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ABSTRACT

The rapid darkening of hydraulic oils and fluids in use has occasionally been reported. This paper summarizes
the past investigations into this phenomenon, which have largely focused on the compression of air bubbles in
mineral hydraulic oil. The process leads to a form of high temperature degradation known as dieseling and the
probable formation of sub-micron carbonaceous particles. The importance of system design and particularly the
choice of pumps, in this process, are discussed. The primary objective, however, is to examine the effects of
dieseling on phosphate ester fire-resistant fluids and to clarify if an analysis of the used fluid can indicate whether
this process is taking place. An investigation of samples taken from systems displaying rapid degradation sug-
gests that the presence of certain breakdown products may infer the approximate level of temperature to which,
at least, small amounts of the fluid are being subjected. The presence of carbonaceous material in the dieseling
process is also confirmed. Some suggestions made for the mechanism of its formation as well as the formation
of other major degradation products. Lastly, recommendations are made for ways of minimizing this form of
breakdown not only in terms of system design but also with respect to fluid properties, fluid maintenance and the
use of in-situ conditioning. Copyright © 2006 John Wiley & Sons, Ltd.

KEY WORDS: hydraulic oils; phosphate ester hydraulic fluids; hydraulic oil blackening; dieseling; high temper-
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INTRODUCTION

Concern has occasionally been expressed regarding the rapid darkening of hydraulic oil in open indus-
trial systems. This is frequently accompanied by a steady increase in the level of acidity, the produc-
tion of dirt or sludge and the development of a burnt odour. This paper summarizes past investigations
into this phenomenon, which have focused primarily on mineral hydraulic oils. However, the main
objective is to examine the similar behaviour of triaryl phosphate fire-resistant fluids in steam turbine
electrohydraulic control (ehc) systems. Laboratory investigations into the degradation products formed
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in operating fluids at high temperatures are discussed and some possible mechanisms for their for-
mation suggested. Finally, recommendations are given for the avoidance of this mode of degradation
in new systems, whether using mineral oil or other non-aqueous fluids and, for existing systems, reme-
dial action that would minimize the extent of further degradation.

HISTORICAL BACKGROUND

One of the earliest cases of oil blackening was observed in Japan in 1955 in the governor servo system
of a water turbine. A report on this and over 30 similar instances was issued in 1967 [1]. Although
there was little change in acidity and viscosity, an amorphous carbon deposit was found in the oil with
particles ranging in size from 0.5 to 10 um. Investigations centred on the possibility of either an elec-
tric discharge (arc) in the oil arising from static build-up and determined by measurement of a shaft
current, or the possibility of adiabatic compression of air bubbles in the oil (where no heat enters or
leaves the bubble during compression). Earthing of an ‘inner coupling within the motor unit of the oil
pump’ reduced, but did not eliminate, the blackening. However, modifications to the oil tanks, includ-
ing installation of a vertical screen, extending the return line below the oil level and increasing the
distance between the return line and the pump inlet, were successful. This suggested that aeration and
high-temperature oxidation were the main causes. A reduction in the oil pressure also helped to reduce
the degradation, as might be expected if bubble compression were taking place.

Concurrent with the above problem a study was being carried out in Germany into the generation
of extremely high temperatures in hydraulic systems [2]. The object of the study was to investigate
the temperatures that can occur in hydraulic systems due to:

(i) the compression of the fluid at restrictions in the flow path, for example in valves;
(ii) the compression in the pump of air bubbles in the oil or fluid.

It was suggested that high temperatures are frequently not suspected as a result of heat conduction
and radiation, oil mixing and, in particular, turbulence: ‘There is always a much lower temperature at
places accessible for measurement.” Estimates of potential temperature increases may also be mis-
leading. Prior to conducting an experiment using a copper tube with a restriction, an oil flow of
20L/min at 200 bar pressure and an inlet temperature of 30°C, the expected rise in temperature across
the restriction was calculated as ~12°C. In practice, temperatures of 150-160°C were measured —
considerably higher than might have been expected. Similar surface temperature increases were found
in relief valves at opening pressures of ~160 bar [2].

In studying the compression of air bubbles, experiments using mineral oil in a hydraulic pump
showed that the increase in the temperature of the bubble envelope as it was compressed led to igni-
tion of the oil vapour—oxygen mixture and that the spark produced could be visually observed! The
two parameters that influenced the tendency of the oil to ignite were pressure (or rather the rate of
change of pressure) and bubble size. Larger bubbles were more likely to result in greater spark energy.
Smaller bubbles were less of a problem, probably because they dissolved more rapidly under com-
pression but also, for the same oil volume, they had a much greater surface area and consequently lost
heat more rapidly. Following the compression tests a ‘dark haze’ was found to have formed in the oil!

Further evidence of the high-temperature degradation of hydraulic mineral oil in servo systems
appeared in a paper that examined the problems occurring in numerically controlled machine tools
[3]. In this equipment a build-up of varnish had been found on the sliding surfaces of spool valves,
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Table I. Variation in theoretical bubble temperature with pump pressure [3].

Pump pressure, psi (bar) Air bubble temperature, °F (°C)
1000 (69) 1410 (765)

2000 (139) 1820 (993)

3000 (208) 2100 (1149)

and the discovery of sludge in the oil correlated with subsequent valve failure due to sticking and filter
clogging.

A detailed investigation of the problem suggested that the cause was aeration and adiabatic com-
pression of air bubbles in the oil. It was pointed out that the theoretical temperatures that could develop
under adiabatic compression were well above those necessary for the destruction of the molecule.
Depending on the system pressure, the temperatures within the bubble that were reported as theoret-
ically attainable are given in Table I [3]. However, since some heat is always conducted away from
the bubble into the bulk of the liquid these temperatures are unlikely to be fully achieved.

Information gained during the study indicated that thermal cracking, oxidation and nitration
processes were taking place, each of which could lead to the production of insoluble deposits. The
development of a burnt odour was ascribed to the ‘cracking’ of the hydrocarbon structure.

In a discussion of the system design features that could affect the aeration of the oil the following
observations were made:

» Constant volume pumps (i.e. screw/gear/vane types) were to be avoided. With variable volume axial
piston pumps ‘flow is varied to meet the workload and is reduced essentially to zero as the work-
load is reduced. Thus oil or fluid works harder in a constant volume pump.’

* The continuously high flow rates that are found with constant volume pumps encourage the entrain-
ment of air as a result of turbulence in the system and, of course, the higher the volume dispersed,
the longer it would take to be released.

* Oil temperature is important in that it controls the solubility of air in the fluid.

* Pressure (and particularly the rate of increase in pressure) in the pump is important as this will
control the rate at which air bubbles dissolve in the oil or fluid.

» Tank capacity and the residence time of the oil in the tank are also very important because the oil
has to be given adequate time to release the air before passing to the pump inlet.

A further detailed study on the effect of air in hydraulic systems was reported by the Institute for
Hydraulic and Pneumatic Drives and Controls at Aachen, Germany, in 1976 [4]. The objectives were
to investigate:

(i) the effect of increasing levels of air in the oil on its ageing performance in terms of changes in
colour, acidity, viscosity, etc.;
(ii) the processes occurring during compression of air bubbles in oil.

In the first part it was found, not surprisingly, that viscosity, acidity and colour changes over time
varied directly with the air content of the oil. However, no mention was made of deposits. It was sug-
gested that the contact between air and oil is increased ‘by a multiple’ when bubbles are distributed
throughout the oil.
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Figure 1. Limiting curve for ignition during the compression of single air bubbles in oil. Reproduced by
permission of the Council of the Institution of Mechanical Engineers. (Backé W, Lipphardt P. Influence of
dispersed air on the pressure medium. Proc. I. Mech. E. 1976; C97:77-84.) [4]

The experiments carried out to investigate the effects of compression of air bubbles involved com-
pressing single bubbles of differing sizes at increasing rates of change of pressure until ignition
occurred. This took place when the bubble reached a defined minimum volume at a given rate of pres-
sure increase (presumably due to reaching the lower flammability limit under these conditions). By
varying the bubble volume and the rate of change of pressure it was possible to obtain an ignition
limit curve during compression (Figure 1). For the compression of small bubbles (radius ~1 mm),
which probably represents the most frequent situation, the author indicated that the maximum tem-
perature developed was close to 300°C for a starting temperature of 25°C [5]. It was also found that,
for the same bubble diameter, an increase in starting temperature caused a significant increase in bubble
wall temperature during compression. However, the author stated that the rate of change of pressure
necessary to bring about ignition is unlikely to be found in hydraulic systems. Backé and Lipphardt
[4] indicated that this is only likely in parts of the system where gas bubbles can collect and be com-
pressed without being influenced by the flow. Where the fluid is in motion the improved heat transfer
results in a lower temperature and prevents ignition. The absence of ignition does not, however, pre-
clude the existence of high temperatures. It would also be interesting to see to what extent the
maximum bubble temperature was dependent on the condition of the oil. These studies appear to have
been carried out with fresh oil which would have little or no content of volatile (and flammable) degra-
dation products which might influence ignitability.
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In 1981, a paper [6] summarized the findings at that date concerning hydraulic oil blackening and
stated the problem to be one of amorphous carbon formation. Several additional cases were quoted
including occurrences in extrusion presses in Europe and one case involving the pressurized lubrica-
tion system of a gas turbine. The paper also included a useful list of measures that would help to avoid
this form of degradation.

The above references assumed that the dark brown or black colour in the oil, especially if accom-
panied by the development of deposits, was due to the presence of carbon arising from ‘dieseling’ or
‘micro-dieseling’, that is, the compression of air bubbles arising from inadequate air release.

While all the above investigations have involved mineral oil, the phenomenon has also been seen
with other fluids. For example, an interesting summary of work carried out investigating the dispersed
air content of phosphate ester hydraulic fluids in steam turbine ehc systems is given by Schoner [7].
The author describes the measurement of air content at different fluid levels in the tank. Degradation
problems are found if the air content does not decrease rapidly with increasing height above the tank
floor. A content of 1-2% air at the pump inlet was found to be acceptable, a figure separately con-
firmed [8]. However, to specify a limit on air content at the pump inlet presupposes that this can be
accurately measured. Schoner [7] discusses the available methods. The phenomenon is, however,
potentially applicable to all the common types of non-aqueous hydraulic fluids at sufficiently high
pressures and in the presence of air bubbles.

OTHER POTENTIAL SOURCES OF BLACK DEPOSITS

The development of colour in oils and fluids has long been used as a way of assessing the extent of
oxidation. However, the fact that oil turns brown in use does not automatically mean that this is due
to the presence of small particles of carbon. As certain molecules oxidize they can form conjugated
species called chromophores that are highly coloured. This form of degradation is, for example, found
with triaryl phosphate esters due to the oxidation of phenolic species present as impurities (or as degra-
dation products) to form coloured quininoid structures.

In addition to the compression of air bubbles, there are other potential sources of black
deposits/carbon in the fluid:

* The possibility of a shaft current has already been mentioned. This is, in the author’s experience, a
rare occurrence and one which is more likely with a hydrocarbon oil in view of the better insula-
tion afforded by this product type.

* Also found mainly with hydrocarbon oils is the possibility of static build-up in the tank or filters
with an eventual electrical discharge. Much depends here on the materials of construction, flow rates
and also the water content of the oil. Tests have shown that in mineral oil the effect of such dis-
charges was the production of gas bubbles and traces of carbon [9].

* A common cause of carbon formation in phosphate esters is the use of tank heating to reduce the
viscosity of the fluid before starting the main pumps. Either the heaters are overrated (i.e. give out
too much heat for the application) and/or they are used when there is insufficient flow of fluid over
their surfaces. In this event a layer of carbon may build up on the heater surface and in time this
can flake off and collect in the filters. Although the flakes may subsequently be broken down in the
pump etc., the particles are usually much larger than those arising from dieseling, where very small
particles of amorphous carbon, frequently less than 0.5 um in size, are formed. Carbon arising from
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tank heating should therefore be readily filterable while amorphous carbon is very difficult to remove
with conventional 3 um (B ratio = 200) fine particle filters.

* Black deposits may also be found as a result of the reaction of nitrogen oxides with hydrocarbons,
a phenomenon known as ‘black sludge’ in automotive engine oils. This aspect is discussed in more
detail in the section on the degradation mechanisms taking place in the bubble.

e Seal degradation can result in fluid darkening and, if the seal is incompatible with the fluid, small
pieces of rubber may be found in the filters. However, these pieces are normally much larger than
deposits arising from fluid degradation and can be readily differentiated.

AIR IN HYDRAULIC OILS AND FLUIDS

From the field reports it would appear that the air content of the oil or fluid is the most important
feature involved in the blackening of oil. In order to be able to minimize the effect of air we need first
to understand how it arises. In this section we examine the contribution made by both the system and
the fluid towards the incorporation of air in the fluid and the measures available for its release.

System Design

In most industrial applications the reservoir is ‘open’ or ‘breathing’ and air is normally free to move
in and out of the tank as the level of the fluid rises and falls. It therefore has plenty of access to the
oil or fluid and it must be assumed that, eventually, the solubility of air reaches saturation under the
temperature and pressure conditions in the tank. Further ingress of air will result in the dispersion of
bubbles rather than dissolution.

If the oil or fluid flow in and out of the tank could be conducted without turbulence of the oil there
would be fewer problems! However, there is a continual flow from the return or ‘dump’ line and from
the pressure relief valve. As the return line is not fully flooded and, in some applications, falls a sig-
nificant distance to the tank with abrupt changes in direction, flow becomes turbulent and the fluid is
highly aerated on entry into the reservoir. Warming lines, which are pressurized lines where the fluid
passes through a restrictor in order to reduce its viscosity prior to start-up of the main pumps, are also
likely to generate air bubbles on the low-pressure side of the restriction. Pressures are not as high as
in the main system but, owing to the high viscosity of the fluid while starting up the turbine, release
of air may still be found. However, at this stage in the process there should be adequate time for these
bubbles to be released from the fluid.

The problems associated with air in the oil are accentuated if, on return to the tank, fluid is dis-
charged above the liquid level as this encourages further turbulence and entrainment of air. Lines dis-
charging into the tank should therefore return the oil or fluid below the surface at all times. This means
taking into consideration the movement of fluid in the tank, especially on start-up. Unfortunately some
users think it is cheaper to operate the system with a low level of fluid in the tank. This is false
economy! The residence time in the tank is reduced, therefore any air present has less time to be
released. The end result is to increase the rate of oxidation of the oil and shorten its effective life. In
addition, operating at the minimum permitted level is more likely to result in a return line discharge
above the liquid surface.

If aerated oil or fluid returns to the tank it is important to ensure that as much air as possible is lost
before the oil enters the pump. For this purpose the system and relief valve return lines should be
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located as far away from the pump inlet as possible. The fluid should be de-aerated by passing through
sieves which collect air bubbles and by following a circuitous path to the pump inlet in order to allow
the air time to escape. Use of baffles which contain cut-outs to assist fluid drainage or which accom-
modate tank heaters may also allow some fluid to ‘short-circuit’ the preferred path with a reduction
in residence time.

There are recommendations, such as API Standard 614 [10], for the minimum tank residence time,
but not infrequently designers attempt to reduce costs or economize on space by reducing the size of
the tank. The end result can be that highly aerated oil is fed to the pump, with resulting degradation.
It has also been known for the return line to be located close to the pump inlet without any provision
for the fluid to take an indirect path to the pump. As a result there was no chance for the fluid to lose
the entrained air.

In many systems constant volume pumps are used with the continuous circulation of high volumes
of oil or fluid. Not only is this wasteful of energy but also the continuous circulation ensures a high
degree of aeration of the fluid. System designs that are less likely to suffer from aeration and oil degra-
dation are those which use a combination of pressure-compensated pumps and accumulators. The latter
allow the pumps to unload once the system pressure has been reached and thereby significantly reduce
the volume of fluid circulated. Such designs have been found to substantially lower the rate of oil
degradation. However, not all systems using axial piston pumps are free of this problem. Some incor-
porate restrictors on the pressure side of the pump in a ‘cooling circuit’ and return significant volumes
to the tank on a continuous basis.

In the past, centrifugal booster pumps were sometimes used before the main system pump. This
was beneficial as the lower pressure and longer overall compression time gave the air bubbles a better
chance to dissolve. However, largely on cost grounds, this approach has now been abandoned.

One further potential source of air arises from cavitation in the pump, restrictors or in bearings
where there is a local pressure drop. If otherwise soluble air comes out of solution, there may be no
time for it to redissolve before it is compressed, for example in the pump [11, 12]. For pumps mounted
above the fluid level it is also possible that bubbles may increase in size in the suction line under the
slight vacuum. This would be another argument in favour of a flooded suction. The suction line
is, of course, a potential point of air entry to the system through pipe joints and flanges that are not
secure.

A particularly unfavourable condition in a system containing air is one where there are pressure
pulsations or spikes, because under these conditions the air bubbles have no time to dissolve [13].
Shock pressure loading is, for example, quoted as responsible in excavator systems for seal destruc-
tion if air bubbles are located adjacent to the seal. Typical damage would be ‘the erosion and black
charring of acetal wear rings and relatively smooth erosion damage to nitrile rubber and rubberised
fabric’ [14].

The Oil or Fluid Air Release Properties

It was indicated above that certain design features can be built into a system in order to encourage the
release of air. However, their efficient operation assumes that the oil or fluid is able to release air
quickly, preferably within the residence time in the tank. Obviously, the higher the air content the
longer it will take to reduce to an acceptable level, while a small number of large bubbles may be
easier to remove mechanically than a large number of small bubbles. A number of factors impinge on
the oil or fluid air release behaviour, among them the following:
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Table II. Air release properties of various mineral oils in Institute of Petroleum Test IP 313 [6].

Oil Grade Viscosity (mm?/sec) Minutes to 0.2%
vol. air
25°C 50°C

25°C 50°C
A Hydraulic ISO 32 66 21 — 3
B Turbine ISO 32 66 21 4 2
C Hydraulic ISO 46 100 30 — 6
D Turbine ISO 46 100 30 7 3
E Turbine — 190 48 10 5
F E+ 1.0% oil J 10 5
G E + 0.5% water 56 —
H Hydraulic ISO 100 250 62 — 13
1 Turbine I1SO 100 250 62 14 6
J MIL-L-2104B diesel SAE 30 250 65 77 —
K J + 0.5% water 115 —

Reproduced by permission of BHR Group Limited.

@

(i)

(iii)

The chemical composition of the oil or fluid. Depending on the composition of the hydraulic
fluid, both in terms of basestock and the additive package it contains, the air release properties
can vary substantially. Table II [6] shows a range of air release values associated with different
mineral oil types, while Figure 2 [15] shows the behaviour of some mineral oil and synthetic
types. It is probable that the difference between chemical types can be traced to their different
ability to dissolve air and/or surface tension properties.

Viscosity—temperature relationships. The thicker the oil, the more difficult it is to release air
bubbles. Conversely, the thinner the oil, the more easily air is released. Air release is normally
measured at 50°C but as the temperature increases the difference between the air release behav-
iour of oils and fluids diminishes as they become closer in viscosity. This is demonstrated in
Figure 3 for different types of triaryl phosphates [16].

Surface active impurities and additives. One of the most important factors is the presence of
impurities or fluid components that are surface active. These can change the surface energy of
the fluid, thereby influencing the stability of the dispersed air bubbles. Such products may be left
in the oil from the manufacturing process, may be present as a result of incomplete removal of
preservative oils used during equipment transportation and storage, or be deliberately added in
order to improve some property of the fluid — for example, corrosion inhibitors or antiwear addi-
tives. They may also arise from the degradation of the fluid in use — for example, acids arising
from oil oxidation or from the hydrolysis of triaryl phosphate ester fluids.

A very important example of an additive that can have a significant adverse effect on air release is
the antifoam [17], particularly if it is silicone-based. Above certain critical limits (which could vary
with each fluid) this additive has an adverse effect on air release properties.

@iv)

Contaminants. Contaminants can arise from both external and internal sources. Examples of the
former include other types of oil or fluid, water and dirt. It is also known that the mixing of fluids
with different surface tension properties can increase foaming and reduce air release, and this
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Figure 2. The effect of temperature on air release values for different turbine oils and fluids [15].

should be checked before attempting it in practice. The presence of water can either reduce vis-
cosity (if soluble in the base) or increase it, if it becomes emulsified into the oil or fluid. Table
II shows some examples of the adverse effect on air release of small amounts of water. Dirt will,
of course, help to stabilize emulsion formation.

As a result of degradation a different type of contaminant can arise. Most fluids are known to
produce acidic oxidation products. In the case of mineral oil these acids are ‘weak’ but are still able
to form surface active metal soaps from wear debris and/or additives [4]. In the case of phosphate
esters, ‘strong’ acids are produced by both hydrolysis and oxidation, which can catalyse further hydrol-
ysis of the fluid. They can also react with metal components such as brass and copper to form metal
soaps that adversely affect oxidation stability as well as the foaming and air release properties of the
fluid. The main problem with this type of fluid, however, is the formation of metal soaps arising from
in-situ conditioning.

In order to minimize the effect of the acidic decomposition products, and to extend fluid life, the
phosphate ester hydraulic fluids used in power generation are normally filtered through an adsorbent
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Figure 3. Change in air release value with temperature for different aryl phosphate types.

solid that removes the acid. Unfortunately the solids that have been used in the past, particularly fuller’s
earth (an aluminosilicate) and activated alumina, contained components that reacted chemically with
acid phosphates etc. to produce metal soaps or salts [18, 19]. Fuller’s earth, for example, contains
calcium and magnesium carbonates which react with the acid to form calcium and magnesium aryl
phosphates. In alumina, sodium (probably as the aluminate) reacts to form sodium phosphates. These
metal soaps are surface active and have a significant adverse effect on air release properties [18]. It
is probable that these soaps act as a catalyst for the high temperature degradation of the fluid.

The process starts with the generation of acid, normally as a result of fluid hydrolysis. This is fol-
lowed by reaction of the acid with the earth or alumina to form metal soaps that cause an increase in
air release time. In turn, this produces further oxidation of the fluid, more acid and higher levels of
metal soaps. Thus a cycle of degradation is started (see Figure 4 [19]).

At some stage the volume of air in the fluid becomes so great that it becomes impossible to release
it all during residence in the tank and increasing amounts pass into the pump. The formation of carbon
in the fluid now commences as a result of ‘dieseling’ and the sludge probably becomes a mixture of
metal soaps, ammonium phosphate (see later), oxidized hydrocarbons and carbon, with the latter
increasingly contributing to a darkening of the deposit and the fluid. Obviously metal soaps may not
be the only reason for the increase in air content of the fluid but are probably the most important as
they are constantly being produced. Fortunately there are now filtration techniques available using ion
exchange resins, which eliminate the possibility of soap formation [19].
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Figure 4. The fluid degradation cycle [19].

POTENTIAL HIGH-TEMPERATURE DEGRADATION MECHANISMS

Past investigations into the formation of high-temperature deposits with mineral hydraulic oil in
service were reported by Roberton and Allen [3]. These investigations concluded that ‘oxidation,
thermal cracking and nitration can take place, all of which can lead to the formation of insoluble
deposits’. The authors suggest that the burnt odour, typical of fluids that have been exposed to high
temperatures, is due to the presence of ‘cracked’ hydrocarbons and that ‘the possibility of polymer-
ization of these olefinic compounds is conducive to sediment formation’.

Some additional light on the mechanism of deposit formation under nitration conditions (nitration
is the reaction of nitrogen oxides — NO, — with the substrate to form nitro-compounds, nitrates, etc.)
is given in a study of deposits arising from the degradation of automotive diesel engine oils [20]. The
author states that ‘the formation of diesel engine deposits can be ascribed to high temperature degra-
dation in the presence of strong acid and nitrogen oxides. . . . Diesel fuel is also only partially burnt
resulting in the presence of soot or amorphous carbon . . . formed by the condensation of C, com-
pounds (e.g. ethylene), C; (e.g. propylene) and aromatic fragments in the fuel.” Of interest is the state-
ment that ‘In diesel fuels the small amount of light olefinic or aromatic components reduces the
concentration of nitrate esters formed’. Figure 5 [20] shows the proposed mechanism for the forma-
tion of deposits in diesel engines. This may show similarities to the degradation of mineral hydraulic
fluids under dieseling conditions.

It might be thought that the degradation processes involving phosphate esters would be significantly
different from those involving mineral oil. However, although the presence of the phosphorus atom
will give rise to some different decomposition products, principally P-containing acids, the phospho-
rus comprises only a relatively small amount of the total molecule — normally some 7-8% w/w —
while the remainder is carbon, hydrogen and oxygen. Some similarity to the types of decomposition
products found with mineral oil is therefore to be expected.

The first major study of the thermal/oxidative breakdown of phosphate ester hydraulic fluids was
reported in 1976 [21] in which several triaryl phosphates were pyrolysed at temperatures up to 420°C
and the decomposition products analysed by gas chromatography. The results showed little degrada-
tion under these conditions (less than about 1% at 370°C for tricresyl phosphate [22]) but even at this
temperature there were already traces of olefins, alkyl benzenes and condensed ring aromatic struc-
tures — all of which are soot precursors.
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Figure 5. Diesel engine deposit formation mechanism [20].

In 1984 a paper was published [23] that not only identified the products of thermal/oxidative break-
down of phosphates but also attempted to postulate a pyrolysis mechanism (see Figure 6). For this
study triphenyl phosphate, the most oxidatively stable aryl phosphate, was selected. This eliminated
the effects of side-chain oxidation and thermal breakdown. Although the results were less complicated
than would be expected from commercial fluids, light hydrocarbons were detected at the onset of
degradation above 300°C, while at 800°C, in addition to phenols, small amounts of condensed ring
aromatics, such as naphthalene, were found. The authors commented that carbon particles appeared
above 800°C.

From the above studies it would appear that the phenomenon of dieseling is a very complex one
probably involving the following steps:
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Figure 6. General pyrolysis scheme of phosphates. Reprinted with permission from Lhomme V, Bruneau NS,
Brault A. Thermal Behaviour of some Organic Phosphates. Ind. Eng. Chem. Prod. Res. Dev. 1984;
23(1):98-102. [23] Copyright © 1984 American Chemical Society.

» Compression of the air bubble.

o If the air bubble does not dissolve, the internal envelope heats up with the release of volatile com-
ponents of ‘low’ molecular weight. These may be accompanied by the products of thermal crack-
ing and oxidation as the temperature rises. (Even with a fairly rapid dissolution of the bubble it is
probable that a small amount of degradation takes place — but at lower temperatures).

* As the content of flammable species in the vapour increases and when the temperature (from gas
bubble compression) is high enough, the lower flammability limit of the mixture may be reached.
The vapour may then ignite (combustion is a vapour-phase oxidation reaction) with an effective
increase in the total gas content of the fluid — although some of the gas will quickly dissolve in
the fluid. If ignition occurs it would be expected that aliphatic (saturated and unsaturated) hydro-
carbons would ignite first with the production of carbon oxides and water. If insufficient oxygen
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is available to sustain combustion, or the temperature is not high enough to initiate it, thermal/
oxidative degradation will continue to favour the generation of species of low molecular weight, for
example C, and C; molecules, condensed ring structures and, eventually, amorphous carbon particles.
Aromatic ring compounds are more stable and react at higher temperatures with the residual oxygen.

* Backé and Lipphardt [4] state that ‘hydraulic media with a higher (auto)ignition temperature accord-
ing to DIN 51794 under identical conditions have a correspondingly lower tendency to the so-called
diesel effect in hydraulic systems’. This is one reason why aryl phosphates are less likely to ‘diesel’
than other hydraulic fluids based on straight chain structures. However, although ring structures are
absent in straight chain hydrocarbons or esters, carbon can still form as aromatic structures are gen-
erated from their C, and C; fragments at temperatures lower than those required for the same mech-
anism in aryl phosphates. At some elevated temperature NO; is probably formed. The oxides react
with hydrocarbons and phenols etc. to produce nitro-compounds and with water vapour to produce
nitrates, etc. Aromatic nitro-compounds may then be reduced to aromatic amines either by hydro-
gen or carbon.

* The hydrogen that is produced as a result of thermal cracking, etc., and the reducing action of carbon,
can form water or reduce ionic phosphate to phosphite and react with nitrogen to form ammonia.

e The ammonia produced then forms ammonium salts with for, example, acid phosphates.

e The formation of olefins and alkyl aromatics, either from thermal cracking or oxidation, leads to the
formation of fused aromatic rings and, further, to the development of soot and varnish.

These possible reactions are displayed in Figure 7.
PHOSPHATE ESTER HYDRAULIC FLUIDS AND THE DEVELOPMENT OF DEPOSITS

As was mentioned at the beginning of this paper, there are occasional reports of deposits in hydraulic
systems using aryl phosphate fire-resistant fluids. Their occurrence is noted more frequently in power
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Figure 7. Some possible high temperature degradation mechanisms.

Copyright © 2006 John Wiley & Sons, Ltd. J. Synthetic Lubrication 2006; 23: 39-70
DOI: 10.1002/js1



HIGH-TEMPERATURE DEGRADATION OF HYDRAULIC OILS AND FLUIDS® 53

generation applications, possibly because of the critical nature of the application but also for the fol-
lowing reasons:

* These systems use components sensitive to the production of deposits, such as fine-tolerance servo
valves.

 This is currently the principal application involving in-situ conditioning of the fluid by adsorbent
media. The possibility of forming metal soaps, chiefly calcium and magnesium soaps, was men-
tioned earlier. These eventually precipitate as sticky, gelatinous deposits which may block filters and
have an adverse affect on fluid surface-active properties such as foaming, air release and demulsi-
fication [19].

* The standard of ‘housekeeping’ of the system is usually high and normally only small amounts of
fresh fluid are used for top-up. This means that the new fluid has a limited effect on existing fluid
properties. As a consequence, the level of metal soaps could steadily increase.

The experience to date with the formation of deposits in turbine control systems has suggested that
several factors are involved, as follows:

Fluid Type

There are three different types of aryl phosphate ester that are used commercially as fire-resistant
hydraulic fluid in industrial applications: trixylyl phosphate (TXP), isopropylatedphenyl phosphate
(IPPP) and tertiarybutylphenyl phosphate (TBPP). TXP has significantly better hydrolytic stability
than the other two products [24] and would therefore be expected to be less likely to form the acid(s)
that eventually result in the precipitation of metal soaps and lead to dieseling. It also has the best air
release behaviour of the three products and good oxidative stability [24]. Technically, therefore, TXP
would be expected to be far less susceptible to this form of degradation but even this product could,
in the event of a continuing high air content, eventually succumb to dieseling.

Fluid Conditioning

The in-situ conditioning processes have already been mentioned and the importance of avoiding par-
ticularly fuller’s earth and activated alumina indicated. While they are acceptable in low-stress system
designs (see below), their use in medium- to high-stress designs will almost inevitably lead to diesel-
ing sooner or later. In addition to the importance of the type of adsorbent medium, the quantity of
adsorbent is similarly important. There is little point in employing this kind of conditioning unless
there is an adequate amount of adsorbent to remove the acid at a greater rate than it is formed. Unfor-
tunately the rate of generation of acid is not constant as hydrolysis is autocatalytic and too low a quan-
tity of adsorbent can lead to a rapid increase in the acidity. The situation is made worse if the fluid is
being oxidized and thermally cracked as well, as these processes can further raise the level of acid in
the system. Lack of control of acidity can lead to the frequent changing of the adsorbent media. Cases
where the fuller’s earth cartridges are changed every 2 weeks, instead of every 3—4 months or longer,
are known. This significantly increases maintenance costs and accelerates the onset of dieseling!

In order to reduce the effect of metal soaps catalysing oxidative breakdown, the choice of adsor-
bent should therefore reflect the system design in terms of the type of pumps used and the residence
time in the tank. The quantity of adsorbent installed should also reflect the pump type, with screw/gear
pumps requiring a larger volume of solid (perhaps up to twice the level required with variable dis-
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placement piston pumps). Using a greater volume of solid can be cheaper, in the long term, than having
to change the solid (and perhaps also the fluid) on a regular basis and risk the rate of acid removal
becoming less than the rate of its generation.

Fluid Monitoring

The regular testing of the fluid quality is essential to ensure a long fluid life. If the fluid starts to dete-
riorate for any reason, the sooner remedial action can be taken, the better. The plotting of test data to
establish trends can also be useful to predict when action needs to be taken. Since the fluid perform-
ance often depends on the behaviour of the system, significant changes in fluid characteristics can
assist in identifying aspects of system maintenance requiring attention. For example, a rapid increase
in the water level might suggest a leak in the cooler system. Fluid monitoring is therefore an impor-
tant part of the maintenance programme.

System Design

As indicated earlier, dieseling is associated with the use of constant volume pumps and a high volume
of fluid in continual circulation. This situation is accentuated when the residence time (and fluid
volume) in the tank are reduced. Conversely, few reports of this problem have been received from
users of systems where pressure-compensated pumps and accumulators are used. With this latter
system design the volume of fluid circulated is reduced to a minimum. It would seem likely that the
major problem relates to turbulence in the system and the greater tendency under these conditions for
the fluid to entrain air. These trends were noted earlier and are also reported by Jackson [6]. In order
to reduce the stress on the fluid and therefore minimize the possibility of dieseling, Jackson recom-
mends observing certain basic system features (which are equally valid for both mineral oil and other
fluid types) as follows:

* Avoid excessive flow rates.

* Avoid the (rapid and uncontrolled) fall of fluid, particularly to the oil tank.

* Avoid cascades in the oil tank (as a result of returning the oil above the level in the tank).
* Return oil (as far) away from pump inlet (as possible).

* Avoid air leaks in the inlet system.

* Provide venting.

* Avoid changing the section (of pipes) causing a drop in pressure.

* Avoid too low an oil temperature.

* Provide bubble-collecting screens in the tank.

System Maintenance

A further aspect that impacts on fluid performance is regular system maintenance. There is little point
in using a stable fluid if no attempt is made to keep it:

(i) dry, for example by ensuring that the silica-gel breather is regularly changed;

(i) with low acidity, by replacement of the adsorbent filters when the acidity starts to increase;

(iii) clean, by replacing the main system filters as the pressure differential approaches the manufac-
turer’s limit.
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Another factor to check is the pressure relief valve setting. If this is set too low an increased volume
of fluid will be circulated to the tank, deriving heat from the valve and probably adding to the turbu-
lence in the tank.

It is also important to ensure that the fluid is operating at, or close to, its maximum recommended
level in the main reservoir. Lower levels will reduce the residence time and may allow the release of
returned fluid above the liquid level, thereby increasing the amount of entrained air and accelerating
the rate of fluid degradation.

HIGH TEMPERATURE DECOMPOSITION PRODUCTS

Although most high-temperature degradation is initiated around and within the bubble, the reaction
products will diffuse into the oil or fluid and, with continuing compression, will eventually spread
throughout the bulk. As a result, the presence of the breakdown products identified below could be
indicative of high temperature degradation (>300°C). Apart from the formation of carbon, which is
clearly the result of high-temperature degradation, not all the other analyses are necessarily proof of
the presence of very high temperatures although they may be strongly supportive.

Potential Indicators for the High-Temperature Breakdown of Oil and Phosphate Esters

» Rapid development of dark coloration.

* Formation of black particles normally under 1um in size.

e Measurement of oxides of nitrogen in the fluid.

* The presence of ammonium ions.

* The measurement of significantly lower oxygen concentrations.

* The presence of quantities of hydrogen, ethane and other hydrocarbons of low molecular weight.

* The presence of substantially higher levels of carbon monoxide and carbon dioxide.

* The development of a burnt odour.

* A measurable (and increasing level) of peroxides will also be evidence of oxidative degradation,
though any delay in testing may probably result in the disappearance of the most volatile or active
species.

* The presence of aromatic amines. (For mineral oils these would arise through the rearrangement of
low molecular weight species (C,/Cs;) to form aromatic rings which then react with NO, to form
nitrophenols, subsequently reduced by hydrogen. For phosphate esters nitrophenols can be produced
directly by reaction of NO, with phenols.)

* The formation of condensed ring structures. and,

 (For phosphate ester fluids only) the presence of ionic phosphate (or phosphite).

AN INVESTIGATION INTO THE DEGRADATION OF ARYL PHOSPHATES

A fluid with a poor air release, or one that is foaming in the system, is more likely to be involved in
high-temperature degradation but, as the system design plays such an important part in determining
the level of air at the pump inlet, these fluid properties are not, by themselves, evidence that diesel-
ing is taking place. Similarly, the measurement of other properties such as colour, acidity and clean-
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liness may suggest degradation, but to be able to confirm the presence of dieseling in a system it is
necessary to analyse the used fluid chemically.

For this investigation samples of used ehc fluid were taken from various power station systems
where the fluid was degrading rapidly. In addition, some laboratory work was undertaken to try to
simulate high-temperature degradation. In both cases analyses were carried out looking for the spe-
cific degradation products that might confirm the reactions suggested in Figure 7, or are mentioned in
the literature. Unfortunately the same samples were not used for all the different investigations and
therefore it is often not possible to read across from one analysis to another. However, the general
conclusions associated with each test are still valid in terms of the relationship to dieseling as a
phenomenon.

Formation of Nitrogen Oxides

One of the early studies of dieseling [3] reported on the formation of NO, in mineral hydraulic oils
under dieseling conditions and their further reaction with both the oil and additives. It was therefore
decided to investigate if ehc fluids contained any nitrogen oxides. The samples examined were taken
from four utility steam turbine ehc systems where fluid degradation was very rapid, accompanied by
blackening and development of a strong odour.

The samples were taken in gas-tight syringes and an aliquot was transferred to a sealed vial. The
vial was agitated for several hours to allow equilibration of dissolved gas with the head space. The
head space gas was then analysed by gas chromatography (GC)/mass spectrometry (MS) and com-
pared with standards of NO and NO,. Roberton and Allen [3] suggested that the NO was being oxi-
dized within the time of the analyses to NO,, therefore the results are probably a mix of NO + NO,
(i.e. NOy). A sample of fresh fluid was similarly examined. The results are given in Table III. The
results were judged not to be significantly different from each other or the reference fluid. However,
as the syringes had been stored for several months awaiting analysis, it is possible that some NO, may
have escaped in storage or at some stage in the test procedure. Alternatively, in view of their reactiv-
ity and the high temperatures involved, they may have reacted with the fluid or its degradation prod-
ucts. This data was inconclusive for residual NO, presence.

Formation of Nitrates/Nitrites

One possible way in which NOy could have been consumed is in conversion to nitrate or nitrite, espe-
cially since water would be present in the fluid.

Table III. NO, measurements in used EHC fluid.

Samples (all IPPP) NO; concentration (ppm)

Unused fluid
Sample 1
Sample 2
Sample 3
Sample 4

o N
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Samples of used fluid were taken from six stations in Europe, North America and Africa. All were
taken from systems where the fluid was degrading rapidly as judged from the rate of increase of acid
number and the formation of black deposits. The samples were examined by ion chromatography [25]
and results are given in Table IV. As can be seen, there is no conclusive evidence for the presence of
nitrite and nitrate ions. This may, as indicated in an earlier paper by Hsu [20], be due to the presence
of olefinic or aromatic components that react preferentially with NO,.

Formation of Ammonium Salts

In Figure 7 it is postulated that nitrogen from the air can react with the hydrogen formed on degrada-
tion of the phosphate to form ammonia. Certainly the fixation of atmospheric nitrogen has been shown
in hydraulic systems containing mineral oil which had been subjected to dieseling [3] and also in lab-
oratory vane pump tests with a bulk oil temperature of ~70°C. These tests showed that deposits arising
from oil breakdown contained ‘a substantial amount of combined nitrogen’ and that ‘the observed nitro-
gen build-up . . . is atmospheric and is not connected with additive breakdown or erosion of system
materials’. Part of the current investigation therefore involved an assessment of the presence of ammo-
nium ions in degraded fluid both taken from commercial systems and heated at 200°C for 7 days in the
laboratory in loosely capped bottles that allowed for movement of air in and out of the bottle. After
heat treatment any sludge formed was filtered off and washed. Both the sludge and filtrate were exam-
ined for signs of ammonium ion using ion chromatography. The results are shown in Table V.

Table IV. Analyses of used fluids for NO;™ and NO,™ ions.

Fluid sample NOs™ ion level (ppm) NO, ion level (ppm)
Sample A (IPPP) ND ND

Sample B (IPPP) <5 8

Sample C (IPPP) ND ND

Sample D (IPPP) ND ND

Sample E (TXP) ND ND

Sample F (TBPP) ND ND

Unused <5 5

Table V. The determination of ammonium ions in the sludge and filtrate of oxidized fluids.

Sample Filtered solids NH," content of PO.* content NH," content in
(all IPPP) (ppm)* solids (ppm)* of solids (ppm)* filtrate (ppm)
Lab. A 340 180 1350 1

Lab. B 42 12 140 0.2

Lab. C 190 3.5 80 ND

Lab. D 70 0.5 8 ND

System 1 ND 400 — —

System 2 ND 570 — —

Fresh Fluid ND — — ND

*Expressed as ppm in the original sample.
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The laboratory samples were free of any additives, but the samples taken from commercial systems
(when new) contained small amounts of an additive that could possibly have contributed to the ammo-
nium ion level, and the effect of this additive cannot be totally discounted. C, H and N determinations
on the sludge from the laboratory tests found, on average, values of: carbon, 6%; hydrogen, 5%; nitro-
gen, 6% and phosphorus, 21%. As the bulk of the washed sludge was apparently inorganic and the
phosphorus was shown to be present as ionic phosphate, the sludge was thought to be ammonium
(poly)phosphate. The ammonium ions were subsequently confirmed by ion chromatography but the
phosphorus content was higher than could be accounted for by the formation of (NH,);PO,. If, there-
fore, ammonium ions can be produced at temperatures as low as 200°C, they are also probably present
at an early stage during the dieseling process. This investigation did not clarify whether the nitrogen
reacts directly with the hydrogen or if the first step is the formation of NO, followed by its reduction
to ammonia.

Formation of Primary Aromatic Amines

Two of the most highly degraded used fluids — as assessed by colour, intensity of smell and acidity
—were mixed with dichloromethane and the components separated using thin layer chromatography
(TLC). The TLC plate was then exposed to fumes of nitrous acid at low temperatures. Under these
conditions primary aromatic amines undergo what is known as a diazotization reaction with the for-
mation of a diazonium chloride (see reaction (1) below). When the residual nitrous acid had been
removed, the plate was sprayed with a solution of a-naphthol and exposed to ammonia gas. This is a
standard test for identifying the presence of aromatic amines, and a spot turning bright yellow on for-
mation of an azo-dyestuff (reaction (2)) confirmed there were such products present in the used fluid.
The reaction scheme is as follows:

ArNH, + NaNO, + HCl = ArN,Cl+H,0 (D)
aromatic amine sodium nitrite diazonium salt
ArN,Cl+C,(H,OH = ArN~ NC,,H;OH + HC 2)

o-naphthol azo dyestuff

No such reaction was found with the fresh fluid or indeed from systems operating under low stress
conditions.

The formation of primary aromatic amines suggests the nitration of aromatic hydrocarbons (or
phenols) followed by a reduction with hydrogen to form the amine.

Formation of Gaseous Degradation Products

Although no evidence for the presence of NO, had been found, samples of various degraded fluids
were taken by glass syringe and subjected to a detailed gas-in-oil analysis of the type developed for
assessing the gas content of cable and capacitor oils (ASTM D 831). Results are given in Table VI.
All samples were taken from the ehc systems of power stations in Canada. Samples A and E came
from systems where constant volume pumps were used, while the other samples were taken from
systems using variable volume pumps. With the exception of sample E (TXP), all the other samples
were based on IPPP.
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Table VI. Results of ASTM D 831 gas analysis on samples taken from Canadian ehc systems.

Gas Fresh fluid Turbine A Turbine B Turbine C Turbine D Turbine E
(WL/L) (WL/L) (WL/L) (UL/L) (WL/L) (LL/L)
Oxygen 20095 400 7857 11811 16155 520
Nitrogen 37120 44200 38868 38493 38909 45570
Carbon monoxide <20 10100 195 582 937 7900
Carbon dioxide 651 13950 801 3366 4594 19000
Hydrogen <10 1330 55 126 175 810
Acetylene <2 1800 128 626 963 2600
Ethane <2 230 12 55 92 815
Ethylene <2 860 64 225 307 120
Methane <5 1900 38 213 333 1180

Although further work needs to be done, it is interesting to note the following:

* The low oxygen content in samples A and E where constant volume pumps are used. These values
are mirrored by much higher CO/CO, levels.

* Species of very low molecular weight are formed. Some of these are very reactive and are inter-
mediates in the development of higher molecular weight ring systems, or even of carbon itself.
Unknown is the speed with which these gases developed (or whether they were still increasing) as
the fluids had been in the systems for several years. Again, however, levels are higher in systems
using constant volume pumps.

The fact that combustibles are present, albeit in small amounts, could lower the temperature required
for ignition of the fluid vapour on compression and therefore reduce the rate of pressure increase
required for ignition.

Formation of Phosphate and Phosphite Ions

The formation of ammonium phosphate in high-temperature sludge has already been mentioned. It
confirmed a previous in-company investigation of dried deposits taken from a turbine filter in a system
where high-temperature degradation was occurring. This had revealed that ionic phosphate was the
largest single component (approximately 50% w/w of the sludge) [26]. In view of this evidence a wider
investigation of phosphate and phosphite ion content was made using ion chromatography on samples
of highly degraded fluid. The results are given in Table VIIL.

Following the finding of both phosphate and phosphate ions present, an ehc system was identified
for regular monitoring as a means of checking if the level of these ions would be an alternative cri-
terion for establishing warning levels on fluid quality. The results of tests conducted over a period of
9 months are given in Table VIII and do indeed show an increase with time.

The presence of phosphite ions suggests that phosphate ions are being reduced — either by
the hydrogen generated by fluid breakdown or possibly by the fresh carbon particles produced by
dieseling.

Although the data is incomplete there may be a correlation between phosphate/phosphate ion levels
and metal soap content. The drop in ion levels between the first and sixth month was due to a
part change of the fluid. Also the ratio of phosphate to phosphite ions seems reasonably constant at
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Table VII. Phosphate and phosphite ion levels in
samples of degraded ehc fluids.

Samples (all Phosphate ion Phosphite ion
IPPP) content (mg/L) level (mg/L)
Canada 1 54 38

Canada 2 25 8

France 50 <10

Belgium 60 <10

Unused fluid <1 <1

Table VIII. Changes in phosphate and phosphite ion levels with time and the relationship
with other fluid properties.

Time of Phosphate Phosphite Total acid number Calcium/magnesium Peroxide levels
sampling ion (mg/L) ion (mg/L) (mg KOH/g) levels (ppm) (ppm)

Start 46 19 0.28 — 39

1 month 92 40 0.20 21/28 43

6 months 13 5 0.05 2/2 45

7 months 14 3 — — 47

8 months 27 11 — — 47

9 months 34 15 0.18 16/16 42

~2.5:1. Fluid taken from systems where dieseling was not evident shows that ion levels were either
not detectable (<1 mg/L) or very low (<5mg/L).

Formation of Peroxides

One possible type of degradation product caused by the presence of oxygen is an organic peroxide.
An investigation into the presence of peroxides was carried out using ASTM D 3703, and some of the
data is recorded in Table VIII. This method measures oxidizing substances that release iodine from
potassium iodide. These substances were confirmed as peroxides using thin-layer chromatography by
reaction with the reagent N,N-dimethyl-p-phenylenediamine. Surprisingly, significant levels were
found, even in samples that had been stored for some weeks, suggesting that the peroxides were fairly
‘stable’ and that the levels in freshly sampled fluid might have been higher. However, there was no
obvious trend with time and levels did not appear to fall when a part change of fluid took place. No
peroxides were found in fresh fluid samples.

Formation of Other Volatile Materials

Headspace analysis by gas chromatography (GC)/mass spectrometry (MS) is a technique designed to
identify volatile components which are concentrated above the liquid surface. The investigation using
GC/MS was carried out in two parts:
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* Identification of the degradation products present in samples taken from systems thought to be
dieseling. In this method helium is blown over the surface of the liquid held at 50°C and the volatiles
are collected in a cold trap at —60°C. The volatiles are then injected onto a capillary GC column by
heating the cold trap to 250°C. The different components are separated on the GC column and then
analysed by MS. The variety of different breakdown products is greatest for the IPPP fluids and
least for the TBPP fluids. This reflects not only the stability of the fluids but also the complexity of
fluid composition, that is, the number of different isomeric products initially present.

* Pyrolysis GC/MS was used to identify the temperatures for the onset of degradation of potential
‘markers’ for high-temperature degradation. These are structures that are not produced under normal
operating conditions but begin to form at specific elevated temperatures and whose presence in the
degradation products could therefore indicate the approximate temperature to which small amounts
of the fluid had been subjected. For example, fused ring structures, such as naphthalene, have been
reported [23] as being formed from triphenyl phosphate at about 800°C. The fact that the pyrolysis
takes place under non-oxidative conditions means that this may only be an approximate guide to
the formation under operating conditions. The test method involved fitting a pyrolyser to the GC/MS
injection block. The sample is injected neat into the furnace and the sample and any degraded
volatiles are swept through the furnace by a helium gas carrier onto the GC column. The GC oven
is programmed for an initial sub-ambient isothermal hold at 5°C for 4 minutes followed by ramping
at 10°C/minute to 300°C where it is held for 20 minutes.

As shown in Figure 8 there was no significant degradation until 750°C, at which temperature the
presence of naphthalene could just be identified by selective ion retrieval (SIR) on the ion of molec-
ular weight 128. At 800°C, naphthalene displayed a significant peak. A search for anthracene as a
marker was inconclusive, but styrene and phenyl acetylene were identified as suitable for further study.
Figure 9 shows the development of the naphthalene peak using SIR searches at 750°C and 850°C.

Three commercial samples were then tested for the presence of naphthalene and other markers by
headspace analysis using SIR on GC/MS spectrograms. The first, a fresh IPPP-based product, pro-
vided typical data for an unused fluid followed by two badly degraded products, one a TXP-based
fluid and the other a blend of TXP/TBPP. The fresh fluid showed no significant presence of any of the
markers (Figure 10), but both the used fluids showed the presence of naphthalene, styrene and phenyl
acetylene, with the naphthalene peak being the strongest (Figures 11 and 12). This work suggests that
it is possible to identify fluids which have been subjected to high temperatures. However, relating the
appearance of specific degradation products to operating temperature would first require additional
investigation into the effect of oxidative degradation on decomposition.

Formation of Carbon Particles

It was mentioned earlier that the colour of the fluid darkened on oxidation and could be a clue to the
severity of operation. Past investigations of the colour of fluid sludge/filter deposits from different ehc
systems also revealed a spectrum of colours ranging from white (calcium or magnesium phosphates)
through brown/green (calcium and magnesium soaps containing iron and/or copper salts, etc.) to grey
and eventually black. Deposits with the latter colour were thought to be mainly carbonaceous, and
this section reports on the investigations to clarify this aspect. Carbon may, of course, be formed by
the condensation of smaller aromatic ring structures for example arising from the incomplete com-
bustion of hydrocarbons.
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Figure 8. Effect of pyrolysis GC/MS on an isopropylatedphenyl phosphate at high temperatures.

This part of the investigation looked at the filtration of deposits followed by their analysis. Two
techniques were investigated: energy dispersive X-ray analysis (EDX) and X-ray photoelectron spec-
troscopy (XPS).

Scanning Electron Microscopy with Energy Dispersive X-ray Analysis. Typical of the investigations
carried out using this technique was the filtration through 0.1 wm cellulose nitrate and aluminium oxide
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Figure 9. The development of naphthalene as a degradation product at 750°C and 850° — GC/MS data.
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Figure 10. Selected ion retrieval (SIR) search for unused isopropylatedphenyl phosphate at 50°C.

papers. The deposit is seen in Figure 13. On the cellulose paper the deposit looks grey while on the
aluminium oxide paper it appears dark brown-black. In front of the papers are vials (viewed from
above) containing unfiltered fluid (middle) while on the left is the filtrate after passing through the
cellulose nitrate paper. On the right is the fluid after filtration through the alumina disc. Significant
improvements to fluid colour are seen, suggesting that much of the dark coloration is due to finely
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Figure 11. SIR search for used trixylyl phosphate.

dispersed solids. However, the cellulose nitrate appears more effective in decolourizing the fluid.
Unfortunately this paper could not be used for trying to identify any carbon in the deposit as the carbon
content of the cellulose would have confused the results.

The EDX traces of the deposits on the alumina discs are shown in Figures 14 and 15. The first test
was on fresh fluid and, as a result, the scan only shows the presence of aluminium and oxygen. When
a thick layer of deposit covers the disc (Figure 15) there is very little aluminium seen and the oxygen
found arises mainly from the carbonaceous particles. However, the high carbon content in the deposit
is apparent and, as the sensitivity of this technique to carbon is low, there must be a large amount
present. So little phosphorus is seen in the trace that it seems unlikely there is any significant amount
of ammonium phosphate in this deposit.

The fact that carbon has been identified in this analysis does not mean that the element is present
in the form of pure carbon particles. Amorphous carbon, for example as found in soot, is not a con-
sistent product but varies considerably in the size and molecular weight of the particles, depending on
the degree of condensation. In addition, the lamellar structure has sites around the periphery of the
aggregate that are subject to oxidation or addition. Consequently the analysis of carbon is likely to be
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Figure 12. SIR search for a blend of trixylyl and tertiarybutylphenyl phosphate.

associated with the presence of other groups containing oxygen and hydrogen (Figure 16). This is
probably the main reason for the presence of oxygen in the EDX trace.

X-ray Photoelectron Spectroscopy. In order to obtain further information on the composition of the
deposit that had accumulated on the alumina disc, it was sent for XPS analysis. Only peaks attribut-
able to C—C, C—O and C=0 bonds were found with C 1s spectra and small amounts of phospho-
rus from the P 2p spectra. The elemental analysis of the deposit gave the following results: C 61.9%;
0 25.9%; P 7.4%: Mg 2.5%; Ca 1.7% and N 0.6%.

Of interest was the fact that no aromatic components were found — presumably these had been
converted into carbon. On the assumption that the phosphorus was present as PO,*, the oxygen content
attributable to the phosphate ion would be ~15% leaving ~11% attached to the carbon. This is still
rather high and further analysis, for example by secondary ion mass spectrometry, would be required
for positive identification of carbon particles.

Because the carbon particles are so small they are difficult to remove from degraded hydraulic oils
and fluids by conventional filtration but electrostatic filtration has been shown to be effective.

Copyright © 2006 John Wiley & Sons, Ltd. J. Synthetic Lubrication 2006; 23: 39-70
DOI: 10.1002/js1



66 W. D. PHILLIPS

Figure 13. Degraded fluid and the efffects of fine filtration to remove suspended solids.
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Figure 14. EDX scan of aluminium oxide disc after filtration of fresh fluid.
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Figure 15. EDX scan of aluminium oxide disc covered by deposit formed by high temperature degradation
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Figure 16. The typical structure of a layer of amorphous carbon.
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Summary of the Analytical Results

Although the analysis failed to show the presence of NO, or their conversion to NO;/NO,", the pres-
ence of nitrogen oxides as intermediates in the degradation process is inferred from the formation of
aromatic amines. Furthermore, a significant level of nitrogen was found in the form of ammonium
ions in stability tests. What is uncertain is whether the nitrogen reacts with hydrogen to form ammonia
or whether nitrogen oxides are reduced. Certainly hydrogen appears to be a by-product of degrada-
tion. The hydrogen is probably also responsible for the reduction of phosphate to phosphite.

Thermal and oxidative degradation at high temperatures leads to the formation of short-chain hydro-
carbons, which can subsequently rearrange to form condensed ring structures and, eventually, carbon.
Oxygen also results in the presence of carbon oxides and stable peroxides.

While some of these reactions can occur at low temperatures the bulk of the reactions take place at
elevated temperatures, as may be inferred by the presence of such structures as naphthalene or phenyl
acetylene.

The dark coloration formed during high-temperature oxidation is mainly due to finely dispersed
solids which appear carbonaceous in nature.

CONCLUSION

The ‘rapid darkening’ of hydraulic oils and fluids in use is normally the result of a high-temperature
oxidation mechanism involving the compression of air bubbles in the fluid. This leads to the forma-
tion of particles of carbon and a variety of degradation products ranging from hydrogen to high molec-
ular weight condensed ring structures. Whether actual ignition of the gas mixture in the bubble takes
place is uncertain. Although this is unlikely in fresh oil or fluid, used material contains flammable
breakdown products that could increase this possibility. Chemical analyses of the degradation prod-
ucts arising from the use of phosphate ester ehc fluids have also confirmed the possibility of high-
temperature breakdown.

The best way of avoiding this form of degradation is to ensure that the system design entrains the
minimum amount of air and allows the maximum opportunity for its release. In this respect the tank
design and fluid residence time are critical. There are, however, additional ways in which degradation
can be avoided, especially in new systems. The most important of these are:

¢ the use of variable volume pumps and accumulators for developing and maintaining pressure;
e the use of a flooded pump suction;

e ensuring that return lines are always fully immersed in the fluid and correctly sized;

e ensuring that the pressure relief valve is correctly set.

Obviously there will be occasions where the degradation takes place in an existing system and it is
difficult, or not commercially viable, to modify the system to incorporate the above design changes.
In such a case, and particularly if a fire-resistant phosphate-ester fluid is being used, attention should
be given to the following considerations:

* Selecting a fluid that is as stable as possible to hydrolysis and oxidation. This will minimize degra-
dation and the need for subsequent fluid conditioning. It will therefore delay or avoid the genera-
tion of metal soaps.
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* Using an adsorbent solid for fluid conditioning that does not result in the generation of surface active

contaminants such as metal soaps. In this respect ion exchange resins are preferred.

* Ensuring adequate fluid maintenance to minimize the level of acidity and dirt generated.
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