided with visually dark lines.
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g. 3.2 Line Scan (Additive: diethyl phosphate)
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tfiethyl<phosphate

A low level was observed throughout but was slightly greater inside

the tracke.

tributyl phosphate

Little or no phosphorus was found outside the track and, as for the

other trisubstituted phosphates, the level inside the track was low.

diethyl phosphate

There were considerable quantities of phosphorus‘both inside and

outside the track.

dibutyl phosphate

A trace similar to that for diethyl phosphate was obtained. In both

cases the tracks werc barely visible through the microscope.

di-(2-ethylhexyl) phosphate

Appreciable phosphorus was found both inside and outside the track.

triethyl phosphite

Here also the tracks were not very clearly marked. Fairly strong
peaks at a generally higher level were observed and these extended

outside the track.

triphenyl phosphite

An even higher phosphorus content was observed in this case, both

in and out of the track.




107

.

diethyl phosphite

Considerable amounts were found throughout.

diisopropyl phosphite

The wear scars were barely visible. Appreciable phosphorus was found

outside the tracks and higher peaks were apparent inside.

phosphoric acid

No phosphorus was found anywhere on the surfaces of the specimens.

zinc diisopropylphosphorodithioate

These samples were traced for both phosphorus and sulphur content.
Both were found outside and in greater amounts inside the tracks.
Phosphorus and sulphur values often pealked simultaneously. The

peaks coincided with visually dark lines.

It will be seen from Figs. 3.5 - 3.10 that each group of
additives exhibited characteristic behaviour under the probe.
Trisubstituted phosphates gave the lowest phosphorus content with
littlc or nonc outside the track whereas dialkyl phosphates gave
high values over the entire surface. The greatest counts were
obtained from samples run in the dialkyl phosphites and run in

triphenyl phosphite.
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1 - triphenyl phosphite
2 - triethyl phosphite
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Somé lubrication tests had been stopped at an approximate
temperature of 90° C. In cases where tricresyl phosphate was the
additive used, E.P.M.A. results showed no phosphorus content in
the wear track. TFor diethyl phosphate amounts were found both
inside and outside but were considerably less than for samples

run throughout the entire temperature range.

3.5 Discussion

The presence of phosphorus-containing films has been firmly

established for all the additives except phosphoric acid and

definite relationships have been found between phosphorus content
and frictional values in the lubrication tests. In general, low
friction values are accompanied by a high phosphorus content.

The addition of trisubstitutcd phosphates to hexadecane results
in the least reduction in friction and correspondingly low phosphorus
counts are obtained. There appears to be no reaction outside the
contact area; there is steric hindrance of the bulky group and
induced dipole moments are small. In contrast, the effective
performance of dialkyl phosphates in reducing friction is accompanied
by considerable phosphorus content both inside and outside the track.
Reaction rates for these polaf species are high and adsorption extends
outside the mating surfaces. A similaf relationship between low
friction and high counts is seen for trisubstituted phosphites.' Tho
values for triethyl phosphite are comparable with those for~dia1kyl
phosphates but those given by triphenyl phosphite are noticeably
higher. In lubrication tests using this additive the final friction
coefficient is very low and still decreasing. This is consistent with
fast reaction and build-up of phosphorus-containing material and explains

why the phosphorus content is so high.
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The dialkyl phosphites also give large counts and reduce friction
considerably but although this reduction is less than for the
corresponding phosphates, amounts of phosphorus are greater. This
is explained in terms of the differences in wear and surface damage
occurring in the contact areas. The phosphites are not as effective
initially and the resulting damage increases the exposure of metal
surface. Cracks appear down which a build-up of phosphorus-bearing
material can take place. The phosphates however perform well

over the entire temperature range and consequently there is little
wear of fhe surface; tracks are barely visible. Further evidence
for this effect is given by the appearance.of the traces. Those from
additives that function well fluctuate less than those from compounds
which are initially not as effective. Asperity différences, resulting
from surface changes are greaterjfor the latter and this results in
increased surface area thus enabling more substance to cling. This
explains the p;aking effect observed.

Except forthe trisubstituted phosphates there is a lesser but
definite amount of phosphorus outside the track, indicating a limited
reaction in this region. This is consistent with work done by
Prutton et al (111) and Saleh (112) who showed that iron surfaces
coated with oxide considerably reduced reaction rates. They
maintained that this was due to the resistance offered by oxide
films to the outward diffusion ofiron ions. In the contact area
iubrication is more a function of the underlying metal surface thaﬁ

of the oxide film and the .exposure of nascent metal enhances reaction.
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In order that friction between the moving parts of the ball on triplane
rig is reduced, a critical number of chemically adsorbed layers must

be formed during one revolution of the ball. Some of the protective
layers will be rubbed off during contact. Reaction of the additives
will result in the formation of compounds of varying shear strength.
Where the bonds formed are strong there is more résistance to abrasion
in the contact region.

In cases where the lubrication tests have been stopped at an
approximate temperature of QOOC,there isanoticeable difference in
phosphorus content. With diethyl phosphate as the additive some
is found but less than for a specimen run to higher temperatures.
Conditions at lower temperatures are less severe and reaction rates
are not as great. These results lend support to the proposition
that an early friction drop is at least partially attributable to a
property associated with the steel; most probably a lubricating
effect of the oxide layers present.

In a study of metal dialkyldithiophosphates (68) Forbes, Allum,
andSilver uscd E.P.M.A. to study elemental content of wear scars.

Both phosphorus and sulphur were found to be present in the surface
layers for all additives tested. Antiwear results suggested that

the metal and phosphorus and to a lesser extent sulphur, were

necessary at high concentrations in the wear scars for géod

performance and that surface topography of the scars ' was indicative

of the effectiveness of the additives. Results from the prescnt
analysis of specimens run iﬁ zinc diis0propylphosphorodithiﬁate

concur with these findings. fhosphoius and sulphur aré found; greater
amounts of phosphorus are present. The fact that traces show the
elements peaking simultaneously indicates the presence of a Well—defined
species containing both the elements. A quantitative correlation between

friction results and probe counts is given in Chapter Seven.
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3.6 Conclusions

10

Chemical reaction between the additives and the metal results in
the formation of phosphorus-containing films. This has been

firmly established by the use of E.P.M.A.

Certain layers entering the contact are rubbed off but
lubrication is effected by a critical thickness formed during

one revolution of the ball.

Differences in phosphorus content are explained in terms of
variations in shear strength of compounds formed and
reaction rates.

Surface topography is indicative of the effectiveness of

additives.
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CHAPTER FOUR

THIN LAYER CHROMATOGRAPHY

4.1 Introduction

A review of work done on phosphorus-based additives revealed that
several workers attributed load-carrying properties, either partially
or wholly, to the action of impurities present. Most of these
impurities were thought to be polar and of an acid phosphate type.

Klaus investigated the effect of impﬁrities included in
tricresyl phosphate by using radicactively-labelled phosphorus, 32P;
The wear studies suggested the presence of 32P chemically combined with
the bearing metal and a definite relationship was shown between effcctive
antiwear behaviour and the level of °2P in chemical combination (73).
Bicber used a thin laycr chromatography/activation analysis technique to
determine the presence of phosphorus-containing impurities in tricresyl
phosphate (74). It was thought that these polar impurities entered
into the lubrication reaction in preference to the tricresyl phosphate
molecules themselves and were responsible for the load-carrying action.
Investigations concluded that the active wear reducing species was a
mono- and/or diaryl phosphate. Using the same technique Bieber, Klaus
and Tewkesbury further studied the action of tricresyl phosphate (75).
The improvement in antiwcar behaviour was maintained to be directly
related to the level of acid phosphate impurity in a fixed concentration
of tricresyl phosphate in a given mineral oil. The authors stated that
the active ingredicnt was acid phosphate and that the tricresyl phosphate
acted as a reservoir for the férmation of these polar impurities during

the life of the lubricant.
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Barton et al (65) used paper chromatography in combination
with neutron activation analysis to analyse zinc dihexyldithiophosphate.
The compound was shown to contain small but significant guantities of
both phosphorus- and zinc- containing impurities and the athors
suggested that they were adsorbed at a metal surface in preference to
thg zinc dihexyldithiophosphate molecules. An acid'phosphate type
compound was again believed tobe the active ingredient controlling
wear behaviour. Barton also assumed that effective substances (i.e.
acid phosphates) were similar for different additives and explained
the difference in apparent lubricity levels as being due to the
quantities present. |

Coates has analysed many lubricating oils and oil additives by
thin layer chromatography (64). Good separations have been achieved
on silica gel thin layers. The author pointed out that a very
comprehensive analysié could be obtained by using this technique in
combination with others such as gas chromatography and infra~red
plus ultraviolet spectoscopy.

In view of thevabove the additives had been chosen such that
one of the factors to be investigated was the importance of acidity.
Some polar derivatives were included in the range, i.e. weré being
tested as additives in their own right. It was also thought advisable
to analyse all the phosphorus compounds by chromatography. Although
they were all commorciél samples with a high percentage purity quoted
by the manufacturers it was likely that with time there would be

traces of impurities present.
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4.2 The Technique

The’term chromatography (from the Greek words ‘Khromatos' - colour,
and 'graphos' ~ written) was first used in 1906 by Michacl Tswett, a
Russian botanist, to describe the separation of plant pigments into
distinctive coloured zones (114). Tswett used a glass column filled
with calcium carbonatc adsorbent, down which he passed a plant extract
dissolved in petroleum ether, to obtain green and yellow bands of pigment.

The methodvof thin layer chromatography was described in 1938 by
two Russian workers, Izmailov and Schraiber (115). It can be imagined
as an opening out of a three-dimensional adsorbent column into a two-
dimensional sheet. Izmailov and Schraiber spread dry adsorbent on é
glass plate but better results were obtained with agueous slurries
incorporating a binding agent (116). The method was of limited value
until a reliable and repréducible mechanical mecans of producing thin
layers was devised by Stahl (117). Since then it has achieved widespread
popularity because of its simplicity, relatively low coslt and the speed
with which results can be obtained.

The following description of the technique is taken from (118).
Basically, all chromatographic methods aim to separate two or more
éubstances. This is true for preparative chromatography but also
applies in thecasedanalytical chromatography. Separations are achieved
by the distribution of compounds in a mixture between a fixed phase and
a moving phase, known respectively as the stationary and mobile phasgs.
Separations begin to occur when one constitucent is held more strongly
by the stationary phase than another which tends ﬁdlmove on faster in
the mobile phase. The degree of separation achieved is dependent on
the available surface area of adsorbent; hence emphasis is placed on
attaining small particles of adsorbent. Adsorption chromatography
requires a solid stationary phase and a gas, or more usually, a liquid

mobile phase.
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In partition chromatography the stationary phase is a liquid, frequently
water, and the mobile phase is a gas or a liquid mixture. In these
investigations the technique of thin layer adsorption chromatography
was used.

The pertinent factor in any form df chromatography is the
distiibution coefficient bétween the two phases of the system in use.

- amount of solute per unit of

stationary phase

amount of solute per unit of
mobile phase

Digtribution coefficient =

In adsorption chromatography this is dependent on the temperature and
also on the concentration of the substance concerned. At a given
temperature the relationship betweén the smount of substance in the
stationary phase and the amount in the mobile phase can be expressed
graphically as the adsorption distribution isotherm (Fig. 4.1la). This
is rarely lincay because the adsorption coefficient is affected by
substance concentration and by the presence of other components in

the system. The observed results of non-linear isotherms are
illustrated with respect to ﬁhin layer adsorption chromatography in

Fig. 4.1. Spots have either a well-defined front half with streaking
towards the origin (Fig. 4.1b), or a well-dcfined back half with
streaking towards the solvent front (Fig. 4.lc). By working at low
concentrations,khowever, it is possible to attain approximately linear
distribution isotherms. The problem then is to find a solvent and an
adsorbent for which the isotherm runs at about 45° to both ordinate

and abscissa (Fig. 4.1la). If the isotherm almost coincides with the
ordinate (Fig. 4.1d) there will be virtually ﬂo movement of the compound
since it is far too strongly adsorbed. If the isotherm almost coincides
with the abscissa (Fig. 4.lc) the compound will run ciose to the solvent

front since adsorption is negligible.
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The following is an outline of the method used. Thin layer
chromatography relies upon the production of a uniform layer of
adsorbent held on a glass plate or other supporting medium. A
solution of the test substance in a volatile solvent is applied. When
the spot has dried the plate is placed verticaily in a tank with its
lover cedge immersed in the selected mobile phase. An ascending
chromatographic separation-is thus obtained. At the end of a run the
solvent is allowed to evaporatc from the plate and the separated

spots are located and identified by physical or chemical methods.

4.3 Experimental

A Quickfit and Quartz plate leveller was used to spread layers
on glass plates (Fig. 4.2). Two guide rails force the plates downwards
on to a sponge rubber bed. The rectangular trough spreqder gives layers
0.25, 0.5, 0.75, or 1 mm. in thiclkhness depending on which of the four
longer edges is used as a trailing edge during coating. The adsorbent,
iﬁ this instance ground silica gel, was slurried with distilled water;
two parts of water to one part of adsorbent. The plates had been
previously clcaned with detergent solution, rinsed with hot water and
dried. This was done to free the surface from grease so that the
aqueous slurry would not be repelled. The plates were left for a
short while after spreading and then placed in mefal racks. The layers
were activated by placing in an oven at approximately 110° € for a

minimum of an hour in order to drive off the water.
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The compounds under investigation werc dissolved in volatile
organic solvents and applied using a micropipette. 1% solutions
were made up. This concentration was used bearing in mind that
many location reagents will detect 0.1 g of material and 0.3%
impurity can therefore be observed. Sensitivity isoften greater
thgn this. A plastic template, with markings 1 cm; apart, was
placed over the layer to protect the coated surface during loading
of the samples.

The thin layer chromatograms were developed by the ascending
method; The plates were placed vertically in a glass tank and the
solvent mixtures allowed to move up by capillary action. In order
to saturate the tank atmosphere as fully aS>pOSSible the sides were
lined with thick apsorbent paper and the solvent was poured in at
least half an hour before.a plate was run. The plates were run to
a line drawn a fi%ed distance from the sampling points. TIig. 4.3
shows a plate marked out. A distance of 10 cm. was chosen so that
R, values could be standardised. R_ values quote the positions of

F r

compounds on a plate as a decimal fraction.

R = distance moved from origin by compound
' © distance moved from origin by solvent front

The distance moved by the compound is measured from the centre of

the spot. There are limitations on the reliability of RF values. TFor
'example, the quality of adsorbent and solvent, the thickness of layer,
and amount of sample applied can affect the results. As far as possible

however conditions were kept constant throughdut the test programme So

that any small errors would be systcmatic.
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Fig, 4.3
Plate markecd out for one-way
ascending chromatography




127

After running, the plates were allowed to dry. Location reagents
were applied evenly over the plates using a glass hand-spray. With
one exception the locating reagent used was B.D.H. 4.5 indicator made
slightly alkaline to compensate for acidic silica gel. To avoid
smearing of the located spots the plates were placed horizontally
before being sprayed. RF.values were recorded, visual estimates were
made of spot intensities and spot shapes were noted. Several substances
were analysed on one plate but only one plate was run at a time.
Solvents were chosen such that samples were cluted with progressively

s

more polar mixtures.

4.4 Results

Impurities were detected in most of the additives. Some contained
only a trace whilst others revealed substantial amounts. A rough
quantification was made visually. There were well-defined spoté marking
the presence of the bulk compound and diffuse,less intense spots often
indicated the presence of foreign substances. The results obtained
are given in Tables 4.1 - 4.5.

Using a benzene/acetone mixture (Table 4.1) therc was little
sign of impurity. The diallkyl phosphates rcmained at the origin. Being
so polar they are not moved by such a comparatively non-polar solvent.
It will be noticed that tri-compounds were, in general, carried further.
This was so because they are less polar. The first sign of differenées

in purity of the two samples of tricresyl phosphate became apparent.
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With 4 more polar solvent (Table 4.2) spots at the origin were
produced in all cases even though some were barely visible. This
showed that the .impurities were of a polar nature; they were strongly
held by the solid adsorbent. The same solvent was used agair but
location was effected by Rhodamine and an ultraviolet lamp in an
attempt to improve resolution (Table 4.3). The results however
proved this to bea less saiisfactory developing agent. In some cases
there was nothing to be seen on the plate. The B.D.H. 4ﬁ5 indicator
vas adhered to. ‘

Spot sizes and intensities were studied to date and as a result
the five additives containing what was considered tole a 10% or more
impurity were further énalysed. Tables 4.4 and 4.5 list the RF values
obtained for these compounds with increasingly polar solvents. The
more polar the mobile phase the more capable it is of carrying compounds.
" Although streaking limited the ease with which plates could be asseésed
there was sufficient further evidence to show that the impurities were
of an acidic nature. Iven with methanol as the eluting agent some
species remaincd at or near the origin. As already mentioned the
dibutyl phosphate supplied by the manufacturers contained 45% monobutyi
phosphate. This was borne out by the presence of two spots of
approximately cqual intensity.

It should be remembercd that the effect of the mobile phase on
the rate of movement of acompound is not directly related to the

solubility of that compound in the solvent or solvents concerned.
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The following is a summiary of the results obtained. The
additives listed immediately below were found to contain what was
considered to be a 10% or more impurity. The grecatest amount was
found in the case of dibutyl phosphate but it was already known

that 45% of the liquid was monobutyl phosphate.

tributyl phosphate

dibutyl phosphate

di-(2-ethylhexyl) phosphate
" triphenyl phosphite

diisopropyl phosphite

There were detectable quantities of impurity present in the remaining

compounds but to a.lesser degree.

tricresyl phosphate - two samples
triethyl phosphate
diethyl phosphate
triethyl phosphite

diethyl phosphite



Plate 1

Eluent; benzene : acetone

90 10

Compound

tricresyl phosphate
tricresyl phosphate
triethyl phosphate
tributyl phosphate
diethyl phosphate
dibutyl phosphate
di-(2-ethylhexyl) phosphate
triethyl phosphite
triphenyl phosphite
diethyl phosphite
diisopropyl phosphite

—I"

65, 68

10

70
15
25
0
0
0
25
- 25 (streak)
12
15

TABLE 4.1
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Plate 2
Eluent; pet. ether : ether : methanol

70 : 30 : 5
Compound " Ry
tricresyl phosphate 55, 63, 72
tricresyl phosphate - 60,75
triethyl phosphate 25
tributyl phosphate : 50
diethyl phosphate 0
dibutyl phosphate . 0
di-(2-ethylhexyl)phosphate 0 -45 (streak)
triethyl phosphite 26
triphenyl phosphite 82
diethyl phosphite 17
diisopropyl phosphite 0

TABLE 4.2



Plate 3

Eluent; pet. ether : ecther
70 : 30

Compound

tricresyl phosphate
tricresyl phosphate
triethyl phosphate
tributyl phosphate
diethyl phosphate
dibutyl phosphate
di-(2-ethylhexyl) phosphate
triethyl phosphite
triphenyl phosphite
diethyl phosphite
diisopropyl phosphite

methanol

5

B
30, 36, 46
35,42
25

0 - 25 (streak)

75

TABLE 4.3
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Plate 4
Eluent; pet.ether : ether methanol
70 : 30 10
Compound R
tributyl phosphate 0
dibutyl phosphate 0 -15
di-(2-ethylhexyl) phosphate 0 - 20
triphenyl phosphite 0
diisopropyl phosphite 0 -5
Plate 5
Eluent; pet. cther : ether methanol
20 T 70 20
Compound BF
tributyl phosphate 0
dibutyl phosphate 0 - 30
di-(2-ethylhexyl) phosphate 0 - 35
triphenyl phosphite 0
diisopropyl phosphite 0-5
Plate 6
Eluent; pet. ether : ether methanol
20 : 70 410
Compound _ BF
tributyl phosphate 0
dibutyl phosphate 0 - 30
di-(2-ethylhexyl) phosphate 0 - 35
triphenyl phosphite 0 -5
diisopropyl phosphite 0 -10

TABLE 4.4

133



Plate 7

Eluent; methanol

Compound Ry
tributyl phosphate 0 - 15
dibutyl phosphate 10, 20
di-(2-ethylhexyl) phosphate 0 - 45
triphenyl phosphite 0 -20
diisopropyl phosphite 0 -10
Plate 8

Eluent; 0.88 ammonia

Compound EF
tributyl phosphate 0
dibutyl phosphate 10, 25
di-(2-ethylhexyl) phosphate 10
triphenyl phosphite 10
diisopropyl phosphite 0, 10

TABLE 4.5
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4.5 Discussion

The variation in percentage of impurity contained within the
additives can be explained by several factors. Samples were
delivered at different times. Those used frequently were mrre
prone to contamination. The surface area of bottle necks differed
and so cxposure was to a grealer or lesser cxtent.

Chromatographic analysis reveals the polar nature of these
compounds. Polar species are less easily moved by the mobile phase
and a study of the RF values shows that many are in fact at or near
the origin. As mentioned in Chapter Two these are very probably
di- and/or moﬁo—derivatives in tri-compounds and mono-species
in the di-additives. Below is a representation of the additive

forms that can be present.

PHOSPHATLES
RO\‘pé;O - RO\\P49O RO\\p4?O
ro” NOR R0~ SoH 1o~ SoH
trialkyl phosphate dialkyl phosphate monoalkyl phosphate
PHOSPHTITES '
RO
N
P - OR
RO”
trialkyl phosphite
RO RO ¢
=
P - oH N >P 4
RO~ N r0” NH

dialkyl phosphite

(exists largely in this form)
RO\\ 470
//P
.17 N H

monoalkyl phosphite



It will be remembered that the mechanisms postulated in
Chapter Two depend on the action of acidic species. These active
ingredients can be present as extraneous matter or are formed
during the lubrication tests. Both factors contribute to the
total effect. During the tests considerable surface area of
lubricant is exposed for approximately an hour with increasing
temperature enhancing‘hydrolysis by atmospheric moisture.
Additives containing polar species initially will be better
adsorbed at the beginning of a run, i.e. at ambient tehperature
and after a short length of time. The importance of electronic
structure within molecules of reacting substancés, be they

alrecady present or formed during tests)is undeniable.

4.6 Conclusions

I. Impurities are present in the additives but the quantity

varics considerably.

2. The polar nature is revealed by the fact that they are
often held strongly at or near the origin by the

stationary phase .
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STATIC IMMERSION

5.1 Introduction

Static tests were carried out by immersing steel discs in
gdditive solutions in order to follow the course.of any chemical
reactions that were occurring. Two additives which had cxhibited
markedly different behaviour in the lubrication tests were chosen,
namely tricresyl phosphate and diethyl phosphate. The use of
a radioactive tracing technique was planned initally but as well
as proving very expensive it was realised that the alternative of
using electron probe microanalysis would be more consistent with
earlier work.

The general path followed by the reactants in a reaction is
complex but the sequence of changes and energetics involved can be
generally represented as follows. Reactions proceed most readily when
the products have a lower energy content than the reactants, the
difference being the frec energy of reaction, AH (Fig. 5.1).
Usually before this can happen an energy barricer has to be surmounted
(Fig. 5.2). Energy must be supplied to the rcactants essentially
to stretch and ultimately to break the neccessary bonds. This
occurs readily with activated molecules that have ahsorbed energy.
Incrcase in reaction rates as the temperature is raised is due to
the fact that a greater number of molecules attain an activated
state. A probability factor is also involved. Even though the
molecules may be activated they willhnot react unless orientations
and configurations are favourable. Only a certain proportion of

the reacting species will satisfy this condition,
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rcactants
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-—_ reaction co-ordinate

Fig. 5.1
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products

— TYeaction co-ordinate

Fig. 5.2

In each case the rcaction co-ordinate
has no quantitative significance and
merely represents the sequence of the
reaction.



The amount of energy required, including both the energetic and
probability factors, is the free energy of activation, EA' The top
of the barrier (Fig. 5.2) corresponds to the least stable
configuration through which the reactants pass. This is generally
known as the transition state or the activated complex.

The importance of structural effects, both electronic and
steric, was discussed at length in Chapter Two. It is relevant to
consider what effect these factors have on the transition state.
Any situation that stabilises the transition state, i.e. lowers its
energy content, lowers EA and hence facilitates reaction. It is
here that polarisability can exert its most potent effect during
the élose approach of additive to metal. Steric effects are also
highly significant. A transition state in which the groups are
crovwded is reluctant to form and the reaction is thus hindéred.

The aim was that thesc tests would give support to the ideas
put forward in Chapters Two and Three and that further insight into
the importance of chemical factors would be gained. Consequently
the bulky, less polar tricresyl phosphate and the smaller, polar
diethyl phosphate were chosen in the expectation that difference
in behaviour would be highlighted by the use of such contrasting

additives.
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5.2 Experimental

The tests consisted of immersing EN 31 steel discs (20 mm x 1 mm)
in hexadecane solutions of the additives. The procedure was as
follows.

1. The discs were rubbed with wet and dry paper, soxhletted in
toluene for three hoursm and stored under acetone.

2. The hexadecane was purified as before and additive solutions of
the same concentrations as used in the comparative lubrication tests
were ﬁade up.

3. The thermostatically controlled oil bath was previously calibrated.
It was switched on and a boiling tube containing a standard amount

of solution was immersed in the oil. Thebfemperature was allowed to
stabilise before a disc was introduced. FEach disc was left in the
liquid for ten minutes before being quickly transferred and

thoroughly rinsed in acetone. No disc or sample solution was used
more than once. The temperatures choscn were ambient, GOOC, 8500,
110°c, 140°c, 170° ¢, and 200° C.

4., The discs and a blank were cxamined for phosphorus content using
the electron probe. In each case areas of approximately 100 ‘Pm

square werc scanned in five places, chosen at random across an arbitrary
centre line., No pre-treatment of any kind was given. The

spectrometer was standardised on gallium phosphide (Ga P).



5.3 Results

As cxpected, markedly different behaviour was shown by the
compounds. The results given are mean counts for the five aress

(the net difference with the background subtracted).

tricresyl phosphate

None of the samples appeared to carry more than a trace of

deposited phosphorus.

diethyl phosphate

The room temperature and 60°C samples'showed traces of
phosphorus present and from 85°C upwards phosphorus content
increased. Observed visually through the microscope there was
evidence of darker arcas coinciding with increased count. The
200°C sample was noticeably patchy; an association with rougher

surface areas was observed but not conclusive.

There did not seem to be a distinctive chemical reaction in

the case of tricresyl phosphate thus rendering quantification

impossiblc. TIor diethyl phosphate however the data was sufficient

to find a valuc for the activation energy EA' A graph of counts

vs. temperature is plotted in Fig. 5.3 The rate of increase in

count increases as the temperature is raised.
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It was discovered experimentally by Arrhenius that the rates of
chemical reaction depend on temperafure in a very precise way. FEach
reaction can be described by a constant, called the specific rate
constant (k), which equals the rate of formation per unit volume of
the reacting system at some fixed standard concentration, usually
1 mole/litre, and at some fixed temperaturec. The-way in which k

depends on temperature T(°K) is given by the Arrhenius equation:-

k = Ae Ry (1)

A = maximum rate constant at infinitely high
temperature (i.e. rate reaction would have
if there was no activation energy)

R = universal gas constant

1 oK -1

2 x 107° keal mole”

At a given temperature the rate of formation is dependent on the
concentrations of the relevant species present, in this case
additive, metal and reaction product. I'or reasons discussed in
5.5 however diffusion is unhindered in the presenceaf thin layers
and all the concentration terms can be considered as unity, i.e.

the reaction is zero order.From (1).

log, k = log 6 A - iEA (2)
RT
. 2.3 log.. k = 2.3 log.. A - CA
. . -3 Jog g k= 2.3 log,n A - A
and log,. k = log,, A - By - (3)
9810 10

2. 3RT
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Although the data is insufficient to determine k, the rate of

formation of product varies directly with the count.

. E
.o e log10 count = loglO Al - A - (4)

1
A plot of log10 count vs. T. (Fig. 5.4) gives a gradient of

2.3 R

Whence EA = 11 kcal mole—l

The best straight line was fitted through the points using a
least squares regression technique. The value is positive using

the convention whereby energy put into the system is positive.

5.4 Limitations

Although the best straight line was fitted, the experimental
results were obtained from only one disc at each temperature. It
is interesting to note that the value obtained for the activation
energy is in agreement with a value of ~10 kcal mole -1 obtained

for dibenzyl disulphide by Bayles (113).
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When using the electron probe to assess phosphorus content
in wear tracks, considerable error can be introduced owing to the
fact that the specimen curved surfaces may alter the X-ray take off
angle. This is eliminated here as small area scans are taken of flat
surfaces. The probe penetrates up to 2 pm and recorded counts are
the average value‘over that depth. MHence it is probable that there is
more phosphorus in the surface layers than apparent. It is difficult
to assess the accuracy of counting as only a small random sample
was taken. Errors however would appear to be systematic; the points
approximate very closely ﬁo a straight line. Temperature measurements

) ey . + _0
wvere accurate to within - 2°C.

5.5 Discussion

The discrepancy in performance exhibited by the two additives
highlights the importance of steric and polar factors and substantiates
the ideas put forward in Chapters Two and Threce.

In the case of tricresyl phosphate there is insufficient cnergy
to cater for the unfavourable structural.and electronic situations
existing within the molecules. Considcrable steric hindrance leads
to unsuitable orientation at the surface and the less polar nature
of the additive limits recaction. The extent of hydrolysis is less
in these tests than in the lubrication runs because the arcea of
lubricant exposed to the atmosphere is smaller and the test time is
only five minutes compared with nearly an hour. The results obtained
correlate with those for the out of contact areas in the friction
tests, i.e. just outside the track. In both cases little or no
phosphorus is counted. Lubrication is more a function of the oxide

film than of the metal.



147

For diethyl phosphate however there is strong evidence of
reaction between the additive and the metal. Electronic and steric
factors are such that the molecules adlineate more satisfactorily
and their polar nature facilitates reaction. The likely r:action
steps are as follows. Diffusion of the reactive species to the
surface is followed by physical adsorption. Chemical reaction
then occurs and iron diffuses to the surface. The reaction products
are desorbed and diffuse away. The rate of reaction is determined
by the slowest step. Physical adsorption and desorption are usually
faster than chemical reaction since the potential energy barrier
to be overcome is considerably greater in the latter case. When
diffusion oécurs the energy of a system ié lowered and in solution
this is often a rapid process. Hence it is unlikely that either
diffusion of the reactive species to the surface or of reaction
products from the surface is a rate -controlling step. Diffusion
of iron is also unlikely to be the determining factor. Reaction
at the surface leads to an iron deficient lattice thus creating
iron ion vacancies in the surface layers. These can be filled
by cationic diffusion through the laﬁtice. Therefore chemical
reaction is most probably the slowest step. These experiments
give strong cvidence to show that such a reactibn is occurring
and illustrate a temperature dependence that follows the Arrhenius
equation. Here too there is a similarity between thesc
results and those for the out of contact areas in the friction tests.

Considerable amounts of phosphorus are found in both cases.
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5.6 Conclusions

The results of these static immersion tests strongly
emphasize the importance of steric and electronic situations
within additive molecules.

When these situations are favourable a well-defined chemical

reaction takes place.

For both additives tested there is a correlation between

. these results and those for out of contact areas in the

dynamic lubrication tests.
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CHAPTER SIX

HIGH TEMPERATURE STUDIES

6.1 Introduction

It was proposed that part of this research programme would be
to study reaction characteristics of phosphorus compounds at
temperatures higher than those attained in the tests so far. In
many situations (for example, during contact experienced by gear
teeth) temperatures are far in excess of 200°C. The aim was to
reach high tcmperatures which were practical at ambient pressure.
To do this without the oil igniting would mean keeping contact
times low and with this in mind it was hoped to adopt a form of
induction heating for the test specimens. Small steel discs
were to be immersed in samples of additive/hexadecane solutions as
had been done‘during the low temperature studies. Initially it was
planned to follow the coursc of reactions using radioactively
labelled additives but as well as proving costly it was realised
that the use of electron probe microanalysis would be consistent
with the rest of theproject.

The literature revealed that only one method of studying
reactions at high temperatures had been previously attempted.
Barcroft developed a technique for in#estigating reactions between
‘additives and metals up to 600°C (52). It was done electrically

by heating a thin metal wire immersed in additive-containing oil.
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llis results showed that structural changes had a considerable
effect on reactivity. Wire temperatures were obtained from a
knowledge of the resistance/temperature characteristics of the
metal used. The rate and extent of reaction was deduced from
the change in resistance of the wire‘with time. The efficiency of
the method depended on éhe sensitivity of the resistance-measuring
device. Even though resistance changes of 1 in 10,000 could be
measured it was doubtful if this accuracy was attained in practice.
It must be remembered that bulk oil temperatures and contact
resistances between the wire and terminals would be subject to variation.
Two very basic assumptions were made. These were that additive attack
was uniform over the whole surface and that the resultant products
were non-conducting. The validity éf these assumptions is very
questionable. Sakufai and Sato used the same technique to study a
range(ﬂfphospgorus compounds (53,54). They postulated a correlation
between rcactivity and corrosion rate.

There is quite definitely a neced for a more satisfactory method

by which rcactions can be studied at elevated temperatures.

6.2 BExperimental

The system was designed with the aim of keeping the experimental
arrangement and procedure as simple as possible. In outline, EN 31
steel discs were immersed in test solutions of constant depth, for a

standard length of time, and at a predeterminced temperature.
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6.2.1 ﬁxperimental Arrangement

A diagrammatic representation of the apparatus is giveﬁ in
Fig. 6.1. The temperature-measuring devices were Chromel-Alumel
thermocouplcé wvhich had been spot welded on to the surfaces. The
purpose-built disc holder was made of glass. A copper coil was
wound and attached to the induction heater. The system was water-
cooled. The thermocouple wires were conmected to a temperature

controller.

6.2.2 Preliminary Investigations

Temperature distribution over the surface was investigated by
heating a disc in air. The disc was centfed on the coil and the
induction heater switched on. It was possible to reach a maximum
temperature of 750°C,and 600°C could be reached in six seconds.

The fact that hecating was uncven was demonstrated by the appearance
of a red ring at the edge of the disc. The position of this hotter
arca on the disc moved as the disc was moved. Thermocouples had
been welded in differcnt places on some discs and a temperature
difference of approximately 50°c could be detected.

The next stage was to become’familiar with a procedure to find
the right settings for establishing required conditions in as short
a time as possible. To do‘thié a disc was immcrscd in hexadecane
only and for each tcmperature correct positions for the 'power?
and "proportionality band' dials were found. Adjustment of the latter
dial moderated fluctuation in the temperaturec rcading. _Between
350°C and 400°C the oil was boiling 1:apidly just above the disc.
There was no effective cooling and temperature control was impossible.
Neither stirring nor varying the depth of oil had a favourablé»effect.
An immersion time of five minutes was decided on; after this the

lubricant frequently ignited at higher tempcraturecs.
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6.2.3 Test Runsv

1.

The discs were rubbed with wet and dry paper and soxhletted
for three hours in toluene. "t er the thermocouples had been
welded on,the discs were cleaned in the ultrasonic bath in
both toluene and acetone. They were stored'under acetone.
The hexadecane was.purified as before and a diethyl phosphate
solution of tﬁe same concentration as used in the comparative
1ubrication and low temperature immersion tests was made up.
The apparatus was set up as in Fig. 6.1. The thermocouple

wires werc attached to the temperature controller and the

- disc was centred on the coil. The heater was switched on

and immersion continued for five minutes. The extra time, at
most a few seconds, rcquired to reach the increasingly higher
temperatures was considered negligible compared with the

test time. The disc was removed immediately and, after the
thermocouple had been broken off, was thoroughly rinsed in
acetone. Tle temperatures successfully attained were

200°C, 250°C, 300°C and 350°C. Each disc was tested
separately and no disc or oil sample was used more than

once.

The discs and a blank were examined for phosphorus content
under the clectron probe. Areas of appfoximately 100 pm
square were scanned. For each disc five places were

chosen near the centre and five at the cdge.. No pre—treatment
of any kind was given. The spectrometer was standardised

on gallium phosphide.
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6.3 Results

A vigorous reaction occurrcd between the metal and the lubricant
in all cases. After a test each disc appeared dark and patchy due
to oxidation and at the highest temperatures the oil turne:l slightly
yellow.

As expected, the count increases with temperature. It is
interesting to note the discrepancy in values at the centre and at the
edge. This is due to a variation in position of the discs on the coil.
It has already been stated that temperature distribution over the
disc was found to be unevén. A greater count is indicative of
enhanced reaction at increased temperatures. A plot of count vs.
temperature is given in TFig. 6.2 It will be seen that the rate of
increase in count is steadier. This isto be expected in view of
the exponential nature of the curve as seen in Chapter Five.

The rate of .chemical reaction depends on temperature in a very
precise way and the relationship is according to the Arrhenius

equation (see 5.3).
-E

k=4 A
RT
It has alrcady been shown that a plot of 10g10 count vs. %- gives
a gradient of - .fg where EA is the activation energy. The
2.3R

value obtained for the activation energy is 14 k cal mole-l.
The best straight line was fitted through the points using a least
squares regression technique. The value is positive using the

convention whereby energy put into the system is positive (Fig. 6.3),
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6.4 Limitations

Although the best straight line was fitted only one disc was
counted at each temperature. Several discs were immersed at each
temperature and the one chosen for counting was decided on by visually
assessing for each disc how quickly conditions had been established
and how much temperature fluctuation had occurred. It was considerably
more difficult to standardise conditions than had been the case during
the low temperature tests. One of the major limitations is that
imposéd by the uneven distribution of temperature over the disc surface,
estimated as - 25°C. Hence error bars are marked on IF'igs. 6.2 and
6.3. In an effort to compensate, an average of ten counts, from both
centre and edge, was taken. The inaccuraéies involved due to probe
errors and temperaturc distribution are indeterminate and render

further quantification meaningless.

6.5 Discussion

The reaction alrcady seen to occur at lower temperatures
continues to do so up to 350°C. The value found for the activation
energy however is greater at these elevated temperatures (14 k cal
compared with 11 k cal). The likely order of rcaction steps is, as
before; diffusion of reactive species to the surface, physical
adsorption, chemical.réaction, diffusion of iron to the surface,
desorption of reaction products and finally, diffusion of these
products away from the surface. It was established that chemical
reaction is the rate-determining sfep at lower teﬁperatures.

Physical adsorption and desorption are considcrably faster than

chemical reaction due to alesser potential energy barrier.
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Diffusion in solution is also usually a rapid process. It seems

likely therefore that the two slowest steps are chemical reaction

and diffusion of iron to the surface. At lower temperatures thin

layers are forﬁed and diffusion of iron is unhindered. However,

at high temperatures it is likely that thicker layers prevent

eagy iron diffusion and that this diffision becomes the rate-

controlling step. This explains why more energy is needed and

consequently a higher value is obtained for the activation energy.
Although the experiments performed so far have becen exploratory

the technique shows distinct promise. bevelopment suggcstioﬁs are

given in Chapter Scven.

6.6 Conclusions

1. A reaction occurs between diethyl phosphate and EN 31 steel

at temperatures up to 350°C.

2. With increasing temperature, diffusion rather than chemical

reaction becomes the rate-determining step.
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CHAPTER SLEVEN

CONCLUSIONS AND SUGGESTIONS IOR FURTHER WORK

7.1 Conclusions

A literature revie& revéaled that investigations into the
action of phosphorus-based compounds often involved the testing of
a few well-established commercial additives e.g. tricresyl phosphate
and zinc dialkyldithiophosphates. For_the present project it was
decided to examine a range of substances of comparatively simple
moleccular structure;' simple enough to enable the isolation of
contributory factors yet far-reaching enoughto give a comprehensive
picture. The main outcome of the work is that definite relationships
have been found between structure and behaviour and as a consequence
likely reactign mechanisms have been postulated. Results from the
different techniques employed are consistent, give strong support
to the ideas put forward and form a coherent picture of what is
happening.

Lubrication tests constituted a large part of the work and
extensive examination of all the compounds has led to the conclusion
that the whole chemical environment of the phosphorus must be
considercd. The bechaviour of the additives is largely dependent
on the steric and electronic properties of the molecules. Large
bulky molccules arec less cffective due to unsuitable orientation
at the surfaqe. Polar molecules perform well throughout the entire

tenperature range.
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Surface analysis of wear tracks was carried out to establish the
presence of phosphorus-containing material. Electron probe
microanalysis was employed. In general, the more phosbhorus that
vas found, the greafer was the reduction in friction. Tig. 7.1
plots final friction values (from the lubrication tests) against
average counts (from the probe results) for the additives tested.
The resulting relationship is a straight line. It can be seen
that the least cffective additives, trisubstituted phosphates,
have the highest friction valucs and the lowest counts ()10.2 to
0.3 and counts s~a200/scc.) It is interésting to note results for
the two samples of tricresyl phosphate tested. The less pure
(i.e. the one containing the greater qﬁantity of polar species)
results in a lower friction value and a higher count. Of the
dialkyl phosphates tested, the diethyl and dibutyl compounds
exhibit low friction (~0.04) and high counts (400). Results
for di - (2 —éthylhexyl) phosphate are not so good. The branched
chain molecules con%tituting this additive are sterically hindered
and less able to adlincate satisfacforily at the surface. The
phosphites tested show less conformity. Although valucs for
triethyl phosphite are consistent with the friction-count
relationship, the count for triphenyl phosphite is unexpectedly
high. It is worth noting however that in lubrication tests using
this additive, the frictional coefficient was still deccrecasing
énd decreasing quickly towards the completion of a run. The iwo
dialkyl phésphites behave similarly but for both‘of them the counts
(650 - 700/sec) are exceptionally high. It may be that compounds

formed from these additives offer more resistance to shearing.



161

Q
o
®
H
B
[
0
[y
S
0.3 | [l phosphate
o
() .
hosphite
Q purer tricresyl (? P P
5*:
P O ributyl
=
triethyl[] ,
less pure O ai-(2-ethylhexyl)
tricresyl
0.2 |
4triethy1 O
diisopropyl Q)
0.1 |- diethyl O
triphenyl()
7] dicethyl \
! ! ] I ! 1 L
1 2 3 "4 5] 6 7

Counts (xlO2 sec —1)

Fig. 7.1 Triction Coefficient vs.counts




Although results conform to a general pattern it must be borne
~in mind that there are reasons for deviations. TFor a given surface
arca the number of molecules necessary for total coverage will vary
according to the size of the molecules and consequently there will be
a greater or lesser number of phosphorus atoms. Rougher surfaces
mean increased surface area, hence the ability of more phosphorus-
containing material fto ciing. A higher count is indicative of more
(hence thicker)layers which lessen metal-metal contact and result

in reduced friction.

Fig. 7.2 plots wear track probe counts against counts from the

162

out of contact area. It will be seen that there is a good correlation.

In all cases the differences befween counts in and outside the track
is between 50 and 100 and the graph is reasonably consistent with a
y = ax + b relationship. The différence in values inside and
outside the track (b), is explained by the fact that nascent metal in
the contact region reacts more readily (iron diffusion is unhindered)
than does the out of contact steel surface which is covered by an
oxide layer.

The reaction mechanisms postulated take into consideration all
the relevant factors pertaining to molecular structﬁre; polarity is
of fundamental importance. Adsorption of the acidic -OH group at a
metal surface forms the basis of interaction.

For example:-

RO OR RO OR
N_ 7/ N 7/

P 2
—_—
'H_/\"O,./\o o’

Stecl ' teel
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The oxygen becomes bonded to iron ions and/or to cations in the
surface oxide layers. The presence of polar species results
from one or more of the following:-
(i) the pure compound contains an acidic group;
(ii) polar specics are formed b& hydrolytic degradation
during a test.run;
(iii) polar impurities are formed with time by exposure of
the samples to atmospheric moisture

The mechanism for (ii) and (iii) can be represented thus:-

RO OR : RO OR
»7 H,0 N7
-+
/ N\ 2- — N\ + RoH
rd Mo ” o

The presence of impurities was detected by the use of thin laycr
chromatography. The solvents were chosen such that the polar naturc
of the extrancous matter was confirmed. Analysis of the two samples
of tricresyl phosphate showed that one contained a greater amount of
acidic species. The fact that this gave a better performance in the
lubrication tests is strong evidence for the importance of polarity.
In an attempt to follow the course of any chemical rcactions
occurring, static immersion tests were carfied out. The situation
arising when discs are immersed in the lubricant is equivalent to
that of the out of contact area in dynamic friction tests. The
presence of oxide films affects the lubrication process which
becomes less a funection of the underlying metal surface than of the
oxide layers. The two additives investigated were as dissimilar as
possible; the large, bulky, less polar tricresyl phosphate, and
the smallcf, polar diethyl phosphate. The marked difference in
behaviour demonstrates conclusively the relevance of steric and/or

electronic factors.



Tricresyl phosphate solutions resulted in little or no reaction
whilst reaction with diethyl phosphate was very noticeable and
increased with temperature according to the Arrhenius equation.

Results from the electron probe for the out of contac., area in
friction tests showed considerable amounts in this region for
diethyl phosphate. The counts recorded were approximately 400
wherecas those estimated from static results would be considerably
higher. It would appear therefore that circulation of the lubricant
has an important effect. It is probable that protective film is
rubbed off cven though there is no metal-metal contact; thus
accounting for the lqwer value. The shear stress is sufficient to
remove surface layers outside contact. Tﬁis strengthens the idea
that it is the first few layers formed that are important compared
with the outer loosely-bound layers. Static tests may well proceed
via a different mechanism and it becomes essential to carry out
friction experiments.

A distinctive feature of the work has becn the novel use of an
induction heating technique to study additive action at high
temperatures. Although operational difficulties were encountered,
these initial experiments clearly demonstrate the feasibility of the
method. Diethyl phosphate was chosen for study because of its
reactivity in the experiments to date. The discrepancy in activation
energy values at low and high temperatures is explained in terms of
é(ﬁfferent rate - determining step. Chemical reaction predominates
at lower temperatures but at elevated temperatures the formation of
thicker layers is responsible for iron diffusion becoming the
controlling factor. Fig. 7.3 combines plots'of log;lO count VSui

T

for the two temperature ranges investigated.
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The error bars at high temperatures do not permit precise quantification.
The shape of the graph indicates a well-defined reaction; a: gradual
increase in gradient results when best straight lines are fitted.

The following is a summary of likely steps in the reaction betwcen
phosphorus additives and a metal surface. The rate and extent of
reaction is a resultant of electronic and steric factors pertinent to
each type of molecule. Diffusion of reactive species to the surface
is followed by physical adsorption. Chemical reaction then occurs and
is followed by diffusion of iron to the surface. The reaction products

are desorbed and diffuse awvay.

7.2 Suggestions for Further Work

It is hoped that the following will prove to be useful guidelines:-

(1) Steric factors can be more extensively examined with special
reference to chain length and shape,and cyclic properties.

(2) A wider range of polar compounds would be usefully studied, c.g.
phosphorus-bearing compounds containing nitrogen.

(3) The use of other surface analytical techniques would prove
beneficial. With electron spectrosicpy chomical analysis (I'SCA)
for example, it is possible not only to detect the presence of
elements ﬁut to establish their chemical environment and hence
the nature of the compounds they form part of.

(4) Chromatography is a very versatile technique; both qualitative

and quantitative improvements can be made.



(5)

(6)
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Molécules which are more reactive and result in reduced

friction may also react, possibly detrimentally, with other

types of additives present in commercial oils. This being so,

a study of additive interference effects is required.

The usedof induction heating as a technique for studying reactions
at high temperatures is most promising. So far there has been a
limit on the temperature attained due to boiling oil and

consequent lack of control over heating rate. Stirring had no

effect for this cxperimental arrangement but the design of a

system comprising fast lubricant flow and circulation could
facilitate elevated temperatures. Also to be considered is
pressurce. For most organic substancés, the boiling point falls
about 10 C° each time the pressure is halved. The possibility

of using a pressure vessel requires investigation.
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