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summary 
The tntroductton of new refining techntques destqned to 

improve thermal stabtitty of modern jet atreraft fuel has resulted 

tn the removal of hetrocycelte compounds and other polar impurittes, 
Thts leads to a reduction in the fuels lubricating abtitty and 
hence premature fatlure can result tn atrcraft fuel systems. 

Fatlures may be allevtated by the use of coproston tnhibitors 
which atso act as boundary lubricating addttives. 

In thts tnvesttgatton, @ Dentson ptn-on=disc machine was 
used to measure frtctton and wear for alumtintum-bronze sttdtng 
agatnst steel tn the presence of fuel alone and wtth the addttton 
of one of the new generation of additives. The experiments were 
conducted tn the load range from 24N to 200N tnelustve at sitding 

speeds of 0.6, 2 and 4 ms! respectively and wear rates of between 
407% and 10° m?m were found. Compared with experiments conducted 
when ustng fuel alone as @ Lubricant, the Presence of the additive 
produced an tncrease in wear rates under mild boundary condttton. 

As the conditton became more severe, however, the wear rates were 
lower than wtth fuel alone and the system showed a reduced tendency 
to seize, x 

Metallographic techntQues of taper secttontng and etching 

were employed to gtve a better understandtn9 of the structural 
chanQes tnvolved at the sub-surface layer of the worn pins. The 
results obtatned showed that at least five different structures of 
alumintum-bronze have been used by vartous investigators. On the 
sub-surface layer of worn pins, alumtnium-bronze was found to 
Undergo superplastic deformation, with the formation of cavities 
and thts was related to the enhanced strain-pate sensittvity of 
the matertal at elevated temperatures. The superplasticity of 
alumintum-beonze matertal has an effect of reducing wear. 

Based on the resuits of analyses ustnd Auner Electron Spec- 

troscopy(AES), Electron Probe Mtcroanatysts (EPMA), Scanntno Elec- 
tron Mtcroscopy(SEM) and X-ray Powder Otffractton, possible wear 
mechanisms are suggested to explatn the wear of thts matertal 

combination tn the presence of fuel alone and of fuel with additive, 

Finally, @ new theory of oxtdational wear under boundary 

Llubetcated condttton has been proposed to predict wear rates. 

WEAR/ADDITIVE/BRONZE/PHYSICAL TECHNI QUES/SUPERPLASTICITY/
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CHAPTER 1 

INTRODUCTION 

The very rapid expansion of the aviation industry in 

the last thirty years due to significant developments of 

the jet engine has enabled the operator to get more power 

from a given weight of equipment, This trend still applies 

and is coupled with the aim of extending the life of the 

equipment resulting in the production of turbine fuel spe- 

cification which are more restrictive, in particular with 

respect to thermal stability and cleanliness. As turbine 

fuel production has increased and its specifications become 

more restrictive, new processes have been introduced to 

satisfy both demand and quality. One result of this was 

that problems arose in the aircraft fuel system, where com- 

ponents are fuel lubricated, for example the fuel pump in 

particular. This was attributed to the poor lubricating 

properties of fuel. The latter problem is the subject 

studied for this dissertation. 

In order to understand the relationship between the 

fuel characteristics and its lubrication capability, it is 

interesting to recall briefly the priciples of the aircraft 

fuel system, its background problems, the lubrication mechan- 

isms, its bearing metallurgy and the fuel lubricity.
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1.1 Aircraft Fuel Systems 

A jet aircraft fuel system consists basically of the 

pumping element, a control unit to regulate the fuel supply, 

and a method of injection into the combustion chambers. A 

high pressure fuel pump is used in the system in order to 

obtain correct atomisation of the fuel passing into the com- 

pustion chambers. There are basically two types of pump, 

one is a rotor pump and the other is a piston pump of the 

type manufactured by Lucas Aerospace. Since the latter type 

was the one in which the initial problems experienced gave 

rise to this study we shall consider this. This type of 

pump is a positive displacement piston type driven by the 

engine gear train. The fuel pump consists of a rotor assem— 

bly fitted with seven pistons, the ends of which project 

from their bores, and carry slipper pads which bear on a 

non-rotating camplate set at a variable angle (Figure 1.1). 

The inclination of this camplate imparts a reciprocating 

motion to the pistons, thus producing a pumping action. 

The camplate angle can be varied to alter the stroke of the 

pistons. The pump output depends upon its rotational speed, 

and the stroke of the pistons. Pistons are manufactured 

from KE961 steel which is a high carbon (1.45 - 1.65%), 13% 

chromium steel. The pistons run in aluminium-bronze bores 

with a thin cadmium plating. The bronze (DTD 197A aluminium- 

bronze) consists of 10% aluminium , 5% nickel, 5% iron with 

the remainder copper. A single fuel pump can deliver fuel 

at the rate of 455 - 2273 litres per hour at a maximum 

pressure of about 14 MNm72,



As the rotor is rotated the pistons are successively 

driven down into the cadmium plated aluminium—bronze bores. 

On the return stroke the pistons are forced back against 

the swash plate by a spring and the pressure of the incoming 

fuel. The surfaces between the pistons and bores are in 

relative motion and, during this motion, they are lubricated 

by the fuel which is being pumped. A simple harmonic motion 

is performed by the pistons relative to the bores while the 

pump is running. The pistons reach a maximum velocity when 

travel half way through the stroke and willbeinstantaneously 

at zero velocity at each end of the stroke. This range of 

speeds can produce various lubrication conditions between 

the pistons and bores.
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1.2 Background to the Problem 

During recent years a major problem has been experienced 

in Europe with the failure of jet engine piston type fuel 

pumps due to operation on fuel having inadequate lubricity 

characteristics. Lubricity was defined as the non-viscosity 

part of lubrication, that is, if two liquids have the same 

absolute viscosity but one gives lower wear, or lower friction, 

or a lower tendency to scuff, it will be considered to have 

better lubricity. However, modern jet engines such as a 

turbojet (1) require fuel of high thermal stability. Fuel 

becomes increasingly warmer as it successively receives 

heat input through engine fuel pumping, 011 cooling and 

distribution to the spray nozzles. The lack of thermal 

stability under such usage results in the formation of 

deposits which plate-out on critical surfaces or otherwise 

plug vital strainers and passages of fuel system components. 

The refinement of the turbojet into a higher performance 

machine has required that jet fuels have better resistance 

to degradation by heating. Hence, the introduction of 

hydrotreated fuel, replacing the traditional chemically 

treated fuel, is necessary to achieve the fuel requirements 

for supersonic transport. Although hydrotreating has some 

peneficial effects, it removes many of the polar impurities 

present in fuels refined using traditional techniques(2). 

Hence, it leads to a reduction of some highly active polar 

compounds in the fuel, required for the boundary film 

lubrication.
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In normal operation many additives are introduced into 

aviation fuel, for example, anti-oxidants, metal deactivators 

and corrosion inhibitors. Aird and Forgham (3) report that 

many incidents involving pump failure had occurred.between 

1965 and 1969. The majority of the pump failures was attri- 

butable to the use of hydrogen treated fuels apart from one 

occasion in 1969 when an acid treated fuel was involved. 

Vere (4) also found that when a severely hydrotreated fuel 

was used, it had a greater wear effect than either production 

hydrotreated fuel or chemically treated fuel. When only a 

10% copper sweetened fuel was added to the severely hydro- 

treated fuel, the wear rate was reduced to that experienced 

with a copper sweetened fuel. The use of additives to over-— 

come the lack of lubricity in the severely hydrotreated fuel 

was also investigated. Neither the anti-oxidant nor the 

metal deactivator had the effect on lubricity, but corrosion 

inhibitor had been proved to be significant in reducing 

wear rate as well as friction. 

Why has the copper sweetened aviation jet fuel better 

lubricity than the severely hydrotreated fuel? In order to 

answer this, Vere (4) carried out an investigation using a 

thin layer chromatography and mass spectrometry to isolate 

and identify lubricity agents of these two fuels, Polynuclear 

aromatics and fully saturated sulphur compounds were extracted 

and identified. Vere concluded that the latter seemed to be 

more active lubricity agents when adding 150 p.p.m. to the 

hydrotreated fuel. 

There is little agreement among investigators as to
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which fuel properties are important. Among the properties 

claimed to reduce friction and wear are viscosity (5), 

pressure-viscosity (6), volatility (7), aromatics (8), 

sulfur (9), oxygenated compounds (10), and dissolved 

oxygen (11, 12). Many attempts have also been made by the 

operating companies to alleviate the pump failure, but there 

has been no general acceptance of any particular solution. 

Some operators modified fuel pumps using carbon faces on the 

sliding surfaces and these have proved satisfactory. However, 

the conversion of all pumps to this metallurgy is not feasible. 

Up to the present, corrosion inhibitors have solved the problem 

but the mechanisms of protection are not understood. Hence, 

this leads to the present project in determining the mechanism 

of protection afforded by the additive. 

1.3 Characterization of Wear 

Wear has been defined as "the progressive loss of subs— 

tance from the operating surface of a body occurring as a 

result of relative motion at the surface" (13). Loss of 

material can be the result of a variety of mechanisms such 

as adhesion, abrasion, corrosion, erosion and surface fatigue. 

In any particular instance of wear one may have any of these 

mechanisms operating either singly or combined. They may 

operate completely independently of each other or they may 

interact and the situation can become extremely complicated. 

For instance, the initial wear debris formed in sliding may 

pecome oxidised by frictional heating and the hard oxide may 

then act’ as a fine abrasive to the surfaces.
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Wear behaviour will be more complicated under lubri- 

eated conditions, The interaction of lubricated surfaces 

is a complex subject involving changes in the surfaces, 

their substrates, and the lubricating film between the 

surfaces. The effects of speed, load and ambient tempera- 

ture are manifested as chemical changes in both the surfaces 

and the lubricating film, and dependant on the lubricating 

system, corresponding changes in friction and wear, 

In general, it is accepted that wear can be classified 

as either "Mild" or "Severe" as proposed by Archard and 

Hirst (14), In a mild wear situation, the contact resis-— 

tance is high, analysis of wear debris shows small, i.e. 

about 100 nm diameter particles which are produced by reaction 

with the ambient atmosphere or fluid, and the microscopic 

examination of the surface is extremely smooth, In a severe 

wear situation, it is characterised by low contact resistance, 

wear debris normally consists of large, i.e. about Ton” mm 

diameter, metallic particles, and produces rough, deeply 

torn surface, Let us now consider the classifications of 

wear in details as follows. 

1.3.1 Adhesive Wear 

If friction is high, adhesive junctions may form (cold 

welding) and material may be torn out and transferred from 

one surface to the other. Whether or not this occurs depends 

not only on the magnitude of the interatomic forces, but 

also on the mode of junction rupture on shear straining, as
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determined by the mechanical properties of the interface 

and the parent metals (15). 

The existence of this adhesive metal transfer can 

be demonstrated in a number of ways; probably the most 

convincing is by means of radioactive traces (16). 

In theory it would appear that all the wear transfer 

will be from the softer material. In practice most of the 

wear does come from it but by no means all. This suggests 

that in the hard material there are some regions of low 

strength balanced by regions of high strength in the softer 

material. 

The amount of adhesive transfer is profoundly affected 

by the nature of the surfaces and the ambient conditions. 

Cleanliness of the surfaces greatly facilitates adhesive 

wear. In a vacuum, especially if the surfaces have been 

heated to drive off any adsorbed films and oxide, they will 

adhere strongly under the slightest pressure. Any oxide or 

adsorbed film, such as water vapour, oxygen etc., reduces 

this tendency. High temperatures also favour adhesive wear. 

In general, transfer of material from one surface to 

the other is not the same as wear. A transferred particle 

may remain attached to the acceptor surface for an indefinite 

period of time or transferred particles may travel back and 

forth repeatedly from one surface to the other, without the 

formation of loose wear debris. Even if adhesive material 

transfer does not lead to severe volume wear, considerable 

roughening of the contacting surfaces usually results. In 

lubricated systems this seriously impedes the continuity of 

liquid lubricant films.
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1.3.2 Abrasive Wear 

In abrasive wear, hard asperities or particles form 

grooves in the softer material, The primary requirement 

for the occurrence of abrasive wear is that there must be 

a great dissimilarity in hardness between the sliding 

surfaces. The work of Krushchov (17), Wellinger et al (18), 

and Mulhearn and co-workers (19, 20) has shown that in 

severe abrasive wear and for technically pure metals the 

wear resistance (i.e, 1/wear) is proportional to the hard- 

ness in the fully cold-worked condition. Hardening by heat 

treatment may further improve the abrasion resistance. 

Abrasion produces a marked change in the structure 

and orientation of the surface layers of metals. Wilman (21) 

has shown that the abrasion texture is similar to that 

produced when the metal is deformed between hard rollers. 

The case of abrasion caused by loose particles between 

the two sliding surfaces is very important and is probably 

responsible for the largest amount of wear in industrial 

machinery. This is because of the general prevalence of 

airborne dust and grit in most industrial environments. 

The external environment is not the only source either; 

hard particles, such as iron oxide which is very abrasive, 

may be present as a result of the wear process. 

Whilst lubrication was stated to be the most effective 

method of reducing adhesive wear, this is not so with 

abrasive wear. The lubricant may introduce loose particles 

between sliding surfaces or it may tend to hold debris there. 

The only effective way of controlling abrasive wear is to
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use hard and tough materials and to exclude all foreign 

matter from the sliding surfaces, 

1.3.3 Surface Fatigue Wear 

This occurs primarily when surfaces are in contact 

with rolling motion, such as ball and roller bearings and 

gears, The cyclic stress involved in such situations can 

cause fatigue of the rolling surfaces which is characterised 

by local pitting or flaking of the surfaces and occurs 

rather suddenly without any prior visible signs after a 

relatively long life. In some cases, failure is initiated 

at a surface flaw or crack, possibly formed during the first 

few cycles in the life of the component. More often, however, 

since the maximum shear stress occurs below the surface, the 

failure will pe initiated below the surface, particularly 

if there is some inhomogeneity in the structure of the 

surface material. 

Davies (22) in studying the contact conditions between 

a loaded sphere and a flat plate mapped the distribution of 

stress in the plate and found that the shear stress reached 

a maximum value at a point slightly below the centre of the 

area of contact. That the maximum shear stress occurs at 

a point below the surface would explain the occurrence of 

sub-surface cracks in the tracks of rolling bearings and 

in the faces of gear teeth subject to surface fatigue. 

Lubrication as such does not influence fatigue greatly 

since it is caused by stress x cycles. However, it can 

help indirectly by keeping the surfaces clean and smooth, 

by eliminating all adhesive wear and by preventing corrosion



=12= 

of the surfaces which accelerates fatigue by increasing the 

load stress concentration. 

Surface fatigue on a micro-scale could also be respon— 

sible for many other types of wear, e.g. oxidational wear 

of steel (23) where oxide builds to a critical thickness 

before being removed. The removal could be due to continual 

asperity contact and hence fatigue since adhesion is not 

likely to be responsible. 

1.3.4 Corrosive Wear 

Corrosive wear is a form of chemical wear which results 

from the interaction of the environment with sliding surfaces, 

followed by the rubbing off of the products of the reaction. 

The most usual environments causing corrosion are moisture, 

elevated temperature and the lubricant. In the presence of 

water, hydroxides may result, whereas oxides are produced 

in dry air at elevated temperatures. The presence of a 

lubricant can exert a marked effect on corrosive wear, It 

May protect the surfaces by reducing frictional heating and 

the lubricant itself may react chemically with the surface 

thus promoting a different form of reaction compound on the 

surface. However, it is not uncommon for corrosive elements 

to be dissolved in lubricants, such as water in oil, and 

also lubricants can be degraded in time and become progress— 

ively more corrosive. 

The control of corrosive wear depends primarily on 

control of the atmosphere surrounding the sliding parts and 

the greatest offender in this is moisture, particularly if
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either or both surfaces are ferrous base materials. 

Corrosion is not necessary a bad thing, for example, 

oxidation of a surface in general reduces adhesive severe 

wear and protects the surface leading to lower wear rates. 

Similarly the addition of such additives as Tricresyl 

phosphate to oils produces phosphoric acid which interacts with 

surfaces forming complex corrosion products and affording 

good anti-wear action. 

1.3.5 Erosive Wear 

Erosive wear is caused by high velocity impact of 

particles. A popular example of errosion by solid particles 

is sand-blasting. Other examples of erosive wear are those 

of nozzles and blades of gas turbines due to solid particles 

in the products of combustion. Fluid erosion results from 

the repeated impact of drops of fluid and shows itself in 

the form of roughening of the surface under impact and 

pitting. The coating of a carbon-fibre reinforced plastic 

on turbine blades has been introduced to increase erosion 

resistance. 

1.4 Lubrication Regimes and Lubricity 

1.4.1 Hydrodynamic Lubrication 

In hydrodynamic lubrication, the moving surfaces are 

completely separated by a continuous film of lubricant and 

the resistance to motion arises solely from the viscosity 

of the lubricant itself (figure 1.2(a)). This condition
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can only happen when the sliding velocity is relatively 

high and the load relatively light. The great advantages 

of hydrodynamic lubrication are that there is, in the ideal 

case, no wear of the moving parts and the friction coefficient 

is extremely low - typically of the order of 0.001 - 0.01, 

In practical situations, hydrodynamic lubrication 

cannot be maintained throughout the process of operation of 

the meving components. For instance, fluid film breaks down 

during each end of the piston stroke in the fuel pump system. 

The precise conditions under which fluid film conditions 

occur will also depend on temperature and pressure, because 

of the change of the physical properties of an oil, on the 

geometry of the sliding system and on surface roughness, 

The minimum film thickness normally exceeds 2 x 10°7 m which 

is many times thicker than the surface roughness. 

The three parameters (viscosity ({), speed (u) and 

load per unit area (p)) are sometimes combined to form the 

dimensionless bearing-number, C, defined as:- 

Ce viscosity x speed 
‘ unit load 

By plotting the variation of coefficient of friction with 

a dimensionless bearing-number, sometimes called Stribeck 

Curve, the various lubrication regimes can then be identi- 

fied as shown in the diagram (figure 1.3) and given by 

Dowson (24),
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1.4.2 Elastohydrodynamic Lubrication (e.h.1.) 

This occurs for higher loads and the resulting high 

pressures increase the viscosity of the fluid and the surfaces 

undergo elastic deformation in the contact zone (figure 1.2(b)). 

These effects drastically change the geometry of the lubri- 

cating film which in turn alters the pressure distribution 

at the contacts. However, very little wear takes place 

since the thickness of the film is usually greater than the 

roughness of the surfaces. Elastohydrodynamic analysis has 

predicted that lubricant films may be 10 or 100 times greater 

than those estimated by conventional hydrodynamic lubrication 

theory. For normal engineering contacts, the film thickness 

8 is of the order 2.5 x 10 “m to 2.5 x 107°m. 

1.4.3 Mixed Lubrication 

Mixed lubrication takes place in a region where the 

transition from elastohydrodynamic to boundary lubrication 

occurs. There are some intermittent contacts between the 

sliding surfaces and this results in wear (figure 1.2(c)). 

The behaviour of the contact is governed by a mixture of 

"poundary" and "elastohydrodynamic" effects, The surfaces 

are separated by films of molecular proportions and the 

film thickness ratio is normally between 1 and 5, defined 

as (25):- 

Film thickness ratio = equivalent film thickness 

surface roughness
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1.4.4 Boundary Lubrication 

Boundary lubrication occurs only if a surface active 

agent is present. Boundary lubrication is defined as a 

condition of lubrication in which the friction between two 

surfaces in relative motion is determined by the properties 

of the surfaces and by the surfactant properties of the 

lubricant (figure 1.2(d)). This type of lubrication occurs 

under some combination of high load and small apparent area 

of contact, low sliding speed and rough surfaces. These 

conditions are found in journal bearings during starting 

and stopping, in rolling contact bearings cages, in gears, 

and in numerous sliding mechanisms in reciprocating engines 

- at the top:and bottom of the stroke in the piston pump. 

Since fluid properties play no part in boundary 

lubrication, a successful lubricant has to rely on properties 

other than viscosity for its operation. These are the 

physical and chemical properties of the boundary lubricants 

and the surfaces to be lubricated. 

In general, two forms of boundary lubricating activity 

may be distinguished, operating under different conditions 

and having different effects. These may be termed "anti- 

wear" and "extreme pressure" (E.P.) activity. Anti-wear is 

essentially a low temperature property, having adsorption of 

very thin films on metal surfaces preventing excessive metal- 

metal contact. Some typical anti-wear additives are long 

chain acids, amines and esters which are frequently added to 

commercial oils to improve their low temperature boundary 

lubricating properties. E.P. additives, which are
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designed to operate at temperatures above which anti-wear 

additives become ineffective. Such organic compounds 

containing a reactive group are sulphur, chlorine, phospho- 

rous or zinc, which can combine chemically with the surface 

to give a film of low shear properties.
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1.4.5 Lubricity 

Experience has indicated that certain animal and 

vegetable oils keep smooth surfaces slippery compared with 

mineral oils of the same viscosity. This ability has been 

defined by Dukek and Vere (2, 4) in which if two liquids 

have the same viscosity, and one gives lower friction, wear, 

or scuffing, it is said to have better lubricity. 

In order to understand the changes in fuel lubricity, 

it is necessary to recall the possible influence of the 

refining process on fuel lubricity. Originally fuels were 

produced by acid treating and by copper sweetening. The 

above two methods will, in one or the other way, remove the 

mercaptan sulfur by chemical reaction or convert the 

mercaptan sulfur into disulfides. In order to meet the 

high thermal stability requirements of modern fuel specifi- 

cations and also in view of the tightening up of regulations 

governing environmental pollution, hydrotreating was intro- 

duced which is generally a cleaner process than the long 

established chemical methods (26). 

Since hydrotreatment breaks down the sulfur, nitrogen 

and oxygen compounds present in the fuel, this process is 

in theory responsible for removing polar compounds from the 

fuel and consequently is said to be responsible for decreasing 

the boundary layer lubricity of the aviation fuel. The 

removal of chemically active species, such as mercaptans 

and aromatics, is invariably associated with poor lubricity 

(2). The use of additives to overcome a lack of lubricity 

in a fuel was obviously a possibility. The addition of



-21- 

about 15 parts per million (p.p.m.) by volume of polar 

compounds has been found sufficient to restore lubricity 

to fuels (5). The blending of 10-20% of a conventional 

treated fuel to a highly refined fuel has also been found 

to improve lubricity to the level of the conventional 

fuel. Hitec E515 is often added to middle distillate 

fuels in order to inhibit or retard the corrosion of pipe- 

lines and tankage. Aird and Forgham (3) have shown that 

as little as 12 p.p.m. of Hitec E515 was of benefit in 

reducing fuel pump wear. The introduction of a new corro- 

sion inhibitor Hitec E580 is the main subject of the present 

investigations. 

1.5 Additives 

The lubricity of today's jet fuels has been a matter 

of concern, because there is an ever-increasing demand for 

higher engine temperatures and accompanied with fuels of 

better thermal stability. Fuel supplies can now furnish 

fuels so highly refined they have essentially no lubricity 

at all. In pumps and fuel control, these fuels can cause 

sticking, wear, or catastrophic failure. The introduction 

of a certain type of compound to jet fuel is one of the 

possible solutionsto the lubricity problem, These additives 

not only have an effect of reducing friction and wear, they 

also have characteristic functions of anti-oxidation, anti- 

sludging, and anti-icing (27, 28). 

Of the many additives approved for use in jet fuels, 

corrosion inhibitors are the most surface active and remain
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widely in use in the aviation industry. The corrosion 

inhibitor Hitec E515 was manufactured by Edwin Cooper 

Chemicals and the molecular structure of this product 

consists of dimers of poly-ethenoid mono-carboxylic 

acids (29). Work on the effect on additive response at 

elevated temperatures was carried out by Smith onatwo disc 

machine (26). The result showed that Hitec E515 was still 

effective at 100°C put less so than at ambient and its 

effectiveness had gone at 150°C. Dacre et al (30) deter- 

mined the effectiveness of various components of Hitec E515 

in improving lubricity, using radioactive tracer techniques, 

and found that dimer acid is the most important component 

forming strong adsorbed multilayers onto the surfaces, 

even at high temperature (g0°c and 100°C). 

The additive behaviour depends upon additive concent— 

ration, additive combinations and the nature of the base 

fluids. Zine dialkyl dithiophosphate and formulated polymer 

and complex ester combinations produced synergistic effects 

in paraffinic base oils and adverse effects in cyclic hydro- 

carbon base fluids (31). 

Recent work carried out by Poole and Sullivan (32, 33) 

studied the effects of Hitec E515, containing phosphate 

ester and dimer acid, on the wear of aluminium-bronze on 

steel on the presence of aviation fuel. They proposed that 

the additive had an effect of preventing transfer of 

aluminium to the steel by removing it from the bronze 

surface through preferential corrosion, thus giving initial 

pro-wear effect,but it had an extreme-pressure effect at 

high loads. The above example shows the complexity of
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additive behaviour in different base fluids. 

A new additive, Hitec E580, has been recently intro- 

duced in which there is no Phosphate ester component. The 

concentrate of Hitec E580 was formed from the following 

ingredients in the stated proportions by weight (29):- 

Dimer Acid (Empol 1022) 45% 

Sterox ND 15% 

Process Oil 10% 

Kerosene 30% 

The above mixture comprises (a)from 1.8 to 25 parts by weight 

dimerised unsaturated fatty acid, said fatty acid containing 

from 8 to 20 carbon atoms and (b)1 part by weight of an 

ethoxylated alkyl phenol, said phenol having an average of 

3-4 ethylene oxide units per molecule and said phenol having 

one or more alkyl substituents which contain a total of from 

4 to 1g carbon atoms and which mixture provides a Water 

Separation Index, Modified (WSIM) number of at least 60. 

The WSIM number is a numerical rating indicating the ease 

of separating water from a hydrocarbon liquid by coalescence, 

The role of the new additive, Hitec E580 contains no 

phosphate ester, was not known. It appears to be as effective 

as Hitec E515. Hence, it leads to the present work on how 

Hitec E580 behaves in the presence of hydrotreated fuels,
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1.6 Metallurgical Considerations 

The aluminium-bronzes are a group of copper alloys 

containing aluminium as the principal alloying element, 

the properties of which depend on both composition and 

microstructure, 

Referring to the binary phase diagram (34) shown 

in Figure 1.4, under equilibrium conditions up to 9% 

aluminium can be accommodated in the terminal alpha(a) 

solid solution. The commercial single phase alloy 

(BS 2871, CA 102), however, also contains up to 3% iron 

to give grain refinement. Under equilibrium conditions, 

the solubility of iron in this type of alloy below 550°C 

is less than 1%, but the precipitation reaction of 6 iron 

begins when the temperature drops below 1000°C (35). 

Binary alloys containing more than about 8% aluminium 

are no longer single phase and in general exhibit a duplex 

alpha-beta structure. However, as shown in Figure 1.4 the 

pody-centred cubic beta phase is metastable and will decom- 

pose eutectoidally during slow cooling or annealing below 

565°C to form a@ and Vos The Y% phase is an intermetallic 

compound of approximate composition CugAl, and has a D8, 

crystal structure (36). 

A further important group of alloys is the complex 

aluminium-bronzes, containing additions of nickel, iron 

and manganese. A pseudoquaternary phase diagram (37) of 

a complex aluminium-—bronze (BS 2872, CA 104) is shown in 

Figure 1.5. Manganese has equivalent effects to aluminium 

in that it stabilises the beta(s) phase (38). Nickel is
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rarely added to binary alloys to the exclusion of other 

elements, but it has been shown (39) that at addition 

levels below 2% this element remains essentially in solid 

sOlution, further additions promoting the formation of a 

Ni-Al precipitate. 

In the cast Ni-Al bronze alloy 958 (ASTM B148 or 

MIL-B-24480), a rather unique situation exists whereby the 

composition range of 8.5-9.5 wt.% Al, 3.5-4.5 wt.% Fe and 

4.0-5.0 wt.% Ni allow as-cast microstructural and property 

variations (40-45). For example, in compositions containing 

~4 wt.% Ni, increasing the Al content from 8.5 to 9.5 wt.% 

alters the cast structure from one comprised only of 

a+Fe/Ni/Al intermetallics, to one which includes the chemically 

active Cu,Al( ¥%) phase (42,43). At a fixed Al level, on 

the other hand, changing the relative amounts of Fe and Ni 

affects the cast microstructure by altering the character- 

istic of the Fe/Ni/Al phases. When the Ni:Fe ratio exceeds 

unity, the globular dispersed form of intermetallic, commonly 

referred to as Fe-K, is replaced by a continuous inter- 

granular lamellar phase, Ni-K, i.e., the cast microstructure 

changes from a+Fe-K to @+Ni-K. The net effect of such 

phase boundaries, one relating to the Vp phase, and the 

other to the Fe/Ni/Al intermetallic compounds, is that 

different within-specification compositions offer different 

compromises between the good corrosion resistance associated 

with high Ni levels, due to the suppression of the ¥, phase 

and the superior toughness of alloys containing a+Fe-K (45). 

These relationships between structure and composition are 

made even more complex by the susceptibility of the cast
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alloy to microsegregation which may, for instance, result 

in local concentrations of Al or a local deficiency of Ni, 

giving rise to the appearance of the corrosion-prone Po 

phase. Although such microstructural anomalies may be 

modified by heat treatment (43), in the case of large cast- 

ings it is clearly more feasible to rely on compositional 

control of the structure, 

The complex aluminium-bronzes used in this work con- 

tained compositional variations of 9-11 wt.% Al, 3.5-6 

wt.% Fe, 3-6 wt.% Ni and ~1 wt.% Mn (table 3.2), it is 

essential to see how these variations influence the 

microstructure and mechanical properties.
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Figure 1.4. Copper—Aluminium Phase Diagram 
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