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Chapter

Turbine Engine Lubricant and 
Additive Degradation Mechanisms
David W. Johnson

Abstract

Modern ester based synthetic lubricants have been used in various formulations 
with anti-oxidants, phosphorus based anti-wear additives and other additives for 
many years. The physical and chemical properties of both the basestock and addi-
tives are known to change through use. Basestocks are normally thought to degrade 
through various mechanisms, while additive can either degrade or are used as they 
react when they complete the function that they are added for. In this chapter, the 
composition of modern turbine engine lubricants and the mechanisms by which the 
lubricants degrade over time will be examined. Potential changes in bearing materi-
als being evaluated for future engines and the effects of possible new ionic liquids 
based additives will be will be discussed as they relate to currently used additives. 
Also included will be a discussion of effects of degradation on the lubricant prop-
erties, how the changes affect turbine engines and how the changes can impact 
human health. These new materials introduce a number of new possible degrada-
tion schemes that must be evaluated before the materials enter wide-spread use.

Keywords: lubrication, additives, oxidation, hydrolysis, decomposition, 
nanoparticles, phosphates, toxicity

1. Introduction

Lubrication is essential in applications where moving parts are involved. Aircraft 
propulsion systems involve large numbers of moving parts, many of which move 
at high speeds under severe temperatures and stresses. Turbine engine lubricants 
perform essential functions in reducing wear, reducing friction and dissipating 
heat from the engine. Modern engines are designed to operate at higher tempera-
tures and shear rates, placing increased demands on the lubricants and additives. 
Typical turbine engine lubricants consist of a basestock which is a mixture of 
synthetic esters and a series of additives that modify the properties of the basestock. 
Additives are included to reduce oxidation of the basestock, reduce wear of the 
metal bearings or modify properties of the lubricant [1].

All lubricants, when subjected to high temperatures undergo degradation, which 
changes both the physical and chemical properties of the material. Physical prop-
erty changes can include increases or decreases in viscosity, changes in boiling point 
or freezing point among others. Chemical properties that can change include corro-
sion of metals, formation of polymers and oxidation of the base stock. In addition 
to the basestock lubricants contain a range of additives that modify the properties 
of the basestock. Degradation of the additives reduces their effectiveness and can 
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result in the failure of the engine. In turbine engine applications, additive depletion 
is an important diagnostic of lubricant health.

In addition to lubricant degradation being important to engine health there 
are significant implications to human health. On the vast majority of commercial 
aircraft, the air used to pressurize the cabin is drawn from the engine just after 
the compressor section. Lubricant degradation products have been shown to pass 
from the engine into the cabin on seal failure with severe health effects. Of perhaps 
greater significance is the normal low level leakage of lubricants and degradation 
products into the cabin under normal flight conditions. It is known that all seals leak 
some and some of the leaked material can be transmitted into the passenger cabin 
as both vapors and nano-droplets. The chronic toxicity of these materials is of great 
concern [2].

In this chapter, the composition of typical turbine engine lubricants will be pre-
sented in Section 2. The decomposition mechanisms of the basestock are presented 
in Section 3, followed by the additive degradation mechanism in Section 4. Finally, 
in Section 5 synergistic and antisynergistic interactions of lubricants and additives 
are examined. Changes in bearing systems and the incorporation of ionic liquids and 
nanoparticles will be included and finally in Section 6, some of the consequences of 
lubricant degradation will be examined.

2. Composition of turbine engine lubricants

Turbine engine lubricants have changed dramatically over the years in response 
to the increasing stresses applied to the lubricant. In particular higher shear stress, 
higher operating temperatures and lower storage temperatures have made changes 
in both basestocks and additive packages necessary. Natural petroleum based oils 
could not meet the temperature demands which made the selection of synthetic 
materials, modified with a number of additives necessary for this application [3]. In 
order to meet the demands for modern aircraft, lubricants based on synthetic esters 
were developed and have been refined many times, both in terms of the basestocks 
and the additive packages to meet the current specifications.

2.1 Basestock composition

The composition of lubricant basestocks for turbine engines is somewhat 
variable as long as they can meet the performance requirements set forth in the 
standards SAE5780 for commercial aircraft and either MIL-PRF 23699 [4] or 
MIL-PRF 7808 [5] for military aircraft. One of the requirements is to be compatible 
with all of the previously approved lubricants in a given specification to avoid the 
inevitable mixing. Esters have been used since the 1940 as synthetic basestocks that 
have desirable thermal properties, however no single ester meets all requirements. 
Modern lubricant basestocks use a mixture of a number of esters in order to tailor 
the properties of the lubricant to the desired properties. These specifications have 
resulted in the use of certain common ester basestocks. Ester basestocks for turbine 
engines are all ester based using polyols and common carboxylic acids. Some of the 
common alcohols used are shown n Figure 1.

The polyols shown have been selected because they are highly hindered and also 
lack hydrogen atoms in the β position. Previous studies have shown that increases 
thermal and hydrolytic stability results when there is no hydrogen atom present 
on the β carbon atom. The carboxylic acids used to make the esters are a combina-
tion of linear and branched acids with a blend being frequently used to arrive 
at the desire viscosity. Normally 5 cs (SAE5780 and MIL-PRF 23699) basestocks 
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use pentaerythritol and dipentaerythritol for the alcohols and C5-C10 linear and 
branched acids. Lower viscosity lubricants (Mil-PRF 7808) are of the based on neo-
pentyl glycol and trimethylolopropane as the alcohol and C5-C12 linear carboxylic 
acids. The incorporation of branched acids in lubricants has a significant effect on 
the thermal stability and physical properties of the lubricant. Some of the different 
acids are shown in Figure 2.

2.2 Common additives

Lubricants with ester basestocks require a series of additives in order to lubricate 
under the conditions observed in turbine engines. Typical additive packages include 
antioxidants, typically an aromatic amine, an anti-wear additive, typically a phos-
phate ester and possibly an antifoaming additive and a viscosity index modifier. The 
structures of various additives are shown in Figure 3.

Most additives degrade as a part of their mechanism of action, which means that 
their concentration is constantly decreasing. Many of them also degrade though 
other mechanisms as well. In general, when the additives have degraded beyond 
a certain point, either they must be replenished or the lubricant must be changes. 

Figure 1. 
Common polyols used to make ester-based lubricant basestocks.

Figure 2. 
Some of the acids used in the preparation of synthetic lubricants.
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Fortunately, most turbine engines lose some lubricant under normal operating con-
ditions and the oil lost is replenished on a regular basis. These procedures maintain 
the additive packages at acceptable levels.

3. Lubricant basestock degradation mechanisms

Conventional lubricants are petroleum based and consist of hydrocarbons 
including a huge number of isomers. The primary degradation mechanism for 
hydrocarbons is oxidation, which leads to the formation of alcohols and carboxylic 
acids. Synthetic lubricants typically by oxidation to carboxylic acids, aldehydes and 
ketones under extreme conditions, and degrade by hydrolysis, due to the presence 
of water and in some cases by transesterification with phosphate ester additives. 
In addition to the degradation of the basestock due to oxygen, the role of bearing 
surfaces where extremely high temperatures and pressures; along with the presence 
of metals and surface treatments such as metal carbides most be considered. In 
addition, lubricant esters can act synergistically with certain additives [6] and can 
react differently in the present of metals and or metal carbides.

3.1 Hydrolysis

The hydrolysis of the ester basestock is the reaction of the basestock with water 
to form an alcohol and a carboxylic acid. This reaction is catalyzed by acids or bases, 
which are frequently present within the lubricant and does require water. The 
water can come from various sources, including contamination of the lubricant and 
the exposure of the lubricant to the environment. Water is soluble in typical ester 
basestocks to a level of about 500 ppm, meaning that water is readily available in 
the lubrication systems for turbine engines. The mechanism for the hydrolysis of 
esters is shown in Figure 3.

Figure 3. 
Structures of some lubricant additives used for turbine engines.
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Hydrolysis of esters can occur through either an acid or base catalyzed mecha-
nism, with significant differences in the mechanism. The acid catalyzed mechanism 
[7] begins with the protonation of the carbonyl oxygen atom, followed by a water 
molecule attacking the carbonyl carbon atom of the ester. The carbonyl carbon 
normally has a partial positive charge which is increased by the protonation of the 
oxygen atom yielding the hemiacetal shown in Figure 4. One of the water can be 
transferred to the alcohol oxygen atom and then the alcohol is lost completing the 
hydrolysis.

The base catalyzed mechanism [8] involves a water molecule attacking the car-
bonyl carbon atom, followed by transfer of a proton to the carbonyl oxygen atom. 
The base the assist with the transfer of the proton from the carbonyl oxygen atom 
the oxygen atom of the alcohol as the alcohol leaves forming the carboxylic acid.

The two hydrolysis mechanisms require that water be able to attack the carbonyl 
group of the ester. The use of hindered alcohols such as the various neopentyl 
alcohols (Figure 1) reduces the ability of the water to approach the carbonyl carbon 
atom. The use of branched chain acids further reduces the ability of water to attack 
the carbonyl, resulting in an increase in the hydrolytic stability of the ester [9].

3.2 Oxidation

Ester based lubricants are all subject to high temperature oxidation which has 
the most detrimental effect on their properties. Early work examined changes in 
the bulk composition of ester based lubricants showing the formation of a wide 
range of acids. The lighter carboxylic acids were attributed to oxidation of the acid 
chains. Other products were attributed to oxidation of the alcohol [10]. Later work 
proposed an explanation for oxidation that is based on a radical chain mechanism.

Oxidation occurs through a complex radical chain mechanism which is common 
to a wide range of organic materials. The initial stages of the oxidation involve the 
formation of an alkyl peroxy radical by reaction with oxygen. The reaction is propa-
gated by the attack of an alkyl peroxy radical on a methylene group of the ester. The 
α position of the acid, has been shown to be significantly more reactive than other 
methylene groups in the carboxylic acid [11]. This reaction is significantly hindered 
in the polyol esters, especially when branched chain acids with branches at C-2 are 
included. A more recent study, using isotope labelling techniques has shown that 
the initial site of oxidation is at C-1 of the alcohol, cleaving the carbon–oxygen 

Figure 4. 
Mechanism for the acid catalyzed hydrolysis of esters.
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bond between the first carbon of the alcohol and the ester oxygen, followed by 
further oxidation at that carbon to form the organic acid [12]. After the initial 
attack, the reaction can progress to form anhydrides which continue to react to form 
aldehydes, acids and eventually high molecular weight compounds which can form 
sludge in the engine. The mechanism of the initial stages of the oxidation of the 
esters is shown in Figure 5.

3.3 Elimination reactions

Ester based lubricants have been observed to decompose One possible reaction of 
esters is an elimination reaction in which an alkene and a carboxylic acid are the prod-
ucts. The mechanism for this reaction involves the loss of a proton on the β carbon 
atom leading to the formation of a double bond and the elimination of the carboxylate 
anion. The mechanism for the β elimination reaction is shown in Figure 6.

The use of alcohols without hydrogen atoms at the β carbon atom eliminates this 
mechanism, but under operating conditions of turbine engines, high temperature 
and metal catalyzed elimination reactions are possible. For this reason, modern 
ester based lubricants are based on neopentyl polyols, where elimination is blocked 
due to the lack of hydrogen atoms at the β position. Significant work has been 
conducted on optimizing the properties of the lubricant for use in turbine engines 
[13, 14].

3.4 Role of bearing materials as catalysts

Lubricant basestocks, in addition to being subjected to high temperatures and 
pressures, are also in contact with bearing surfaces which contain a combination 
of metals, metal oxides and surface carbides. Under normal circumstances, ferrous 

Figure 5. 
A part of the mechanism for the oxidation of neopentyl polyols.



7

Turbine Engine Lubricant and Additive Degradation Mechanisms
DOI: http://dx.doi.org/10.5772/intechopen.82398

metal are known to increase the rate of thermal degradation of polyol ester based 
lubricants, especially at temperatures above 220°C. The mechanism for this reac-
tion, however is not completely understood [15]. The incorporation of phosphate 
esters is known to reduce the catalytic effect of ferrous metals, probably due to the 
formation of a phosphate film on the surface of the metal (see Section 4.1.2) [16].

4. Lubricant additive degradation

Lubricant additives are in many ways designed to degrade as they serve their 
purpose in the formulated lubricant. As the lubricant is lost in service primarily 
due to leakage, new lubricant is added which act to replenish the additives used. 
Lubricant loss is typically estimated at as much as one quart per hour depending on 
the engine [17]. It is possible to use the amount of remaining additives to determine 
the need for engine service or lubricant replacement. One example of an instrument 
for the analysis of remaining antioxidant as an engine diagnostic is RULER [18].

4.1 Phosphate esters

Phosphate esters are normally required as an extreme pressure or anti-wear 
additive. The phosphate esters react with the metal surface to form a lubricious 
polymeric coating. The coating protects the bearing under conditions of start-up, 
inadequate flow or extreme shear, where the coating wears away, but is continu-
ously reformed from unreacted phosphate ester in the lubricant. The mechanism of 
action of the additive causes its degradation over time [19].

4.1.1 Hydrolysis

Hydrolysis of phosphate esters is the reaction of the triester with water to 
form a diester and an aromatic alcohol. The diester can further react under the 
same conditions to form the monoester and eventually phosphoric acid. Two 
classes of mechanisms have been proposed for the hydrolysis in aqueous solu-
tion, dissociative mechanisms that proceed through a PO3

− anion and associative 
mechanisms then proceed through a penta coordinate phosphorous intermediate 
[20]. The likely mechanism in the non-polar lubricant medium where the attack-
ing species is a water molecule is most likely through the associative mechanism, 
which does not require formation of a PO3

− ion. The mechanism of the reaction 
is based on the addition of water to the phosphorus atom, followed by loss of a 
proton and elimination of the alcohol (phenol) [21]. The mechanism is shown 
schematically in Figure 7.

Figure 6. 
Mechanism for the β elimination reaction.
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Hydrolysis is an important degradation mechanism because it forms a range 
of phosphate partial esters, some of which do not form a lubricous coating on the 
bearing and contribute to the acids contained in the lubricant.

4.1.2 Polymerization at metal surface

Phosphate esters are used as anti-wear of extreme pressure lubricants and work 
by reactions with the bearing surface to form a polymeric coating that is durable 
and lubricious [22]. The reaction normally occurs at the oxidized metal surface 
and results in the formation of an initial layer of graphite, followed by a layer of an 
iron rich, iron polyphosphate [23]. After the initial coating is formed the film can 
increase in thickness as iron diffuses to the surface [24]. The coating continuously 
wears away during use and is reformed as iron diffuses through the coating. The 
nature of the polymeric lubricous film is shown in Figure 8.

The mechanism for the formation of a polyphosphate polymer begins with 
the bonding of the phosphate ester (typically tricresylphosphate) to the oxidized 
iron surface, displacing cresol. The initial steps of the mechanism that leads to the 
formation of a coating is shown in Figure 9.

The bound phosphate reacts further with other bound phosphate esters displac-
ing additional cresol leading to the formation of a polymeric coating strongly bound 
to the metal surface. Typically, on the surface of the metal some of the partially 
reacted phosphate remains. X-ray photoelectron spectroscopy results show a surface 
composition corresponding to approximately one cresol remaining per phosphorus 
atom on the surface as is shown in Figure 8.

Under extreme pressure conditions, the outer layers are removed from the 
surface and are lost as polymeric phosphorus containing nanoparticles which are 
not reconverted to the triaryl phosphate in the lubricant. It should be noted that this 
mechanism explains how the phosphate esters act as an anti-wear additive but it also 

Figure 7. 
Mechanism for the hydrolysis of phosphate esters in polyol ester-based lubricants.
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leads to the degradation of the phosphate esters. The formation of nanoparticles 
through the wear of the coating formed at the bearing surface leads to a darkening 
of the oil color, but many of these particles are remove by filtration or eventually 
settle in the oil sump.

4.1.3 Trans esterification lubricant esters

The last of the reactions of phosphate esters is the reaction between phosphate 
esters and lubricant esters to form aryl esters and alkyl phosphate esters. This is a 
reaction that can occur in either a single step or could initially for the acid which can 
further react to form another ester. The single step process is shown in Figure 10.

This reaction can be of particular concern since the alkyl phosphate formed can 
undergo transesterification intra molecularly to form the product shown in Figure 11 
which is structurally similar to the known neurotoxin which would be formed by a similar 
reaction with trimethylolpropane [25, 26].

Figure 8. 
Schematic representation of the iron phosphate film.

Figure 9. 
Mechanism of phosphate film formation and structure of phosphate film.
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The structure shown in Figure 11(A) assumes the final acid group has been 
hydrolyzed. Either this compound or the corresponding ester might be assumed to 
have a toxicity comparable or greater than the compound shown in Figure 11(B).

4.1.4 Addition to pendant groups

A final reaction that occurs with phosphate ester additives is addition reac-
tions on the pendant aromatic rings. In this reaction, the carbon–oxygen bond in 
a phosphate ester is broken at the metal surface. The leaving group remains at the 
metal surface until it is added to another molecule of phosphate ester [27]. The 
mechanism for the formation of addition products is shown in Figure 12.

These addition reaction result in higher molecular weight species that might in 
part be responsible for the formation of the layer of carbon, initially described as a 
carbide layer [28], but later determined to be either amorphous carbon or low order 
graphite [29], immediately adjacent to the iron surface. This layer is consistently 
observed in Auger spectroscopy as is shown in Figure 13.

Figure 10. 
Transesterification of a phosphate ester with a lubricants ester to form an alkyl phosphate and an aryl ester.

Figure 11. 
Final product of the transesterification of pentaerythritol ester (A) and the known neurotoxin formed from 
trimethylol propane (B).
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4.2 Antioxidants

Synthetic lubricants are oxidative degraded via a radical chain mechanism at 
high temperatures. Molecular oxygen abstracts a hydrogen atom forming a free 
radical. The radical reacts with the basestock abstracting hydrogen atoms or other 
groups, adding that fragment and creating a new radical and in general increasing 
the size of the molecule. The chain mechanism continues until the growing chain 
encounters another radical, resulting in chain termination. Antioxidants are typi-
cally added to the lubricant formulation to reduce the rate of lubricant decomposi-
tion by reacting with radicals formed in the initiation step of lubricant oxidation.

Anti-oxidant additives can act in two different ways. First, they can react with oxygen 
to form a stable species reducing the possibility of the chain initiation step in the mecha-
nism. Second, the antioxidant can react with radicals formed, forming a more stable 
species and acting as a chain termination step [30]. Among the most common types of 
antioxidants used in lubricants are hindered phenols and aromatic amines.

Figure 12. 
Reaction of phosphate esters with reduced metal surfaces showing the addition of a tolyl group to triphenyl 
phosphate.

Figure 13. 
Auger depth profile of a film formed by the deposition of BTPP onto an iron foil at 425°C under nitrogen 
(sputter rate 1.5 nm/min).
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Aerospace lubricants typically rely on the hindered aryl amines N-phenyl-1-
naphthylamine (PANA) and p-dioctyldiphenyl amine (DODPA) (structures shown 
in Figure 3) as antioxidants because they have the potential to react with a greater 
number of hydroperoxy radicals [31]. There are two very common mechanisms 
in which aryl amines act as antioxidants, a low temperature (<120°C) and a high 
temperature mechanism (>120°C). A common feature of the mechanisms is the 
reaction of the amine to form radicals. These reactions form aminoxy radicals to 
form N-alkoxyamines which appear to be the actual antioxidant species [32]. The 
high temperature mechanism through which aryl amines act as antioxidants is 
shown in Figure 14.

Other mechanisms that have been reported examined the possibility that the 
diphenyl amine radical formed in the first step in Figure 14 could disproportion-
ate and then react with itself to form more complex species that eventually lead to 
poly conjugated systems upon reaction with additional hydroperoxy radicals. The 
reaction of N-phenyl-1-naphthylamine proceeds somewhat differently due to the 
susceptibility of the α hydrogen of the naphthyl ring to radical attack leading to 
the formation of dimers and higher polymers as in Figure 15 [33] or the formation 
of quinone imines and naphthoquinones [34].

5.  Synergistic reactions between lubricants, additives and bearing 
materials

The reactions of the individual components are not always sufficient to pre-
dict the chemistry of a formulated lubricant. Some reactions are inhibited by the 

Figure 15. 
Products of the reaction of PANA as an antioxidant in lubricants.

Figure 14. 
High temperature mechanism for the antioxidant activity of alkylated diphenyl amine antioxidants.
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additives, but may be accelerated by combinations of additives and surface chem-
istries. Rolling contact fatigue testing with M-50 bearings, for example indicated 
that PANA and DODPA added to a lubricant along with tricresyl phosphate resulted 
in an increase in wear over systems where the PANA and DODPA were absent [35]. 
An explanation might include the antioxidants reduce the oxidation of the metal 
surface which interferes with the binding of the phosphate ester to the surface [36]. 
Another system where results are unpredictable is when advanced bearing materials 
are used with polyolesters and phosphate esters. These observations demonstrate 
the importance of considering all of the components in the lubrication system 
instead of the individual reactivities of the various components.

6.  Incorporation of advanced bearing steels, ionic liquid additives and 
nanopatritle based additives

6.1 Advanced bearing steels and ceramic bearings

The need for more efficient and more powerful jet engines for military and com-
mercial applications has caused a need for lighter, more durable bearing materials. 
Harder metal alloys and ceramic bearings are approaches to serve these needs. Changes 
in bearing materials, however may not be completely compatible with current lubri-
cant basestocks and additive packages.

Many advanced bearing materials are made from carburized stainless steels. 
The materials begin with a stainless steel which can be formed into the desired 
shape. The part is then heat treated in the presence of a carbon source resulting in 
the formation of surface carbides [37]. The surface carbides increase the hardness 
of the surface significantly. Phosphate esters have been shown to interact with the 
stainless steels in the absence of carburization [38], but in the presence of all three 
components, metal carbides, phosphate esters and polyol esters the decomposition 
is much more rapid [39]. When carburized bearings were tested with polyol ester 
based lubricants formulated with phosphate esters, an increase in fatigue life and 
wear performance was observed [40].

Ceramic bearings have good potential for high temperature use in turbine 
engines. Unlubricated ceramic bearings performed poorly, however when an appro-
priate lubricant was added they performed better [41]. Typical lubricant additives, 
however did not perform well under conditions typically seen in steel bearings. 
At very high temperatures, a film was formed but it did not decrease friction or 
increase bearing life [42]. To form a lubricious anti-wear coating, the ceramics were 
pretreated to introduce a thin film of iron which allowed the phosphates to from an 
anti-wear coating [43].

6.2 Ionic liquid additives

Ionic liquids have been considered as potential replacements for both basestocks 
and additives. As a potential replacement for the basestock, increased costs make 
them inappropriate for use in turbine engines [44]. A number of ionic liquids are 
under investigation for use as anti-wear of extreme pressure additives. These addi-
tives contain phosphorus in either the cation, as a phosphonium ion or the anion as 
a tri-alkyl phosphate. Ionic liquids that incorporate the phosphorus in the phos-
phate anion have been shown to be the most effective [45]. Ionic liquids containing 
tri-alkyl phosphates interact strongly with metal surfaces through mechanisms also 
seen in the tri-aryl phosphates [46] discussed in Section 3.1. Ionic liquids with phos-
phonium cations with a non-phosphate anion have shown superior performance 
under high load [47]. Ionic liquids have the advantage of reduced volatility, which is 
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important in some applications. Ionic liquid based anti-wear additives show some 
of the same interferences with antioxidants that are observed with triaryl phos-
phates, performing better in oils where the additives have been depleted [48].

6.3 Nanoparticle based lubricant additives

Nanomaterials and nanoparticles have been studied for use as additives in 
liquid lubricants. Some of the initial problems that have been discovered are the 
dispersion of the nanoparticles and the stability of the dispersion. Capping metal 
nanoparticles with a monolayer of non-polar organic molecules have resulted in 
nanoparticles that are oil soluble [49]. A wide range of nanoparticles have been 
studied and several have shown promise for use in liquid lubricants. Chemical com-
position was found to be important in anti-wear performance, where morphology 
and size of the particles were more important in friction reduction. Nanoparticles 
with layered structures were among the better morphologies [50]. Nanomaterials as 
lubricant additives appear to have a bright future in lubrication, although none are 
in current use in aerospace liquid lubricants.

7. Consequences of lubricant degradation

Lubricant degradation has a significant effect on the properties of the lubricant 
which can have significant consequences in aerospace. Degradation results in an 
increase in the chemical reactivity of the oil through the formation of acid and 
bases, changes in viscosity and changes in thermal conductivity. All of these can 
result in reduced life of the engine and also decreased operational efficiency. It is 
important that all of these effects be minimized for safe air travel.

There is an additional safety concern associated with lubricants and their 
degradation products present in most commercial and military aircraft. Air used 
to pressurize the cabin is drawn from the engine through a bleed air nozzle. While 
under normal operation, the air is thought to be safe, seal leakage results in traces 
of lubricant directed into the cabin. In cases of seal failure, high concentrations of 
lubricants, additive and degradation products enter the cabin. Smoke events are 
caused by seal failures, as well as other causes. Fume events occur in 2.1 of every 
10,000 flights [51] and oil fumes are noted in 1% of all flights. The health related 
concerns are indicated by the 30% of fume events where crew impairment has been 
recorded even though there is recognized under reporting of impairment [52].

Aerotoxic syndrome has been described as an occupational illness along with 
epidemiological evidence [53]. Possible toxicological mechanism leading to aero-
toxic syndrome has been described by Howard et al. [54]. A possible cause for 
Aerotoxic syndrome is based on repeated low dose exposure to organo-phosphorus 
compounds derived from phosphate esters [55]. High doses of organophosphates 
are known to cause organophosphate induced peripheral neuropathy (OPIDN) 
[56], however the doses encountered here are much lower, suggesting other chronic 
mechanisms [57]. The toxicity evidence indicates the need for clean air require-
ments for aircraft using bleed air for cabin pressurization [58].

8. Conclusion

The common mechanisms that degrade lubricant basestocks and additives have 
been discussed in the sections above. The degradation of the basestock is considered 
to be of greatest concern for the general health of the engine. The degradation of 
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the additives is a large part of how they work. Considerable effort has been put into 
finding additives that react appropriately, and are of limited volatility and thermally 
stable. They are included as part of the lubricant to degrade, and as long as they are 
not depleted completely they will function in that capacity.

Through molecular design of the esters used in the basestock, the importance of 
some of the mechanisms have been reduced. Modern esters used in the basestock 
are based on polyols that do not base hydrogen atoms in the β position making β 
elimination impossible by this mechanism. Hydrolysis is of significant concern, 
since it both produces acids and alters the physical properties (viscosity, and pour 
point in particular) of the lubricant. Oxidation also has the potential to produce 
acids and change the physical properties of the lubricant. The addition of better and 
better antioxidants has reduced the importance of this mechanism. It also should 
be noted that the acids produced by either oxidation or hydrolysis are carboxylic 
acids which are much less corrosive than the mineral acids frequently formed by the 
oxidation of sulfur and nitrogen compounds found in mineral oils.

Lubricants are under development that will continue to increase the operating 
temperature without significant degradation of their properties. Molecular design 
has been used to slow the various basestock degradation mechanisms through the 
choice of the acids used to form polyol esters can block both oxidation and hydroly-
sis. The knowledge of these mechanisms has made preparation of high performance 
lubricants a reality.



16

Aerospace Engineering

[1] Johnson DW. Lubricants for turbine 
engines. In: Agarwal RK, editor. Recent 
Progress in Some Aircraft Technologies. 
Rijeka, Croatia: InTech; 2016. pp. 35-54. 
DOI: 10.5772/62394

[2] Howard CV, Johnson DW, Morton J,  
Michaelis S, Supplee D, et al. Is a 
cumulative exposure to a background 
aerosol of nanoparticles part of 
the causal mechanism of aerotoxic 
syndrome? Journal of Nanomedicine 
and Nanoscience. 2018;2018:139. DOI: 
10.29011/JNAN-139. 100039

[3] Lansdown AR. Aviation 
lubricants. In: Mortimer RM, 
Orszuliz ST, editors. Chemistry and 
Technology of Lubricants. Boston: 
Springer; 1994. pp. 223-236. DOI: 
10.1007/978-1-4615-3554-6_9

[4] MIL-PRF-23699G, performance 
specification: Lubricating oil, aircraft 
turbine engine, synthetic base, 
NATO code numbers: O-152, O-154, 
O-156, and O-167 (13-MAR-2014) 
23699 specs. 2014. Available from: 
http://everyspec.com/MIL-PRF/
MIL-PRF-010000-29999/MIL-PRF-
23699G_50301/ [Accessed: Jan 31, 2016]

[5] MIL-PRF-7808L, performance 
specification: Lubricating oil, 
aircraft turbine engine, synthetic 
base (02 May 1997) [Superseeding 
MIL-L-7808K]. 1997. Available from: 
http://everyspec.com/MIL-PRF/
MIL-PRF-000100-09999/MIL-PRF-
7808L_5699/ [Accessed: Jan 31, 2016]

[6] Chao TS, Hutchison DA, Kjonaas 
M. Some synergistic antioxidants 
for synthetic lubricants. Industrial 
and Engineering Chemistry: Product 
Research and Development. 1984;23: 
21-27. DOI: 10.1021/i300013a005

[7] Roberts I, Urey HC. The mechanisms 
of acid catalyzed ester hydrolysis, 

esterification and oxygen exchange 
of carboxylic acids. Journal of 
the American Chemical Society. 
1939;61(10):2584-2587. DOI: 10.1021/
ja01265a003

[8] Jencks WP, Carriuolo J. General Base 
Catalysis of Ester Hydrolysis. Journal 
of the American Chemical Society. 
1961;83(7):1743-1750. DOI: 10.1021/
ja01468a044

[9] Beimesch BJ, Schnur NE, Hughes 
CJ Jr. Di- and tripentaerythritol 
esters of isostearic acid. US Patent 
4477383A. Asssignee: National Distillers 
and Chemical Corp, Cognis Corp; 1984

[10] Zeeman A, Koch K, Bartl P.  
Thermal oxidative ageing of 
neopentylpolyol ester oils: Evaluation 
of thermal-oxidative stability by 
quantitative determination of volatile 
ageing products. Journal of Synthetic 
Lubricants. 1985;1:2-21. DOI: 10.1002/
jsl.3000020102

[11] Bakunin VN. A mechanism of 
thermooxidative degradation of polyol 
ester lubricants. Journal of Synthetic 
Lubrication. 1992;9:127-143. DOI: 
10.1002/jsl.3000090204

[12] Frauscher M, Besser C, Allmaier G, 
Dorr N. Oxidation products of ester-
based oils with and without antioxidants 
identified by stable isotope labelling and 
mass spectrometry. Applied Sciences. 
2017;7:397-414

[13] Niedzielski EL. Neopentyl polyol 
ester lubricants-bulk property 
optimization. Industrial & Engineering 
Chemistry Product Research and 
Development. 1976;15:53-58. DOI: 
10.1021/i360057a010

[14] Beane GA, Gschwender LJ, Snyder 
CE, Shimski JT. Military aircraft 
propulsion lubricants–current and 

References



17

Turbine Engine Lubricant and Additive Degradation Mechanisms
DOI: http://dx.doi.org/10.5772/intechopen.82398

future trends. Journal of Synthetic 
Lubrication. 1986;3:263-291. DOI: 
10.1002/jsl.3000030403

[15] Kauffman RE. Mechanism for the 
reaction between polyolester lubricant 
and ferrous metals, Part 1: Literature 
search. ASRAE Transactions: Research. 
2005;111:378-386

[16] Jones RL, Ravner H, Cottington 
RL. Inhibition of iron catalyzed 
neopentyl polyol ester thermal 
degradation through passivation of 
the active metal surface by tricresyl 
phosphate. ASLE Transactions. 1970;13: 
1-10. DOI: 10.1080/05698197008972276

[17] Exxon. Jet Oil Consumption 
Factors. Available from: https://
www.exxonmobil.com/en/aviation/
knowledge-library/resources/jet-
engine-oil-consumption [Viewed: Oct 
28, 2018; Posted: Nov 15, 2016]

[18] Myle B, Kauffman R. The use of 
cyclic voltammetric antioxidant analysis 
for proactive engine oil condition 
monitoring program. SAE Technical 
Paper 2000-01-1810. 2000. DOI: 
10.4271/2000-01-1810

[19] Johnson DW, Hils JE. Phosphate 
esters, thiophosphate esters and metal 
thiophosphates as lubricant additives. 
Lubricants. 2013;1:132-148. DOI: 
10.3390/lubricants1040132

[20] Florian J, Wardhel A. Phosphate 
ester hydrolysis in queous solution: 
Associative versus dissociative 
mechanisms. The Journal of Physical 
Chemistry. 1998;102:719-734. DOI: 
10.1021/jp972182y

[21] Cox JR Jr, Ramsey OB. Mechanisms 
of nucleophilic attack in phosphate 
esters. Chemical Reviews. 1964;64: 
317-352. DOI: 10.1021/cr60230a001

[22] Makki J, Graham EE. Formation 
of solid films from the vapor phase on 

high-temperature surfaces. Lubrication 
Engineering. 1991;47:199-206

[23] Saba CS, Forster NH. Reactions 
of aromatic phosphate esters with 
metals and their oxides. Tribology 
Letters. 2002;12:135-146. DOI: 
10.1023/A:1014081523491

[24] Forster NH. Rolling contact testing 
of vapor phase lubricants—Part IV: 
Diffusion mechanisms. Tribology 
Transactions. 1999;42:10-20. DOI: 
10.1080/10402009908982184

[25] Rubey WA, Streibich RC, Bush J, 
Centers PW, Wright RL. Neurotoxin 
formations from pilot-scale incineration 
of synthetic ester turbine lubricants 
with triaryl phosphate additive. 
Archives of Toxicology. 1996;70: 
508-509. DOI: 10.1007/s002040050306

[26] Centers PW. Potential neurotoxin 
formation in thermally degraded 
synthetic ester turbine lubricants. 
Archives of Toxicology. 1992;66: 
679-680. DOI: 10.1007/BF01981509

[27] Johnson DW, Morrow S, Forster 
NH, Saba CS. Vapor-phase lubrication: 
Reaction of phosphate ester vapors with 
iron and steel. Chemistry of Materials. 
2002;14:3767-3775. DOI: 10.1021/
cm010921o

[28] Graham EE, Klaus EE.  
Lubrication from the vapor phase 
at high temperatures. ASLE 
Transactions. 1986;29:229-234. DOI: 
10.1080/05698198608981682

[29] Forster NH. Rolling contact 
testing of vapor phase lubricants—
Part III: Surface analysis. Tribology 
Transactions. 1999;42:1-9. DOI: 
10.1080/10402009908982183

[30] Pospisil J. The key role of 
antioxidant transformation products 
in the stabilization mechanisms—A 
critical analysis. Polymer Degradation 



Aerospace Engineering

18

and Stability. 1991;34:85, 90113-109, 
90116. DOI: 10.1016/0141-3910(91)

[31] Soleimani M, Dehabadi L, 
Wilson LD, Tabil LG. Antioxidants 
classification and applications in 
lubricants. In: Johnson DW, editor. 
Lubrication: Tribology, Lubricants and 
Additives. London, UK: IntechOpen; 
2018. pp. 23-42. DOI: 10.5772/
intechopen.72621

[32] Schwetlick K, Habicher WD.  
Antioxidant action mechanisms 
of hindered amine stabilisers. 
Polymer Degradation and Stability. 
2002;79:35-40. DOI: 10.1016/
S0141-3910(02)00116-7

[33] Mousavi P, Wang D, Grant CS, 
Oxenham W, Hauser PJ. Effects 
of antioxidants on the thermal 
degradation of a polyol ester lubricant 
using GPC. Industrial& Engineering 
Chemistry Research. 2006;45:15-22. 
DOI: 10.1021/ie050539b

[34] Pospisil J. Aromatic and heterocyclic 
amines in polymer stabilization. 
Advances in Polymer Science. 
1995;124:87-189. DOI: 10.1007/
BFb0025229

[35] Trivedi HK, Forster NH, Saba CS.  
Rolling contact fatigue testing of a 
3 cSt polyolester lubricant with and 
without TCP and DODPA/PANA at 
177°C. Tribology Letters. 2004;16: 
231-237. DOI: 10.1023/B:TRIL.0000009
734.35530.d

[36] Johnson DW. The tribology and 
chemistry of phosphorus-containing 
lubricant additives. In: Darji PH, 
editor. Advances in Tribology. Rijeka, 
Croatia: InTech; 2016. pp. 175-196. DOI: 
10.5772/62208

[37] Tabet N, Allam I, Yin RC. X-ray 
photoelectron spectroscopy 
investigation of the carburization of 310 
stainless steel. Applied Surface Science. 

2003;220:259-272. DOI: 10.1016/
S0169-4332(03)00820-1

[38] Johnson DW, Bachus M, Hils JE.  
Interaction between lubricants 
containing phosphate ester additives 
and stainless steels. Lubricants. 
2013;1:48-60. DOI: 10.3390/
lubricants1020048

[39] Johnson DW, Hils JE, Forster N.  
Interaction of polyol esters and 
phosphate esters with metal carbides. 
Tribology Letters. 2011;42. DOI: 223-232. 
DOI:10.1007/s11249-011-97666-x

[40] Trivedi HK, Forster NH, Rosado 
L. Rolling contact fatigue evaluation 
of advanced bearing steel with and 
without the oil anti-wear additive 
tricresyl phosphate. Tribology Letters. 
2011;41:597-605. DOI: 10.1007/
s11249-010-9738-6

[41] Zaretsky EV. Ceramic bearings for 
use in gas turbine engines. Journal of 
Materials Engineering and Performance. 
1989;11. DOI: 237-253. DOI:10.1007/
s11665-013-0726-5

[42] Bertrand PA. Reactions of tricresyl 
phosphate with bearing materials. 
Tribology Letters. 1997;3:367-377. DOI: 
10.1023/A:1019105811014

[43] Graham EE, Morales W, Patel N.  
Method of providing ceramic article 
with wear resistant coating. US Patent 
5738913. Asssignee: Cleveland State 
University; 1998

[44] Somers AE, Howlett PC, 
MacFarlane DE, Forsyth M. A 
review of ionic liquid lubricants. 
Lubricants. 2013;1:3-21. DOI: 10.3390/
lubricants1010003

[45] Zhou Y, Dyck J, Graham TW, 
Lou H, Leonard DN. Ionic liquids 
composed of phosphonium cations and 
organophospjhate, carboxylate and 
sulfonate anions as lubricant antiwear 



19

Turbine Engine Lubricant and Additive Degradation Mechanisms
DOI: http://dx.doi.org/10.5772/intechopen.82398

additives. Langmuir. 2014;30:13301-
13311. DOI: 10.102/la5032366

[46] Barnhill WC, Qu J, Luo H, 
Meyer HM III, Ma C, Chi M, et al. 
Phosphonium-organophosphate ionic 
liquids as lubricant additives : effects 
of cation structure on physiochemical 
and tribological characteristics. Applied 
Materials and Interfaces. 2014;6: 
22585-22593. DOI: 10.1021/am506702u

[47] Somers AE, Howlett PC, Sun J, 
MacFarlane DR, Forsyth M. Transition 
in wear performance for ionic liquid 
lubricant under increasing load. 
Tribology International. 2010;40: 
279-284. DOI: 10.1007/
s11249-010-9695-0

[48] Anand M, Hadfield M, Viesca JL,  
Thomas B, Hernandez-Battez A, 
Austen S. Ionic liquid as tribological 
performance improving additive for 
in-service and used fully formulated 
diesel engine lubricants. Wear. 
2015;334-335:67-74. DOI: 10.1016/j.
wear.2015.01.055

[49] Templeton AC, Weulfing WP, 
Murray RW. Monolayer protected 
cluster molecules. Account of Chemical 
Research. 2000;33:27-36. DOI: 10.1021/
ar9602664

[50] Dai W, Kheireddin B, Gao H, 
Liang H. Roles of nanoparticles in oil 
lubrication. Tribology International. 
2016;102:88-98. DOI: 10.1016/
triboint.2016.05.020

[51] Shehadi M, Jones B, Hosni M.  
Characterization of the frequency 
and nature of bleed air contamination 
events in commercial aircraft. Indoor 
Air. 2015;26:478-488. DOI: 10.1111/
ina.12211

[52] Michaelis S. Contaminate aircraft 
cabin air. Journal of Biological Physics 
and Chemistry. 2011;11:132-145. DOI: 
10.4024/41111/11-4-abs1.jbpc.11.04

[53] Michaelis S, Burdon J, Howard C.  
Aerotoxic syndrome: A new 
occupational disease? Public Health 
Panorama. 2017;3:141-356

[54] Howard C, Michaelis S, Watterson 
A. The aetiology of ‘Aerotoxic 
syndrome’—A toxico-pathological 
viewpoint. Open Access Journal of 
Toxicology. 2017;1:1-3. DOI: 10.19080/
OAJT.2017.01.555575

[55] Terry AV. Functional consequences 
of repeated organophosphate exposure: 
Potential non-cholinergic mechanisms. 
Pharmacology & Therapeutics. 
2012;134:355-365. DOI: 10.1016/j.
pharmthera.2012.03.001

[56] Carletti E, Schopfer LM, Colletier 
JP, Froment MT, Nachon F, Weik M,  
et al. Reaction of cresyl salingen 
phosphate, the organophosphorus agent 
implicated in aerotoxic syndrome with 
human cholinesterases: mechanistic 
studies employing kinetics, mass 
spectrometry and X-ray structure 
analysis. Chemical Research in 
Toxicology. 2011;24:797-808. DOI: 
10.1021/tx100447k

[57] de Ree H, van den Berg M, Brand T, 
Mulder GJ, Simons R, Veldhuijzen van 
Zanten B, et al. Health risk assessment 
of exposure to tricresyl phosphates 
(TCPs) in aircraft: A Commentary. 
Neurotoxicology. 2014;45:209-215. DOI: 
10.1016/j.neuro.2014.08.011

[58] Michaelis S. Aircraft clean air 
requirements using bleed air systems. 
Engineering. 2018;18:142-172. DOI: 
10.4236/eng.2018.104011


