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ABSTRACT 

 

A STUDY OF THE ANTIWEAR BEHAVIOR AND OXIDATION STABILITY 

OF FLUORINATED ZINC DIALKYL DITHIO PHOSPHATE 

IN THE PRESENCE OF ANTIOXIDANTS 

 

 

Anuradha Somayaji, Ph.D. 

 

The University of Texas at Arlington, 2008 

 

Supervising Professor:  Dr. Pranesh B. Aswath 

The antiwear additive Zinc dialkyl dithio phosphate (ZDDP) is one of the most important 

components of engine-oil additives and a major source of phosphorus.  Phosphorus plays a 

crucial part in mitigating engine wear, yet has been proven harmful to modern catalytic 

converters.  Progressive regulatory caps on phosphorus content in automotive lubricants have led 

to widespread efforts to reduce its levels.  A new fluorinated ZDDP (F-ZDDP) complex developed 

at the University of Texas at Arlington has found to breakdown at lower temperatures compared 

to ZDDP and has showed better wear performance than ZDDP alone.  This would allow the 

possibility of further reduction of phosphorus in engine oils than current levels. 

This work begins with a study of the interaction of ZDDP and fluorinated ZDDP with the 

antioxidant alkylated diphenyl amine.  The impact of antioxidant on wear performance was 

examined using a custom-built ball-on-cylinder tribometer.  Interactions between ZDDP and 

fluorinated ZDDP with antioxidant were studied using Fourier transform infrared spectroscopy and 
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nuclear magnetic resonance, and the surface of the tribofilm was examined using scanning 

electron microscopy, transmission electron microscopy and Auger electron spectroscopy. 

Nanoscale mechanical properties of in-situ tribofilms generated from ZDDP and F-ZDDP 

in the presence of alkylated diphenyl amine are compared to films obtained from ZDDP and F-

ZDDP without antioxidant.  Tribofilms in the thickness regime of 100nm to 200nm are developed 

in-situ during wear tests using ZDDP and F-ZDDP.  The influence of alkylated diphenyl amine on 

the creation and characteristics of these tribofilms is studied.  Nanomechanical properties such as 

hardness, modulus, scratch resistance and nano-wear resistance of the films thus formed are 

explored to understand the effect of various variables on the nature of these tribofilms.  A focused 

ion beam is used to image the substrate-tribofilm interface and measure tribofilm thickness.  

Oxidative stability of oil formulations containing ZDDP and F-ZDDP with various antioxidants is 

examined through measurements of viscosity and total acid number.  Oxidation products formed 

are identified through Fourier transform infrared spectroscopy.  Several of these formulations are 

subjected to tribological conditions and the nature of the chemical composition of these films is 

studied using X-Ray near-edge absorption spectroscopy. 
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1. CHAPTER 1 

1 INTRODUCTION 

1.1  Historical Background 

Throughout the course of human history, economic activity has been inextricably linked 

with the ability to transport people and commodities from one place to another.  For millennia, 

transportation was largely achieved either through the use of animal or human locomotion such 

as stagecoaches, chariots and rowboats; or by harnessing the elements of nature in the form of 

sailing ships.  Over the last century however, the primary means of transportation has been 

overwhelmingly dominated by automotive technologies; one of the most prominent among them 

being the internal combustion engine. 

Internal combustion engines in general and reciprocating engines in particular have 

evolved a great deal from its early simple designs with compression-less combustion and 

simple overhead valves, to today’s state-of-the-art microprocessor-controlled high-precision 

machines.  Modern power plants employ sophisticated optimization techniques intended to 

maximize efficiency and performance while minimizing environmental footprint.  Power output 

has dramatically improved over the years, as have reliability, fuel economy and emission control 

systems.  Today’s engines that are comparable in weight and displacement to early twentieth-

century models generate much more power but only a fraction of environmental pollutants, 

while doing so at a much lower fuel consumption rate.  To illustrate, a subcompact vehicle built 

in the late 1980s typically boasts four times the horsepower and nearly twice the fuel economy, 

but with hydrocarbon emissions only about a thirtieth of a 1921 Ford Model T [1]. 

1.1.1 Evolution of Lubricants 

In spite of such tremendous advances, the one requirement that has remained 

unchanged over the years is the need for effective lubrication to ensure and maintain smooth 
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operation of these engines.  The concept of lubrication in various forms has existed for 

centuries, but only recently in 1966 the area of study dealing with this discipline came to be 

formally recognized as a scientific research field.  This field was termed ‘tribology’, which was 

defined as the “science and technology of interacting surfaces in relative motion and the 

practices related thereto” [2]. 

Improvements in engine performance over the decades have generally been 

accompanied by progress in the development of lubricant technology.  In the early stages of 

engine development, automotive lubricants mainly consisted of petroleum-based crude oil which 

manufacturers subsequently learnt to refine into narrow distillation classes with varying grades 

of viscosities.  The next step on the evolutionary ladder was the addition of specific compounds 

to this base oil to enhance its lubricating properties, thus giving rise to the age of formulated 

automotive lubricants. 

1.1.2 Additives in Automotive Lubricants 

Additives to base lubricating oils began to be widely used in 1947 when the American 

Petroleum Institute (API) started categorizing engine oils by severity of service [3].  Today, 

these additives are intended to serve in various roles such as antiwear and anti-corrosive 

agents, antioxidants, extreme pressure (EP) additives, dispersants and detergents, rust and 

corrosion inhibitors, friction modifiers, foam depressants, pour point depressants and viscosity 

index improvers, to name a few [4].  Antiwear agents serve to prevent contact between moving 

metal surfaces thereby improving the service life of machines, whereas the anti-corrosive 

behavior involves the inhibition of corrosion in metals and alloys.  Antioxidants operate to retard 

the oxidation of the lubricating oil thereby helping to prolong the life of the lubricant and extend 

the service interval of engines.  Extreme pressure additives find use in heavy-load machinery 

that tend to exhibit boundary lubrication conditions – a situation in which a complete fluid film 

does not form between rubbing surfaces.  Dispersants helps prevent unwanted engine deposits 

such as sludge and varnish by suspending particles in a colloidal state.  Detergents play a 
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similar role whereby they are used to control varnish, piston ring-zone deposits and rust by 

keeping particles in a colloidal state.  However, dispersants are mainly distinguished from 

detergents in that the former is non-metallic while the latter is usually metallic, thereby tending 

to leave a slight ash when the oil is burned.  For the same reason, dispersants are sometimes 

referred to as ashless.  Dispersants and detergents are often used in combination with each 

other. 

1.1.3 Role of Zinc Dialkyl-Dithio-Phosphate as a Lubricant Additive 

One of the most prominent additives to dominate the lubrication landscape over the 

past several decades is the compound Zinc Dialkyl-Dithio-Phosphate (ZDDP), which first 

appeared with the filing of four patents in 1941 [5].  The antiwear properties of this additive 

remained un-noticed throughout the 1940s, but in 1955 it was discovered that oils containing 

ZDDP generally resulted in superior wear performance when compared to oils that didn’t 

contain this additive, particularly in the then newly introduced V8 engines.  This result led to the 

widespread adoption and acceptance of ZDDP as the principal choice of automotive lubricant 

antiwear additive in the automobile industry within a few short years.  To this day, ZDDPs have 

arguably remained the most successful automotive lubricant additives ever invented [5].  The 

appeal of ZDDP as a preferred additive stems from the multifaceted nature of its performance 

as a lubricant additive.  ZDDP exhibits antiwear and anti-oxidant properties [6-9], while also 

demonstrating its effectiveness as an extreme pressure (EP) additive [7] and a detergent [8-10].  

It has been noted that no single additive provides the same benefit of wear prevention, 

corrosion protection and oxidation control as cost effectively as ZDDP [11]. 

1.2  Motivation for Research 

In spite of its remarkable success as a lubricant additive, the use of ZDDP comes with 

its share of drawbacks.  It is the main source of phosphorus in conventional engine oils and 

therefore a contributor to environmental pollution through automotive emissions.  During the 

course of normal engine operation, traces of phosphorus mix with exhaust gases and 
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contaminate the catalytic converter.  Over time, this accumulation of phosphorus causes the 

poisoning of the catalytic converter, thus reducing its effectiveness and shortening its service 

life.  Poisoning by lubricant-based pollutants such as ZDDP is of particular concern because of 

the irreversible nature of catalyst degradation [12].  As a result, recent regulations by the 

Environmental Protection Agency (EPA) and similar agencies around the world have called for 

better emission controls and extended life of catalytic converters, which in turn have resulted in 

a push for the reduction of phosphorus levels in engine oils [5, 12-15]. 

One goal of this research effort is to find ways to reduce phosphorus levels in engine 

oils through the use of a more promising alternative to ZDDP while still remaining cost effective 

and retaining many of its important properties such as antiwear and antioxidancy.  The EPA and 

the lubrication industry expect such research to lead to improved fuel economy, better emission 

controls, increased lifespan of catalytic converters and extended drain and service intervals in 

automobiles. 

The antiwear mechanism of ZDDP involves its thermal and tribological degradation 

leading to the formation of a protective antiwear film that consists of polyphosphates & 

sulphates.  The structure of the antiwear film is almost similar in both types of degradations.  In 

general, ZDDP’s antiwear performance is influenced by its interactions with other additives such 

as some friction modifiers, EP agents, antioxidants, detergents and dispersants that are present 

in engine oils [16], wherein the breakdown efficiency and therefore the antiwear effectiveness of 

ZDDP could be diminished by its parallel reaction as well as the antagonistic effects of these 

additives. 

In an effort to lower phosphorus levels in lubricants, the tribology research group at the 

University of Texas at Arlington (UTA) has synthesized a new compound namely Fluorinated 

Zinc Dialkyl-Dithio-Phosphate (F-ZDDP), which has been shown to exhibit improved antiwear 

properties over ZDDP [17].  The enhanced antiwear performance of this new compound is 

attributed to the presence of P-F bonds which forms when ZDDP is fluorinated.  This new 
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compound would allow the possibility of further reduction of phosphorus in engine oils than 

current levels.  However, this reduction could potentially affect the antioxidant capabilities in the 

formulated lubricant.  Antioxidants play an important role in retaining the properties of base oils 

in harsh environments in the presence of active radicals by serving as radical scavengers.  Due 

to the importance of this additive in lubricating oils, this research effort concentrates on 

understanding its influence on the antiwear performance of F-ZDDP.  F-ZDDP being new, its 

interactions with other additives in the lubricant are still unknown and therefore this study 

attempts to develop a better understanding of the influence of antioxidants on the antiwear 

performance of F-ZDDP.  Another central part of this investigation is the study of the oxidation 

stability of the base oil to which F-ZDDP has been added.  This examination is necessary since 

poor oxidation stability could lead to the formation of deposits, sludge and corrosive acids in the 

oil which in turn increases wear in the mechanical system [18].  The oxidation stability of a 

lubricant is also an important indicator of its service life. 

1.3  Outline of Proposed Research 

The presence of P-F bonds in F-ZDDP was first detected as a result of the unique 

fluorination process at UTA.  This new discovery opens up fresh avenues of investigation into 

the antiwear performance of F-ZDDP in the presence of various lubricant additives, chief among 

them being antioxidants.  This research presents findings on the antiwear performance of F-

ZDDP in the presence of various antioxidants.  These formulations have never been previously 

attempted nor have their performance been evaluated.  This work aims to establish the 

superiority of the antiwear properties of F-ZDDP over that of ZDDP in the presence of 

antioxidants, and does so through novel approaches to chemical and mechanical 

characterization of tribofilms.  The antiwear performance of ZDDP through thermal or 

tribological breakdown in the presence of other additives is a very complex process and much 

effort has been previously dedicated to understanding the mechanism of its degradation and 

interaction with these additives [16, 19].  The behavior of ZDDP is therefore a good reference to 
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which the properties of the newly synthesized compound F-ZDDP may be compared.   In this 

study, the interaction of antioxidants with ZDDP and F-ZDDP and the resulting effects on the 

antiwear performance of these respective formulations are investigated by using the antioxidant 

alkylated diphenyl amine (ADPA).  Test apparatus such as ball-on-cylinder lubricity evaluator 

(BOCLE) were custom-built at UTA to serve the unique test conditions of this research.  These 

equipments allow evaluation of oil performance in nominal amounts (< 100 ml) and in a closed 

system.  These conditions help understand the changes that the oil undergoes throughout its 

operational lifecycle.  Initial results of wear tests at UTA showed that F-ZDDP exhibits better 

wear performance over ZDDP in the presence of this antioxidant in the base lubricating oil.  This 

encouraging outcome paved the way for a detailed exploration and analysis of the antiwear 

performance of F-ZDDP in the presence of alkylated diphenyl amine. 

In the first part of this research, the interaction of ZDDP and Fluorinated ZDDP with 

alkylated diphenyl amines are investigated chemically using nuclear magnetic resonance (NMR) 

spectroscopy techniques.  The antiwear performance under boundary conditions is evaluated 

using a custom-built ball-on-cylinder lubricity evaluator developed at UTA.  The tribofilm formed 

under boundary lubrication was studied using Auger electron spectroscopy (AES), scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). 

In the second part of the work, nanoscale mechanical properties of in-situ tribofilms 

generated from ZDDP and F-ZDDP with antioxidants are examined and the results are 

compared with tribofilms generated from ZDDP and F-ZDDP in the absence of the same 

antioxidant.  Most research efforts by various groups in this field have mainly focused on 

nanoindentation as a means of finding the mechanical properties of the film.  This research 

introduces new mechanical characterization techniques such as nanoscratch and nanowear 

tests which are necessary to understand the abrasion resistance of the tribofilm, its adhesion to 

the substrate and its uniformity.  Tribofilms with thickness ranging from 100nm to 200nm are 

developed in-situ during wear tests using ZDDP and F-ZDDP and the influence of alkylated 
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diphenyl amine on the formation and properties of these tribofilms is examined.  To develop an 

understanding of the effect of various variables on the nature of the tribofilms, the 

nanomechanical properties including the hardness, modulus, scratch resistance and nano-wear 

resistance of the films formed from ZDDP and F-ZDDP in the presence of the antioxidant 

alkylated diphenyl amine are examined with the goal of comparing the results to films obtained 

from ZDDP and F-ZDDP without antioxidant under similar conditions.  In addition to the 

nanomechanical properties of the tribofilms, morphology and chemical composition of the 

tribofilms play a role in determining their properties.  Therefore, focused ion beam (FIB) is also 

used to image the substrate-tribofilm interface and thus measure the thickness of the tribofilms. 

The elemental distribution depth profile of the film is analyzed using Auger electron 

spectroscopy and the nature of the wear debris is analyzed using transmission electron 

microscopy. 

In the third part of this study, the oxidation stability of F-ZDDP in the presence of 

antioxidant is investigated and compared against that of ZDDP with antioxidant.  Oxidative 

degradation reduces the effectiveness of lubricants, increases acidity and viscosity, and 

contributes to the formation of sludge and deposits.  All these oil insoluble compounds lead to 

increased wear in mechanical systems.  Analysis of a lubricant’s oxidation stability therefore 

contributes to a better understanding of its effectiveness under normal operating conditions.  

Oxidation studies are generally performed through accelerated aging of oil samples under high 

temperatures in the presence of controlled amounts of air.  These samples are then measured 

for changes in viscosity, total acid number (TAN) and wear volume, which in turn may be used 

to assess the stability of the oil and its suitability for formulating automotive lubricants.  The 

types of oxidation products formed are identified using Fourier transform infrared spectroscopy 

(FT-IR) and the nature of the tribofilms is studied using X-Ray near-edge absorption 

spectroscopy (XANES). 
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2. CHAPTER 2 

2 OVERVIEW OF TRIBOLOGY CONCEPTS 

The genesis of the term ‘Tribology’ is attributed to the Greek word ‘tribos’, meaning to 

rub or slide [20].  This comparatively new branch of science dealing with the study of interacting 

surfaces in relative motion is instrumental in understanding and explaining the role of lubrication 

in automotive technologies.  This chapter therefore provides a brief introduction to the 

fundamental concepts of tribology, with particular emphasis on topics relating to automotive 

lubrication. The basic principles of friction and wear are first reviewed, followed by an overview 

of tribofilms and the different regimes of lubrication.  A description of the important properties of 

ZDDP, its molecular structure, and its role as a key antiwear agent in formulated lubricants are 

then provided.  A similar outline of the properties of F-ZDDP is given, and its antiwear properties 

are visited.  The theory of oxidation stability and the importance of its study to the performance 

of automotive lubricants are then described. 

The latter part of this chapter presents a concise explanation of some of the 

instrumental analysis methods employed in this research.  Additionally, novel nano-mechanical 

characterization techniques that are employed to evaluate the nano-scratch behavior and nano-

wear resistance of tribofilms are explained. 

2.1  Friction and Wear in Tribosystems 

Automotive technologies for transportation inevitably involve mechanical motion, which 

in turn entails varying degrees of contact and interaction between different types of surfaces, 

often under environments of extreme pressure and high load-bearing stresses.  The rubbing 

components and their constituent contacting surfaces together with any lubricants and other 

materials (such as debris) present in the interacting environment is often collectively referred to 

as a tribosystem.  An unavoidable consequence of contact between moving surfaces is a force 



 

 9

resisting this relative motion.  This force is called friction.  Internal combustion engines – which 

are thermally and mechanically quite inefficient to begin with – are particularly susceptible to 

significant energy losses due to friction.  In addition to energy losses, friction has the 

undesirable effect of causing wear in various mechanical components of engines.  Mechanical 

losses due to friction in valve trains, piston assemblies and bearings account for nearly 12% of 

the total power dissipated in such engines and 80% of its mechanical losses [21].  Given the 

global scale of internal combustion engine usage, this level of energy wastage easily translates 

to billions of dollars in worldwide economic overhead, not to mention the environmental costs 

involved.  It is therefore evident that even incremental improvements in engine efficiency could 

go a long way in reducing overall fuel consumption and emissions while enhancing the average 

lifespan of automobile powertrains.  Figure 2.1 illustrates this distribution of typical energy 

losses in these engines.   

 

Figure 2.1: Distribution of typical energy losses in an internal combustion engine. 
 

For example, one analysis reveals that increasing mechanical efficiency by 5% through 

improved lubrication in worm gear drives in the United States alone would result in savings of 
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about US$600 million per year [20].  In another study conducted by the United States 

Department of Energy, it was estimated that the US economy could see savings to the tune of 

US$120 billion as a result of lowering friction and wear in engines and drive train components 

[22]. 

2.1.1 Wear Modes and Mechanisms 

Wear has been defined as “the phenomenon of material removal from a surface due to 

interaction with a mating surface” [23].  Wear mechanisms may be explained by taking complex 

changes during friction into account.  In practice, wear hardly occurs as a result of a single 

mechanism.  Moreover, when multiple modes and mechanisms are in effect, the dominant 

mode may change over time as a result of alterations in surface material properties and 

dynamic system responses.  It therefore is quite important to understand the various wear 

modes and mechanisms that could occur under such diverse operating conditions.  In all cases, 

it is very important to note that wear is not a material property; instead, it is a system response 

[24]. 

One of the ways in which wear occurs involves microfracture-induced physical 

separation which causes removal of material from contacting surfaces.  Physical separation 

could be due to ductile, brittle or fatigue fracture.  Chemical dissolution also causes wear, as 

does melting due to various causes, one of which is friction-induced heat at the interface 

between interacting entities.  The former process could occur due to oxidation and diffusion, 

while the latter may be observed in conditions where lubrication is lacking or absent, or in 

sustained high-temperature operating environments. 

Wear is often studied from the perspective of different contact configurations such as 

unidirectional and reciprocal sliding and rolling, compression and separation along the normal or 

inclined directions and rolling with slip.  Contact configurations may also include free solid 

particles that attack interacting surfaces.  Wear encountered in such configurations may be 

expressed as sliding, rolling, impact, fretting or slurry wear.  These expressions are not accurate 
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scientific representations of wear mechanisms; rather they are mere descriptions based on the 

appearance of the contact configurations.  In order to examine wear mechanisms from the 

standpoint of a generalized nature of contact configurations, it is useful to classify actual and 

apparent contact conditions at the interacting interfaces.  One simple condition deals with the 

severity of contact and the resulting deformation state, and may be classified into two broad 

types, namely elastic and plastic contact conditions.  Such a condition is a tribological system 

response as a function of dynamic, material and environmental parameters. 

Four fundamental and major wear modes have been generally recognized and broadly 

accepted.  These are [25], adhesive, abrasive, fatigue and corrosive wear.  Figure 2.2 presents 

a schematic representation of the four wear modes that may be encountered in a system. 

 

Figure 2.2:  Wear modes in tribosystems: (a) adhesive wear; (b) abrasive wear; (c) fatigue wear 
and (d) corrosive wear. 

 

Adhesive wear is a mode that is generated under plastic contact [23].  This type of 

contact between similar materials gives rise to adhesive bonding at the contact interface.  For 
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example, breakdown of lubricating films hampers smooth relative movement between solid 

objects, thereby serving to greatly increase the adhesive force between their interacting 

surfaces.  Wear due to film failure is typically quite severe in nature.  When this scenario results 

in fracture at one or both of the interacting surfaces, the ensuing wear is known as adhesive 

wear, regardless of the nature of the fracture. 

When a hard material comes into plastic contact with a relatively softer material, the 

relative motion between these two surfaces causes the former to penetrate or plough into the 

latter. The outcome of fracture due to such forces is known as abrasive wear, irrespective of the 

fracture mode encountered.  The byproducts of such abrasive forces are asperities and wear 

debris, which in the case of relatively ductile metallic surfaces are much harder than the 

surfaces they originated from.  This is because these asperities are generally work-hardened 

and turn brittle quickly due to oxidation.  In the case of lubricating films, such wear can therefore 

occur when hard particles are present in significant quantities and flows only against one of the 

interacting bodies without supporting the other.  Related forms of abrasive wear are erosive 

wear, which is caused by impacting particles and cavitation wear, which is brought about by 

fast-flowing liquids. 

The operational effectiveness of a lubricating film may sometimes be below desired 

levels, resulting in greater-than-normal frictional forces between interacting surfaces.  In such a 

scenario, repeated stresses and recurring friction cycles often cause fatigue and surface failure, 

thereby generating fatigue wear.  This form of wear is milder than the others and can be 

observed in both elastic as well as plastic contacts. 

In some cases, interacting surfaces may undergo undesired chemical reactions, the 

results of which may initially serve to provide some lubrication, but eventually bring about 

substantial wear in the long term.  The ensuing loss of material is said to be due to corrosive 

wear.  Both plastic and elastic contacts can give rise to corrosive wear.  Sometimes, these 

chemical reactions are accelerated or highly activated by friction-induced deformation and 
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heating, microscopic fractures or consecutive depletion of reaction products.  In air, the leading 

corrosive agent is oxygen and hence when this phenomenon occurs in an atmospheric 

environment, it is known as oxidative wear. 

Wear may be further classified on a macroscopic level into mechanical, chemical, and 

thermal wear.  Since adhesive, abrasive, fatigue wear occur due to fracture, these modes 

therefore fall under the classification of mechanical wear.  On the other hand, corrosive wear is 

usually considered to be chemical wear or tribochemical wear.  Alternately, when wear is 

induced by thermal stresses or elevated temperatures due to friction, it is categorized as 

thermal wear. 

2.1.2 Evaluation of Wear 

Wear is typically quantified by the amount of material lost during surface interaction.  

The quantity of material removed from the original surface is measured in terms of wear 

volume.    Together with the nature of wear surface roughness and wear particle shape, wear 

volume provides important data that is instrumental in the characterization of wear.  Wear 

volume may be analyzed as a function of sliding distance or contact cycles, and such a plot of 

the former versus the latter is known as a wear curve.  The slope of a wear curve gives 

information about the rate at which material is lost, or in formal terms, wear rate.  Wear rate is 

therefore the wear volume per unit distance traveled across the surfaces of the interacting 

components.  When this wear rate is measured per unit load, it is termed as specific wear rate.  

Wear coefficient is then defined as the product of the specific wear rate and the hardness of the 

wearing material [23]. 

2.1.3 Wear Stages in Tribology 

During the lifecycle of tribosystems, at least three distinct stages of the wear process 

may be identified.  The break-in or run-in stage occurs at the beginning of the operational 

lifecycle and involves high rates of wear.  At this stage, asperities on interacting surfaces induce 

significant abrasion in the course of creating conformal surfaces wherein the load is more 
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favorably distributed across these surfaces.  In lubricated tribosystems, this period is marked by 

the formation of hitherto absent low-friction protective films known as tribofilms.  During this 

phase, conditions are being set up for the next steady-state wear stage.  The duration of this 

stage in most tribosystems is typically very short when compared to the overall lifecycle of the 

wear process.  Yet, this short period plays an important role in fostering the necessary 

conditions to initiate and sustain tribochemical reactions imperative to the formation of 

lubricating anti-wear tribofilms.  These tribofilms are crucial components that serve to protect 

surfaces and prolong the service life of these tribosystems during later stages of the wear 

process. 

After the brief break-in period, the steady-state stage comprises the longest period of 

the tribological lifecycle in most systems.  Here, the wear rate nearly levels off and friction 

values are relatively low.  In lubricated tribosystems, this stage is sustained by the presence a 

tribofilm between interacting surfaces.  One way in which these tribofilms work is by providing a 

durable low-friction sliding interface between the otherwise contacting surfaces, thereby 

considerably lowering the wear rate.  Another way they operate is by acting as a sacrificial layer 

that wears out in place of the adjacent metallic surfaces, but is constantly replenished at the 

same rate as the wear process. 

To the extent that conditions favor continued efficient operation of tribofilms or support 

an environment amenable to sustained tribofilm replenishment, the steady-state wear stage will 

continue.  On the other hand, when steady-state wear eventually alters the mechanical 

clearances and surface properties to the point that continued lubrication is no longer possible, 

the protective tribofilm fails, resulting in a short-lived catastrophic stage in which extreme wear 

rates cause severe and irreversible surface damage.  This stage then marks the end of the 

useful service life of the tribosystem and usually the larger machinery of which it is a part.  

Figure 2.3 describes the nature of wear rates during each of these three stages in a 

tribosystem. 
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Figure 2.3: Wear rate as a function of time during various wear stages in a tribosystem. 
 

Of the three wear stages, characterization of long-term tribological properties is best 

served by studying wear rates and friction forces during the longer and more stable steady-state 

conditions [23].  In automotive systems, this period encompasses the useful lifetime of engines 

and associated machinery. 

2.2  Automotive Lubrication 

Lubrication involves the practice of reducing friction coefficients between interacting 

surfaces under load to such a low degree that wear rates are diminished significantly, thereby 

sustaining efficient operation of the tribosystem. Lubrication is achieved by introducing a 

material known as a lubricant between the sliding surfaces. This material may be either in solid 

or liquid form and sometimes may comprise of a combination of both forms. In some 

environments, gases may also be used as lubricants. 

Automotive machinery such as engines and bearings employ liquid lubricants for their 

lubrication needs.  In addition to reducing friction and wear, these lubricants work to redistribute 

loads in the tribosystem, carry away or dissolve contaminants such as wear debris and 

dissipate the heat generated during normal operation.  The most common base material for 

these lubricants comes from mineral oils.  However, recent advances have seen the 
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introduction of synthetic base oils that exhibit superior performance compared to their mineral 

oil based counterparts. 

The choice of lubricant for a particular application is determined by factors such as the 

environment in which the lubricant is expected to function, including the temperature and 

pressure ranges demanded by the application and the type of lubricant - whether solid or liquid - 

that best serves the needs of the system.  Some important properties of lubricants that play a 

critical role in determining the lubricating material for an application are therefore discussed in 

this chapter. 

2.2.1 Viscosity of Lubricants 

Viscosity is arguably the most important parameter that defines the lubricating capability 

of engine oils.  It is measured in terms of the resistance of a fluid to deformation under the 

influence of external stresses, most notably shear stress.  Fluids that exhibit high viscosity are 

said to be "thick" whereas those with low viscosity are considered "thin" fluids.  For engine oils, 

it is important that the viscosity must be high enough to maintain a satisfactory lubricating film, 

but low enough that the oil can flow around the engine parts satisfactorily to keep them well 

coated under all conditions.  In addition, the accurate determination of viscosity of many 

petroleum fuels is important for the estimation of optimum storage, handling and operational 

conditions. 

Oil viscosity is susceptible to changes with temperature, pressure and shear rate.  In 

tribosystems, the thickness of the lubricating film is usually proportional to these parameters.  In 

this section, a simplified model of viscosity for Newtonian fluids - one in which the rate of shear 

and flow are always directly proportional to the applied stress - is discussed.  This model is valid 

for most automotive tribological applications.  Consequently, two types of viscosity measures 

are briefly described herein. 
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2.2.1.1 Dynamic Viscosity 

Dynamic viscosity is defined as the ratio of the shear stress acting on the fluid to the 

shear rate.  To illustrate, consider the tribosystem shown in Figure 2.4, where two flat 

interacting surfaces with wetted contact area A are separated by a lubricating fluid film of 

thickness d.  The force F required to move one of the surfaces is directly proportional to the 

relative velocity v and the wetted area, and may be expressed as 

 
v

F α A×
d

 (2.1) 

 

Figure 2.4: Schematic representation of fluid film between two interacting surfaces. 
 

Most fluids exhibit this relationship, the key distinction between different fluids manifesting in the 

form of a proportionality constant 'η'.  This constant is the defining parameter of the fluid's 

viscous properties and is known as dynamic viscosity.  The force F is then given by 

 η
v

F = × A×
d

 (2.2) 

The shear stress τ acting on the fluid is given by τ = F/A.  Rearranging terms and using this 

relationship for shear stress, the dynamic viscosity may be expressed as 

 η τ= ×
v

d
 (2.3) 

The dynamic viscosity η of a Newtonian fluid is thus seen to be the ratio of the shear stress τ to 

the shear rate (v/d).  Prior to the advent of the SI system, the unit for dynamic viscosity was the 
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Poise (P) [20].  A smaller unit, the centiPoise (cP) was more commonly used to better represent 

viscosity values found in most practical applications.  Today, the SI unit for dynamic viscosity is 

Pascal-second (Pas). 

2.2.1.2 Kinematic Viscosity 

In quantifying viscosity, one can also take into account the density of the fluid.  In this 

case, the resulting parameter is known as kinematic viscosity, and is defined as the ratio of the 

dynamic viscosity to fluid density.  The unit for kinematic viscosity that has found the most 

widespread use is the Stoke (S).  Since the Stoke is a large unit when it comes to representing 

the dynamic viscosity in most situations, a smaller unit called the centiStoke (cS) is often 

employed.  The SI unit for kinematic viscosity is m2/s [20]. 

It may ostensibly seem that the thicker the tribofilm and therefore greater the viscosity, 

the better the lubrication properties achieved in a tribosystem.  However, thicker fluids have 

greater shear resistance, thereby requiring more energy to provide sliding action between 

contacting surfaces.  One byproduct of such power consumption is greater heat generation 

resulting in elevated temperatures, thereby potentially harming the machinery.  On the other 

end of the spectrum, too thin a lubricant would hardly generate adequate film thickness needed 

to support the contact loads, thereby resulting in increased wear.  It is therefore important to 

choose lubricants with the right viscosities for a particular application, a decision that is made all 

the more difficult due to the acute dependence of an oil’s viscosity on operating temperatures. 

2.2.2 Viscosity-Temperature Dependence 

The viscosity of lubricating oils is extremely sensitive to the operating temperature and 

has an inverse relationship to it.  In some instances, an oil's viscosity can drop by nearly 80% 

with just a short temperature increase of 25°C [20].  Determination of the lubricant viscosity at 

any given temperature may either be computed with the help of viscosity-temperature equation, 

or through viscosity-temperature charts published by the American Society for Testing and 

Materials (ASTM).  Among the several available viscosity-temperature equations, some are 
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derived from theoretical models, while others are purely empirical.  The earliest among them is 

the Reynolds equation, which presently finds only limited use due to it's applicability for only a 

narrow temperature range.  Today, the Vogel equation finds the greatest use in engineering 

applications as it is the most accurate among all the different equations available. 

2.2.3 Viscosity Index 

The viscosity index (VI) is an entirely empirical, yet widely accepted approach to 

describing the temperature response of the viscosity of an oil.  A higher value of viscosity index 

indicates lower viscosity variation across a range of temperatures, and vice versa.  Therefore, 

oils with higher VI values are preferred, as it means that its lubricating properties are more 

consistent for a given temperature range, or alternately, these oils could potentially be utilized 

over a larger range of temperatures. 

Viscosity index is obtained by comparing the kinematic viscosity of the oil under test to 

that of two reference oils.  These reference oils are such that the temperature sensitivity of their 

viscosity is significantly different from each other.  The reference oils are chosen in such a way 

that the VI of one of them equals zero, while the VI of the other equals 100 at 100°F (37.8°C), 

but both have the same viscosity at  210°F (98.89°C) as the oil under test [20].  The viscosity 

index is then obtained by the relation 

 
( )
( )
L U

VI 100
L H

−
= ×

−
 (2.4) 

where U is the measured kinematic viscosity of the test oil at either 40°C or at 100°C, and L and 

H are the corresponding values of the reference oils at 100°C, obtained from ASTM D2270 

tables.  In formulated oils, additives are often introduced to improve the VI of the lubricant. 

A related property of oil is its pour point.  This is the minimum temperature that enables 

a liquid lubricant to flow, or be pumped.  It is an important indicator of the minimum achievable 

operating temperature of the lubricant. 
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2.2.4 Hertzian Model of Contact Stresses 

A large volume of engineering applications involve non-conformal contact between 

interacting surfaces, examples of which may be found in gears, cams and rolling contact 

bearings, among others.  The tiny contact areas involved inevitably give rise to very high 

operating pressures in such systems.  Given that any two contacting surfaces under load will 

undergo elastic or plastic deformation, it becomes critical from a design perspective to 

accurately model the stresses encountered in these tribosystems for such applications.  

Analytical formulae based on the theory of elasticity were derived by Hertz in 1880 [26] to model 

these stresses.  The Hertzian model of contact stresses makes the following simplifying 

assumptions [27]. 

– Contact stresses are primarily due to normal loads (tangential forces are absent), 

– The interacting surfaces are made of homogeneous materials, 

– The stresses involved are below the yield stresses of the materials, 

– The contact area is much smaller than the contacting entities, 

– Surface roughness has negligible effect, 

– The contacting entities are at rest and in equilibrium. 

This model has subsequently been refined by other researchers, but the basic principles 

continue to form the foundation of stress modeling in machine design to this day. 

2.2.5 Lubrication Regimes 

The nature and magnitude of the load between contacting surfaces give rise to different 

lubrication conditions, which may be broadly classified into different lubrication regimes.  These 

are described herein. 

2.2.5.1 Fluid-Film Lubrication 

In this regime, the contact loads between the sliding surfaces is fully supported by a thin 

liquid film between them. Under this condition, direct contact between the metallic surfaces is 

avoided.  This is therefore the preferred mode of operation since the lack of direct metal-to-
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metal contact results in minimal wear in the system.  Fluid-film lubrication may be further 

categorized into hydrodynamic and hydrostatic lubrication regimes. 

Hydrodynamic lubrication is the scenario where no external pressure is required to 

maintain an operational, load-bearing fluid film between sliding contacts.  The relative velocity 

between the metallic surfaces causes fluid flow to be directed into the convergent gap between 

the sliding components.  In order to sustain hydrodynamic lubrication, sufficient relative velocity 

is therefore necessary between the sliding surfaces to enable continuous film formation.  As 

long as sufficient relative velocity, proper lubricant viscosity, adequate film thickness and 

lubricating properties are maintained, this form of lubrication can theoretically prolong the 

service life of machinery for indefinite periods of time. 

A special case of hydrodynamic lubrication called elastohydrodynamic lubrication 

occurs when elastic deformation of the contacting surfaces together with notable changes in 

lubricant viscosity under pressure play an important role in the tribosystem.  Under such 

conditions, a fluid film is present and provides relatively effective lubrication, albeit with greatly 

reduced film thickness.  This phenomenon was first observed in cases where the wear rates 

were very low, yet the calculated film thickness was much less than what was then theoretically 

accepted as required for effective wear mitigation.  The lubricating film in this case is normally 

very thin (less than 1μm thick) compared to the film thickness encountered in hydrodynamic 

lubrication [20]. 

A lubrication regime in which external pressure is required to keep the lubricant in the 

conjunction between the metallic surfaces is known as hydrostatic lubrication.  The amount of 

load that can be borne is independent of film thickness and therefore this type of lubrication is 

capable of supporting very large loads.  The main drawback is that ancillary equipment is 

generally needed to maintain the pressure so that an effective film may form between the sliding 

contacts. 
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2.2.5.2 Boundary Lubrication 

Sometimes, tribosystems may encounter a scenario where a complete fluid film does 

not or hasn't yet formed between the contact surfaces.  This regime is known as boundary 

lubrication, and is encountered when the depth of the composite surface coarseness is greater 

than the average lubricating fluid film thickness [28].  Such scenarios witness direct physical 

contact between the surface asperities when these surfaces slide against each other.  Even 

though fluid-film lubrication is preferred, boundary lubrication conditions are sometimes 

unavoidable.  For example, during starting and stopping of engines, boundary lubrication 

conditions are observed when relative sliding velocities required for successful hydrodynamic 

lubrication are not yet or no longer in effect.  Boundary lubrication regimes may often be found 

in extreme-pressure environments involving bearings, piston rings and cylinder-wall interfaces, 

transmissions and cams, to name a few. 

In most practical tribosystems, multiple regimes are often simultaneously in effect - in 

other words, some asperities are in the hydrodynamic mode, some others in 

elastohydrodynamic mode and yet others in boundary lubrication mode.  This situation is 

referred to as a mixed lubrication regime. 

Lubrication regimes are characterized using a controlling parameter known as the 

Stribeck number, which is quantified as [20], 

 
Us= η
W

Stribeck number  (2.5) 

where η is the dynamic viscosity of the lubricant, Us is the sliding speed of the interacting 

surfaces and W is the pressure or load in the tribosystem.  A plot of friction coefficient versus 

Stribeck number is called the Stribeck curve and is a useful representation illustrating the 

domains of the various lubrication regimes. 
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2.3  Lubricant Additives 

Contemporary lubrication technology has witnessed performance enhancement of 

automotive lubricants through the use of various additives.  Some of the main goals that these 

formulated lubricants are intended to address may be listed as follows: 

– Reduction of friction and wear, and prevention of equipment failure, 

– Enhancement of oxidation stability, thus prolonging the service life of the oil, 

– Corrosion inhibition, 

– Improvement of the viscosity index of the lubricant, 

– Lowering of the pour point of the oil and, 

– Restriction of contamination by wear particles and reaction products. 

Additives which improve wear and friction properties are probably the most important of all the 

additives used in oil formulations [20].  They control the lubricating performance of the oil.  The 

presence of these additives in optimum amounts is very important for safe operation of engines, 

as oil without these additives could lack proper lubricating ability, resulting in excessive wear 

and friction almost as soon as the oil is introduced into the machine.  

There are three different types of boundary lubricant additives available, whose use in 

tribosystems depends on the severity of the condition in which they are employed.  The types of 

wear and friction additives commonly used include: 

• Adsorption or boundary additives, 

• Extreme pressure additives 

• Anti-wear additives 

2.3.1 Adsorption or Boundary Additives 

Adsorption or boundary additives are added to the lubricant to control the adsorption 

type of lubrication.  These additives are sometimes referred to as ‘friction modifiers’.  Their main 

use in the lubricated system is to prevent the occurrence of slip-stick phenomenon.  The most 

common of these types of additives are fatty acids and the esters and amines of the same fatty 
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acids, e.g., stearic acid derivatives such as methyl and ethyl stearates.  They usually have a 

polar group (–OH) at one end of the molecule and react with the contacting surfaces through 

the mechanism of adsorption [20].  The important characteristic of these additives is an 

unbranched chain of carbon atoms with sufficient length to ensure a stable and durable film.  

Adsorption additives are very sensitive to the effects of temperature and find use only at 

relatively low temperature and loads. Usually, they lose their effectiveness at temperatures 

between 80°C and 150°C depending on the type of additive used.  The critical temperature at 

which these additives become ineffective can be altered by changing the concentration of 

additives, i.e. a higher concentration results in a higher critical temperature, but the cost is also 

increased. 

2.3.2 Extreme Pressure Additives 

Extreme pressure (EP) additives are designed to react with metal surfaces under 

extreme conditions of load and velocity, i.e. slowly moving, heavily loaded gears.  EP additives 

usually contain non-metals such as sulphur, antimony, iodine or chlorine [20, 23].  As extreme 

conditions of load and velocity increase, the operating temperature rises and the metal surfaces 

in contact become very hot; this makes the EP additives to react with exposed metal surfaces 

resulting in a protective film of low shear strength on the surface.  As the reaction between the 

extreme pressure additive and metal surfaces is a mild form of corrosion, balanced 

concentration of the additive is necessary.  If the concentration of EP additive is too high, then 

excessive corrosion may occur.  However, with low concentrations of the additive, the surfaces 

may not be fully protected and failure could result.  EP additives, if they contain sulphur or 

phosphorus, may suppress oil oxidation but decomposition of these additives may occur at even 

moderate temperatures.  There are several different types of EP additives currently used in oils.  

The most commonly used are dibenzyldisulphide, phosphosulphurized isobutene, 

trichlorocetane and chlorinated paraffin, sulphurchlorinated sperm oil, sulphurized derivatives of 

fatty acids and sulphurized sperm oil, cetyl chloride, mercaptobenzothiazole, chlorinated wax, 
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lead naphthenates, chlorinated paraffinic oils and molybdenum disulphide [29].  Molybdenum 

disulphide is one of the most commonly used extreme pressure lubricant additive which 

provides lubrication at high contact stresses.  It functions by depositing a solid lubricant layer on 

the contacting surfaces.  It is non-corrosive but very sensitive to water contamination, as water 

causes the additive to decompose. 

2.3.3 Anti-Wear Additives 

In order to protect contacting surfaces at higher temperatures, several different types of 

anti-wear additives are currently used in oil formulations.  The most commonly used anti-wear 

additive in engine oil is zinc dialkyldithiophosphate (ZDDP) [20, 23].  In gas turbine oils, 

tricresylphosphate or other phosphate esters are used.  Additives containing phosphorous find 

use in lubricants when antiwear protection in relatively low load (mild wear) conditions is 

required.  These additives react with the surfaces through the mechanism of chemisorption and 

form a protective sur6face layer which is much more durable than that generated by adsorption 

or boundary agents.  Examples of these additives include zinc dialkyldithiophosphate, 

tricresylphosphate, dilauryl phosphate, diethylphosphate, dibutylphosphate, tributylphosphate 

and triparacresylphosphate.  These additives are used in concentrations of 1% to 3% by weight.  

Tricresylphosphate (TCP) has been used as an anti-wear additive for more than 50 years.  It 

functions by chemisorption to the operating surfaces and is very effective in reducing wear and 

friction at temperatures up to about 200°C [20]. 

2.3.4 Antiwear Additives and Boundary Lubrication 

Technical studies have shown that a significant portion of wear (nearly 70%) in engines 

occurs during the brief start up and acceleration periods [30].  This is because there is not 

enough oil present in bearing and on surfaces of the cylinder to provide effective fluid film 

lubrication during these times.  This situation results in asperity–asperity contact at these 

locations i.e., boundary lubrication regime.  Control of wear in this regime requires the addition 

of antiwear additives which can form a protective film under these conditions [30].  The general 
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antiwear action has been identified to be of two types by Martin et al., depending on the 

chemical nature of antiwear additives [30, 31]: 

1. Formation of tribofilms by a tribochemical reaction processes involving an active 

participation of both the contact surface material(s), environmental factors (atmosphere, 

water etc) and their chemical interaction with the anti-wear additive.  Depending on the type 

of the additives and nature of their reactions with surfaces, this results in two types of 

mechanisms as explained below: 

i. Additives that chemically react with the surface directly e.g. sulphur and chlorine 

chemical compounds, fatty acids, fluorinated compounds. 

ii. Anti-wear action by the additives through thermal and/or oxidative degradation process 

of the additive e.g. Metal Dithiophosphates (ZDDP) and phosphorus containing organic 

compounds. 

2. In the case of polymeric and non-sacrificial films, contact surfaces do not chemically 

participate in the formation of the anti-wear film, although they may catalyze the process.  

This process also involves formation of high molecular weight compounds through 

polymerization process, e.g., complex esters, solid lubricant additive like oil soluble 

molybdenum compounds, borate additives, double bond containing molecules, etc.  

Of all the antiwear agents discussed so far, ZDDP has been the most cost effective and is 

extensively used in the engine oil for both its excellent antiwear and antioxidant properties.  The 

following section introduces the structure of ZDDP and some of its important film formation 

mechanisms. 
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2.4  Zinc Dialkyl Dithio Phosphate 

2.4.1 Chemical structure and properties of ZDDP 

The general chemical structure of ZDDP [4] is shown Figure 2.5. 

 

Figure 2.5: Structural formula of (neutral) ZDDP.  R = 1°,2°,3° alkyl or aryl group.  
 

In this figure, R represents alkyl or aryl groups.  In the case of alkyl ZDDPs, these alkyl groups 

can be primary, secondary or tertiary alkyl groups.  The presence of these R groups (as well as 

the chain length) in the structure of ZDDP [5, 32] depends on types of the alcohols used in the 

manufacturing of ZDDP [4].  ZDDP is usually manufactured by a reaction of phosphorus 

pentasulfide with suitable alcohols, with dialkyldithiophosphates as intermediates.  It has been 

observed that the antiwear activity of ZDDP (inversely proportional to thermal stability) is 

dependent on the alkyl group of the structure [5].  Shown below is the ranking order of their 

antiwear effectiveness. 

secondary alkyl > primary alkyl > aryl. 

The above order ranking also holds good for their hydrolytic stability with secondary alkyl ZDDP 

representing better hydrolytic stability than others.  Besides the classification based on the 

presence of alkyl groups of ZDDP, commercially available ZDDP belongs to two types, namely 

neutral ZDDP with formula – [(RO)2PS2]2Zn and basic ZDDP – [(RO)2PS2]6Zn4O [4].  Both NMR 

[33, 34] and vibrational spectroscopy have shown that neutral ZDDP exists as an equilibrium 

between monomer and dimer in relatively polar solutions, as illustrated in Figure 2.6. 
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Figure 2.6: Monomer–dimer structure equilibrium of neutral ZDDP 
 

This equilibrium moves to favor the monomer as the temperature is increased and in both 

structures, four sulphur atoms are arranged equivalently in a tetrahedron around the zinc atom.  

Figure 2.6 shows the structure of ZDDP in polar solutions; recent studies using dynamic light 

scattering method has suggested that there may be tetrameric or even higher ZDDP structures 

present in low polarity mineral oil solutions [35]. 

Basic ZDDP has the linear formula [(RO)2PS2]6Zn4O.  A Zn4O core with four Zinc atoms 

in an almost prefect tetrahedral arrangement about a central oxygen atom constitutes the 

structure of basic ZDDP.  Figure 2.7 shows the structure of basic ZDDP in solution [5]. 

 

Figure 2.7: Structure of basic ZDDP: basic-ZnDTP, (DTP)6Zn4O.  (2 of 4 DDP ligands shown.) 
 

At elevated temperatures, basic ZDDP has been found to convert to neutral ZDDP and ZnO 

[36].  A number of studies have examined the antioxidant, film forming [37] and antiwear 
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properties [38] of basic and neutral forms of ZDDP.  NMR studies have shown that equilibrium 

exists between basic and neutral ZDDP in solution.  Studies have shown that basic and neutral 

forms of ZDDP differs slightly in terms of their levels of reactivity but in terms of antioxidant and 

antiwear properties they are essentially the same [37-39]. 

2.4.2 Antiwear mechanism of ZDDP 

In general it is agreed that the antiwear activity of ZDDP is to form a wear resistance 

film on the rubbing surfaces [5, 40].  These films are of two types: (i) extreme pressure (EP) 

films formed at high local temperatures under extreme contact conditions whose function is to 

inhibit the onset of scuffing and (ii) antiwear films formed under moderate contact conditions.  It 

is found that ZDDP is a mild EP additive and a strong antiwear agent. 

In spite of 60 years of research on ZDDP, the composition and the mechanism 

controlling the film formation of ZDDP is not very clear.  This is in large part due to the fact that 

decomposition of ZDDP is a complex chemistry which may involve thermal [41], catalytic (by 

chemisorption on metal) [42-45], hydrolytic [46, 47] or oxidative (by reaction with 

hydroperoxides or peroxy radical) [46, 48, 49] processes. 

2.4.2.1 Thermal Degradation 

In the absence of significant level of hydroperoxides or peroxy radicals, ZDDPs is found 

to react in solution at high temperatures by thermal or thermo-oxidative degradation – where the 

mechanism involves the exchange between O and S in ZDDP molecules with the alkyl groups 

which are initially bonded to oxygen atoms in ZDDP, being transferred to the sulphur atoms –  

leading to the formation of solid zinc phosphate deposits, alkyl sulphides, mercaptans, hydrogen 

sulphides and olefins [5, 50].  It was found that the temperature of thermal degradation was 

dependent on the alkyl groups present (and metal cation) but usually occurred between 130°C 

and 230°C.  ZDDP’s antiwear activity (and thermal instability) is dependent on the alkyl group 

structure with the ranking of antiwear effectiveness [5] as follows: 

Secondary alkyl > primary alkyl > aryl. 
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In the 1960s, there was a considerable amount of debate regarding the above 

mentioned thermal degradation mechanism.  However, this mechanism was confirmed by Coy 

and Jones [51, 52] by the use of 1H and 31P NMR and showed that O/S exchange represents a 

well-known property of organic thiophosphates. 

2.4.2.2 Hydrolysis 

Thermal decomposition experiments (in an N2 atmosphere) carried out by Spedding 

and Watkins [47, 53] with ZDDP solutions showed that addition of water would accelerate the 

decomposition of ZDDP.  They proposed a hydrolytic mechanism of phosphate formation.  Their 

work showed that ZDDP is not substantially chemically adsorbed on the metal surface but its 

hydrolytic decomposition products are.  Watkins later showed that these decomposition 

products serve as precursors of antiwear action of ZDDP by interacting with metal surface 

forming fusible glassy compounds, phosphates and iron sulfide as ternary eutectic with iron 

oxide.  While there is a general agreement that hydrolysis probably plays an important role in 

film formation, a substantial amount of work shows that ZDDP decomposition by 

hydroperoxides and free radicals proceeds rapidly at lower temperatures than those required for 

hydrolysis to proceed at a reasonable rate. 

2.4.2.3 Oxidative Decomposition 

It has been proposed by Willermet et al [48, 54] that under moderate wear conditions 

the formation of an antiwear film by ZDDP proceeds by a thermo-oxidative mechanism.  In order 

to prove this they conducted four-ball wear experiments in air and inert atmosphere, and studied 

the nature of the film formed, by AES. The film formed under air was rich in zinc and oxygen 

and Auger elemental analysis of the data showed that it is consistent with long-chain 

polyphosphates.  The films formed were depleted in sulphur and rich in oxygen when compared 

to the original ZDDP, indicating that ZDDP or its decomposition products reacted with 

hydroperoxides, resulting in the replacement of sulphur bonded to phosphorus by oxygen.  The 

films formed under inert atmosphere were low in Zn, O, and P but rich in S when compared to 
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the film formed under air.  These films were also high in carbon and iron.  Wear produced under 

an inert atmosphere was greater with the generation of soluble iron.  All the results from the 

inert atmosphere were equivalent to the thermal decomposition of ZDDP by producing iron 

sulphides and organosulphides.  By adding hydroperoxide [55] to ZDDP solutions run under an 

inert atmosphere, the wear performance became equivalent to ZDDP that was run under air, 

indicating the correlation between antiwear and antioxidant mechanism of ZDDP.  Further 

experiments by Willermet et al confirmed that products from oxidation decomposition were 

similar to phosphate composition as observed in wear experiments.  However, thermal 

decomposition produced a structure similar to that observed at occasional scuff marks 

concluding that principal mode of film formation involved the oxidative decomposition of ZDDP. 

2.4.2.4 Surface Adsorption 

Absorption studies of ZDDP on metal surfaces [44, 45, 56, 57] indicated that the first 

stage in film formation mechanism ZDDP must be diffusion and adsorption of ZDDP molecules 

or other moieties on the metal surface.  Studies done by Yamaguchi et al showed that the 

adsorption of ZDDP on iron surface was through sulphur from the P=S bond [57].  Dacre and 

Bovington studied the adsorption of ZDDP and its decomposition products on ferrous metal over 

a temperature range of 19–81°C.  As the temperature was raised over 60°C, large loss of Zn 

ions occurred and adsorption became irreversible.  In studies by Dacre and Bovington, the 

coupons used in the experiments were solvent-rinsed before analysis, leaving only species 

adsorbed on the surface, but removing any potentially ZDDP enriched but weakly bonded near 

the surface layer.  The possibility of existence of such a layer on the metal surface was further 

investigated by Plaza who examined the adsorption of ZDDP on the iron powder and iron oxide.  

Plaza by using 31P NMR as an analytical technique found basic ZDDP to be the major P– 

containing species from ZDDP solution exposed to iron powder at 80°C and 100°C.  Willermet 

supposed that the basic ZDDP found by Plaza resulted from the reaction with basic (hydrated 

sites) on the iron powder, resulting in a lowered zinc level and increased sulphide at the 
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surface.  Formation of this basic ZDDP in this way suggested the formation of a surface bonded 

film precursor [40].   Willermet suggested that formation of basic ZDDP would account for the 

surface Zn depletion reported by Dacre and Bovington.  Willermet further proposed the following 

steps under moderate wear conditions for the mechanism of ZDDP film formation by reviewing 

his and others’ work: 

• Adsorption of ZDDP on the metal surface and formation of zinc rich near the surface region. 

• Reaction of ZDDP with the metal surface to form phosphate/phosphothionic moieties 

chemical bonded to the metal. 

• Formation of phosphate film precursors from the antioxidant reactions of ZDDP. 

• Condensation of phosphates/phosphothionates and their esters, the growing phosphate 

chains being terminated by reaction with zinc-containing compounds and in the presence of 

overbased detergents, by reaction with the metal surface. 

Apart from the above mentioned theories of ZDDP antiwear film formation, a new theory based 

on computer simulations of zinc phosphates under extreme conditions suggests that pressure-

induced cross-linking is a key mechanism in the formation and functionality of anti-wear 

tribofilms [58-60].  

Despite the enormous amounts of research work to understand the film formation 

mechanism, to date there no single complete reaction mechanism that has been agreed upon 

so far.  According to Spedding and Watkins [47, 53], this complexity of mechanism is due to two 

main reasons.  First, the antiwear process itself is multidisciplinary and requires knowledge of 

metallurgy, chemistry, metrology and mechanical design.  Second, the ZDDP itself undergoes 

complex reactions which require the knowledge of the surface adsorption, organic and inorganic 

chemistry.  All these fields are vast in themselves and require a combined expertise before 

drawing conclusions about entire antiwear mechanisms of ZDDP in tribological conditions. 
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2.4.3 Antiwear Properties 

Thermal degradation studies of ZDDP showed that antiwear effectiveness of ZDDP was 

inversely proportional to its thermal stability, indicating that thermal degradation was necessary 

for the generation of antiwear films [5].  Studies have suggested that antiwear behavior of ZDDP 

results from its ability to form a phosphate film.  From current literature, three main ways that 

ZDDP acts as an antiwear agent have been proposed: (1) by forming a mechanically protective 

film, (2) by removing corrosive peroxides or peroxy radicals and (3) by digesting hard and thus 

abrasive iron oxide particles.  It is believed that the antiwear action of ZDDP stems from the fact 

that the tribofilm produced acts as mechanical barrier, thus preventing direct contact between 

interacting surfaces.  With this type of antiwear action, once a ZDDP film forms, it is assumed 

that practically all subsequent wear that occurs is of the ZDDP film itself. 

According to the second proposed mechanism, ZDDP reacts with peroxides in the 

lubricant and prevents these peroxides from corrosively wearing the metal surfaces.  According 

to the third mechanism, ZDDP tribofilms embed the iron oxide particles (which can cause 

abrasive wear) and digest them to form relatively soft iron phosphate, thus reducing their 

harmful wear effect.  Depending on the mechanism of their formation on metal surfaces, ZDDP 

films are classified into two types, namely thermal film and tribofilm. 

2.4.4 Thermal Film Formation 

A transparent, solid reaction film is found to form on the metal surfaces (copper, steel) 

immersed in ZDDP solution heated above ~100°C.  These films are referred to as thermal films 

in contrast to tribofilms which form under rubbing conditions.  X-Ray absorption studies by 

Bancroft et al showed that the composition of thermal films were similar to that of tribofilms [61], 

except that the main cation in the polyphosphate glass of thermal films formed on the iron 

surface was zinc [5].  The thermal films appear to grow as separate islands (pad like structures) 

to form mound-like features which coalesce to then create a smooth structure at higher 

temperatures [62].  Fuller et al [63] showed that the rate of formation of thermal films increased 
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with temperature and reached about 200 nm thick on steel surfaces.  This is confirmed by the 

observation of thermal films of about 400 nm thick on gold surfaces in a solution heated to 

200°C by Aktary et al [64].  Rubbing experiments on thermal films has shown that these films 

also have wear resistant properties [61].  However it has been shown that these thermal films 

can also form below the decomposition of ZDDP without any significant degradation in the liquid 

phase and metal surface preferred by this mechanism over others.  Since most of thermal film 

formation occurs well above the decomposition temperature, it is difficult to distinguish any 

surface-specific thermal reactions from the bulk degradation reactions described for tribofilm 

formation.  Based on high temperature work, it has been suggested that the mechanism of 

thermal films involve deposition of thermal degradation materials from the liquid phase onto the 

metal surface [64, 65].  Iron and iron oxides are Lewis acids and are found to catalyze the 

thermal degradation reaction.  Secondly, the zinc in ZDDP is known to exchange with other 

available metal ions including iron, to form dithiophosphates which are significantly less stable 

than ZDDP itself.  The fact that the thermal films form on metal surfaces by S/O exchange was 

confirmed to some extent by Fuller et al [65], where they observed the exchange isomer of the 

type dithionyl phosphate formed  on steel surfaces immersed in heated ZDDP solutions. 

2.4.5 Tribofilm Properties 

In recent years, extensive research has been carried out to understand the nature of 

the tribofilms formed on the steel surfaces.  As a result, there is now a considerable amount of 

information available on their composition and structure due to the advent of various surface 

analytical techniques.  Some of the definite knowledge about the nature of the ZDDP tribofilms 

as listed by Spikes is shown below: 

1. ZDDP tribofilms form at lower temperatures than thermal films; they can also form at room 

temperatures but at a very slow rate.  The rate of film formation increases with increasing 

temperature [66]. 
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2. These tribofilms form only on the rubbing surfaces i.e., they form only in actual sliding 

conditions and do not form in rolling contact or if the hydrodynamic film thickness is 

significantly greater than the surface roughness [21, 66]. 

3. They have similar chemical composition to thermal films, but are mechanically stronger [37, 

61, 65]. 

4. They tend grow to a thickness of about 50-150nm on steel surfaces and then stabilize at 

these levels [63, 66]. 

5. They initially form as separate patches on steel and these gradually develop to form an 

almost continuous, but still pad-like, structure [62]. 

6. These pads consist mainly of glassy phosphates, with a thin, outer layer of zinc 

polyphosphate, grading to pyro– or ortho– phosphate in the bulk [67, 68].  The outer parts 

of the pad have mainly Zn cations, but there is an increasingly large proportion of Fe 

towards the metal surface [68]. 

7. Within the pads, there is negligible thiophosphate [37, 69] but sulphur is present as zinc 

sulphide [5]. 

8. On the metal surface below these pads, there may be a sulphur-rich layer of zinc or iron 

sulphide [70], although this has been disputed by Martin et al [68]. 

9. Basic ZDDPs form very similar tribofilms to neutral salts but with shorter polyphosphate 

chains in the tribofilm [39]. 

2.4.6 Additive Interactions of ZDDP 

Modern engine oils incorporate many additives in order to enhance the specific physical 

and chemical properties of the base oil employed.  These additives in formulations cover a wide 

range of functions; additives such as antiwear additives make a direct contribution to the 

lubricating effectiveness whereas other additives such as antioxidants, detergents and corrosion 

inhibitors protect the lubricant or the lubricated system against deleterious chemical changes 

during use [5, 71].  When employed in formulations, reactive and surface active additives are 
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likely to interact or compete with each other so that the resultant behavior of the mixtures is not 

necessarily the sum of the individual constituent components.  Many of these interactions affect 

friction and wear behavior and thus present both problems and opportunities for the tribologist 

[72].  Some combinations of additives may work synergistically to enhance the net lubricant 

performance, while others may work against one another to produce a cumulative antagonistic 

effect.  Comprehending the complex nature of these additive interactions and their influence on 

the overall performance would hence go a long way in diagnosing and solving tribological 

problems, aiding the development of newer and better oil formulations and advancing 

technological progress in lubricating systems [72]. 

In this section, additive interaction is used to describe the performance interaction i.e., 

the phenomenon where the additive combinations give a significantly different performance than 

that is expected from the sum of individual components [5].  Numerous efforts have been done 

by many authors to study these additive interactions [16, 67, 73-78].  Such studies are made 

complicated by the fact that a large number of additive combinations, several types of 

constituent materials, and diverse blends, concentrations, formulating procedures and 

environments are theoretically possible.   Moreover, no two groups of researchers maintain 

identical conditions with respect to the above likely permutations.  Additionally, in spite of 

extensive research, even the mechanisms interactions between individual additives such as 

antiwear agents and extreme pressure additives are not clearly understood to this day.  All 

these factors make it very difficult to draw a coherent picture on the additives interaction despite 

the availability of a large amount of information on additives interactions.   

When the combined effect of two or more additives is greater than that expected from 

simple addition the phenomenon is called synergism.  On the other hand, when one additive 

suppresses the activity of another, the effect is called antagonism.  Interactions can occur 

between the additives of the same class and additives with different functions.  In general, some 

level of interaction exists between all pairs of additives and whether the effect is recognized or 
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not depends on the sensitivity of the performance test methods employed.  Spikes reviewing his 

work and others, has categorized the additive interactions into following broad groups: (1) direct 

interactions in the liquid phase, (2) direct interactions on surfaces, (3) complementary/exclusory 

effects and (4) graded response.  Table 2.1 summarizes some of the additive interactions’ 

responses for different additives pair observed in lubricated systems [19]. 

 
Table 2.1: Nature of additive interactions 

 
Additive pair Major type of interaction  Nature of interaction 

Antioxidant–antioxidant Complementary response Synergistic 

AW/EP–AW/EP Exclusory effects at the surface (EP/EP) 

Complementary or graded response 

(AW/AW, EP/AW) 

Antagonistic 

Synergistic 

EP–Friction modifier  Exclusory effect at the surface Antagonistic 

EP–Rust inhibitor Exclusory effect at the surface Antagonistic 

ZDDP–Dispersant Complex formation in liquid 

Complex formation at surface 

Antagonistic 

Synergistic 

ZDDP–Detergent Direct reaction in liquid phase Antagonistic 

 

The most widely studied interaction of ZDDP with other additives includes ZDDP-

detergent and ZDDP-dispersant pairs.  In general, the interactions between ZDDP and 

detergents such as calcium alkyl sulphonates and phenates are strongly antagonistic to the 

wear reducing properties of ZDDP [16, 80].  Four-ball wear studied conducted by Rounds [16] 

demonstrated that the antiwear effect of ZDDP can be adversely affected by the presence of 

some friction modifiers, EP agents, oxidation inhibitors, detergents and dispersants.  By 

conducting ZDDP decomposition experiments, they showed that the rate of ZDDP 
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decomposition can be retarded in the presence of overbased sulphonates.  Complex-formation 

in the bulk oil and competition for surface appears to be the phenomena involved.  Huq et al 

[80] report a similar effect of increase in decomposition temperatures of ZDDP, along with 

observations of increased wear in formulations containing detergents with ZDDP, thereby 

indicating the antagonistic behavior of these additives on the antiwear properties of ZDDP.  Yin 

et al [67] employed XANES spectroscopy to understand the chemical nature of the antiwear 

formed from secondary ZDDP in the presence of detergent and dispersants.  They found that 

different detergents interacted with ZDDP at different rates (strong or mild interaction) and have 

different effects on the chemistry of the antiwear tribofilms formed.  From their study, they 

inferred that calcium sulphonate detergents interacted with ZDDP only when treated at higher 

concentrations, i.e., greater than 2wt%. The main effect of this detergent was the depletion of 

sulphur in the antiwear film, but the presence of this detergent had little bearing on the 

polyphate formation.  However, in the calcium phenates detergent with ZDDP, interaction was 

observed when the detergent was present in low concentrations.  The presence of the detergent 

in small concentrations had an effect on the length of polyphate formed, wherein the length of 

poly phosphate decreased with increasing amounts of detergent.  Strong interaction was also 

observed for ZDDP and polyisobutylene succinic anhydride polyamide dispersant, even with low 

concentrations of dispersant.  In this case, the tribofilms formed were free from any unchanged 

ZDDP, and the films were composed of short-chain polyphate.  Additionally, these films were 

very thin and almost free of sulphur.  In general, strong interaction was found to occur between 

succinimides dispersants and ZDDP, with the effect being antagonistic on the wear-reducing 

property of ZDDP.  It has also been suggested that the antagonistic effect of succinimides on 

the antiwear property of ZDDP may stem from the dispersant solubilizing the protective antiwear 

film off the rubbed surfaces, thereby negating the antiwear effects of ZDDP [19]. 
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2.5  Fluorinated Zinc Dialkyl Dithiophosphate (F-ZDDP) 

As phosphorus present in the engine oil is found to decrease the (poison) efficiency of 

catalytic converter in reducing the release of harmful gases to the environment, there is a race 

to reduce phosphorus in engine oil.  However this phosphorus is necessary for antiwear action 

in the engine and is tied up with main antiwear agent found in the engine oil. This has put direct 

constraints on the concentration of this additive that can be employed.  Phosphorus levels have 

been decreased from 0.12 wt.% in 1994 to 0.08 wt.% in 2004 [5].  It is still not sure whether 

further limitations will be imposed on the amount of P in engine oils leading perhaps to the 

eventual disappearance of ZDDP.  Therefore, all the aforementioned factors have lead to 

research and development efforts concerning the reduction of phosphorus in engine oils, 

development of new environmentally friendly agents that exhibit similar or superior performance 

as ZDDP and possible avenues of using non phosphorus material as an additive.  In this regard, 

Platinum Research Organization (PRO), Dallas TX along with UTA was looking for an approach 

to obtain metal surfaces chemically modified by polytetrafluoroethyelene (PTFE) to significantly 

improve wear protection on metals, keeping in mind the limits of phosphorus level regulations.  

However, the general chemisorption process is significant only at high temperatures.  It was 

later found by PRO that the above reaction can catalyze by the presence of FeF3, so that the 

reaction can proceed at much lower temperatures (at normal operating temperatures of engines 

– 100°C).  This technology has been patented (Patent #5, 877,128) by PRO and involves 

fluorinating metal surfaces from dilute PTFE dispersions in engine oils at normal engine 

operating temperatures [81]. 

2.5.1 Synergy between FeF3 and ZDDP 

DSC studies by Huq et al showed that the FeF3 used for catalyzing the metal surface 

with PTFE was found to work in synergy with ZDDP where FeF3 was found to lower the 

decomposition of ZDDP [80].  This implied that the protective antiwear films could be formed at 

lower temperatures and earlier in the wear process resulting in better protection of the surfaces 



 

 40

against wear.  Extensive research in this area by Patel et al indicated that the presence of 

dispersed FeF3 has found to significantly improve the wear performance of ZDDP even at very 

low levels of phosphorus [81]. 

2.5.2 Iron (III) Fluoride and ZDDP Interactions 

There is enough work that has been done to understand the interaction of FeF3 with 

ZDDP.  Here the possibility of interactions of FeF3 with ZDDP was explored using techniques 

such as NMR and wear test by Parekh et al [17, 31, 82].  In this work an attempt has been 

made to study the intermediate and final products of decomposition of ZDDP with time and 

temperatures as variables, in order to understand the underlying mechanism of interactions.  

31P NMR studies decoupled with proton together with 19F NMR showed that fluorinated 

phosphorus compounds are the products formed during the early stages of the reaction with the 

end products of these reactions being protective fluorocarbon compounds.  According to Parekh 

et al, this fluorination of ZDDP was found to be a two-step process with complex formation of 

FeF3, with ZDDP being a first step followed by formation of ZDDP-containing fluorinated 

phosphorus compounds as the second step.  It was found that time and temperature played an 

important role in the observation of these products i.e., higher the temperature (temperature 

used in the study was 80°C and 150°C), the lower the time, and vise versa. It was found that 

these compounds could also form at room temperature but time required for this to occur was 

very long (1–6 months).  The fact that the fluorination of ZDDP was occurring at temperatures 

well below the thermal degradation temperature of ZDDP was beneficial in optimizing the 

fluorination process of ZDDP.  From the study, the optimum time and temperature for this 

process was found to be 6 hours and 80°C respectively, in a nitrogen atmosphere [31, 82-84].  

The proposed structure of fluorinated ZDDP by Parekh et al is shown in Figure 2.8. 
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Figure 2.8: Structure of F-ZDDP.  X = R, OR, SR; R may be same or different; x ≥ 1. 
 

Wear performance of the decanted part of the formulations containing FeF3 with ZDDP 

baked at 150°C in the nitrogen atmosphere were significantly better than that of formulations 

containing only baked ZDDP without FeF3 and formulations containing just unbaked ZDDP.  It 

was found that the presence of P–F bonds which exist in the structure of fluorinated ZDDP was 

responsible for the observed superior wear performance of F-ZDDP over that of ZDDP. 

2.6  Oxidation Stability of Automotive Lubricants 

Engine oils are composed of base stocks and various chemical additives. These 

additives are necessary to enhance the performance of these oils and to restore constituent 

compounds which may have been lost during the refinement process [71].  While the final 

application determines the exact nature of the formulation, these oils typically contain around 

10% w/w of additives.  These formulated lubricants tend to serve different functions in an 

engine. Some of the important functions include controlling friction and wear, cooling the 

surfaces, removing debris and contaminants, and redistributing stresses over various operating 

surfaces.  The two major classes of basestocks used in formulating engine oils are (a) 

petroleum or mineral-oil derived; and (b) specially synthesized oils known as synthetic 

basestock.  The latter exhibit greater thermal and oxidative stability than the former, but are 

much more expensive.  On the other hand, since most liquid lubricants derived from 

inexpensive mineral oil basestocks are hydrocarbons, they tend to oxidize, thermally 

decompose, and polymerize relatively quickly [20, 23]. 
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2.6.1 General Oxidation Mechanisms 

Oxidation of lubricants occurs by free radical mechanisms [85, 86] and involves the 

following four steps:  initiation, propagation, branching and termination. The process is initiated 

by the formation of alkyl free radicals as a result of exposure of the lubricant to high 

temperatures, light and/or metal catalysts. This reaction is generally a very slow process. 

The next step is the propagation step which involves faster reaction of alkyl free 

radicals with oxygen to form a peroxy radical. The peroxy radical then reacts with a molecule of 

base stock to abstract a hydrogen atom, thereby producing an alkyl free radical and 

hydroperoxide.  The alkyl free radical thus produced reacts with another molecule of oxygen, 

resulting in the repetition of the propagation step. This process occurs repeatedly until it is 

stopped by the termination process leading to the self oxidation of basestock. 

At higher temperatures (>120°C), decomposition of hydroperoxide into alkoxy and 

hydroxyl free radical occurs.  This is called the branching step.  The free radicals thus produced 

further react with the molecules of the basestock and regenerate the alkyl free radicals that feed 

the propagation step of the mechanism.  

In the termination step, the mechanism stops with the formation of oxidation products 

such as acids and sludge.  The combination of two radicals ends the chain reaction. The 

following sequences of reactions illustrate the oxidation process explained above: 

Initiation: R—H → R • (alkyl radical) 

Propagation: R • + O2 → RO2 • (peroxy radical) 

 RO2 • + RH → R • + RO2H (hydroperoxide) 

Branching: ROOH → RO • + • OH (alkoxy and hydroxyl radicals) 

 RO • + RH → ROH + R • 

 • OH + RH → H2O + R • 

Termination: R • + R • → Alcohols 

 R • + RO2 • → Aldehydes 
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 RO2 • + RO2 • → Ketones 

 RO • + R • → Acids 

Metals such as iron, chromium, copper and nickel have known catalytic activities with 

hydrocarbons [23, 87].  Metals may be introduced into the lubricants as a result of wear or 

acidic corrosion of the equipment [20, 23, 85].  Carboxylic acids formed due to the reaction of 

hydrocarbon with oxygen adsorb into the metal surface and react with the metal, forming metal-

forming complexes (soaps).  The general reaction scheme corresponding to metal-catalyzed 

oxidation mechanism is shown below: 

Initiation: RnM + RH → R • + RH + Rn–1M 

Propagation: R • + O2 → ROO • 

 ROO• + RH → ROOH + R • 

 Rn–1M + ROOH → ROO • + Rn–1 MH 

 Rn–1MH + ROOH → RO • + Rn–1M + H2O 

 Rn–1 MH + ROH → R • + Rn–1M + H2O 

Termination: R • + Rn–1MH → ROH + Rn–1M 

 R• + Rn–1M → R—R + Rn–2M 

 ROO• + Rn–1M → Rn–1M—ROO  

Antioxidants play an important role in protecting the lubricant against injurious chemical 

transformations during the life of its operation.  There are many different types of antioxidants 

available for use in engine oils. The suitability of antioxidants in engine oils depends on its oil 

solubility [23].  Antioxidants act in two different ways: (1) by radical scavenging and (2) By 

decomposition of hydroperoxides.  Radical scavengers react with peroxy radicals (ROO •), 

preventing further propagation of the free radical chain [71] and are referred to as primary 

antioxidants, as they operate by breaking the propagation chain [85].  Peroxide decomposers 

react with the hydroperoxide (ROOH) molecule, preventing the formation of peroxy radicals.  
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These decomposers are referred to as secondary antioxidants since they function by inhibiting 

the branching step. 

The important classes of antioxidants used in engine oils include hindered phenols, 

amines, and sulphur and phosphorus compounds [23].  The two types of primary antioxidants 

are hindered phenol and aromatic amines.  Both function by donating a hydrogen atom to a 

peroxy radical.  Examples of hindered phenols include 2, 6-di-tert-butyl-4-methylphenol phenols, 

in which the hydroxyl group is sterically blocked or hindered.  Aromatic amines act as peroxide-

radical traps to interrupt the oxidation chain reaction.  Examples of aromatic amines include N-

phenyl–naphthylamine and alkylated diphenyl amine.  The general oxidation mechanism in the 

presence of primary antioxidants is given below. 

 ROO • + AH → ROOH + A • 

 ROO • + A • → AO2R 

 2A • → A—A 

 A • + RH → AH + R • (undesirable) 

where R • is the alkyl radical, RO2 • is the peroxy radical, AH is an antioxidant (hindered phenol 

or aromatic amine) and A • is the free radical derived from the antioxidant. 

 Sulphur and phosphorus-containing antioxidants include hydroorganosulphur and 

organophosphorus compounds which act as hydroperoxide decomposers.  These are 

secondary antioxidants and function by inhibiting the branching step by decomposing 

hydroperoxides.  Sulphur and phosphorus compounds find use in high-temperature situations 

where metals are present to help offset the catalytic behavior of these metals during 

hydrocarbon oxidation [20, 23].  Examples of secondary antioxidants include thioethers, 

phosphates, zinc dithiocarbamates and zinc dialkyldithiophosphates. 

2.6.2 ZDDP as an Antioxidant 

Oxidation of hydrocarbon lubricants leads to the formation of oxygen-containing species 

such as peroxy radicals, hydroperoxides, acids, alcohols and water by free radical steps.  ZDDP 
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has been found to react with any one the above, and most readily with peroxy radicals and 

hydroperoxides.  Reaction of ZDDP with peroxy radical and hydroperoxides contribute to the 

antioxidant activity of ZDDP. 

The process of ROOH decomposition and ROO • termination by ZDDP has been studied by 

many researchers [46, 49, 88-91].  Antioxidant mechanisms of ZDDP proposed by different 

authors appear to differ significantly.  There is no single explanation available to 

comprehensively describe the antioxidant mechanism of ZDDP and there is no general 

consensus among researchers on the various existing models.  This may be largely attributed to 

the differences in the reaction conditions employed, which may highlight one or another of 

various possible reaction paths.  Below are some of the possible antioxidant mechanism paths 

of ZDDP depending on reaction conditions. 

Ohkatsu et al [92] suggested that in ZDDP and ROOH solutions, strong sulphur–oxygen acids 

were the main ROOH decomposing species.  This conclusion was based on observation of 

ZnSO4 or H2SO4 in solutions containing ZDDP and ROOH. From their work containing ZDDP–

[(RO)2P(S)S]2 mixtures, they concluded that [(RO)2P(S)S]2 reacted with ROOH to give H2SO4 

which then reacted with ZDDP to yield ZnSO4. Willermet et al [40] observed the formation of 

ZnSO4 in 80% yield, together with some side reactions yielding SO2 in solutions containing 

ZDDP and H2SO4, thereby confirming the  hypothesis that ZDDP–H2SO4 reactions may be 

critical in the overall ZDDP decomposition process. 

Bridgewater et al. [46] studied the kinetics of decomposition of cumene hydroperoxide 

by ZDDP and related compounds.  They considered the case where ROOH was in excess 

compared to ZDDP and suggested that the thiolic acid formed by the decomposition of ZDDP 

was responsible for the decomposition of hydroperoxide. They proposed the following reaction 

scheme 

 2(RO)2P(S)SH + ROOH → [(RO)2PS2]2 + ROH + H2O 

 [(RO)2P(S)S]6Zn4O → 3[(RO)2P(S)S]2Zn + ZnO 
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 [(RO)2P(S)S]2 → 2(RO)2P(S)S • 

 (RO)2P(S)S • + ROOH → (RO)2P(S)SH + ROO • 

 [(RO)2P(S)S]2Zn + H2O → [(RO)2P(S)S]ZnOH + (RO)2P(S)SH  

However, the above reaction scheme did not account for the sulphate observed in the solution 

of ZDDP–ROOH mixtures by other researchers.  As this study was aimed at obtaining the rate-

determining steps under a given set of conditions where ROOH was in excess over ZDDP, it is 

believed that this may not be a realistic representation of a typical lubricant oxidation process, at 

least in the beginning stages of the oxidation process. 

Colclough [49] considered the resultant mixture of strong sulphur–oxy acids to be 

responsible for the catalytic decomposition of ROOH and stated that the following unbalanced 

reaction path ways are the key in ZDDP antioxidant chemistry.  

 (RO)2P(S)S– + ROO • →  [(RO)2P(S)S •]+ + [ROO:]– 

 (RO)2P(S)S– + ROOH →  [(RO)2P(S)SOxH + H2SO4] 

 (RO)2P(S)SOxH →  (RO)2P(S)SOx–2H + SO2 

Furthermore, Willermet et al. have experimentally confirmed that hydroperoxides are 

decomposed by H2SO4 and SO2, but were unable to determine which of these two compounds 

served as the key catalyst for decomposition [40]. 

Oxidation of ZDDP by cumene hydroperoxide in cyclohexane through Raman and 31P 

NMR spectroscopy was studied by Paddy et al [91], where ROOH was present in excess over 

ZDDP in the ratio of 3:1.  They found the decomposition products to be disulphide, trisulphide, 

tetrasulphide and Zn monothiophosphate.  Based on this result, they proposed the following key 

steps: 

 4[(RO)2P(S)S]2Zn + ROOH → [(RO)2P(S)S]6Zn4O + ROH + [(RO)2PS2]2 

They also made the following observations: 

 ZDDP → BZDDP (rapid) 

 BZDDP → Disulphide (slower) 
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 BZDDP → Trisulphide, tetrasulphide, Zinc monothiophosphate, etc. 

It has been suggested that in the antioxidant process of ZDDP, sulphur from ZDDP is oxidized 

to SO4
–2 and/or SO2 under some conditions, and the phosphorus–sulphur bonds in the original 

additive are gradually replaced by phosphorus–oxygen bonds [49, 88-90, 92]. 

Willermet et al. reasoned that the above reactions might occur in a multi-step process 

with overall expressions such as the reactions shown below, with the possibility that an 

intermediate species of the type (RO)2P(S)SO3H might be the highly efficient hydroperoxide 

decomposer [46, 88, 93]. 

 (RO)2P(S)SH + 4R′OOH → (RO)2P(S)OH + H2SO4 + R′OH + R′′CHO 

 [(RO)2P(S)S]2Zn + 4R′OOH → (RO)2P(S)OH + (RO)2P(S)SZn+OH 

   + H2SO4 + 3R′OH + R′′CHO 

ZDDP’s reactions with peroxy radicals as radical scavengers are not well understood.  It has 

been suggested [40] that each ZDDP molecule consumes about two radicals in the termination 

reaction, and that the most likely locus for reaction is at a sulphur atom.  This is presumed to 

produce an intermediate S–O radical along with an alkoxy anion that takes the place of a DTP 

anion at the central zinc atom. This intermediate radical is believed to react with dissolved 

oxygen and yield sulphur dioxide as shown below: 

 ZDDP + R′OO• + O2 → (RO)2P(S)SZnOR′ + (RO)2P(S)OH + SO2 

Secondary antioxidants are not as effective as primary when employed as the sole oxidative 

stabilizer in the formulation as they do not prevent the propagation step of the oxidation 

mechanism [85]. 

2.6.3 Synergy of Antioxidants 

When the stabilization obtained from a formulation containing a mixture of antioxidants 

is larger than that expected from the sum of the individual constituent antioxidants, the effect is 

called synergism [85, 86, 94, 95].  Synergism can be achieved by various means.  It is usually 

done by using a mixture of different types of antioxidants, i.e., primary and secondary.  This is 
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because different types of antioxidants influence different reaction steps or different species in 

the oxidation process.  Synergism has been found to occur in various types of primary 

antioxidants, example of which include mixtures of hindered phenols and aromatic amines.  

When used in this fashion (in a mixture of hindered phenol and aromatic amine), one 

antioxidant acts to regenerate the other [85, 86].  Synergism is beneficial in a formulation, as 

different antioxidants used in a mixture target different temperature ranges of operation and 

operate at different rates so that effective inhibition is obtained usually with lower amounts of 

mixtures of antioxidants.  The reaction steps shown in Figure 2.9 explain the synergism 

between the hindered phenol and substituted aromatic amine: 

 

Figure 2.9: Oxidation Synergism. 
 

In the above process, the substituted diphenyl amine reacts at a much faster rate with the 

peroxy radical than the hindered phenol.  The reaction between the aminyl radical and second 

peroxyl radical therefore occurs at a slower pace compared to the reaction between the aminyl 

radical and hindered phenol to yield the original amine. 
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2.6.4 Oxidation Stability 

Oxidation stability of a lubricant is its resistance to molecular decomposition or 

alteration at raised temperatures in an ordinary air environment [20].  A lubricant can oxidize in 

the presence of air, and its oxidation stability has a very strong correlation to the life of the oil.  

The rate of oxidation depends on several factors such as operating conditions, presence of 

metal catalysts and degree of refinement; and it generally increases with temperature.  Some of 

the effects of oxidation include changes in viscosity and acidity of the lubricating oil; qualities 

that can influence its overall performance, life expectancy and operating costs. As effects of 

oxidation include changes in viscosity and acidity of lubricating oil monitoring these would be 

very important for safe operation of the machine. 

2.6.5 Acid Number 

Acidic constituents that may be present in new and used lubricants may include 

additives, degradation products of oxidation which may be produced during service. As these 

products of oxidation tend to be acidic in nature, they tend to increase the total acidity of the 

lubricating oil. Increased acidity causes the oil to be more corrosive and viscous, and works to 

restrict oil flow by depositing insoluble products on operating surfaces [20]. The measure of this 

amount of acidic substance in the oil is called the acid number which is always under the 

conditions of the test and the relative amount these acidic substances can be found by titrating 

them with bases.  A measure of the total acid number is therefore used as a guide in the quality 

control of lubricating oil formulations. 

According to ASTM D-664, acid number is the quantity of base expressed in milligrams 

of potassium hydroxide per gram of sample required to titrate a sample in a titration solvent 

from its initial meter reading to a meter reading corresponding to a freshly prepared aqueous 

basic buffer solution or a well defined inflection point. In new and used oils the constituents 

which may be considered to have acidic nature include organic and inorganic acids, esters, 

phenolic compounds, lactones, resins, salts of heavy metals, salts of ammonia, and other weak 



 

 50

bases, acid salts of polybasic acids and additional agents such as inhibitors and detergents.  

The test can be used find out the relative changes in acidity that occur in an oil during use under 

oxidizing condition regardless of the color or other properties of the resulting oil. 

2.7  Auger Electron Spectroscopy 

Auger electron spectroscopy is one of the most commonly employed surface analysis 

techniques to determine the composition of the surface layer of a sample [23, 96, 97].  In this 

technique, electrons with energy ranging from 3 to 30 keV are incident upon the surface of a 

specimen [96].  This in turn results in the ejection of resident electrons from the surface of the 

sample.  These emitted electrons are named Auger electrons after Pierre Auger, the physicist 

who first observed this effect.  Energy analysis of Auger electrons provides important 

information about the surface composition of the specimen under study.  

2.7.1 Principles of Auger Electron Spectroscopy 

In the Auger process, an incident electron removes an electron from the K shell (core 

electron) as seen in Figure 2.10 (a).  The resulting vacancy in the core level is filled by an outer 

level electron (L2) and the energy released is used to eject another electron from the atom (L3) 

leaving vacancies in two shells i.e., L2 and L3. 

 

Figure 2.10: Illustration of Auger process: (a) atom showing electrons present in filled K and L 
levels before an electron is removed from the K level, (b) after removal of an electron from the K 

level and (c) following the Auger process where a KL2L3 Auger electron is emitted. 
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The Auger electron is denoted by the three levels involved in the process and in this 

case is called KL2L3 Auger electron.  Hydrogen and helium cannot be detected with AES as 

these atoms do not have enough electrons.   The energy of emitted electrons depends only on 

the difference on the energy levels involved.  The relationship for the above transition is given 

by 

 EAuger = E(KL2L3) = E(K) – E(L2) – E(L3) (2.6) 

Auger electron kinetic energies are the characteristics of the emitting atoms.  Therefore, 

measurement of these energies is useful in identifying the element that is responsible for the 

emission of these Auger electrons.  Such an analysis can yield information about the chemical 

composition of a surface and help identify the elements present in the specimen.  A plot of the 

number of electron detected as function of kinetic energy constitutes an Auger spectrum.  

Concentration of the elements present can be determined by the intensities of the Auger 

spectrum. Traditionally, the first derivative spectra would be considered, since the actual Auger 

peaks are generally quite small compared to the slowly varying background of secondary and 

backscattered electrons.  This treatment of the data enhanced the visibility of Auger electrons 

and reduced signal-to-noise problems.  However, this approach made the quantification process 

harder due to the fact that a simple relationship does not readily exist between the area under 

the original peak and the magnitude of the peak-to-peak distance in the corresponding 

derivative curve [23].  Today, the introduction of digital computer processing techniques has 

greatly enhanced the ability to perform highly sophisticated analyses of experimental data.  

Figure 2.11 depicts a schematic representation of the AES apparatus. 
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Figure 2.11: Schematic layout of the Auger electron spectroscopy apparatus. 
 

2.7.2 Modes of Detection 

Since an electron beam can be focused to a very small area, composition analysis of 

small regions (less than 500Å) on the surface becomes possible.  This is referred to as point 

analysis.  Auger line-scan can also be performed by scanning the electron beam across the 

sample in a straight line and the data can be obtained as a function of beam position. Similar 

two-dimensional analysis may also be performed by scanning over a given area of the surface.  

This is known as scanning Auger microscopy (SAM).  Often, SAM is used in conjunction with 

scanning electron microscopy (SEM) to locate the region of interest while performing surface 

analysis.  Another widely used offshoot of the basic AES technique is Auger depth profiling, 

which is used to determine the variation of sample composition as a function of depth.  In this 

process, inert gas ions are used to sputter the surface layers, thereby exposing the underlying 

layers [96].  Meanwhile, the Auger signals from the newly revealed surfaces are measured and 

the composition at this depth determined.  Such techniques are particularly useful in tribology 

because of the wealth of information that can be obtained on the composition of tribofilms 

generated during the wear process, the nature of which is largely rough and inhomogeneous. 
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2.8  Mechanical Properties and Nano-mechanical Testing of Tribofilms 

The dynamic properties of ZDDP tribofilms have a signature influence on its antiwear 

performance.  These properties are a result of the tribofilm’s combined chemical and 

mechanical characteristics.  In order to understand the antiwear properties of ZDDP, it therefore 

becomes imperative that these chemical and mechanical traits are studied at the appropriate 

length scales.  However, only static measurements are currently possible due to present-day 

limitations in experimental capabilities.  In practice, mechanical characterization of tribofilms 

involves the evaluation of such properties as Young’s modulus and hardness. 

Most research work reflected in current available literature focus primarily on nano-

indentation to characterize mechanical properties of tribofilms [32, 62, 98-103].  This 

dissertation presents results of nano-mechanical characterization obtained through novel 

techniques such as nano-scratch and scanning wear tests.  While nano-indenters are known to 

have been extensively employed for their primary purpose, i.e., nano-indentation, there appears 

to be little if any literature presenting nano-mechanical characterization studies utilizing these 

new techniques.  The nano-scratch and scanning wear tests and analyses introduced in this 

study are therefore original works of this research. 

It is known that the breakdown of a tribofilm during prolonged periods of its operation 

results in the generation of hard debris.  Entrapment of this debris in the contact area results in 

the scratching of the film and eventually its failure.  Scratch resistance of the tribofilms can 

hence be used as a measure of the resistance of a tribofilm to abrasion.  In this work, nano-

indentation, nano-scratch and nano-scale scanning wear tests were conducted on tribofilm 

samples generated from ZDDP and Fluorinated ZDDP with alkylated diphenylamine in base oil.  

Hysitron® nano-mechanical test equipment at Hysitron Corporation’s nano-mechanics research 

laboratory in Minneapolis, MN was used for this purpose.  The nano-indentation tests at the 

Hysitron® nano-mechanics research laboratory employed a NorthStar® cube-corner probe with 

tip radius of less than 40nm. 
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2.8.1 Principles of Operation 

Nano-indentation is a technique established in recent years to investigate the hardness 

of a small volume of material.  In traditional indentation tests such as macro or micro 

indentation, test samples are probed with a calibrated tip with much greater hardness than the 

test sample and whose mechanical properties are known.  The load placed on the indenter tip is 

increased up to a pre-defined value as the tip penetrates further into the specimen.  As the load 

applied reaches a maximum or pre-defined value, it may be held constant or removed.  The 

area of the residual indentation (or penetration) in the sample is measured and the hardness (H) 

is calculated from the maximum load (Pmax) divided by the residual indentation area (Ar) 

 max

r

P
H =

A
 (2.7) 

For most macro or micro-indentation techniques, the projected area may be measured directly 

using optical microscopy.  However, indenter rigs at the macro or micro scales tend to lack very 

high spatial resolutions.  Additionally, indenter tips can come in a vastly diverse permutation of 

tip shapes.  These limitations make it very difficult and often pointless to compare results of 

experiments conducted in different laboratory environments. 

The principles behind nano-indentation are essentially similar to its macroscopic 

counterparts, the primary difference being that the former is conducted at the nanometer scale.  

Indenter tips in this realm have been fabricated with very precise tip shapes.  Furthermore, 

placement of these tips can be accomplished with very high accuracy in terms of spatial 

resolution.  Extraction of real-time load-displacement information is also achievable while the 

indentation is still underway. 

Since the tip size and loads are very small, it can be rather challenging to find and 

identify the indentation and the contact area made by the tip.  While a number of microscopy 

techniques with sub-optical resolution – such as scanning electron microscopy or atomic force 

microscopy – may in theory be exploited to find the contact area, such approaches are 
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generally unwieldy and tedious.  A more efficient approach involves the use of a standardized 

indenter tip such as a Berkovich tip.  The geometry and dimensions of this tip are known to a 

high degree of precision.  The magnitude of applied load and depth of penetration into the test 

sample are recorded, and the area of contact is then calculated through knowledge of the 

indenter geometry.  A plot of applied load versus resulting indenter displacement may be 

obtained and utilized to characterize the mechanical properties of the tribofilm.   Modulus is 

calculated from the  initial slope unloading of load – displacement cure as shown below .  A 

typical load-displacement curve is shown in Figure 2.12. 

 

Figure 2.12: Load-displacement curve obtained during nano-indentation of a test sample. 
 

Since the magnitudes of load and displacement are extremely small, the test equipment 

must be very sensitive to collect accurate readings of these data parameters.  While conducting 

these experiments, it is therefore critical to ensure that the nano-indenter equipment is 

environmentally isolated to eliminate or considerably minimize the impact of vibrations, 

atmospheric temperature and pressure variations, as well as thermal fluctuations within the 

components and test samples themselves. 



 

 56

2.9  Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy is a non-destructive instrumental analysis 

technique that is useful in the determination of molecular structures and the identification of 

compounds [104].  While infrared frequencies span the electromagnetic spectrum from 780 

nanometers up to a millimeter, most applications that call for FT-IR spectroscopy employ 

wavelengths that fall between 2.5μm and 15μm, which translates to a wavenumber ranging 

from 4000cm–1 to 670cm–1.  Figure 2.13 shows the band of wavelengths in the infrared region 

that is utilized by most FT-IR applications. 

 

Figure 2.13: Operating wavelength region for Fourier transform infrared spectroscopy. 
 

Infrared spectroscopy works only for samples whose compounds exhibit a dipole 

moment, or in other words, are said to be polar.  When the sample is irradiated with a coherent 

light source of well-defined energy (known wavelength), absorption of the incident energy 

occurs if the frequency of the radiation exactly matches the inherent vibrational frequency of the 

molecules [97].  The spectral signature of the absorption process is then used to identify the 

types and nature of the compounds present in the sample. 

An improved version of infrared spectroscopy that yields better sensitivity and resolution 

involves spectral analysis through the use of Fourier transform techniques.  The FT-IR 

spectrometer consists of a modified Michelson interferometer in which one of the two fully-
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reflecting mirrors is movable as shown in Figure 2.14: Operating principle of a Fourier-transform 

infrared spectrometer. 

 

Figure 2.14: Operating principle of a Fourier-transform infrared spectrometer 
 

The sample is irradiated with a coherent light source of well-defined energy, and the optical path 

of one of the split beams is varied by moving the mirror [23].  When the light source is made up 

of polychromatic radiation, the Fourier transform of the spatially modulated beam passed 

through the sample yields a spectrum that is representative of the constituent compounds of 

that sample.  Table 2.2 lists some of the important IR absorptions observed in various 

compounds [105]. 
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Table 2.2: FT-IR absorption spectral regions for various groups of compounds. 

 
Functional Group  Characteristic Absorption (s) (cm–1) 

Alkyl C–H Stretch  2950 – 2850 (m or s) 

Alkenyl C–H Stretch 

Alkenyl C=C Stretch 

3100 – 3010 (m) 

1680 – 1620 (v) 

Alkynyl C–H Stretch 

Alkynyl C=C Stretch 

~3300 (s) 

2260 – 2100 (v) 

Aromatic C–H Stretch 

Aromatic C–H Bending 

Aromatic C=C Bending 

~3030 (v) 

860 – 680 (s) 

1700 – 1500 (m, m) 

Alcohol/Phenol O–H Stretch  3550 – 3200 (broad, s) 

Carboxylic Acid O–H Stretch  3000 – 2500 (broad, v) 

Amine N–H Stretch  3500 – 3300 (m) 

Nitrile C=N Stretch  2260 – 2220 (m) 

Aldehyde C=O Stretch  1740 – 1690 (s) 

Ketone C=O Stretch 

Ester C=O Stretch 

Carboxylic Acid C=O Stretch 

Amide C=O Stretch 

1750 – 1680 (s) 

1750 – 1735 (s) 

1780 – 1710 (s) 

1690 – 1630 (s) 

Amide N–H Stretch  3700 – 3500 (m) 
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2.10  X-Ray Absorption Near-edge Spectroscopy 

X-ray absorption near edge spectroscopy is a nondestructive analysis technique that 

today finds increased utility due to its capability of probing the local structural environment 

around selected atoms [106].  The present-day availability of synchrotron radiation beams has 

enabled the use of XANES to extensively study surface films.  These synchrotron radiation 

beams permit the X-ray energies to be tuned to probe the atomic species in which excitation 

occurs [67, 107]. 

2.10.1 Principles of XANES 

When the photon energy of an incident synchrotron X-ray beam reaches a sufficient 

level to excite a core shell electron from its bound inner shell into material’s conduction band, a 

well defined and discontinuous break in the absorption spectrum of the material occurs.  This 

discontinuity in the absorption is called an edge because it is usually sharp i.e., absorbance falls 

off rapidly with decreasing energy.  

This even occurs when an X-ray beam has sufficient energy to excite a core electron to 

an unoccupied orbital within the material.  Usually, small oscillations can be seen superimposed 

on the edge step and these oscillations gradually die away as the X-ray energy increases.  The 

oscillations, which appear relatively close to the edge (within about 40 eV), are known as near-

edge X-ray absorption fine structure (NEXAFS) or X-ray absorption near-edge structure 

(XANES).  The oscillations are due to the multiple scattering of photoelectrons by the atoms in a 

local cluster around the absorbing atom.  The structure observed from 30–40 eV beyond the 

edge is called extended X-ray absorption fine structure (EXAFS), and is due to the interference 

between the outgoing photoelectron wave and the same wave following the backscattering from 

neighboring atoms.  Figure 2.15 illustrates the edge, XANES and EXAFS regions observed in 

an example absorption spectrum. 
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Figure 2.15: Example of a typical XANES absorption spectrum 
 

Analysis of an EXAFS structure provides the information on the local atomic structure 

around the absorbing atom.  Analysis of these XANES oscillations in the spectrum of a 

particular sample can provide information about vacant orbitals, electronic configurations and 

the site symmetry of the absorbing atom.  Theoretical multiple scattering calculations can be 

compared with the experimental spectrum to determine the geometrical arrangement of atoms 

surrounding the absorbing atom.  The absolute position of the edge position is related to the 

oxidation state of the absorbing atom with main edge shifting to higher energy with increased 

oxidation state [108, 109]. 

There are two types of detection modes which can be used to analyze the surface as 

well the bulk of the tribofilm.  Total electron yield (TEY) mode is useful to analyze the surface 

layer, while fluorescent yield (FY) is used to analyze the bulk of the tribofilm.  The depth of the 

layer which can be probed by TEY mode can be approximately 50Å for the phosphorus and 

sulphur L- edge and that by FLY mode is 500Å for phosphorus and sulphur L- edge.  For TEY 

phosphorus and sulphur K- edge it is 500Ao and 3000Ao for FLY.  By changing the detection 

mode, different thicknesses can be probed without any degradation of the specimen.  XANES 

can be used to explain the nature of polyphosphates, chain lengths and variation in composition 
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by probing through the thickness of the tribofilm.  However, XANES can neither provide 

information about the exact chemical compositions of the different polyphosphate glasses which 

exist in ZDDP tribofilms nor an accurate determination of the thickness of the tribofilm probed 

[68].   

Assignment of the fine structure can be obtained using the spectra of model 

compounds and comparison of published data.  The proportion of the different compounds 

detected in the material can be evaluated by simulating the spectrum by a linear combination of 

reference spectra.  XANES at the P L-edge, P K-edge, S K-edge, Mo M-edge and Mo L-edge 

can be recorded to fully characterize the phosphates and sulfides in the tribofilms.  Collimated  

plane grating monochromator (PGM) beam line may be used to characterize P L-edge, S-L 

edge, while double crystal monochromator beam line may be utilized to characterize P K-edge 

and S K-edge. 

2.11  Summary 

The scientific principles of tribology form the foundations upon which the technological 

development of automotive lubricants is established.  It is seen that friction and wear are 

fundamental phenomena that need to be carefully controlled in order to efficiently operate the 

vast array of machines that are vital to modern society. 

• Wear occurs when two surfaces come into contact and interact with each other, leading to 

the removal of native material from one or both surfaces.  Wear may be classified into 

adhesive, abrasive, fatigue and corrosive modes, and may be further categorized on a 

macroscopic level into mechanical, chemical and thermal wear.  One of the most important 

traits of wear is that it is not a function of material properties, but instead an integrated 

response of the overall tribosystem. 

• The science of automotive lubrication deals with the mitigation of wear to manageable 

levels so as to ensure optimal operation of mechanical machinery.  This alleviation of wear 

is realized by introducing a lubricant that acts as an interface between two interacting 
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surfaces.  While lubricants may generally be either in solid, liquid or gaseous form, the vast 

majority of automotive lubricants are liquids in the form of oils.  The choice of lubricants for 

a given application is dictated by the operating conditions and certain oil properties, the 

most important among them being viscosity.  Various additives are commonly employed in 

lubricating oils to enhance these properties and increase their usefulness. 

• Zinc dialkyl dithiophosphate is the most dominant antiwear additive seen in automotive 

lubricants today. It is one of the most cost-effective antiwear agents in engine oils and is 

known to exhibit antioxidant properties, in addition to being an effective extreme pressure 

agent and a detergent.  However, it contains phosphorus, which is known to contribute to 

environmental pollution and catalytic converter poisoning. 

• Research at the University of Texas at Arlington has yielded a new compound, namely 

fluorinated zinc dialkyl dithiophosphate, which has shown to exhibit superior wear properties 

over ZDDP while containing lower levels of phosphorus.  This research aims to investigate 

the effects that various antioxidant additives have on the wear performance and oxidation 

stability of lubricant formulations containing F-ZDDP. 

• Oxidation stability of a lubricant is the measure of its resistance to deterioration and an 

important indicator of its service life.  Oxidation stability can be evaluated by measurements 

of viscosity and total acid number of a formulation.  In addition, chemical characterization 

through techniques such as Fourier transform infrared spectroscopy, Auger electron 

spectroscopy and X-ray absorption near-edge spectroscopy may be performed on 

formulations to examine their behavior and usefulness as automotive lubricants. 
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3. CHAPTER 3 

3 ANTIWEAR PERFORMANCE OF F-ZDDP IN THE PRESENCE OF ANTIOXIDANTS 

The natural process of oxidative degradation is frequently accompanied by the 

accumulation of oil insoluble materials such as sludges and deposits.  These undesirable 

byproducts usually tend to increase wear in mechanical systems [32].  Antioxidants are added 

to engine oils in order to fight against the ravages of oxidation.  These additives react by various 

free radical mechanisms to either consume the harmful products of degradation or limit their 

production.  Inhibition of oxidation occurs through the use of radical scavengers or 

hydroperoxide decomposers.  Radical scavengers react with peroxy radicals and prevent the 

formation of free radicals.  Peroxide inhibitors react with hydroperoxide molecules and prevent 

further formation of peroxy radicals [71, 85, 86]. 

In lubricating oils, antioxidant behavior mainly comes from hindered phenols, aromatic 

amines and to a certain extent from the decomposition products of ZDDP – the main anti-wear 

agent in engine oils.  Both hindered phenols and aromatic amines function by donating a 

hydrogen atom to the peroxy radical and form a stable free radical [85].  The anti-oxidation 

behavior of ZDDP has been extensively studied [40], whereby ZDDP was found to act as a 

radical scavenger as well as a peroxide decomposer.  The anti-wear or anti-oxidant behavior of 

ZDDP requires its thermal or tribological breakdown.  However, the presence of other additives 

in engine oils causes ZDDP to react with them in a complex manner resulting in a reduction of 

its breakdown efficiency [40].  Degradation of ZDDP is a very complex process and much effort 

has been dedicated to understand the mechanism of its degradation and interaction with other 

additives.  A detailed review of the antioxidant behavior or degradation mechanism of ZDDP is 

beyond the scope of this work. 
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The fluorinated ZDDP complex developed at the University of Texas at Arlington (UTA) 

has shown better wear performance compared to ZDDP in bench tests [82, 84].  In the present 

study, the interaction of antioxidants with ZDDP and Fluorinated ZDDP are studied by using the 

antioxidant, alkylated diphenylamine.  Interactions of ZDDP and Fluorinated ZDDP with 

alkylated diphenylamine are investigated chemically using nuclear magnetic resonance 

spectroscopy technique.  The wear performance under tribological conditions is evaluated 

under boundary conditions using ball-on-cylinder lubricity evaluator.  The tribofilms formed 

under boundary lubrication was studied using Auger electron spectroscopy. 

3.1  Experimental Procedure 

3.1.1 Materials for Nuclear Magnetic Resonance Studies 

A solution containing 68% by weight ZDDP – a mixture of Basic and Neutral forms of 

secondary ZDDP in 100 N base oil was used to prepare all the solutions in this study.  The 

antioxidant alkylated diphenylamine (ADPA) was obtained from R. T. Vanderbilt, CT, USA.  

Fluorinated ZDDP (F-ZDDP) was synthesized by reacting ZDDP and FeF3 (Advance Research 

Chemicals, Tulsa, OK).  This FeF3 acts as a fluorinating agent, yielding Fluorinated ZDDP.  For 

NMR studies, the mixtures studied were: 

a) A solution containing ZDDP (50 wt.%) in mineral oil baked for one hour at 80°C in the 

presence of N2 to show decomposition products. 

b) A solution containing ZDDP in mineral oil (68 wt.% ZDDP) is baked at 80°C for 1 hour.  

This mixture is blended with ADPA to yield a mixture that contains 50 wt.% ZDDP, 25 

wt.% mineral oil and 25 wt.% ADPA and is baked again at 80°C for one additional hour in 

nitrogen. 

c) A solution containing 50 wt.% F-ZDDP in mineral oil. 

d) A solution that contains 50 wt.% of F-ZDDP and 25 wt.% mineral oil baked with 25 wt.% 

ADPA for 1hr at 80°C in the N2 atmosphere. 
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The 31P NMR spectra of ZDDP and fluorinated ZDDP with antioxidants in CDCl3 were 

obtained by using JEOL Eclipse 300 MHz spectrometer.  31P NMR decoupled with proton were 

obtained at operating frequency of 121.66 MHz, relaxation delay of 6[s], sweep of 30.488 [KHz] 

and 2000 scans.  85 % Phosphoric acid was used as an external reference.  All chemical shifts 

in the low field direction are defined positive.  Approximately 0.3 grams of sample in 1.5 ml of 

CDCl3 (lock solvent) was found to give good shimming and good intensity signals, using 5mm 

OD tubes. 

3.1.2 Wear Studies 

Wear performance was evaluated using ball-on-cylinder lubricity evaluator developed at 

UTA.  All the tests were done under boundary lubrication conditions.  Details of BOCLE and 

testing protocols are reviewed in reference [110].  The different formulations used in the study 

correspond to 

a) ZDDP (0.1 wt.% P, 0.21 wt.% S, 0.11 wt.% Zn) + base oil  

b) F-ZDDP (0.1 wt.% P, 0.21 wt.% S, 0.11 wt.% Zn, 0.01 wt.% F) + base oil  

c) ZDDP (0.1 wt.% P, 0.21 wt.% S, 0.11 wt.% Zn) + 2 wt.% alkylated DPA + base oil  

d) F-ZDDP (0.1 wt.% P, 0.21 wt.% S, 0.11 wt.% Zn, 0.01 wt.% F) + 2 wt.% alkylated DPA + 

base oil 

In all cases, the base oil was 100 Neutral.  50 micro liters of oil mixture was used in each case.  

Oil was applied at the contact point between the ball and the ring using a surgical syringe 

capable of dispensing oil in amounts smaller that 5 µl increments.  Tests were run for 15000 

cycles at 24 Kg load and 50,000 cycles at 20 Kg load at 700 rpm using 0.25” Tungsten carbide 

(WC) ball (78 HRc) on Timken 50 mm diameter hardened steel rings (62 HRc  hardness).  Both 

balls and rings were ultrasonicated and cleaned with hexane and acetone.  Surface roughness 

of the ring was measured using a profilometer to make sure that only the rings with surface 

roughness, Ra values ranging from 0.25 to 0.4 µm were chosen for the test. After the wear test, 

the rings were cleaned using hexane and acetone. The wear width and depth was then 
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measured using a profilometer (Mahr M1 Perthometer) at six locations on each ring at intervals 

of 60o.  Volumetric wear was calculated by multiplying the average area under the wear track by 

the circumference of the ring. 

3.1.3 Auger Electron Spectroscopy Studies 

After the wear test, the rings were cut to examine the elemental distribution of the 

tribofilm under an Auger electron spectrometer.  Care was taken to preserve the film on the 

surface of the ring.  Samples were mounted on a specimen holder and placed in the 

spectrometer.  The elemental analysis of the solid film formed on the surface of the ring was 

examined using Perkin – Elmer PHI 560 ESCA/SAM system with a spot size of 2 µm.  The 

operational pressure was maintained at 1.2 × 10–7 torr during acquisition.  The depth profile in 

terms of counts per second versus sputtering time was carried out using AES with ion gun 

excitation voltage at 2 KV.  Samples studied were tribological surfaces of rings that were tested 

for 50,000 cycles at a load of 20 Kg for the following two chemistries: 

a) ZDDP (0.1 wt.% P) + 2 wt.% alkylated DPA + base oil  

b) F-ZDDP (0.1 wt.% P) +2 wt.% alkylated DPA + base oil 

3.2  Results and Discussion 

3.2.1 Nuclear Magnetic Resonance Studies 

The use of 31P NMR to identify the decomposition and degradation products containing 

P has been used by many authors [47, 51, 90].   Figure 3.1 is the baseline spectra of ZDDP (50 

wt.%) in base oil.  31P NMR spectra of ZDDP indicate the presence of 6-7 phosphorus 

environments.  The peak at 99.9 ppm corresponds to secondary basic ZDDP and the peak at 

93.8 ppm corresponds to secondary neutral ZDDP.  These assignments are in agreement with 

values mentioned in literature by many others [83, 90, 111-113].  The majority of the minor 

peaks appearing in the range of 40-110 ppm, including the one at 77 ppm, are thiophosphorus 

compounds, and the possible products corresponding to these peaks are identified in detail in 

the literature [83]. 
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Figure 3.1:  Proton decoupled 31P NMR spectra of unbaked ZDDP.  The formulation consisted 
of 50 wt.% ZDDP in mineral oil. 

 

Figure 3.2 shows the proton decoupled 31P NMR spectra of ZDDP (50 wt.%) in mineral 

oil baked at 80°C for one hour.  The second spectrum is the proton decoupled 31P NMR spectra 

of a solution containing ZDDP in mineral oil (68 wt.% ZDDP) baked at 80°C for 1 hour and 

blended with alkylated DPA to yield a mixture that contains 50 wt.% ZDDP, 25 wt.% mineral oil 

and 25 wt.% alkylated DPA and is further baked at 80°C for one additional hour in nitrogen.  

The peaks between 40-50 ppm are degradation products of the basic ZDDP and some of the 

impurities in the original ZDDP, and are of the kind (RO)2P(S)O–, R3P(O) with R > CH3 [90, 

111].  In comparison with spectra of baked ZDDP by itself, 31P NMR spectra of 50 wt.% ZDDP 

(baked for 1 hour at 80°C) mixed with 25 wt.% alkylated DPA and baked for an additional 1 hour 
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at 80°C in nitrogen shows no change in the intensity of basic ZDDP.  There are no new peaks 

formed due to the interaction of ZDDP with alkylated DPA. 

 

Figure 3.2:  Proton decoupled 31P NMR spectra of baked ZDDP with and without ADPA.  The 
formulation consisted of 50 wt.% ZDDP in mineral oil baked at 80°C for one hour in nitrogen 

(Bottom); Proton decoupled 31P NMR spectra of ZDDP baked for one hour at 80°C in nitrogen 
mixed (at 68 wt.% ZDDP) with 25 wt.% ADPA to yield a mixture that contains 50 wt.% ZDDP, 25 

wt.% mineral oil and 25 wt.% ADPA, and baked for another hour at 80°C (Top). 
 

It evident from comparison of spectra of baked ZDDP (Figure 3.2) alone with F-ZDDP 

(Figure 3.3), the peak at 77 ppm is decreased in intensity in F-ZDDP (0.029 in ZDDP vs. 0.0017 

in F-ZDDP).  In addition, the intensity of basic ZDDP peak in the F-ZDDP is also decreased to 



 

 69

almost half of the intensity seen in baked ZDDP (0.18 in F-ZDDP Vs. 0.32 in ZDDP) indicating 

the faster reaction of basic ZDDP to form the F-ZDDP [83].  The doublets at 66 ppm and 57 

ppm with a coupling constant of 1.80k are the set of peaks formed mainly in the F-ZDDP as 

these peaks are absent in ZDDP alone.  These peaks have been attributed to the formation of 

P-F bonds [83]. 

 

Figure 3.3:  Proton decoupled 31P NMR spectra of baked F-ZDDP with and without ADPA.  The 
formulation consisted of 50 wt.% F-ZDDP in mineral oil (Bottom), and 50wt.% F-ZDDP with 25 

wt.% ADPA in mineral oil baked for one hour at 80°C (Top). 
 

The 31P NMR spectra of F-ZDDP in mineral oil and the 31P NMR spectra of 50 wt.% F-

ZDDP and 25 wt.% alkylated DPA in mineral oil are compared in Figure 3.3.  When compared 

with the spectra of F-ZDDP alone, intensity of basic ZDDP in the mixture with alkylated DPA is 

decreased drastically (0.18 in F-ZDDP Vs. 0.071 in F-ZDDP + alkylated DPA), indicating 
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decomposition of the basic ZDDP.  The intensity of peaks at 83 ppm is increased in the mixture 

containing alkylated DPA (0.0028 in F-ZDDP Vs. 0. 012) indicating the formation of degradation 

products of the type (RO)2P(S)(SR) and RP(S)(SR)2 [90, 111].  The intensity of the doublets at 

65 and 57 ppm in the F-ZDDP decreased in the presence of alkylated DPA indicating that the 

antioxidant diphenyl amine being basic in nature scavenges some of the fluorine present in the 

F-ZDDP.  However, a significant fraction of the fluorine is still associated with the phosphorus in 

the form of a P-F bond. 

3.2.2 Friction and Wear Performance Studies 

The coefficient of friction versus number of cycles and temperature versus number of 

cycles for the test carried out on BOCLE with a ¼” tungsten carbide ball at an applied load of 

24Kg to 15000 cycles for different formulations detailed in section 2.3 of experimental section 

are plotted in Figure 3.4.  All the formulations show the same trend in the coefficient of friction 

i.e., increase in coefficient of friction in the beginning of the test (5000 cycles) followed by a 

plateau region.  The appearance of this plateau region is associated with the formation of a 

protective film (tribofilm).  In the early stages of the test, prior to the formation of a stable 

tribofilm, substantial wear occurs as reflected by the sharp jump in friction coefficient and local 

rise in temperature.  However, once a stable tribofilm is formed, it is reflected by the stable and 

flat coefficient, a gradual rise in temperature and minimal wear.  In both ZDDP and F-ZDDP with 

addition of 2 wt.% alkylated DPA, there is a marginal increase in coefficient of friction that 

appears to lie within the range of experimental uncertainty. 
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Figure 3.4:  Temperature and friction data for short-term wear tests.  Plots show temperature vs. 
number of cycles and coefficient of friction vs. number of cycles for the wear test run at 24 Kg 

load, with ¼" tungsten carbide ball on 50 mm Timken ring for 15000 Cycles. The different 
formulations used in the test are ZDDP (0.1 wt.% P) + base oil, ZDDP (0.1 wt.% P) + 2 wt.% 

ADPA + base oil, F-ZDDP (0.1 wt.% P) + base oil, F-ZDDP (0.1 wt.% P) + 2 wt.% ADPA + base 
oil. 

 

Description of ball-on-cylinder lubricity evaluator and testing procedure are detailed by 

Mourhatch and Aswath [110] and hence is not repeated here.  Figure 3.5 and Figure 3.6 show 

the wear performance of four different formulations at different loads in terms of wear volume.  

Each value of wear volume in each case is an average of 18 measurements.  In both cases 

(i.e., higher load-lower number of cycles and lower load-higher number of cycles), wear volume 

of ZDDP alone in mineral oil is found to be worse than all other formulations while the wear 

performance of F-ZDDP is found to be the best.  This may be due to the fact that the P-F bond 

formed in F-ZDDP is responsible for binding the phosphorus and yielding an improved tribofilm 

on the surface, thereby minimizing wear. 
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Figure 3.5:  Wear volume vs. type of formulation for short-term tests.  The different formulations 
used are: ZDDP (0.1 wt.% P) + base oil, ZDDP (0.1 wt.% P) + 2 wt.% alkylated DPA + base oil, 
F- ZDDP (0.1 wt.% P) + base oil and F-ZDDP (0.1 wt.% P) + 2 wt.% alkylated DPA + base oil. 

The tests were run at 24 Kg loads with ¼" tungsten carbide ball on 50 mm Timken ring for 
15000 cycles at a speed of 700 rpm. 

 

 

Figure 3.6:  Wear volume vs. type of formulation for long-term tests.  The different formulations 
used are: ZDDP (0.1 wt.% P) + base oil, ZDDP (0.1 wt.% P) + 2 wt.% alkylated DPA + base oil, 
F- ZDDP (0.1 wt.% P) + base oil and F-ZDDP (0.1 wt.% P) + 2 wt.% alkylated DPA + base oil. 

The tests were run at 20 Kg loads with ¼" tungsten carbide ball on 50 mm Timken ring for 
50,000 cycles at a speed of 700 rpm. 

 

From the comparisons of wear volumes at short term tests (15000 cycles), it has been 

found that addition of antioxidant to ZDDP has shown some improvement over ZDDP, while the 
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addition of antioxidant to F-ZDDP has shown a weak antagonistic effect when compared to the 

wear volume of F-ZDDP alone.  With the addition of antioxidants to ZDDP, the oxidation of 

ZDDP could be minimized and its antiwear characteristics enhanced, leading to improved 

antiwear performance.  However, on addition of antioxidants to F-ZDDP, there is an increase in 

the extent of wear.  This may be because the antioxidant being aminic in nature naturally binds 

to the fluorine in the F-ZDDP as reflected in the decreased intensity of the doublets at 57 and 66 

ppm in the NMR spectra of Figure 3.3.  However, the binding is not sufficient to completely 

suppress the presence of the P-F bond and the beneficial effects of the fluorinated chemistry. 

Another reason for the observed weak antagonistic effect of F-ZDDP with ADPA when 

compared to F-ZDDP alone could be due to the fact that ADPA being basic, it complexes with 

some of the fluorine (which is electronegative) present in F-ZDDP to form a weak hydrogen-like 

bonding.  This proposed complex formation mechanism is illustrated below.  
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This complex formation inhibits the ability of F-ZDDP to quickly reach the surface and 

form a protective film.  Since this complex formation is weak, significant quantities of F-ZDDP 

could remain free of complex formation and be available for wear protection. 

From the observation of wear volumes at long term tests (50,000 cycles) and lower 

loads (20Kg), it’s seen that there is little improvement over ZDDP by adding antioxidant to 

ZDDP.  However, from the comparison of wear performance of ZDDP plus antioxidant with F-

ZDDP, plus antioxidant, addition of antioxidant to F-ZDDP shows some improvement over 

ZDDP with antioxidant.  Long term tests reveal that the durability of the proactive film is much 

better in the case of F-ZDDP compared to ZDDP, both in the presence and absence of 

antioxidant. 

3.2.3 Surface Analysis by Auger Electron Spectroscopy 

After the wear test, the rings were cut to examine the elemental distribution of the film in 

an Auger electron spectrometer.  Steel rings from two different tests having two different 

formulations were chosen for the analysis.  Samples were mounted on a specimen holder and 

placed in the spectrometer.  Initially, samples were surveyed by (rough scan) AES at low spatial 

resolution to determine an image acquisition strategy.  As antiwear film is believed to be 

composed of phosphorus, sulphur, zinc, iron, oxygen and carbon, these elements were selected 

for analysis [68, 114]. 

Figure 3.7 shows the SEM micrographs of the wear tracks of the rings tested for 50,000 

cycles at a load of 20Kg for (a) ZDDP (0.1wt.%P) + 2wt.% alkylated diphenylamine in mineral oil 

and (b) F-ZDDP(0.1wt.%P) + 2wt.% alkylated diphenylamine in mineral oil.  Figure 3.8 (a), (b) 

and (c) show the plots of relative concentration versus sputtering time of P, S, Fe, O, and C for 

ZDDP(0.1 wt.%P) + 2wt.% alkylated diphenylamine in mineral oil at different locations.  Figure 

3.9 (a), (b), (c) similarly shows the corresponding plots for F-ZDDP (0.1 wt.%P) + 2wt.% 

alkylated diphenylamine in mineral oil. 
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Figure 3.7:  SEM of wear tracks of ZDDP and F-ZDDP, with ADPA.  The wear tracks shown are 
of the ring tested for 50,000 cycles at a load of 20Kg for (a) ZDDP(0.1 wt.%P)+2wt.%Alkylated 

DPA in mineral oil and (b) F-ZDDP(0.1 wt.%P)+2wt.%Alkylated DPA in mineral oil. 
 

A 2mm × 2mm area was sputtered using an argon ion beam with energy 2kV, and 

Auger electron spectra were acquired from 3 spots; 2 within the wear track and one outside.  

Peaks for Fe, O, P, S and C were the only major peaks observed.  The area under the peaks 

were measured and added.  The (relative) concentration of each element was calculated by 

scaling with the total measured area of all peaks. 

Comparison of the AES depth profile from spots within the tribofilm in both ZDDP and 

F-ZDDP with antioxidant indicates that the film is significantly thicker in the case of F-ZDDP plus 

antioxidant, compared to ZDDP plus antioxidant.  In addition, the film formed from F-ZDDP plus 

antioxidant incorporates a larger amount of P and S in it, while the film in the case of ZDDP plus 

antioxidant has more oxygen.  The presence of more oxygen in the tribofilm is usually 

associated with the onset of oxidation of the film that eventually results in its breakdown.  The 

presence of oxide particles in the tribofilm has been shown to be detrimental to the tribological 

process, resulting in poorer wear properties [115].  When the AES spectra within the wear track 

are compared to the region just outside the wear track, the thickness of the protective film is 

very small in the latter region.  It is covered by the oil during the test and reaches temperatures 

of around 100°C–120°C, resulting in some thermal decomposition of ZDDP and F-ZDDP, and 

the formation of a thermal film. 
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Figure 3.8:  Elemental composition of tribofilms of ZDDP with ADPA.  Plots show concentration 
(a.u) vs. sputtering time (min) of phosphorus, sulphur, iron, oxygen and carbon for ZDDP (0.1 

wt.% P) +2 wt.% ADPA in mineral oil at different locations.  Point 1 in (a) and point 2 in (b) 
represent data from within the wear track, while point 3 in (c) is from outside the wear track. 
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Figure 3.9:  Elemental composition of tribofilms of F-ZDDP with ADPA.  Plots show 
concentration (a.u) vs. sputtering time (min) of phosphorus, sulphur, iron, oxygen and carbon for 
F-ZDDP (0.1 wt.% P) +2 wt.% ADPA in mineral oil at different locations.  Point 1 in (a) and point 

2 in (b) represent data from within the wear track, while point 3 in (c) is from outside the wear 
track. 
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However, these thermal films are substantially thinner than the tribofilm formed as 

shown in Auger spectra in Figure 3.8 (c) and Figure 3.9 (c), both in the case of ZDDP and F-

ZDDP.  Comparing the Auger depth profiles of the thermal films shown in Figure 3.8 (c) and 

Figure 3.9 (c) with the Auger depth profiles of the tribofilms seen in Figure 3.8 (a), (b) and 

Figure 3.9 (a), (b), it is apparent that the thermal films are much thinner than the tribofilms as 

reflected by the time it takes to sputter down to the underlying Fe substrates. 

3.3  Summary 

The interactions between fluorinated ZDDP and ZDDP with alkylated diphenylamine 

were studied using NMR, and its impact on wear performance was examined using ball-on-

cylinder tribometer.  The surface of the tribofilm was examined using Auger spectroscopy.  The 

31P NMR spectra of ZDDP and F-ZDDP with alkylated diphenylamine were compared with the 

31P NMR spectra of 50 wt.% ZDDP at room temperature, 50 wt.% baked ZDDP and F-ZDDP. 

There were no new peaks formed due to the interaction of ZDDP with alkylated 

diphenylamine.  However, when compared to the spectra of F-ZDDP, F-ZDDP with alkylated 

diphenylamine showed drastic changes in the intensity of basic ZDDP and the intensity of 

doublets at 65 and 57 ppm decreased considerably, indicating the interaction of antioxidants 

with fluorinated ZDDP. 

Ball-on-cylinder wear tests were carried out with ZDDP and F-ZDDP with alkylated 

diphenylamine and these were compared with wear performance of ZDDP and F-ZDDP in 

mineral oil alone.  The wear performance of F-ZDDP alone in mineral oil was found to be the 

best among all cases and wear performance of ZDDP in mineral oil alone being the worst.  

Addition of antioxidants showed improved wear performance in the case of ZDDP, whereas 

addition of antioxidants to F-ZDDP showed a marginal increase in wear. 

The Auger electron spectroscopy of ZDDP and F-ZDDP with alkylated diphenylamines 

indicated that film from F-ZDDP with alkylated diphenylamine was thicker compared to that of 

ZDDP with alkylated diphenylamine.  The film from F-ZDDP with alkylated diphenylamine 
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incorporated more P and S in the tribofilm, whereas the tribofilm from ZDDP with alkylated 

diphenylamine contained more oxygen. 
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4. CHAPTER 4 

4 NANOSCALE MECHANICAL PROPERTIES OF IN-SITU TRIBOFILMS 

Under thermal and tribological condition ZDDP breaks down to form abrasion resistant 

glassy films consisting of polyphosphates and metal sulfides which protect the sliding surfaces 

against wear [5, 47, 65, 68].  Degradation of ZDDP is a very complex process and much effort 

has been dedicated to understand the mechanism of its degradation and interaction with other 

additives. Computer simulation of zinc phosphate structure under extreme loading conditions 

indicates that pressure induced cross linking is a key mechanism in the formation and 

functionality of antiwear films [116]. 

The presence of other additives in engine oils results in ZDDP interacting with them in a 

complex fashion resulting in a reduction of its breakdown and film forming efficiency [19, 40, 76, 

77, 117].  These effects as well as the limitations observed in the anti wear performance of 

ZDDP [118] pose challenges to efforts made to reduce the amount of ZDDP in engine oils. In a 

tribological study it has been shown that fluorinated ZDDP exhibits significant improvements in 

wear behavior in comparison to ZDDP [82, 84].  This would allow the possibility of further 

reduction of phosphorus in engine oils than current levels. 

Antioxidants play an important role in retaining the properties of base oils in harsh 

environments in the presence of active radicals by serving as radical scavengers. An excellent 

and most extensively used group of antioxidants are alkylated diphenyl amines. However, the 

influence of this group of antioxidants on the nature of the tribofilms as well as the antiwear 

performance of oils is still a matter of study and forms the basis of this study.  

Under many different lubrication regimes, where ZDDP or F-ZDDP are present as 

antiwear agents in lubricants, the in-situ breakdown of these antiwear agent during early stages, 

is responsible for the formation of antiwear tribofilm. However, over longer periods of time and 
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harsher lubrication conditions (e.g. boundary lubrication), these films can potentially breakdown 

or be removed, resulting in the formation of hard debris. Entrapment of the debris in the contact 

area results in the scratching of the film and its eventual failure. Scratch resistance of the 

tribofilms can be use as a measure for the resistance of a tribofilm to abrasion. In a study of 

tribofilms formed with fully formulated oils, the hardness near the surface layer of the tribofilm is 

less than the hardness of the deeper layers of the tribofilm thus causing the surface layer to 

shear off easily and reform on the surface just as easily [101, 110].  This has been indicated as 

the reason for the superior wear performance of tribofilms. In this study, the nanomechanical 

properties including the hardness, modulus, scratch resistance and nano-wear resistance of the 

films, formed from ZDDP and F-ZDDP in presence as well as absence of antioxidants have 

been examined to develop an understanding of the effect of various variables on the nature of 

the tribofilms.  

In addition to nanomechanical properties of the tribofilms, morphology and chemical 

composition of the tribofilms play a role in determining their properties. In this study, scanning 

electron microscopy and focused ion beam were used to image the substrate-tribofilm interface 

and thus measure the thickness of the tribofilms. The elemental distribution depth profile of the 

film was analyzed using Auger electron spectroscopy. The nature of the wear debris was 

analyzed using transmission electron microscopy.  

4.1  Experimental Procedure  

4.1.1 Tribofilm Analysis 

Wear tests were conducted on the formulations described in section 3.1.2 and the 

tribofilms formed were subjected to various analyses as described in the following sections.  

The tribofilm generated on the wear track was isolated by cutting small portions from tested 

rings. In order to keep the tribofilm intact, and to avoid the effects of over heating and 

contamination during cutting of the samples, the rings were cut with a low speed diamond blade 

immersed in mineral oil. 
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4.1.2 Scanning Electron Microscopy Studies of Tribofilms 

Samples used for the scanning electron microscopy (SEM) study consisted of a small 

section of the ring containing the wear track after the wear test. Samples were cleaned with 

hexane and acetone thoroughly and mounted on the sample holder and examined using a 

JEOL, JSM-IC845A scanning microscope with acceleration voltage of 20KV. 

4.1.3 Focused Ion Beam Analysis 

In order to study the tribofilm/ substrate interface and measure thickness of these films 

a small section of the ring was mounted in a Zeiss Leo FIB 1540XB microscope. An area of 

uniform tribofilm on the wear track was located and then an area of 8 μm by 10 μm was milled 

using a gallium ion beam. The depth of the sputtered area in each case was around 4 μm. This 

process exposes the side profile of the tribofilm and the underlying substrate (steel). A 

secondary electron micrograph of the cross section of the film was generated using the 

secondary electron detector located at an angle of 54° from the direction vertical to the surface 

of the sample. 

4.1.4 Surface Analysis of Tribofilms by Auger Electron Spectroscopy 

The elemental distribution depth profile of the tribofilm was examined using a Perkin–

Elmer PHI 560 ESCA/SAM system. The operational pressure was maintained at 1.2 x 10-7 torr. 

during acquisition. A 2mm by 2 mm area that included the tribofilm and its surrounding area was 

selected. In order to obtain Auger electron spectra from different depths of the tribofilm, the 

selected area was sputtered with argon ion beam with an excitation voltage of 2 KV for one 

minute before every scan. Each scan was run in spot mode with a spot size of 2 µm for 5 

minutes right at the center of the sputtered area to obtain an overall spectrum as well as the 

spectra for oxygen, sulphur, iron, phosphorus and carbon peaks.  

4.1.5 Transmission Electron Microscopy of Wear Debris 

Wear debris generated in boundary lubrication conditions were obtained by collecting 

the oil from the wear track after the test with a thin sheet of plastic, since this debris represents 
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a very small portion of the additive induced tribofilm formed during the tribological process. The 

oil containing the wear debris was transferred to a copper grid covered with a carbon film and 

the grid was repeatedly cleaned with hexane to remove oil from the carbon film. Bright-field 

image and selective area electron diffraction pattern of the wear debris adhered to the carbon 

film were obtained using JEOL TEM-ASID (1200EX), 120 KV. 

4.1.6 Nano Indentation of Tribofilms 

The nano indentation, nano scratch and scanning nano wear tests were run on 

tribofilms generated from wear tests using the four different formulations mentioned above using 

a Hysitron TriboIndenter® and data from nano indentation was used to calculate the reduced 

modulus and hardness of the tribofilm. Nanoscale indentation tests were performed by applying 

a force to an indenter tip and measuring the tip displacement into the sample. During 

indentation, the applied load and tip displacement are continually measured, creating a load-

displacement curve for each indent. The quasi-static nano indentation tests were performed 

with a NorthStar® cube corner probe with a tip radius of <40 nm. Each indent consisted of a 

trapezoidal load function comprised of a 5-second loading segment, a 2-second holding 

segment, and a 5-second unloading segment. 

4.1.7 Nano Scratch Tests 

Scratch tests were performed using a Hysitron TriboIndenter® in scratch mode. The 

TriboIndenter® is load-controlled and displacement sensing in the normal direction to the 

sample surface, while simultaneously displacement-controlled in the lateral direction parallel to 

the sample surface. Scratch tests were performed under 30-second 5000 μN ramping load with 

a 90° conical probe with 2μm tip radius on each tribofilm sample. During a scratch test, a 

normal force is applied to the indenter tip as a function of time in accordance with the scratch 

load function, while the tip is also driven towards the predetermined lateral position within a 

specified amount of time. Normal force, normal displacement, lateral force, and lateral 
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displacement are measured and recorded as a function of time. From these four parameters, 

material properties and film adhesion characteristics can be deduced.  

4.1.8 Scanning Wear Tests 

Scanning wear tests were performed using the instrument’s in-situ Scanning Probe 

Microscopy (SPM) mode. In this mode, wear regions were created by raster scanning the 

indenter tip across the sample surface while maintaining a specified normal force. Scanning 

wear tests were performed using 90° conical probe with 2μm tip radius. An area of 4μm square 

was selected for scanning and four passes were carried out in each case subsequent to the 

scanning wear tests the tip was used in Scanning Probe Mode (SPM) to acquire topographical 

information of the worn region of the tribofilm. 

4.2  Results and Discussion 

4.2.1 Scanning Electron Microscopy of Tribofilms 

SEM micrographs in secondary electron mode of the wear tracks generated from four 

different tests are shown in Figure 4.1. To generate the SEM samples, wear tests were run 

under 3.56 GPa contact load for 15000 cycles on four oils samples containing 0.10 wt% 

phosphorus. It can be seen in Figure 4.1, that, the observed image of the wear track is very 

smooth in the case of F-ZDDP (0.1 wt % P) and F-ZDDP with alkylated DPA in mineral oil 

indicating the presence of stable tribofilm which is associated with the best wear performance in 

the case of F-ZDDP. When compared to the wear track of F-ZDDP or F-ZDDP with alkylated 

DPA, the wear track of ZDDP and ZDDP with alkylated DPA shows more abrasion and removal 

of the film from a larger region of the wear track which is reflected in the observed poor wear of 

ZDDP (0.1 wt.% P) in mineral oil. It must be noted that the onset of tribofilm breakdown and the 

beginning of abrasive wear correspond to the initial formation of deep scratches on the tribofilm 

caused by the abrasive action of the wear debris. Tribofilm formed with greater abrasion 

resistance offer better wear behavior as evidenced by film formed with F-ZDDP both in the 

presence and absence of antioxidant. 
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Figure 4.1:  SEM of wear tracks of ZDDP and F-ZDDP, with and without ADPA.  SEM 
micrographs show the wear tracks of the rings tested for 15000 Cycles at a load of 24 Kg for (a) 

ZDDP(0.1 wt.% P) in mineral oil, (b) ZDDP(0.1 wt.% P)+2 wt.% ADPA in mineral oil, (c) F-
ZDDP(0.1wt.% P) in mineral oil, (d) F-ZDDP(0.1 wt.% P)+2 wt.% ADPA in mineral oil. 

 

4.2.2 Focused Ion Beam Sectioning of Tribofilms 

A focused ion beam was used to generate trenches within the wear track of the 

tribofilms for four samples described above. The gallium ion beam was used to mill an 8 μm by 

10 μm area inside the wear track. Care was taken to choose a region with a visually uniform 

and continuous tribofilm. The trench was sputtered to an approximate depth of 4μm to expose 

the cross section of the tribofilm. 
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Figure 4.2:  FIB images of tribofilms of ZDDP and F-ZDDP with and without ADPA.  SEM 
micrographs of the edge of a trench ion-milled by focused ion beam show the cross sections of 

the substrate and the tribofilm for the formulations (a) ZDDP (0.1 wt.% P) + base oil, (b) F-
ZDDP (0.1 wt.% P) + base oil, (c) ZDDP (0.1 wt.% P) + 2 wt.% ADPA + base oil, and (d) F-

ZDDP (0.1 wt.% P) + 2 wt.% ADPA + base oil. 
 

The secondary electron image of the cross section of the tribofilm generated from the 

formulations having ZDDP and F-ZDDP in mineral oil is shown in Figure 4.2 (a) and Figure 4.2 

(b) respectively. From Figure 4.2 (a) it can be seen that the observed thickness of the tribofilm 

for ZDDP in mineral oil was less than 100 nm which is in agreement with several observations 
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made by other investigators in fully formulated oil [32, 119-122].  The thickness of the tribofilm 

for fluorinated ZDDP in mineral oil was almost twice of that of ZDDP in mineral oil. It can also be 

seen that the micrograph 4.2(b), shows the presence of two distinct layers of tribofilm. For the 

tribofilm generated from ZDDP on the other hand, the distinction between the two layers is not 

that clear. The thickness of the tribofilm generated from Fluorinated ZDDP is around 180 nm.  

Figure 4.2 (c) and (d) shows the scanning electron micrograph of the cross section of 

the tribofilm generated from the formulation ZDDP (0.1 wt.% P) and F-ZDDP(0.1 wt.% P) with 

2wt.% Alkylated DPA in mineral oil. As shown in Figure 4.2 (c) and Figure 4.2 (d), the tribofilm 

that has covered the surface of the steel substrate has a thickness of around 135nm in the case 

of formulations having ZDDP (0.1 wt.% P) + 2 wt.% Alkylated DPA and tribofilm generated from 

formulation having F-ZDDP (0.1 wt.% P) + 2 wt.% Alkylated DPA has a thickness of around 235 

nm at the place of observation.  This finding of the thickness of tribofilm is confirmed by the 

Auger spectroscopy analysis described in section 3.2.3.  These measurements of thickness 

were performed at several locations on the tribofilm and the values were found to be consistent.  

This indicates that for similar test conditions, F-ZDDP always yields tribofilms that are thicker 

than films formed with ZDDP both when antioxidant are used and when they are not used. 

4.2.3 Surface Analysis of Tribofilms by Auger Electron Spectroscopy 

Tribofilm was generated by testing the ring for 15,000 cycles at a load of 24Kg for four 

different formulations. After the wear test, the rings were cut using a low speed saw with pure 

mineral oil, cut specimens were washed with acetone and hexane to remove any contamination 

and examined in the Auger electron spectrometer. As antiwear film is believed to be composed 

of phosphorus, sulphur, zinc, iron, oxygen and carbon, these elements were selected for 

analysis [68, 115]. 

A 2mm by 2mm area of uniform tribofilm was sputtered with an argon ion beam for one 

minute each time and the spectra were always derived in spot mode at identical locations inside 

the film-covered wear track within the sputtered region. Each scan was run for 5 minutes at the 
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center of the sputtered area to obtain an overall spectrum as well as the spectra for oxygen, 

sulphur, iron, phosphorus and carbon peaks. Total time of sputtering time in all formulations is 

about 4 minutes which corresponds to top layer of the tribofilm of approximately 20 - 25nm. The 

plot of relative concentration as a function of sputtering time of P, S, Fe, O, and C is shown in 

Figure 4.3 (a) for ZDDP and Figure 4.3 (b) ZDDP with alkylated DPA in mineral oil and Figure 

4.4 (a) for fluorinated ZDDP and Figure 4.4 (b) F- ZDDP with alkylated DPA in mineral oil.  

 

Figure 4.3:  Elemental composition of tribofilms of ZDDP with and without ADPA.  Graphs show 
concentration (a.u.) vs. sputtering time (min) of phosphorus, sulphur, iron, oxygen and carbon 

for (a) ZDDP (0.1 wt.% P) and (b) ZDDP (0.1 wt.% P) + ADPA in mineral oil. 
 

It can be seen in Figure 4.3 (a) and (b) that sulphur level in the case of ZDDP with 

alkylated DPA is slightly higher than in the case of ZDDP in mineral oil.  The phosphorus level is 

almost the same in both formulations.  Oxygen concentration in ZDDP being high at the top 
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layer and decreases as sputtering time increases and decrease in oxygen concentration is very 

slow in the case of ZDDP with alkylated DPA. In both cases concentration of iron slowly 

increases as sputtering time increases. 

 

Figure 4.4:  Elemental composition of tribofilms of F-ZDDP with and without ADPA.  Graphs 
show concentration (a.u) vs. sputtering time (min) of phosphorus, sulphur, iron, oxygen and 

carbon for (a) F-ZDDP (0.1 wt.% P) and (b) F-ZDDP (0.1 wt.% P) +2 wt.% ADPA in mineral oil. 
 

Figure 4.4 (a) and (b) indicate that the phosphorus concentration in F-ZDDP and 

alkylated DPA increases up to sputtering time of one minute beyond which, there is a decrease 

in phosphorus concentration with increase in sputtering time. F-ZDDP with alkylated DPA 

shows larger concentrations of sulphur compared to F-ZDDP in mineral oil. Iron concentration 

increases and oxygen concentration decreases in both formulations as the sputtering time 

increases. Comparison of the auger spectra for ZDDP and F-ZDDP indicates more phosphorus 



 

 90

in F-ZDDP than ZDDP. F-ZDDP with alkylated DPA has more sulphur when compare to ZDDP 

with alkylated DPA in mineral oil. In particular the F-ZDDP with alkylated DPA has the lowest 

levels of oxygen and the highest levels of P, S and Fe indicating the stable formation of a 

tribofilm on the surface.  

4.2.4 Transmission Electron Microscopy Studies of Tribological Debris 

Oil samples from wear tests described in section 3.1.2, containing wear debris were 

collected and prepared according to the procedure described in section 4.1.5 and the wear 

debris were observed under TEM. The chemical composition as well as the structure of wear 

debris collected from the wear track are representative of those of the tribofilm and consist of 

phosphorus, sulphur, oxygen, carbon, iron and zinc as the main constituents similar to those 

reported by others [74, 115, 123-125].  Figure 4.5 shows the bright field images and the 

corresponding diffraction patterns for the following four formulations: 

a) ZDDP (0.1 wt.% P) in mineral oil 

b) ZDDP (0.1 wt.% P) with 2 wt.% ADPA in mineral oil 

c) F-ZDDP (0.1 wt.% P) in mineral oil 

d) F-ZDDP (0.1 wt.% P) with 2 wt.% ADPA in mineral oil 

The first column in Figure 4.5 shows the bright field images at low magnification (20Kx), while 

the second column shows these images at high magnification (200Kx).  The third column 

represents the respective selected area diffraction patterns of wear debris for formulations.  In 

all cases, the images at low magnification show the wear debris that is representative in size 

and shape for most of the debris seen for these samples. 

Although the tribofilm is believed to be amorphous, the bright field image taken at high 

magnification shows the presence of particles, the selective area diffraction pattern indicates the 

crystalline nature of these particles. Earlier study conducted for longer duration of times 

(100,000 cycles) indicated that the oxides were Fe2O3 [115]. Indexing the ring patterns, the 

interplanar spacings dhkl were calculated in each case and are compared to the same values for 
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pure iron [123], α-Fe2O3 [125] and Fe3O4 [126] in Table 4.1.  It can be seen that the values of 

interplanar spacings observed in all four cases closely match those for Fe3O4 which indicates 

that these particles are primarily composed of Fe3O4 suggesting that the shorter duration of 

these tests result in lower oxidation states of iron. Careful observation of selective area 

diffraction patterns of the above formulations however, indicates subtle differences in the nature 

of the tribofilm. Tribofilms formed from formulations containing ZDDP are richer in crystalline 

particles content, containing a larger number of nanocrystalline particles ( < 20 nm) of Fe3O4 

and films containing F-ZDDP are more amorphous in nature which reflects in the better wear 

performance of formulations containing F-ZDDP [82, 83, 110].  
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Figure 4.5:  TEM of wear debris.  Bright-field images at 200KX magnification and selected area 
diffraction patterns of wear debris from formulations (a) ZDDP (0.1 wt.% P) in mineral oil, (b) 

ZDDP (0.1 wt.% P) with 2 wt.% ADPA in mineral oil, (c) F-ZDDP (0.1 wt.% P) in mineral oil and 
(d) F-ZDDP (0.1 wt.% P) with 2 wt.% ADPA in mineral oil The tests were run at 24 Kg loads with 

¼” tungsten carbide ball on 50 mm Timken ring for 15,000 cycles at 700 rpm. 
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The nucleation of Fe3O4 particles in the tribofilm and the resulting coherency strains 

created in the film are believed to be the precursor to the failure of the antiwear film. Hence, 

films with fewer oxide particles provide improved wear resistance as they are more likely to 

endure longer times. No significant differences in the extent of crystalline particles of Fe3O4 are 

seen with the addition of alkylated DPA. This indicates that the addition of the antioxidant helps 

preserve the lubricity and stability of the base oil but does not necessarily influence the 

oxidation and crystallization of oxides in the tribofilm. 

Table 4.1:  The calculated dhkl spacings for the ring patterns observed in Figure 4.5 compared to 
observed values for iron and two types of iron oxide [123, 125, 126]. 

 
d Spacing (Å)  

Observed Values 
Fe3O4 Fe2O3 Fe 

ZDDP ZDDP + 
ADPA F-ZDDP F-ZDDP + 

ADPA 
2.96 1.69 2.03 2.9689 2.9689 2.9689 2.8629 
2.53 1.452 1.43 2.6720 2.6720 2.6720 2.6720 
2.096 1.055 1.17 2.0554 2.1095 2.1665 2.1095 
1.712 0.931 – 1.7426 1.7426 1.7813 1.8642 
1.614 – – – – – – 
1.483 – – – – – – 

 

4.2.5 Nano Indentation of Tribofilms 

Tribofilms generated from the four different oil formulations, by running wear tests for 

15000 cycles at a 3.56 GPa Hertzian contact load were examined using the nanoindenter. Each 

indentation consisted of a 5-second loading segment, a 2-second holding segment with the 

indentation force remaining constant at the peak value, and a 5-second unloading segment. A 

series of nano indentations with peak loads ranging from 15 μN to 1500 μN were run on an area 

inside the wear track of each sample where uniform tribofilm existed and an indentation force 

vs. vertical displacement of the indenter tip was plotted for four different formulations as shown 

in Figure 4.6 and Figure 4.7. Figure 4.6 (a) and (b) show a force vs. vertical displacement for 

the formulations with ZDDP and fluorinated ZDDP in mineral oil but no antioxidant, for the peak 
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indentation loads ranging from 25 to 80 µN. Indentations with peak loads of 100, 200, 500 and 

1500 µN were also performed, but were not included in Figure 4.6 and Figure 4.7 for clarity. 

Each of the force vs. vertical displacement plots shown in Figure 4.6 (b) i.e., fluorinated ZDDP 

show overlap during the loading segment of each indentation and are observed to have two 

distinct regions of different slopes, i.e. at penetration depths below 15 nm, the slope of each 

curve is steeper than the slope of the same curves at penetration depths beyond 15 nm. This is 

in correlation with the observations made in the FIB/SEM images of Figure 4.2 where the 

tribofilm generated from Fluorinated ZDDP has two visually distinctive layers while this is not the 

case for the film generated from ZDDP. 

 

Figure 4.6:  Nano indentation graphs of ZDDP and F-ZDDP tribofilms.  Plots show force vs. 
vertical displacement for peak indentation loads ranging from 25 to 75 µN for tribofilms 

generated from (a) ZDDP + Base oil and (b) F-ZDDP + Base oil. 
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Figure 4.7 shows force vs. vertical displacement for indentation tests on tribofilms from 

formulations where 2 wt% alkylated DPA is present together with ZDDP (a) and fluorinated  

ZDDP (b) in mineral oil for the peak indentation loads ranging from 15 to 75 µN. Figure 4.7 (a) 

shows that the force vs. vertical displacement curves for ZDDP in presence of alkylated DPA 

show overlap at low peak indention loads during loading the segment, while no such 

overlapping is seen in Figure 4.7(b) for the formulation having fluorinated ZDDP and alkylated 

DPA in mineral oil. 

 

Figure 4.7:  Nano indentation graphs of tribofilms of ZDDP and F-ZDDP, with ADPA.  Plots 
show force vs. vertical displacement for peak indentation loads ranging from 25 to 80 µN for 
tribofilms generated from (a) ZDDP with ADPA in mineral oil and (b) F-ZDDP with ADPA in 

mineral oil. 
 

The data from nano indentation tests can also be presented in terms of calculated 

reduced modulus and hardness of the tribofilm. In Figure 4.8 (a), hardness data of the tribofilms 
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generated from formulations having ZDDP and fluorinated ZDDP in mineral oil for different 

indentation peak loads are plotted against penetration depths. The hardness data for both the 

samples follows a decreasing trend until penetration depth of 50 nm; beyond this depth. 

Observed hardness values remain almost constant in both cases and approach values close or 

equal to the hardness of the steel substrate. For both samples the hardness of the tribofilm at 

the surface of the film (depth ≈ 10 nm) is around 20 GPa which decreases rapidly with 

increasing applied peak force and increasing penetration depths. In a quantum chemical 

modeling study by Müser et al [116] it was shown that pressure-induced cross linking of zinc 

polyphosphate near the surface result in tribofilms that are harder near the surface. This result 

is consistent with our experimental results that indicate a near surface region with hardness as 

high as 20 GPa compared to substrate of 8 GPa. In addition the cross linked network of zinc 

polyphosphates result in moduli of tribofilm (100-120 GPa) that are substantially lower than the 

that of the steel substrate (200 GPa). Thus the tribofilms behave as compliant surfaces 

absorbing and dissipating energy when they come and go out of contact. 

 

Figure 4.8:  Hardness and reduced modulus plots for ZDDP and F-ZDDP tribofilms.  Graphs 
show (a) hardness and (b) reduced modulus vs. contact depths for peak indentation loads 
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ranging from 25 to 80 µN for tribofilms generated from (a) ZDDP in mineral oil and (b) F-ZDDP 
in mineral oil. 

 

In the presence of antioxidants this behavior is reversed with the presence of a softer 

and more compliant layer approximately 20 nm thick near the surface. In Figure 4.9 (a), 

hardness of the tribofilms generated from formulations having ZDDP and fluorinated ZDDP with 

alkylated DPA in mineral oil for different indentation peak loads are plotted as a function of 

penetration depths. For both formulations hardness increases from around 4 GPa in the near 

surface region (depth > 10 nm) to approximately 7.5 GPa as the penetration depth increases up 

until 50 nm. 

 

Figure 4.9:  Hardness and reduced modulus plots for tribofilms of ZDDP and F-ZDDP, with 
ADPA.  Graphs show (a) hardness and (b) reduced modulus vs. contact depths for peak 

indentation loads ranging from 15 to 75 µN for tribofilms generated from (a) ZDDP with ADPA in 
mineral oil and (b) F-ZDDP with ADPA in mineral oil. 

 

This observation is indicative of a much softer layer of the film on top of a harder layer in the 

case of both ZDDP and fluorinated ZDDP when alkylated DPA is present. Hardness values 

observed with addition of antioxidants are much lower than those of ZDDP and fluorinated 
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ZDDP in mineral oil which indicate the formation of softer a film when antioxidant is added to 

ZDDP as well as Fluorinated ZDDP. A tribofilm with a top layer of lower hardness and reduced 

modulus than underlying tribofilm has been documented in fully formulated oils by Ye et al [102] 

and is consistent with the data presented in Figure 4.9. At higher penetrations depths (>200 nm) 

the values of hardness is almost same for all four different formulations indicting that the 

penetration is occurring into the steel substrate.  

Figure 4.8 (b), shows the calculated reduced moduli against penetrations depths for 

different peak loads for ZDDP and F-ZDDP in mineral oil. Figure 4.9 (b) shows the same data 

for ZDDP with alkylated DPA and F-ZDDP with alkylated DPA in mineral oil. In Figure 4.8 (b), 

the values of reduced modulus decrease rapidly from a maximum value at the surface region of 

both tribofilm samples, however, for the case where the tribofilm is generated by ZDDP the 

decreasing trend of value of the modulus with higher penetration depths is abruptly reversed at 

a penetration depths less than around 60 nm where it increases to a constant value of 

approximately 200 GPa which is consistent with modulus of the steel substrate. For the tribofilm 

generated by F-ZDDP, the decreasing trend does not start to reverse until penetration depth of 

around 150 nm where it slowly starts to increase to values close to that of substrate steel 

modulus. Thus while the thickness of the tribofilm is well below 100 nm for the tribofilm 

generated from ZDDP, the film thickness is approximated to be around >150 nm for the film 

generated from F-ZDDP. This also is in agreement with the values approximated for the 

thickness of the two tribofilms from the FIB/SEM images of Figure 4.2.  

From Figure 4.9 (b), it is evident that the values of reduced modulus increases rapidly 

for both samples with minimum values at the surface region being around 60 GPa for 

fluorinated ZDDP with alkylated DPA and 130 GPa for ZDDP with alkylated DPA where as 

much higher values of modulus were found for ZDDP and fluorinated ZDDP in the absence of 

the antioxidant alkylated diphenyl amine. The maximum value of modulus observed for tribofilm 

generated from formulation fluorinated ZDDP with alkylated DPA is 230 GPa and 160 GPa for 
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ZDDP with alkylated DPA in mineral oil at a penetration depth of around 40nm for both the 

samples. Beyond the penetration depth of 40nm, the tribofilm from fluorinated ZDDP with 

alkylated DPA start to show decrease in reduced modulus and slowly reaches a constant value 

of approximately 170 GPa where as for tribofilm from ZDDP with alkylated diphenyl amine the 

modulus value slowly increases to a value of 170GPa and remains constant at this value. 

4.2.6 Nano-Scratch Behavior of Tribofilms 

The breakdown of the tribofilm is usually initiated by a piece of tribofilm that breaks 

loose and scratches the surface of the film. The outer surface of the film being harder also 

yields debris that is able to scratch and breakdown the tribofilm. The evidence of scratched 

tribofilms is evident in Figure 4.1 (a) for the surface of a film formed by ZDDP alone that exhibits 

several long scratches. In order to investigate the scratch resistance of the tribofilm, scratch 

tests were performed on the tribofilms formed in tests performed as described earlier for the 

four different formulations using a 90° cube corner conical probe with 2μm tip radius. The 

scratch load function consisted of a linearly ramped scratch force to a peak normal load of 5000 

µN in 30 seconds while the tip is moved laterally over a distance of 6 μm. The plot of the vertical 

applied force versus the vertical displacement of the tip of the probe through out the scratch is 

shown in Figure 4.10 (a) for tribofilms generated from ZDDP and Fluorinated ZDDP in base oil 

and in Figure 4.11 (a) for ZDDP and Fluorinated ZDDP with alkylated DPA in base oil. In this 

case the control variable is the load which is increased continuously from 0 to 5000µN over 30 

seconds and the depth of penetration is a response. The comparison of Figure 4.10 (a) and 

Figure 4.11 (a) indicates the presence of thicker and softer film in the case of F-ZDDP with 

alkylated DPA and ZDDP with alkylated DPA in mineral oil compared to fluorinated ZDDP and 

ZDDP in mineral oil. In Figure 4.11 (a) it can be seen that plot shows a change in slope at 

around 129 nm with the slope increasing, indicating that penetration occurring into the steel 

substrate which is agreement with thickness of film observed by FIB analysis for ZDDP with 

alkylated diphenyl amine in mineral oil. The observation of curve 12 (a) indicates the presence 
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of more complaint film up until penetration depth of 40 nm in the case of fluorinated ZDDP with 

alkylated DPA after this penetration depth, the slope of the curve for fluorinated ZDDP with 

alkylated DPA becomes similar to that of ZDDP with alkylated DPA in mineral oil. 

 

Figure 4.10:  Scratch test results of ZDDP and F-ZDDP tribofilms.  Scratch tests were 
conducted with ramp force of 5000 µN on tribofilms from ZDDP and F-ZDDP in mineral oil: (a) 
vertical applied force vs. vertical displacement, (b) lateral force vs. lateral displacement and (c) 

coefficient of friction vs. lateral displacement. 
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Figure 4.11:  Scratch test results of tribofilms of ZDDP and F-ZDDP, with ADPA.  Scratch tests 
were conducted with alkylated DPA in mineral oil: (a) vertical applied force vs. vertical 

displacement, (b) lateral force vs. lateral displacement and (c) coefficient of friction vs. lateral 
displacement. 
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In Figure 4.10 (b) and Figure 4.11 (b), the lateral force through out the scratch is plotted 

against lateral displacement (displacement along the length of the scratch) for four different 

formulations. In this case the lateral displacement is increased from 0 to 6 µm continuously over 

the same period of 30 seconds when the vertical load is increased from 0 to 5000 µN and the 

lateral force is the response observed. From Figure 4.10 (b) and Figure 4.11 (b), it is evident 

that the lateral force required to continue through the scratch increases as the probe moves 

laterally and deeper to create the scratch. As the probe digs deeper into the scratch, the contact 

area increases resulting in increased resistance to further lateral motion. In addition the pileup 

of material ahead of the scratch increases the resistance to lateral motion. Figure 4.10 (b) and 

Figure 4.11 (b) indicate that the formulations having ZDDP and fluorinated ZDDP with alkylated 

DPA required smaller lateral force for the movement along the length of the scratch compared 

to formulation having ZDDP and fluorinated ZDDP only in mineral oil. This indicated the 

generation of softer film with addition of antioxidant which is in agreement with observations 

made by nano-indentation and hardness. The scratch test for the film formed by ZDDP shows 

several points of interest at lateral scratch positions of approximately 2.5 µm and 3.4 µm and at 

1.75 and 3.75 µm for ZDDP with alkylated DPA in mineral oil where parts of the tribofilm comes 

free as evidenced by the constant to small drop in lateral force. In the scratch test conducted on 

the tribofilm formed by Fluorinated ZDDP small drops in load are seen at lateral scratch 

positions of 3.5 µm and more significant drops in lateral force at 5 µm and in the case of 

fluorinated ZDDP with alkylated DPA it was 0.75, 1.75 and 4 µm.  

The ratio of the lateral resistance to scratch to the applied vertical load is the coefficient 

of friction. The coefficient of friction is plotted as a function of the lateral displacement in Figure 

4.10 (c) and Figure 4.11 (c). The coefficient of friction is much higher at the very beginning of 

the scratch test for tribofilms formed from all four formulations. This is because the lateral force 

needed to break into the film which is much harder near the surface is much higher than the 

lateral force needed to continue though the length of the scratch (in films without alkylated 
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DPA). The films generated from ZDDP and fluorinated ZDDP shows higher coefficient of friction 

through out the duration of test than film generated with the presence of antioxidant. However 

from the comparison of Figure 4.10 (c) and Figure 4.11 (c) is evident that tribofilms generated 

from ZDDP exhibits much higher coefficient of friction than seen in all other formulations in the 

scratch test. Once the scratch is initiated, the coefficient of friction stabilizes to a value of 

around 0.2 for films from ZDDP and 0.1 for Fluorinated ZDDP. This differences in coefficient of 

friction between the two cases can be attributed to the fact that the  ZDDP offers less resistance 

to abrasion and consequently in a scratch test, as the test proceeds there is a larger amount of 

debris that the indenter has to plough through as the scratch proceeds. Towards the end of the 

scratch both the scratches have large pileups ahead of the indenter and have coefficients of 

friction that are comparable at 0.2. The undulations in the coefficient of friction with local peaks 

and valleys relate to points where the tribofilm cracks and peels off from the wear track which 

corresponds to the locations where lateral forces is constant or shows some drop in Figure 4.10 

(b) and Figure 4.11 (b). It can be seen from Figure 4.11 (b) that in the case ZDDP with alkylated 

DPA there is sharp increase in lateral force to move laterally from 2 sec to 3.5 µm this may be 

due to the penetration occurring in different regions or different grains of the steel substrate. 

There is also increase in coefficient of friction for this formulation for this duration. After this 

penetration depth slopes observed for both curves are similar indicting that penetration is 

occurring into the substrate. 

4.2.7 Nanoscale Wear Resistance of Tribofilms by Scanning Wear 

Scanning wear tests were performed on the samples using the in-situ Scanning Probe 

Microscopy (SPM) mode of the TriboIndenter®. In this mode, the instrument can create wear 

regions by raster scanning the indenter tip across the surface of the tribofilm samples while 

maintaining a specified normal force. The wear tests were run with a 75 μN normal force and 

four passes were performed on each sample. A 2 μm by 2 μm area of each sample was 

selected to run a scanning wear test. Three-dimensional topographical in-situ SPM images of 
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the tested area of each tribofilm are shown in Figure 4.12 (a), (b), (c) and (d) for tribofilms 

generated from ZDDP, Fluorinated ZDDP, ZDDP with alkylated DPA and fluorinated ZDDP with 

alkylated DPA in mineral oil respectively. 

 

Figure 4.12:  Scanning wear SPM images of ZDDP and F-ZDDP tribofilms with and without 
ADPA.  Figure shows three-dimensional images of the post-wear-test surfaces of the sample 

generated from topographical in-situ SPM imaging of tribofilms: (a) ZDDP, (b) F-ZDDP, (c) 
ZDDP with ADPA, (d) F-ZDDP with ADPA in mineral oil. 
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From Figure 4.12 (a) and (b) it is evident that the tribofilm generated using the oil 

sample containing base oil with Fluorinated ZDDP (0.10 wt.% P) is more resistant to wear as 

the wear depth in tribofilms is smaller in the case of F-ZDDP compared to ZDDP in mineral oil. 

This observation is in correlation with scratch test data shown in Figure 4.10 (a) which also 

indicates deeper probe penetrations for tribofilms generated from ZDDP compared to the case 

of the Fluorinated ZDDP at equal vertical applied loads. It can be seen from Figure 4.12 (c) and 

(d), formulation containing ZDDP with alkylated DPA shows wear depth comparable to F-ZDDP 

with alkylated DPA. From the comparison of all formulations, it can be seen that the tribofilm 

created by F-ZDDP was more resistance to wear than all other formulation and ZDDP with 

alkylated DPA has less resistance to wear than all other formulations. 

4.3  Summary 

Tribofilms with thickness ranging from 100 – 200 nm were developed in-situ during 

wear tests using a Zinc Dialkyl Dithiophosphates (ZDDP) and fluorinated ZDDP (F-ZDDP). The 

influence of the antioxidant alkylated diphenyl amine on the formation and properties of these 

tribofilm was examined. Results indicate that the thickness of the tribofilms formed when F-

ZDDP is used is always thicker than the tribofilm formed with ZDDP. In addition, in the presence 

of antioxidants the tribofilm thickness is increased. The hardness of these tribofilms in the 

absence of the antioxidants is significantly higher at the near surface region (0-30nm) when 

compared to the films formed in the presence of antioxidant. 

Nanoscratch tests conducted to examine the abrasion resistance of the tribofilms also 

indicate that the tribofilms formed by F-ZDDP are more resistant to scratch compared to films 

formed by ZDDP. In the presence of antioxidants, tribofilms formed by F-ZDDP are significantly 

thicker while both films behave in a similar fashion in nanoscratch tests. Nanowear tests on the 

tribofilms indicate that films formed using F-ZDDP are more abrasion resistant than films formed 

by ZDDP. Transmission electron microscopy of the wear debris formed during the tests were 

examined and results indicate the nucleation and growth of nanoparticles of Fe3O4 with an 
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approximate size of 5–10 nm embedded within an otherwise amorphous tribofilm. The number 

of these Fe3O4 nano particles is lower in the tribofilms formed with F-ZDDP compared with 

tribofilms formed with ZDDP indicating that the amorphous structure persists in the F-ZDDP 

films and may be attributed to their stable structure and better wear behavior. 
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5. CHAPTER 5 

5 THERMAL AND OXIDATION STABILITY STUDIES 

Hydrocarbons lubricants such as base stocks decompose to produce alkyl free radicals 

as a result of exposure of the lubricants to high temperatures, light and /or metal catalysts [23, 

85, 86]. These free radicals react with molecular oxygen dissolved in the lubricant or from the 

environment to produce oxygen-containing species such as peroxy radicals and hydroperoxides 

[40].  These oxygen-containing intermediate products are very unstable and hence undergo a 

series of reaction steps called propagation, branching and termination.  These processes lead 

to the formation of oil-insoluble products such as carboxylic acids, aldehydes and ketones [23, 

87].  Formation of these insoluble materials causes changes in the oil that result in a loss in the 

desired physical properties of the lubricant.  These detrimental changes include an increase in 

viscosity and acidity of the formulation [86, 127-129].  All of these qualities can influence the 

overall performance, life expectancy and operating costs of the lubricant.  As effects of oxidation 

include changes in viscosity and acidity of the oil, it is very important to monitor the oxidation 

stability – i.e., the resistance of a lubricant to its molecular decomposition or alteration at raised 

temperatures in an ordinary air environment [20] – of the lubricant for safe operation of 

machines. 

F-ZDDP has been proven to be a much better antiwear additive than ZDDP in base oil 

[82].  To address regulatory requirements, the goal is to replace the latter with lower levels of 

the former additive at a mass-production scale.  Meanwhile, it is also extremely important that 

F-ZDDP has at least the same or better oxidation stability than ZDDP to make this product 

viable in mainstream applications.  This work aims to explore the oxidation stability of 

formulations with F-ZDDP and compare it to formulations with ZDDP.  This study intends to 

address the following objectives:  
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1. Investigate the oxidation stability of F-ZDDP and compare it to that of ZDDP.  

2. Study the effects of antioxidants on the oxidation stability of oils containing F-ZDDP and 

compare it with that of oils containing ZDDP. 

Oil samples containing F-ZDDP and ZDDP and various types of antioxidants such as 

alkylated diphenyl amine (ADPA), hindered phenols (HP), methylene bis dibutyl dithiocarbamate 

(MBDTC) and molybdenum dithiocarbamate (MoDTC) were oxidized in flowing air.  Viscosity 

and total acid number (TAN) were examined using ASTM D-445, and ASTM D-664 standards 

respectively, and the amount of oxidation products produced were quantified using FT-IR.  All 

these above tests are aimed at helping to assess oil oxidation, understanding the effectiveness 

of the antioxidant in retarding the oxidation of the oil and aiding in the determination of whether 

or not F-ZDDP has superior oxidation stability over ZDDP, thereby adding to the knowledge 

base of properties and characteristics of F-ZDDP as a lubricant additive. 

5.1  Experimental Procedure  

5.1.1 Formulations used in this Study 

The formulations containing antiwear agents such as ZDDP and fluorinated ZDDP 

alone were prepared in base oil. Base oil used in the study was 100 neutral.  Phosphorus 

amounts in all formulations were kept constant at 0.08 wt.% according to current GF-4 levels.  

In addition, the formulations containing ZDDP and F-ZDDP with different types of antioxidants 

were also prepared in base oil.  Types of antioxidants chosen for this study represent those 

commonly used in formulating engine oils.  The total amount of antioxidants in all mixtures is 

maintained at 1.5 wt.%, with the exception of MoDTC.  This is because MoDTC contains a 

metal, which tends to contribute to ash content in the material when they burn.  The chemical 

structures of the some of the antioxidants used in this study are shown in Figure 5.1. 
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(a) 

 

(b) 

 

(c) 

 

(d) 
 

Figure 5.1:  Chemical structures of antioxidants used in oxidation stability studies: (a) Alkylated 
diphenyl amine (ADPA); (b) Methylene bis dibutyl dithiocarbamate (MBDTC); (c) Molybdenum 

dithiocarbamate (MoDTC); (d) Hindered phenol (HP). 
 

In order to study the oxidation stability of ZDDP and F-ZDDP with various antioxidants 

commonly used in engine oils, the oxidation of base oil was first studied using FT-IR.  Next, the 

antioxidants were added to evaluate the effects of these additives on the on the oxidation of 

base oil.  Finally, F-ZDDP was added to the base oil, both with and without antioxidants, and the 
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performances of these formulations were assessed.  A similar sequence was executed for 

identical compositions but with ZDDP instead of F-ZDDP in order to undertake a comparative 

study. 

Additionally, mixtures of antioxidants are also used to exploit any synergy effect (the 

condition where the benefit observed from certain combination of antioxidants is better than the 

sum of the effects from individual constituents) that may arise from such antioxidant 

combinations.   Formulations of the various oil samples in base oil are:  

1. Base oil alone 

2. Base oil + individual  antioxidants 

3. Base oil + F-ZDDP 

4. Base oil + F-ZDDP + alkylated diphenyl amine (ADPA) 

5. Base oil + F-ZDDP + methylene bis dibutyl dithiocarbamate (MBDTC) 

6. Base oil + F-ZDDP + hindered phenol (HP) 

7. Base oil + F-ZDDP + molybdenum dithiocarbamate (MoDTC) 

8. Base oil + F-ZDDP + alkylated diphenyl amine + methylene bis dibutyl dithiocarbamate 

9. Base oil + F-ZDDP + alkylated diphenyl amine + hindered phenol 

10. Base oil + F-ZDDP + hindered phenol + methylene bis dibutyl dithiocarbamate 

11. Base oil + F-ZDDP + alkylated diphenyl amine + molybdenum dithiocarbamate 

12. Base oil + F-ZDDP + hindered phenol + molybdenum dithiocarbamate 

Similar solutions were also prepared with ZDDP for comparison with F-ZDDP. 

5.1.2 Oxidizing Conditions 

The parameters used for oxidizing the oil samples are based on the ASTM Standard – 

ASTM D-4871.  Oxidized samples were checked for oxidation products using FT-IR and 

measured for changes in viscosity and TAN.  Based on this standard, the oxidation was initially 

performed at a temperature of 120°C and an air flow of 70 ml/min.  However, the FT-IR spectra 

and viscosity measurements of the resulting products showed no noticeable oxidation due to 
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heating under these conditions, even after a period of eight days.  The temperature and air flow 

were therefore raised to 160°C and 90 ml/min (5.4 l/hr) respectively to enable the observation of 

oxidation within a week for each formulation, while ensuring that these conditions continued to 

conform to the ASTM D-4871 standards.  

5.1.3 Fourier Transform Infrared Spectroscopy 

The process of oxidation produces various carbonyl-containing products such as 

carboxylic acids, aldehydes, ketones and esters.  The formation of these carbonyl compounds 

were examined using FT-IR spectroscopy.  All of the above mentioned products can be 

detected in the same region of the FT-IR spectrum i.e., 1800–1700 cm–1.  While the FT-IR 

spectra do not provide insight into the exact identity of the specific compounds present, they are 

nonetheless useful in observing changes in the amounts of these carbonyl-containing groups.  

By observing the intensity changes, the amount of oxidation products thus formed can be 

studied.  

Samples were taken out of the baking chamber every 24 hours and subjected to FT-IR 

analysis.  FT-IR spectra were obtained in absorbance mode by using a KBr cell of known path 

length (0.5mm thick) with a Thermo Nicolet 6700-FTIR Spectrometer in the range of 4000–400 

cm–1 with 32 scans in each case.  This path length was kept constant so that the thickness of 

the oil film between the KBr windows was the same for all formulations.  Quantitative analysis of 

the area under the respective carbonyl peaks could then be made to asses the oxidation of the 

lubricant. 

5.1.4 Measurement of Kinematic Viscosity 

The progression of oxidation eventually produces myriad of oxidation products, both of 

low and high molecular weight.  All these increase the viscosity of the lubricant under use.  

Changes in the viscosity of lubricants thus indicate the oxidation degradation of the lubricant.  

Measurement of changes in viscosity hence signifies the oxidation stability of the oil, with lower 

change in viscosity over time representing better oxidation stability and vice versa. 
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Samples were taken out of the baking chamber every 48 hours.  Oil samples thus 

baked are then measured for viscosity using ASTM D-445 testing procedures and standards.  

Viscosity measurements are conducted at two different temperatures namely 40°C and 100°C.  

If the samples are thought or known to contain solid particles, it is necessary to filter 

these particles using nylon filter of 80μm screen, prior to the measurement.  This step is 

important since one of the most common sources of error in viscosity measurement is caused 

by particles of dust lodged in the capillary bore of the viscometer.  Viscosity was calculated by 

measuring the time required for a known volume of a liquid to flow under gravity through the 

capillary of a calibrated viscometer under a reproducible driving head and at a controlled and 

known temperature.  The kinematic viscosity (cSt) is then obtained by the product of the 

measured flow and the calibration constant of the viscometer used for the experiment.  

Kinematic viscosity is calculated by taking the average of two such acceptable determined 

values. ν1,2 = C t1,2 where 

C is the calibration constant of the viscometer (mm2/s2) 

t1,2 are the measured flow times for t1 and t2 (seconds) 

ν1,2  are the calculated kinematic viscosity values for ν1 and ν2 respectively (mm2/s) 

The obtained kinematic viscosity is then the average of ν1 and ν2. 

5.1.5 Total Acid Number Determination:  

The TAN of these baked samples is measured using the ASTM D-664 standards.  The 

measurement of TAN indicates the amount of oxidation products formed which are acidic in 

nature.  However, formulated lubricants can contain a variety of additives which may be acidic 

in nature, such as antiwear agents, oxidation inhibitors etc.  The relative amounts of acidic 

constituents before and after oxidation may be determined through titration with bases.  This 

process may be performed by dissolving samples in titration solvent which is a mixture of 

toluene and propan-2-ol with a small quantity of water and potentiometrically titrating with 0.1N 

alcoholic potassium hydroxide (KOH) using glass indicating and reference electrodes.  Denver 
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Instruments automatic titrator model 350 was used for titration.   This titrator is capable of 

dispensing 0.05ml of KOH per min.  The tests were done in continuous inflection point mode. 

The meter readings can be plotted automatically against respective volumes of alcoholic KOH 

and the end points are selected at well defined inflection points.  When the inflection points are 

ill-defined, the end points are selected at a meter reading corresponding to those found for 

freshly prepared aqueous basic buffer solution (usually the mV value corresponding to that of 

PH 10).  Total acid number is then calculated using the following formula: 

 
( )A - B ×M×56.1

Acid Number (mg KOH/g) =
W

 (5.1) 

where A is the volume of KOH solution used to titrate the sample to the end point that occurs at 

the meter reading of the inflection point closest to the meter reading corresponding to the PH 10 

aqueous buffer.  In the case of ill-defined or no inflection point, the volume of KOH, expressed 

in ml, corresponding to a PH 10 reading of the aqueous buffer is considered.  For additives, A is 

the volume of KOH used at the last inflection point.  B is the volume of KOH required for blank 

titration, expressed in ml.  M is the concentration of alcoholic KOH solution in mol/l, and W is the 

mass of the sample, in grams.  Figure 5.2 shows a typical potentiometric titration curve. 

 

Figure 5.2:  A typical potentiometric titration curve. 
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5.2  Results and Discussion 

5.2.1 General Oxidation Mechanism 

 Automotive lubricants contain hydrocarbon base stock as carrier fluid along with other 

additives that serve specific purposes.  The exposure of these lubricants to high temperatures, 

light and/or metal catalysts result in their decomposition and subsequent generation of alkyl free 

radicals [20, 23, 85, 86]. 
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As seen in the processes, the first step in the oxidation process involves the conversion of alkyl 

radical to hydroperoxide.  At high temperatures, hydroperoxide decomposes to form an alkoxy 

radical and hydroxyl radical.  The generated alkoxy radical can degrade by two different 

pathways.  It can either abstract a hydrogen radical from an oil molecule to form an alcohol, or 

the alkoxy radical can undergo chain scission reaction to produce low molecular weight 

carbonyl-containing compounds such as aldehydes and ketones and subsequently carboxylic 

acids.  The aldehydes, ketones and carboxylic acids have carbonyl groups which produce a 
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peak in the same region (1800-1700cm–1) of the FT-IR spectrum and hence changes in the 

intensity of this peak may be used to monitor the oxidation.  Many authors have extensively 

employed FT-IR to study such oxidation products [55, 87, 127, 128, 130]. 

Figure 5.3 and Figure 5.4 show the FT-IR spectrum of base oil before and after it is 

subjected to oxidation at elevated temperatures respectively.  The FT-IR spectrum of base oil at 

0hr (prior to baking) contains mainly CH peaks from base oil.  On the other hand, the FT-IR 

spectrum of base oil subjected to oxidation for 192hrs contains a new peak in the region 1800–

1700 cm–1, which is formed due to the oxidation of base oil and belongs to carbonyl-containing 

groups.  The peaks in these spectra corresponding to specific wavenumbers are assigned to 

the respective functional groups (bonds) as described in Table 5.1. 

 
Table 5.1:  Assignment of peaks to wave number. 

 

Wave Number (cm–1) Assignment of Peaks 

3000–2800 Saturated CH stretching 

1400–1200 CH bending 

3480–3380 N–H of aminic antioxidant 

3650–3640 –OH of phenolic antioxidant 

1275–1030 –C=S of MBDTC    

1360–1180 –C–N– of MODTC    

1770–1710 Carbonyl of carboxylic acids, aldehydes, ketones, esters 
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Figure 5.3:  FT-IR spectrum of base oil at 0hr. 
 

 

Figure 5.4:  FT-IR spectrum of base oil at 192hrs of oxidizing time at 160°C.  A new peak 
corresponding to the presence of carbonyl groups (1700–1800cm–1) is observed. 
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Since oxidation produces acids, aldehydes, ketones and esters which exhibit a 

signature peak corresponding to carbonyl compounds, this FT-IR study focuses on the area 

under these peaks.  Measuring the area under the carbonyl peaks helps to quantify the amount 

of oxidation.  Increasing values of the area under peak as a function of time signifies increasing 

amounts of carbonyl-containing groups formed in these formulations as a result of oxidation. 

5.2.2 General Antioxidant Mechanisms 

The main role of antioxidants is to retard the oxidation of lubricating oil.  Antioxidants 

may be classified either as primary or secondary, based on the nature of their role in the various 

oxidation stages.  Primary antioxidants break the propagation step of oxidation by reacting with 

peroxy radicals, whereas secondary antioxidants inhibit the branching step by reacting with 

hydroperoxide (ROOH) molecules, preventing the formation of peroxy radicals.  Antioxidant 

mechanisms have been described in detail in section 2.6.1 

The primary antioxidants such as hindered phenols [86, 131] and aromatic amines 

function by donating a hydrogen atom to a peroxy radical [86].  The reaction steps of primary 

antioxidants for the specific cases of alkylated diphenyl amine (Eq. 5.3) and hindered phenol 

(Eq. 5.4) are described below.  It has been shown that the mechanism action of alkylated 

diphenyl amine depends upon the operating temperature that the formulation encounters [85].  
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Secondary antioxidants include Zinc dithiocarbamate, Molybdenum dithiocarbamate 

and Methylene bis dibutyl dithiocarbamate, each of which inhibit the branching step by 

operating as hydroperoxide decomposers.  An example of such a reaction process in the case 

of zinc dithiocarbamate is described herein [85, 132]. 
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5.2.3 FT-IR of base oil and base oil with antioxidants 

From Figure 5.5, it is observed that for formulations containing hindered phenol, some 

amount of carbonyl group was already present in the original material.  The observed carbonyl 

group in this formulation is therefore a combination of the quantities of the carbonyl group 

present before and after oxidation.  Calculations of the area under the peak are hence 

performed by correcting for any pre-oxidation quantities present in mixtures containing hindered 

phenol. 

 

Figure 5.5:  FT-IR spectrum of hindered phenol at 0 hrs of baking time. 
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Figure 5.6:  Area under the FT-IR carbonyl peak for base oil with and without antioxidants.  Plot 
shows the area under the peak (Absorbance × cm–1) vs. aging time for the formulations 

containing base oil and base oil + various antioxidants. 
 

In Figure 5.6, the observed area under the carbonyl peak was less for base oil with ADPA, 

MBDTC and HP when compared to that of base oil only, indicating the effectiveness of these 

antioxidants.  Alkylated diphenyl amine and hindered phenol being primary antioxidants work to 

retard the propagation step of the oxidation mechanism as proposed by various sources.   

Methylene bis dibutyl dithiocarbamate is a sulphur-containing antioxidant and act as 

hydroperoxide decomposer.  As described in section 2.6.1, primary antioxidants tend to be 

more effective than their secondary counterparts.  However under the test conditions employed 

in this study, all the antioxidants except MoDTC were nearly identical to one another.  It can be 

seen from Figure 5.6 that the base oil with MoDTC showed an increase in the area under the 

peaks after 12 hours of oxidation and continued to remain high, indicating the poorer inhibition 

ability of this antioxidant under these conditions.  This observation of the performance of 

MoDTC does not support claims by other researchers [133, 134] that MoDTC is a good 

antioxidant.  It is a well-known fact that metals such as iron, chromium, copper and nickel have 
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known catalytic activities with hydrocarbons [23, 87].  Since molybdenum exists in the same 

group as chromium in the periodic table, it has similar characteristic properties.  It can therefore 

be reasoned that Mo acts as a catalyst during the oxidation reaction, resulting in antagonistic 

effects in the base oil formulation containing MoDTC. 

5.2.4 FT-IR of ZDDP and F-ZDDP with and without Antioxidants 

Figure 5.7 shows the area under the carbonyl peak for the formulations with ZDDP and 

F-ZDDP alone in base oil.  

 

 

Figure 5.7:  Area under the carbonyl peak for ZDDP and F-ZDDP in base oil.  Plot shows the 
area under the peak (Absorbance × cm–1) vs. oxidizing time (hrs) for the formulations with 

ZDDP and F-ZDDP alone in base oil. 
 

The value of the area under the carbonyl peak for F-ZDDP in base oil was similar to 

that of ZDDP, indicating similar levels of oxidation in F-ZDDP when compared to ZDDP.  This 

similarity may be attributed to the fact that the structure of F-ZDDP differs little from ZDDP, with 

the minor exception that F-ZDDP contains a few hundred ppm of fluorine in the form of P–F 

bonds in its structure. 
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The antioxidant process of ZDDP involves a complex sequence of steps, whose 

proposed mechanism is explained in detail in section 2.6.2.  A brief recap of this proposed 

process is given below. 

 (RO)2P(S)SH + 4R′OOH → (RO)2P(S)OH + H2SO4 + R′OH + R′′CHO (5.6) 

 [(RO)2P(S)S]2Zn + 4R′OOH → (RO)2P(S)OH + (RO)2P(S)SZn+OH  

   + H2SO4 + 3R′OH + R′′CHO (5.7) 

However, closer examination of the area under the peak vs. oxidizing time of base alone and 

ZDDP or F-ZDDP in base oil as seen in Figure 5.6 and Figure 5.7 shows that the area under the 

carbonyl peak observed in all these cases are almost similar, i.e., there is not much change in 

the observed area under the peak when either ZDDP or F-ZDDP is added.  This similarity could 

be due to the fact that in the case of base oil (BO) alone, the base oil oxidation completely 

contributes to the carbonyl peaks observed.  However, with BO+ZDDP & BO+F-ZDDP (or BO + 

any antioxidant), carbonyl comes not only from BO oxidation, but also from the decomposition 

products of ZDDP after prolonged oxidation.  The oxidation conditions in this study are rather 

extreme, which could lead to a significant decomposition of ZDDP/F-ZDDP very quickly past its 

usefulness as an antioxidant, thereby yielding the end products of oxidation prematurely.  This 

outcome results in more carbonyl groups than expected during normal operation.  ZDDP has 

sulphur which is easy to oxidize, leading to CO-containing groups in subsequent steps.   
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Figure 5.8:  Area under the carbonyl peak for ZDDP and F-ZDDP with individual antioxidants.  
Plot shows the area under the peak (Absorbance × cm–1) vs. oxidizing time (hrs) for 

formulations containing ZDDP and F-ZDDP with various individual antioxidants in base oil. 
 

From Figure 5.8, it may be seen that the observed area under the peak was similar for 

the formulations containing ZDDP and F-ZDDP with the antioxidants ADPA, MBDTC and HP 

(after base line correction for HP).  It can be seen that for formulations containing MoDTC, the 

observed area under the peak was larger than for the other antioxidant formulations regardless 

of whether either ZDDP or F-ZDDP antiwear agent was used.  In this case, both F-ZDDP and 

ZDDP appeared to have similar performance characteristics for most of the oxidation period. 

5.2.5 FT-IR of Mixture of Antioxidants with ZDDP and F-ZDDP 

This section deals with formulations containing mixtures of antioxidants with ZDDP or F-

ZDDP.  An effort has been made to understand any beneficial (synergystic) or antagonistic 

effects that may arise due to concurrent utilization of multiple antioxidants in these mixtures.  

More information on synergism in lubricant formulations may be found in section 2.6.3. 
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Figure 5.9:  Area under the peak for ZDDP/F-ZDDP formulations with individual antioxidants 
and ADPA+MBDTC.  Plot shows the area under the carbonyl peaks (Absorbance × cm–1) vs. 

oxidizing time (hrs) for formulations containing ZDDP and F-ZDDP with ADPA+MBDTC mixture 
in base oil, being compared to the corresponding formulations with individual antioxidants. 

 

Figure 5.9 shows a slight decrease in the carbonyl peak area for mixtures of 

antioxidants such as ADPA+MBDTC when compared to individual antioxidants with ZDDP and 

F-ZDDP.  This difference does not represent a significant change in antioxidant behavior.  In the 

case of mixtures of antioxidants such as ADPA and HP with ZDDP or FZDDP (Figure 5.10) 

there was no noticeable benefit due to the presence of a mixture of antioxidants.  Under similar 

conditions, ZDDP with a mixture of antioxidants is slightly better than F-ZDDP with the same 

mixture of antioxidants. 
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Figure 5.10:  Area under the peak for ZDDP/F-ZDDP formulations with individual antioxidants 
and ADPA+HP.  Plot shows the area under the carbonyl peaks (Absorbance × cm–1) vs. 

oxidizing time (hrs) for formulations containing ZDDP and F-ZDDP with ADPA+HP mixture in 
base oil, being compared to the corresponding formulations with individual antioxidants. 

 

In Figure 5.11, the area under the carbonyl peak was less for the mixtures of 

antioxidants (HP+MBDTC) than when they are used individually, thereby showing the beneficial 

effect of mixtures of antioxidants in retarding oxidation.  In this case, it appears that synergism 

is achieved when MBDTC functions by inhibiting the branching step by decomposing 

hydroperoxides while HP operates during the propagation steps. 
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Figure 5.11:  Area under the peak for ZDDP/F-ZDDP formulations with individual antioxidants 
and HP+MBDTC.  Plot shows the area under the carbonyl peaks (Absorbance × cm–1) vs. 

oxidizing time (hrs) for formulations containing ZDDP and F-ZDDP with HP+MBDTC mixture in 
base oil, being compared to the corresponding formulations with individual antioxidants. 

 

Figure 5.12 and Figure 5.13 show the carbonyl peaks for ADPA+MODTC and 

HP+MODTC combinations, as well as individual antioxidants with ZDDP or F-ZDDP.  From 

these figures, it may be observed that in general when MODTC is used with other antioxidants 

such as ADPA or HP, the amount of carbonyl-containing products are less than that formed with 

formulations containing MoDTC alone.  From Figure 5.12, it can be inferred that under similar 

conditions, ZDDP with a mixture of antioxidants is slightly better than F-ZDDP with the same 

mixture of antioxidants.  This indicates that the relatively poor performance of MoDTC is offset 

by the presence of the other antioxidants present in the mixture.  Under similar conditions F- 

ZDDP with a mixture of antioxidants performs slightly better than ZDDP for HP+MoDTC 

combinations. 
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Figure 5.12:  Area under the peak for ZDDP/F-ZDDP formulations with individual antioxidants 
and ADPA+MoDTC.  Plot shows the area under the carbonyl peaks (Absorbance × cm–1) vs. 

oxidizing time (hrs) for formulations containing ZDDP and F-ZDDP with ADPA+MoDTC mixture 
in base oil, being compared to the corresponding formulations with individual antioxidants. 

 

 

Figure 5.13:  Area under the peak for ZDDP/F-ZDDP formulations with individual antioxidants 
and HP+MoDTC.  Plot shows the area under the carbonyl peaks (Absorbance × cm–1) vs. 

oxidizing time (hrs) for formulations containing ZDDP and F-ZDDP with HP+MoDTC mixture in 
base oil, being compared to the corresponding formulations with individual antioxidants. 



 

 128

5.2.6 Viscosity Measurements with Individual Antioxidants 

Since viscosity and acidity are important indicators of oxidation levels of lubricating oils, 

safe and reliable functioning of machinery during its operating lifecycle is greatly aided by 

continued monitoring of these informative properties [49, 128, 133].  In this research, the initial 

viscosity of all the formulations prior to the commencement of oxidation (0 hrs of heating time) 

was measured and was found to be very close to that of base oil, due to the fact that base oil 

constitutes the major amount of total formulations.   

Table 5.2 shows the increase in viscosity for formulations containing ZDDP and F-

ZDDP with and without antioxidants at 40°C and 100°C. 

 
Table 5.2: Viscosity values for formulations containing ZDDP or F-ZDDP, with and without 

antioxidants at 40°C and 100°C. 
 

  Viscosity @ 40°C Viscosity @ 100°C 

                    Baking Time 
                                (hours) 
Formulation 

0 hr 48 hrs 96 hrs 0 hr 48 hrs 96 hrs 

BO+ZDDP 21.11 24.380 28.55 4.14 4.58 5.18 

BO+FZDDP 20.98 24.38 29.07 4.11 4.55 4.89 

BO+ZDDP+ADPA 21.02 24.19 28.29 4.28 4.47 4.74 

BO+FZDDP+ADPA 21.17 24.43 26.57 4.25 4.57 5.42 

BO+ZDDP+MBDTC 21.17 24.41 28.35 4.15 4.61 5.00 

BO+FZDDP+MBDTC 20.97 24.35 25.25 4.18 4.55 4.68 

BO+ZDDP+HP 20.95 22.53 26.39 4.15 4.36 4.83 

BO+FZDDP+HP 21.32 23.79 26.33 4.23 4.54 4.84 

BO+ZDDP+MODTC 20.80 29.44 33.55 4.19 6.08 6.65 

BO+FZDDP+MODTC 20.99 27.24 29.64 4.21 5.36 5.91 

 

From  

Table 5.2, it is evident that all the formulations show an increase in viscosity as the 

oxidizing time is increased, indicating the progress of oxidation as the samples are heated at 

high temperatures in the presence of flowing air. 



 

 129

 

Figure 5.14:  Change in viscosity (%) vs. oxidizing time (hrs) for the formulations containing 
ZDDP and ZDDP with antioxidants at 40°C. 

 

Figure 5.14 shows the percent change in viscosity measured at 40°C for the 

formulations containing ZDDP alone in base oil and formulations having ZDDP with different 

antioxidants after oxidizing at 160°C.  The sample containing molybdenum dithiocarbamate and 

ZDDP showed a large change in viscosity compared to all other formulations – a result that is 

corroborated by the corresponding FT-IR measurements.  As described previously, this 

outcome is believed to be due to the metal catalytic nature of molybdenum which expedites the 

oxidation process, leading to quicker accumulation of carbonyl compounds. 

The formulation containing hindered phenol showed the best viscosity performance 

indicating lower amounts of oxidation products.  The observed viscosity change for formulations 

having HP as antioxidant was lower, indicating the presence of lower amount of oxidation 

products.  The viscosity changes observed in the formulation containing ZDDP alone in base oil 

was comparable to those with formulations having alkylated diphenylamine and methylene bis 

dibutyl dithiocarbamate with ZDDP.  This result implies that the presence of these antioxidants 
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in formulations did not have a significant effect on the oxidation stability of the formulations 

without these antioxidants.  Observation of Figure 5.7 and Figure 5.8 indicates that there is no 

decrease in the area under the carbonyl peak with the addition to ZDDP or F-ZDDP of ADPA, 

MBDTC. 

 

Figure 5.15:  Change in viscosity (%) vs. oxidizing time (hrs) for the formulations measured at 
100°C containing ZDDP and ZDDP with antioxidants oxidized at 160°C. 

 

Figure 5.15 shows the changes in kinematic viscosity of the above oxidized sample 

measured at 100OC.  As may be seen from Figure 5.15, there is a slight difference in the 

observed changes in viscosity for some of these formulations.  As before, the increase in 

viscosity was higher in the formulations containing MoDTC compared to all the other 

formulations.  Increase in viscosity was approximately 6% in ZDDP when compared to ZDDP 

with MBDTC and HP. The percentage change in viscosity with ZDDP alone in base oil was 

approximately 10% when compared with ZDDP+ADPA in base oil. 

Even though samples were baked for a period of 192hrs, viscosity measurement for 

samples baked for 144hrs and 192hrs were not conducted due to the formation of large 
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amounts of precipitate material which rendered viscosity measurements challenging.  Since 

formulations were prepared in base oil alone, oxidation produces large amounts of solid 

particles which tend to precipitate from the solution due to the absence of dispersants in the 

formulation.  Addition of dispersants such as those found in fully formulated oils would help to 

hold these insoluble particles in suspension.  In this work, these particles were filtered using 

sieves of 80μm pore size before measuring the viscosity to avoid clogging the capillary of 

viscometer.  Particles smaller than 80μm passed through the filter, which resulted in a fair 

extent of inconsistency of measured viscosity values between two subsequent readings.  

Viscosity measurements for the samples at these heating periods are therefore not included in 

this study. 

 

 

Figure 5.16:  Change in viscosity (%) vs. oxidizing time (hrs) the formulations oxidized at 160°C 
containing F-ZDDP and F-ZDDP with antioxidants measured at 40°C. 

 

Figure 5.16 shows the change in viscosity formulations containing F-ZDDP alone and 

F-ZDDP with different antioxidants in base oil.  In the absence of antioxidant, the viscosity of F-
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ZDDP increased and became very close to that of F-ZDDP with MoDTC at 96hrs.  In the 

presence of antioxidants such as ADPA, MBDTC, HP, the observed change in viscosity was 

smaller compared to F-ZDDP or F-ZDDP with MoDTC, indicating a stabilizing effect of these 

antioxidant over F-ZDDP.  Under these test conditions, F-ZDDP responded to individual 

antioxidants better than ZDDP. 

 

 

Figure 5.17:  Change in viscosity (%) vs. oxidizing time (hrs) for the formulations containing F-
ZDDP and F-ZDDP with antioxidants at 100°C. 

 

Figure 5.17 represents the change in viscosity vs. heating time in hours for formulations 

having F-ZDDP and F-ZDDP with different antioxidants measured at 100OC.  As expected, the 

viscosity changes observed in F-ZDDP with MoDTC was higher than in all other cases.  At 

48hrs, the change in viscosity for these formulations were similar, but significant variations in 

viscosity among these formulations began to emerge as the time of oxidation was increased 

(i.e., at 96hrs). 
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5.2.7 Viscosity Measurements with Mixtures of Antioxidants 

Similar to the case of formulations with individual antioxidants, the initial viscosity of all 

the formulations prior to the commencement of oxidation (0 hrs of heating time) was measured 

and was found to be very close to that of base oil, due to the fact that base oil constitutes the 

major amount of total formulations.   

Table 5.3 shows the increase in viscosity for formulations containing ZDDP and F-

ZDDP with a mixture of antioxidants at 40°C and 100°C. 

 
Table 5.3:  Viscosity values for formulations containing ZDDP or F-ZDDP, with various mixtures 

of antioxidants at 40°C and 100°C. 
 

  Viscosity @ 40°C Viscosity @ 100°C 

                      Baking Time 
                                   (hours) 
 Formulation 

0 hr 48 hrs 96 hrs 0 hr 48 hrs 96 hrs 

BO+ZDDP+ADPA+MBDTC 21.55 25.21 25.45 4.21 4.68 4.94 

BO+F-ZDDP+ADPA+MBDTC 20.92 24.99 29.79 4.23 4.76 5.15 

BO+ZDDP+ADPA+HP 20.79 24.37 24.36 4.20 4.58 4.72 

BO+F-ZDDP+ADPA+HP 20.79 24.71 29.54 4.15 4.60 5.46 

BO+ZDDP+ADPA+MoDTC 21.20 25.36 25.90 4.24 4.82 5.14 

BO+F-ZDDP+ADPA+MoDTC 20.94 24.79 28.19 4.19 4.89 5.53 

BO+ZDDP+HP+MBDTC 21.04 22.63 25.37 4.15 4.41 4.71 

BO+F-ZDDP+HP+MBDTC 21.43 21.90 23.33 4.16 4.38 4.58 

BO+ZDDP+HP+MoDTC 20.96 26.43 33.23 4.23 5.39 6.78 

BO+F-ZDDP+HP+MoDTC 21.33 24.21 33.44 4.18 4.60 6.14 

 

Figure 5.18 shows the changes in the viscosity (%) vs. oxidation time (hrs) measured at 

40°C for the formulations containing mixtures of antioxidants with ZDDP. 
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Figure 5.18:  Change in viscosity (%) vs. oxidizing time (hrs) for the formulations containing 
ZDDP with mixtures of antioxidants measured at 40°C. 

 

It can be seen from Figure 5.18 that the change in viscosity for the formulations such as 

ZDDP+ADPA+MBDTC, ZDDP+ADPA+HP and ZDDP+ADPA+MODTC are almost identical. 

Effect of MODTC +ADPA with ZDDP was comparatively better than all other formulations 

having MoDTC.  This effect was also independently reported in reference [135].  For the 

formulation containing ZDDP+HP+MBDTC, the observed change in viscosity at 48 hours (and 

measured at 40°C) is lower than that of all other combination of antioxidants with ZDDP.  The 

viscosity for this formulation becomes comparable to the other formulations (except 

ZDDP+HP+MoDTC) only at 96 hrs of baking.  The formulation containing HP+MODTC with 

ZDDP showed the worst change in viscosity (almost 60% over a 96-hour period) compared to 

other formulations.  These results are verified by the corresponding FT-IR analysis. 

Changes in viscosity for ZDDP with mixtures of antioxidants at 100°C are shown in 

Figure 5.19.  Trends of viscosity changes observed were nearly identical to that at 40°C. 
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Figure 5.19:  Change in viscosity (%) vs. oxidizing time (hrs) for the formulations containing 
ZDDP with mixtures of antioxidants measured at 100°C. 

 

From the comparison of viscosity at 40°C from Figure 5.14 and Figure 5.19, it may be seen that 

nearly a ten-percent change (decrease) in viscosity was observed with certain mixtures of 

antioxidants with ZDDP when compared to ZDDP with same individual antioxidants.  This result 

indicates that a combination of antioxidants proves to be much more effective than individual 

antioxidants due to the fact that different antioxidants inhibiting different stages of oxidation. 

Figure 5.20 shows the measured viscosity at 40°C for the formulations containing 

mixtures of antioxidants with F-ZDDP.  Large increase in viscosity is observed for the 

formulation F-ZDDP+HP+MoDTC after a small increase at 48hrs (compared to the one at 

96hrs). The smallest increase in viscosity at 40°C was observed in this case for F-

ZDDP+HP+MBDTC.  The viscosity effects observed for F-ZDDP with mixtures of antioxidants at 

100°C is similar to those observed at 40°C for the same formulations. 
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Figure 5.20:  Change in viscosity (%) vs. oxidizing time (hrs) for the formulations containing F-
ZDDP with mixtures of antioxidants measured at 40°C. 

 
 

 

Figure 5.21:  Change in viscosity (%) vs. oxidizing time (hrs) for the formulations containing F-
ZDDP with mixtures of antioxidants measured at 100°C. 
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From Figure 5.7, it is observed that the behavior of ZDDP and F-ZDDP in base oil 

without antioxidants differ little from each other.  On the other hand, from the comparison of 

Figure 5.16 and Figure 5.21, i.e. viscosity of individual antioxidants and mixtures of antioxidants, 

it can be seen that in the case of F-ZDDP, individual antioxidants rather than mixtures showed 

better oxidation resistance – a trend that is opposite to that seen in ZDDP (which works better 

with mixtures of antioxidants).  It therefore appears that the differences in the chemical 

structures between ZDDP and F-ZDDP (such as the presence of P–F bonds in the latter) while 

insignificant enough to affect the relative stability in base oil alone begin to play a much larger 

role when antioxidants are introduced into the equation.  

5.2.8 TAN of ZDDP and F-ZDDP with and without Antioxidants 

Figure 5.22 shows the TAN vs. oxidation time for the formulations containing ZDDP 

alone in base oil and ZDDP with different antioxidants in base oil.  The initial values of observed 

TAN in all formulations are almost similar and are due to the presence of ZDDP or F-ZDDP.  

The measured value of TAN of base oil alone without any additives was found to be 0.02 mg/g 

of KOH,  while that of base oil + ADPA was found to be 0.019 mg/g of KOH.  The major 

contribution to TAN at 0 hours for these formulations hence comes from either ZDDP or F-

ZDDP. 
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Figure 5.22:  Total acid number (mg/g) vs. oxidizing time (hrs) for the formulations containing 
ZDDP and ZDDP with antioxidants in base oil. 

 

In the case of formulations with ADPA, MBDTC and HP as shown in Figure 5.22, there 

is first a decrease in the value of TAN after 48 hrs of heating, which then increases as time 

increases.  The magnitude of this increase is different for different antioxidants.  The observed 

TAN for almost all the formulations decreased at 48hrs. This is contradictory to the generally 

observed trend where TAN should increase with time due to an increase in oil acidity as the 

oxidation progresses.  However, the measurement of TAN at 0 hr (prior to commencement of 

heating) does not take into account the influences of elevated temperatures and continuous 

bubbling of air.  At 48 hrs, the oil is oxidized at 160°C, and air is bubbled through continuously, 

which works to drive out some of the insoluble acids, thereby reducing the quantity of acid in the 

samples.  In addition, some oil is also lost due to evaporation.  This effect is more pronounced 

in base oil as it is quite susceptible to evaporation compared to fully formulated oil.  These 

effects could combine to lower the measured TAN values at 48 hrs.  Once the system stabilizes 
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past this point, the baseline would not change much, resulting in increasing measurements of 

acidity as heating time increases.  

As expected, the TAN observed for ZDDP in base oil was high compared to that for 

ZDDP with antioxidants (except ZDDP+MoDTC combination).  ADPA, MBDTC and HP all 

showed similar TAN numbers upon oxidation when used as antioxidants with ZDDP in base oil.  

For the formulation ZDDP+MoDTC, the initial TAN at 0 hr was higher than that of all other 

formulations and remained high for all heating durations.  However, accurate TAN 

measurements of all formulations containing MoDTC were made difficult by the formation of a 

yellow sticky material that coated the potentiometer electrodes as titration progressed. 

Figure 5.23 below shows the total acid number (mg/g) vs. oxidizing time (hrs) for the 

formulations containing F-ZDDP with and without antioxidants in base oil.  

 

Figure 5.23:  Total acid number (mg/g) vs. oxidizing time (hrs) for the formulations containing F-
ZDDP with and without antioxidants in base oil. 

 

From Figure 5.23, among the formulations containing F-ZDDP alone in base oil and F-

ZDDP with individual antioxidants, the lowest TAN values were observed for F-ZDDP+HP and 
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F-ZDDP+MBDTC.  For the formulation F-ZDDP+ADPA, increase in TAN after 48 hrs is higher 

than F-ZDDP with HP and MBDTC combinations.  Earlier NMR studies described in section 

3.2.1 also showed the milder antagonistic effect of F-ZDDP in the presence of ADPA.  The 

acidity trends for formulations containing MoDTC were similar to that seen in identical 

formulations with ZDDP. 

5.2.9 TAN of ZDDP and F-ZDDP with Mixtures of Antioxidants 

In the case of ZDDP with mixtures of antioxidants, the observed TAN was less for 

ZDDP+MBDTC+HP.  The observed TAN was higher for ZDDP+HP+MoDTC.  This increased 

oxidation was also seen through viscosity and FT-IR measurements.  The observed TAN was 

similar for other combinations of antioxidants with ZDDP.  Trends for ZDDP are shown in Figure 

5.24. 

 

Figure 5.24:  Total acid number (mg/g) vs. oxidizing time (hrs) for the formulations containing 
ZDDP with mixtures of antioxidants in base oil. 

 

In the case of F-ZDDP with mixtures of antioxidants, the observed TAN was the least 

for ZDDP+MBDTC+HP. The observed TAN was higher for ZDDP+HP+MoDTC and F-
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ZDDP+ADPA+HP.  This higher level of oxidation was confirmed by viscosity and FT-IR 

measurements.  For other combination of antioxidants with F- ZDDP, the observed TAN was 

similar to one another. 

 

Figure 5.25:  Total acid number (mg/g) vs. oxidizing time (hrs) for the formulations containing F-
ZDDP with mixtures of antioxidants in base oil. 

 

5.3  Summary 

This study investigated the oxidation stability of F-ZDDP and compared it to that of 

ZDDP in varying formulations in base oil with a range of individual and mixtures of antioxidants.  

The effects of antioxidants on the oxidation stability of oils containing F-ZDDP were examined 

and compared with that of oils containing ZDDP.  Absorption and transmittance spectra of 

oxidized samples were evaluated using Fourier transform infrared spectroscopy.  Changes in 

oxidation were quantified through measurements of viscosity and total acid number, to assess 

the stability of various formulations. 

• The oxidation stability of F-ZDDP was similar to ZDDP when used alone in base oil.  This 

similarity may be attributed to the fact that the structure of F-ZDDP differs little from ZDDP, 



 

 142

with the minor exception that F-ZDDP contains a few hundred ppm of fluorine in the form of 

P–F bonds in its structure. 

• FT-IR showed similar oxidation results for both ZDDP and F-ZDDP, when used in 

formulations containing individual antioxidants such as alkylated diphenyl amine, hindered 

phenol, methylene bis dibutyl dithiocarbamate and molybdenum dithiocarbamate. 

• In almost all cases, molybdenum dithiocarbamate exhibited poor antioxidant properties, 

regardless of whether it was used individually or in mixtures.  This is because molybdenum 

is a metal and exists in the same group as chromium in the periodic table, with similar 

characteristic properties as chromium.  It can therefore be reasoned that Mo acts as a 

catalyst during the oxidation reaction.  These catalytic activities with hydrocarbons result in 

antagonistic effects in the base oil formulation containing MoDTC. 

• Oxidation stability of formulations containing ZDDP benefit more from mixtures of 

antioxidants, than from the presence of individual antioxidants, as seen from viscosity 

measurements.  On the other hand, the stability of F-ZDDP is greater in the presence of 

individual antioxidants, as opposed to mixtures.  It appears that the differences in the 

chemical structures between ZDDP and F-ZDDP (such as the presence of P–F bonds in the 

latter) while insignificant enough to affect the relative stability in base oil alone begin to play 

a much larger role when antioxidants are introduced. 
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6. CHAPTER 6 

6 XANES ANALYSIS OF ANTIWEAR FILMS 

The experimental techniques thus far used such as AES, TEM and SEM have provided 

valuable information on the nature and morphology of tribofilms that form on surfaces.  

However, these methods are unable to provide detailed information on the chemical bonding of 

tribofilms as a function of thickness.  Investigating the chemical composition of tribofilms that 

form during tribological conditions is crucial to understanding the factors affecting a tribofilm’s 

antiwear performance.  A technique called X-Ray absorption near-edge spectroscopy (XANES) 

has been extensively used by various authors to study the nature of ZDDP tribofilms [7, 8, 32, 

106, 136].  This is a powerful technique that is very useful to characterize chemical 

polyphosphate chain lengths. 

This section deals with the XANES analysis of the some of the tribofilms generated 

from ZDDP and F-ZDDP in the presence and absence of antioxidants.  The XANES facility at 

the Canadian Light Source Center at Saskatoon [137] was used to conduct the near-edge 

spectroscopy experiments for phosphorus L-edge and sulphur L-edge.  The Canadian 

Synchrotron Radiation Facility at Wisconsin, Madison was used to study phosphorus K-edge 

and sulphur K-edge spectra of the tribofilms.  Information on the role of antioxidants on the film 

formation capability can be extracted from these XANES tests by comparing the composition of 

films formed with and without antioxidants. 
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6.1  Experimental Procedure 

6.1.1 Formulations used to Generate Antiwear Films: 

The formulations containing ZDDP and F-ZDDP were prepared in base oil, separately 

with and without antioxidants.  Antioxidants in these formulations were used individually as well 

as in mixtures in the same compositions as described in section 5.1.1.  Base oil used in the 

study was 100 neutral.  The amount of phosphorus in all formulations was kept constant at 0.08 

wt.%.  The total amount of all antioxidants in the formulations is maintained at 1.5 wt.%, with the 

sole exception of MoDTC which was maintained at 0.75 wt.%.   Additionally, mixtures of 

antioxidants are also used to exploit any beneficial effects that may arise from such antioxidant 

combinations.  Formulations of the various oil samples in base oil are:  

1. ZDDP + base oil  

2. ZDDP + alkylated diphenyl amine (ADPA) + base oil 

3. ZDDP + methylene bis dibutyl dithiocarbamate (MBDTC} + base oil 

4. ZDDP + hindered phenol (HP) + base oil 

5. ZDDP + molybdenum dithiocarbamate (MoDTC) + base oil 

6. ZDDP + alkylated diphenyl amine + methylene bis dibutyl dithiocarbamate + base oil 

7. ZDDP + alkylated diphenyl amine + hindered phenol + base oil 

Similar formulations as above were also prepared with F-ZDDP. 

Wear tests were conducted on all the above formulated oil samples for 15K cycles at 

24Kg load using BOCLE.  All the tests were done under boundary lubrication conditions [138, 

139].  After the wear tests, rings containing the generated wear tracks were cut using a diamond 

blade.  Care was taken to preserve the antiwear film during this process.  The rings were then 

cleaned using hexane and acetone and mounted on a small piece of flat steel to subject the 

sample to XANES analysis.  

Phosphorus L-edge and sulphur L-edge  were recorded at the Canadian Light Source 

(CLS) Center at Saskatoon, Canada, by using collimated plane grating monochromator (PGM), 
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which covers the photon energy range of 5–250 eV with photon resolution of 0.1 eV and 0.1eV 

at P L-edge and S L-edge respectively.  Phosphorus K-edge and sulphur K-edge absorption 

near edge spectra (XANES) were obtained at the 1GeV Aladdin storage ring at the University of 

Wisconsin, Madison.  The P and S K-edge spectra were obtained on the double crystal 

monochromator (DCM) beam line covering the region of 1500–4000eV.  The photon resolution 

at the P K-edge and S K-edge was 0.3eV and 0.5eV respectively.  XANES spectra were 

recorded both in fluorescence yield (FLY) and total electron yield (TEY) modes. 

6.2  Results and Discussion 

6.2.1 P L-Edge of ZDDP and F-ZDDP with Model Compounds 

XANES has been extensively used to study the nature of antiwear films by many 

researchers [8, 68, 76, 77, 106, 123].  Recently, XANES has found increasing utility in tribofilm 

analysis since it is capable of probing the local structural environment around selected atoms.  

XANES is used to understand the chemical environment around phosphorus and sulphur atoms 

in tribofilms.  In order to identify the chemical nature of phosphorus and sulphur in complex 

matrices such as antiwear films, it is essential to compare the XANES spectra of films with 

those of different model compounds in which the local chemical environment of S and P are 

known.  Yin et al [140] showed from XANES study of the tribofilm that chemical state of the 

phosphorus in antiwear films generated from ZDDP correspond closely to polyphosphates and 

depend on the alkyl group in ZDDP.  It is been known that antiwear film is made of phosphates 

and sulphates [5] and polyphosphates found in the antiwear film could be either long-chain or 

short-chain polyphosphates.  In this study, FePO4, Zn3(PO4)2, ZnS, ZnSO4 are used as some of 

the phosphates, sulphates and sulfides model compounds to understand the chemical nature of 

the tribofilms formed under this study.  Figure 6.1 shows the comparison of XANES P L-edge 

spectra of tribofilms derived from ZDDP and F-ZDDP in base oil  to the XANES P L-edge 

spectra of Zn3(PO4)3, FePO4, Fe4(P2O7)3 recorded in the FLY mode.  TEY mode for phosphorus 

or sulphur L-edge was not included due to technical difficulties associated with the detector. 
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Figure 6.1:  P L-edge XANES spectra in FLY form of ZDDP and F-ZDDP antiwear films with 
model compounds. 

 

The solid red line, dashed blue line and the dotted green line in Figure 6.1 indicate the 

positions of the peaks for Zn3(PO4)2, Fe4(P2O7)3 and FePO4 respectively.  It can be seen from 

Figure 6.1 that P L-edge spectra of both ZDDP and F-ZDDP derived antiwear films contain both 

short-chain iron and zinc pyrophosphates.  The position of ZDDP and F-ZDDP tribofilms 

matches with that of some of the model phosphate compounds, indicating that ZDDP or F-

ZDDP has undergone tribochemical transformations in the process of forming antiwear films.  It 

can be seen from Figure 6.1 that the position of the ZDDP tribofilm matches closely with 

Fe4(P2O7)3 (dashed blue line), indicating the presence of Fe4(P2O7)3 as the primary form of 
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polyphosphate in this tribofilm.  The spectra of ZDDP tribofilm also shows a shoulder (which 

aligns with the solid red line) indicating the possibility of some amounts of Zn3(PO4)2 in the 

tribofilm.  However, the presence of this shoulder is not very obvious.  The spectra of F-ZDDP 

tribofilm has a wider peak which matches with both Zn3(PO4)3 (solid red line) and Fe4(P2O7)3 

(dashed blue line).  This match is a clear indication that both these compounds are present in 

the tribofilm of F-ZDDP.  The presence of polyphosphates such as Fe4 (P2O7)3 and/or Zn3(PO4)2 

(i.e., iron pyrophosphate  and/or zinc pyrophosphate) is only in the top 50 nm depth of the 

tribofilm since the information obtained in the FLY L-edge of P and S is emanating from this 

depth.   The observation made by Yin et al [67] showed that tribofilms formed from aryl ZDDP 

contained long-chain polyphosphates throughout the film and films generated from alkyl ZDDP 

consisted of long-chain polyphosphates on the topmost surface and short-chain polyphosphates 

in the bulk of the film.  However in this case, only short-chain polyphosphates were observed at 

depths of 50 nm in the tribofilm. 

6.2.2 S L-Edge of ZDDP and F-ZDDP with Model Compounds  

Figure 6.2 shows the comparison of S L-edge XANES spectra in the FLY mode of 

tribofilms derived from ZDDP and F-ZDDP in base oil, to that of model compounds such as ZnS 

and FeS. 

Antiwear films from ZDDP and F-ZDDP were low in sulphur, with sulphur (in the top 

50nm depth of the tribofilm) being present mostly as a sulphide.  This is verified by the fact that 

the peaks in ZDDP align with that of FeS (blue dashed and green dotted lines).  However, 

sulphur was present in appreciable amounts in ZDDP tribofilms when compared to that of F-

ZDDP, where the sulphur signal was very weak. 
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Figure 6.2:  S L-edge XANES spectra in FLY form of ZDDP and F-ZDDP antiwear films with 
model compounds. 

  

6.2.3 P L-Edge of ZDDP and F-ZDDP with and without Antioxidants 

FLY spectra of P L-edge from ZDDP and F-ZDDP with different individual as well as 

mixtures of antioxidants were compared with that of ZDDP and F-ZDDP as shown in Figure 6.3 

and Figure 6.4. 
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Figure 6.3:  P L-edge XANES spectra in FLY form of antiwear films generated from ZDDP and 
ZDDP with antioxidants with model compounds. 

 

P L-edge peaks obtained with ZDDP and F-ZDDP with different antioxidants are quite 

similar to that of ZDDP and F-ZDDP (alone in base oil), indicating that phosphorus is in the form 

of mixtures of short-chain polyphosphates such as zinc and iron polyphosphates.  As there were 

no shifting of peaks observed in the ZDDP or F-ZDDP tribofilms with antioxidants, this 

represents that the presence of antioxidants in the formulation does not influence film formation 

chemistry at least on the top 50 nm of the tribofilm.  In the case of both ZDDP and F-ZDDP with 

antioxidants, very strong phosphorus signal was observed for HP, ADPA+ HP and also for 

ZDDP with MoDTC.  Data for F-ZDDP with MoDTC could not be obtained and therefore this 
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spectrum is not shown in Figure 6.4.  However, the spectra of ADPA+MBDTC with both ZDDP 

and F-ZDDP did not show a presence of phosphorus peaks which points to an absence of 

tribofilm (or a very thin film) in this case. 

 

 

Figure 6.4:  P L-edge XANES spectra in FLY form of antiwear films generated from F-ZDDP 
and F-ZDDP with antioxidants with model compounds. 

 

6.2.4 S L-Edge of ZDDP and F-ZDDP with and without Antioxidants 

S L-edge spectra (FLY or TEY) of ZDDP with antioxidants and F-ZDDP with 

antioxidants did not show the presence of sulphur in any form, indicating that the presence of 

antioxidant in the formulation has no direct influence on the chemistry of the tribofilm. 
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6.2.5 P K-Edge of ZDDP with and without Antioxidants 

In Figure 6.5,  the XANES P K-edge spectra of tribofilms derived from ZDDP and ZDDP 

with different antioxidants in base oil  are compared to the  XANES P K-edge spectra of model 

compounds such as Zn3(PO4)2, FePO4 in the FLY mode. 

 

Figure 6.5:  P K- edge XANES spectra of antiwear films generated from ZDDP and ZDDP with 
antioxidants with model compounds in FLY mode. 

 

It can be seen from Figure 6.5 that tribofilms from all of the formulations contain 

phosphates such as FePO4 (blue dashed line) and Zn3(PO4)2 (red solid line), as the major peak 

in the spectra of these compounds matches those of tribofilms generated from ZDDP or ZDDP 

with antioxidants but in different proportions.  FLY P K-edge spectrum of ZDDP with alkylated 

diphenyl amine showed a shift to lower energy with the major peak of phosphate aligning with 
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that of Zn3(PO4)2 (solid red line).  This could suggest that the primary phosphate in this case 

could be Zn3(PO4)2, with FePO4 present in small amounts.  The type of the phosphate observed 

is a mixture of short-chain phosphates.  FLY P K-edge of ZDDP and ZDDP with antioxidants 

such as HP, MBDTC and MODTC matches exactly with the major peak of FePO4 with the 

shoulders of these peaks matching that of Zn3(PO4)2.  This indicates that the major form of 

phosphates in these cases is FePO4, with some amount of Zn3(PO4)2.  The spectra obtained for 

these tribofilms in the TEY mode with the previously explained model compounds are shown in 

Figure 6.6.  

 

Figure 6.6:  P K- edge XANES spectra in TEY form of antiwear films generated from ZDDP and 
ZDDP with antioxidants with model compounds. 
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The results show that the information obtained this case is not very different from that of 

FLY mode, except that the information is obtained from the deeper region of the tribofilm in FLY 

(~300nm) than that obtained for TEY.  The presence of shoulders corresponding to Zn3(PO4)2 

was very clear in FLY mode. 

6.2.6 P K-Edge of F-ZDDP with and without Antioxidants 

FLY P K-edge of F-ZDDP and F-ZDDP with antioxidants with model compounds are 

shown in Figure 6.7.  

 

Figure 6.7:  P K- edge XANES spectra in FLY form of antiwear films generated from F-ZDDP 
and F-ZDDP with antioxidants with model compounds. 
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Figure 6.8:  P K- edge XANES spectra in TEY form of antiwear films generated from F-ZDDP 
and F-ZDDP with antioxidants with model compounds. 

 

All of the formulations contain mixtures of FePO4 (blue dashed line) and Zn3(PO4)2 (red 

solid line) in different proportions.  In this case major peak of FePO4 (blue dashed line) matched 

those of the major peak of F-ZDDP+ADPA and F-ZDDP+HP.  F-ZDDP showed more Zn3(PO4)2.  

It can be seen from Figure 6.8 that there is no phosphorous signal obtained for F-ZDDP with 

MBDTC and F-ZDDP with MODTC, implying that the focused region could be outside the wear 

track. 

TEY modes of F-ZDDP and F-ZDDP (Figure 6.8) with antioxidants are not much 

different from that of FLY with FLY spectra showing the presence of a very clear shoulder 

corresponding to Zinc phosphate. 
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6.2.7 S K-Edge of ZDDP and F-ZDDP with and without Antioxidants 

TEY (Figure 6.9 and Figure 6.10) and FLY (Figure 6.11 and Figure 6.12) S K-edge of 

ZDDP and F-ZDDP with antioxidants were also recorded and compared with model compounds 

such a ZnS and ZnSO4.  

 

Figure 6.9:  S K- edge XANES spectra in TEY form of antiwear films generated from ZDDP and 
ZDDP with antioxidants with model compounds. 
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Figure 6.10:  S K- edge XANES spectra in TEY form of antiwear films generated from F-ZDDP 
and F-ZDDP with antioxidants with model compounds. 
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Figure 6.11:  S K- edge XANES spectra of antiwear films generated from ZDDP and ZDDP with 
antioxidants with model compounds in FLY form. 
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Figure 6.12:  S K- edge XANES spectra of antiwear films generated from F-ZDDP and F-ZDDP 
with antioxidants with model compounds in FLY form. 

 

Sulphur observed at this level i.e., both in FLY and TEY (50nm for TEY and ~300nm 

FLY) was on average very low.  In general, FLY signals recorded were noisier than TEY 

spectra.  This indicated the presence of more sulphur on the surface layer than in the bulk.  The 

spectra of ZDDP and F-ZDDP showed very little difference if any.  Sulphur observed in ZDDP 

and ZDDP and antioxidants were in the form of sulfides (red solid line) and sulphates (blue 

dashed line) – both in minute amounts.  ZDDP with ADPA did not show the presence of any 

kind of sulphur (Both in FLY and TEY) and ZDDP with antioxidants such as MBDTC, HP and 

MODTC showed significantly stronger signal of sulphur when compared to ZDDP.  In F-ZDDP, 
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sulphur was present as a sulphate, since the peak from F-ZDDP matched the major peak of 

ZnSO4.  F-ZDDP with ADPA did not show any form of sulphur (both in TEY and FLY).  In other 

combinations of F-ZDDP with antioxidants such as MBDTC, HP and MoDTC, sulphur was 

present in both sulfide and sulfate forms, with F-ZDDP+MoDTC showing a strong sulphate 

signal compared to the others.  Because of the technical problems encountered while obtaining 

the TEY and FLY K-edge, P and S signals for the tribofilms obtained from ZDDP and F-ZDDP 

with mixture of antioxidants such as ADPA+MBDTC and ADPA+HP are not included here. 

6.3  Summary 

Antiwear films were generated from various formulations containing ZDDP and F-ZDDP 

with antioxidants, using the ball-on-cylinder lubricity evaluator.  The tribofilms thus formed were 

subjected to XANES analysis at the phosphorus and sulphur K and L edges in the FLY and TEY 

modes in order to explore the chemical nature of the tribofilms.  The following conclusions were 

drawn from the above analysis of XANES. 

• The tribofilms generated from ZDDP and F-ZDDP with antioxidants showed the presence of 

short-chain polyphosphates such as Zn3(PO4)2, Fe4(P2O7)3 and FePO4 in different 

proportions throughout the thickness of the tribofilms. 

• There was no difference in the types of the polyphosphate with the introduction of 

antioxidants to ZDDP or F-ZDDP, indicating that there are no changes in the structure of 

glasses present in the tribofilm.  The presence of antioxidant therefore does not influence 

the tribofilm chemistry.  The only difference observed could be in the amounts of different 

types of polyphosphates observed. 

• Sulphur was present in minute quantities and was in the form of sulfide in the top 50nm 

region of the tribofilm (FLY-Ledge).  Small amounts of sulphur were present in the form of 

sulphates in the deeper part of the tribofilm (~300nm – FLY-K edge). 
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7. CHAPTER 7 

7 PHENOMENOLOGICAL MODEL FOR OXIDATION OF BASE OILS IN THE PRESENCE OF 
ANTIWEAR AGENTS AND ANTIOXIDANTS 

ZDDP is a very effective antiwear agent and an antioxidant.  However, it is well-known 

that the antiwear potency of ZDDP is diminished upon its oxidation.  In addition, studies have 

shown that when ZDDP acts as an antioxidant, the ensuing products formed serve to reduce its 

effectiveness in producing an antiwear film, thereby reducing its antiwear properties [5, 40].   

When additional antioxidants such as ADPA are introduced into the formulation, they 

would then function as the main vehicle of oxidation mitigation, thereby allowing ZDDP to 

maintain its effectiveness as an antiwear agent for prolonged intervals.  The amount of wear in 

the presence of ADPA was reduced in formulations with ZDDP.  On the other hand, the addition 

of ADPA to formulations containing F-ZDDP showed a marginal increase in wear when 

compared to F-ZDDP alone in base oil.  Given that ADPA is basic in nature, it could scavenge 

some of the fluorine present in the form of P-F bonds in F-ZDDP.  This was reflected in the fact 

that the 31P NMR spectra of F-ZDDP with ADPA showed a decrease in the observed intensity of 

P-F bonds compared to that of F-ZDDP.  Since P-F bonds are responsible for the improved 

wear performance in the case of F-ZDDP over ZDDP, it is evident that depletion of these bonds 

would result in the observed marginal increase in wear.  However, the overall antiwear 

performance of F-ZDDP with ADPA was still better than the formulation of ZDDP with ADPA, 

and this can be attributed to the fact that P-F bonds, though reduced in number, were still 

present in sufficient quantities to provide enhanced antiwear action. 

A second reason for the observed weak antagonistic effect of F-ZDDP with ADPA when 

compared to F-ZDDP alone could be due to the fact that ADPA being basic, it complexes with 

some of the fluorine (which is electronegative) present in F-ZDDP to form a weak hydrogen-like 

bonding.  This proposed complex formation mechanism is illustrated below. 
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This complex formation inhibits the ability of F-ZDDP to quickly reach the surface and 

form a protective film.  Since this complex formation is weak, significant quantities of F-ZDDP 

could remain free of complex formation and be available for wear protection. 

In fully formulated oils, it is known that additives compete for the surface and are 

responsible for observed changes in the expected wear behavior of ZDDP [16, 19].  A similar 

phenomenon could occur in the case of F-ZDDP.  This complex formation in the liquid phase 

could reduce the chemical activity of F-ZDDP, which could lower its adsorption capabilities and 

also increase it decomposition temperature, thereby resulting in the observed increase in wear.  

The observations and reasoning indicate that even though the presence of ADPA in the 

formulation with ZDDP had a beneficial effect, it may not be a good companion antioxidant in 

formulations containing F-ZDDP, when wear performance is evaluated. 
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7.1  Oxidation Stability 

The primary antioxidants such as hindered phenols [86, 131] and aromatic amines 

operate by donating a hydrogen atom to a peroxy radical and retard the propagation step of 

oxidation [86].  The reaction steps of primary antioxidants for the specific cases of alkylated 

diphenyl amine (Eq. 7.2) and hindered phenol (Eq. 7.3) are given below.  It has been shown 

that the mechanism of alkylated diphenyl amines depends upon the operating temperature [85]. 
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Secondary antioxidants such as Methylene bis dibutyl dithiocarbamate inhibit the 

branching step by functioning as hydroperoxide decomposers and reacting with hydroperoxide 

(ROOH) molecules, thereby retarding the creation of peroxy radicals.  The reactions are 

terminated by the formation of sulphur-containing end products and alcohols as described 

below. 
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It can be seen from this research that base oil with MoDTC showed poorer inhibition 

ability under the conditions employed in this work, an outcome which does not follow 

observations of good antioxidant behavior by other researchers [133, 134].  Oxidation process 

in engines is generally catalytic in nature.  In engines, the interaction of bearing surfaces and 

acidic oxidation products of the engine oil cause an accumulation of oil-soluble copper [87].  

These conditions are simulated in laboratory environments by adding iron or copper 

naphthenate into the formulation, which produce soluble cations such as iron and copper 

respectively.  It is known that hydroperoxides can be decomposed by the catalytic action of 

metal ions that can exist in two oxidation states.  Examples of such metal cations include iron, 

copper, nickel and chromium [23, 87].  Given that molybdenum falls below chromium (and 

therefore in the same group) in the periodic table of the elements, its characteristic properties 

are similar to that of the latter.  Molybdenum may therefore be inferred to behave as a catalyst 

during oxidation, and therefore possesses limited effectiveness in retarding oxidation.  In this 

study, Mo existed in +5 oxidation state.  The proposed mechanism is shown below. 
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ROOH Mo5+ RO Mo6+ OH-

ROOH Mo6+ ROO Mo5+ H+

2ROOH ROO H2ORO  (7.5) 

The above reaction was observed when MoDTC was used as the sole antioxidant in the 

formulation.  However, when MoDTC was used in conjunction with other antioxidants such as 

ADPA, there was improvement in performance in oxidation inhibition.  It may be reasoned that 

when MoDTC (with oxidation state of +5) was used with ADPA, the reaction was stabilized by 

the formation of quinone stabilized alkylated DPA.  This indicates that the antagonistic effect of 

MoDTC is countered by the other antioxidants present in the mixture.  An example of such a 

reaction is shown below [135]. 

 

Mo
(x) RO2 Mo

(x+1)
RO2

-

ADPA

Quinone
stabilized DPA

Regenerated

Mox
 (7.6) 

Synergy (the phenomenon wherein the combined benefit of two or more entities is 

greater than the sum of the individual enhancements) was observed for the formulation 

containing a mixture of HP and MBDTC.  These two antioxidants complement each other – HP 

functions to retard the propagation step while MBDTC slows down the branching process.  The 

reaction processes are previously described for individual antioxidants in Eqs. (7.3) and (7.4). 
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7.2  Summary 

Results of this study show that while the addition of ADPA to the formulation containing 

ZDDP results in improved antiwear performance, it may not be a preferred antioxidant in 

formulations containing F-ZDDP from a wear performance perspective. 

Combination of HP and MBDTC proved to have a synergistic effect on the oxidation 

stability due to the complementary nature of their oxidation inhibition at various stages of the 

oxidation process. 

MoDTC when used as a primary antioxidant in base oil formulations had a catalytic 

effect on the oxidation of hydrocarbons.  However, the inclusion of ADPA counteracted this 

antagonistic effect of MoDTC. 
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8. CHAPTER 8 

8 CONCLUSIONS 

8.1  Summary of Work 

Global efforts to reduce phosphorus levels in engine oils have resulted in widespread 

research programs aimed at exploring alternatives to current antiwear solutions available in the 

mainstream market.  One such program at the University of Texas at Arlington has led to the 

invention of F-ZDDP, which has shown to exhibit superior antiwear performance with lower 

levels of phosphorus over its original counterpart, namely ZDDP.  However, the promising 

antiwear performance characteristics of F-ZDDP can only be exploited on large commercial 

scales if its utilization in conventional power plants offers the same or better maintenance 

overheads as seen with ZDDP.  Key indicators of its reliability include its performance in the 

presence of antioxidant additives as well as the oxidation stability of formulations containing this 

new antiwear agent.  This research has examined the antiwear performance of F-ZDDP in the 

presence of various antioxidants and evaluated the oxidation stability of several different types 

of oil formulations containing F-ZDDP in order to better understand the usefulness of this new 

compound as a lubricant additive.  A brief summary of studies conducted and results obtained is 

provided herein. 

The interactions between F-ZDDP and ZDDP with alkylated diphenylamine were 

studied using NMR, and their impact on wear performance was examined using ball-on-cylinder 

tribometer.  The surface of the tribofilm was examined using SEM, TEM and Auger 

spectroscopy.  Thermal degradation studies of ZDDP and F-ZDDP with alkylated diphenyl 

amine conducted using 31P NMR showed that  

• There were no new peaks formed due the interaction of ZDDP with alkylated diphenyl 

amine 
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• F-ZDDP with alkylated diphenyl amine showed drastic decrease in basic ZDDP and there 

was considerable decrease in the intensity of P–F bonds when compared to F-ZDDP alone, 

showing the weak antagonistic effect of alkylated diphenyl amine on F-ZDDP. 

Ball-on-cylinder wear tests conducted on ZDDP and F-ZDDP with alkylated diphenyl 

amines in base oil indicated that the addition of the antioxidant alkylated diphenyl amine to 

ZDDP showed an improved wear performance over ZDDP alone, while the addition of alkylated 

diphenyl amine to F-ZDDP showed marginal increase in wear when compared to F-ZDDP.  

However, the overall wear performance of the formulation containing F-ZDDP and antioxidant 

was still superior to that of ZDDP with antioxidant. 

FIB analysis of the tribofilms from ZDDP and F-ZDDP with and without alkylated 

diphenyl amine revealed that thickness of the tribofilm formed with F-ZDDP was always higher 

than that formed with ZDDP.  This trend persisted in the presence of antioxidants, with the 

thickness of the tribofilm increasing when antioxidant was present. 

SEM analysis of the tribofilm indicated that wear track generated from F-ZDDP with and 

without antioxidants was smoother than that ZDDP with and without alkylated diphenyl amine, 

signifying the superior wear performance of F-ZDDP. 

The Auger electron spectroscopy of ZDDP and F-ZDDP with alkylated diphenylamines, 

indicated that films from F-ZDDP with alkylated diphenylamine were thicker than that of ZDDP 

with alkylated diphenylamine. 

Nano mechanical properties of the tribofilm such as hardness, nanoscratch and 

scanning wear analysis of the tribofilms with ZDDP and F-ZDDP with and without alkylated 

diphenyl amines indicated that  

• The hardness of the tribofilms in the absence of the antioxidants was significantly higher at 

the surface region when compared to the films formed in the presence of antioxidants. 
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• Nano scratch tests of the tribofilms indicated that tribofilms from F-ZDDP were more 

resistant scratch than the films from ZDDP. However in the presence of antioxidants nano 

scratch behavior of both the films were similar. 

• Nano wear tests on the tribofilms indicate that films from F-ZDDP were more resistance to 

abrasion than films from ZDDP. 

Investigations on the oxidation stability of F-ZDDP and ZDDP with various antioxidants 

showed that 

• The oxidation stability of F-ZDDP was similar to ZDDP when used alone in base oil, 

implying that the largely similar structures of F-ZDDP and ZDDP yield comparable 

performance in the absence of the influence of antioxidants. 

• Formulations containing ZDDP exhibited better oxidation stability in the presence of a 

mixture of antioxidants, as opposed to F-ZDDP, which displayed improved performance 

with individual antioxidants.  It therefore appears that the differences in the chemical 

structures between F-ZDDP and ZDDP (such as the presence of P–F bonds in the former) 

while of little consequence to affect the relative stability in base oil alone begin to manifest 

themselves in greater magnitude when antioxidants are introduced. 

Tribofilms generated from formulations containing ZDDP and F-ZDDP with different 

antioxidants were subjected to the XANES analysis in order to investigate the composition and 

nature of the polyphosphates formed in these tribofilms.  The XANES analysis revealed that 

• The major type of the polyphosphates observed in the case of ZDDP and F-ZDDP with 

antioxidants was of the short-chain type. 

• Tribofilms contained short-chain polyphosphates such as Zn3(PO4)2, Fe4(P2O7)3 and FePO4 

in different proportions throughout the thickness of the tribofilms. 

• Introduction of antioxidants to ZDDP or F-ZDDP did not change the type of the 

polyphosphates in the tribofilms, but altered the amount of these polyphosphates. 
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• Sulphur was present in minute quantities in the form of sulfide in the top 50nm region of the 

tribofilm. However deeper parts of the films contained small amount of sulphur in the form of 

sulphates. 

8.2  Directions for Further Study 

Contemporary automotive lubricants are seldom a simple mixture of base oil and a few 

additives such as antiwear agents and antioxidants.  Rather, they encompass a sophisticated 

blend of a multitude of additives, each with a specific function in the lubrication process.  

Introducing a new additive into the equation is often hardly a simple matter of investigating an 

oil's performance in the presence of the new additive alone.  The research presented herein is 

therefore only the tip of the proverbial iceberg.  This work has so far examined the antiwear 

behavior and oxidation stability of F-ZDDP in the presence of a number of individual and 

combined anti-oxidants.  However, the introduction of F-ZDDP into the mix opens up a 

completely new realm of research possibilities wherein the behavior of this new additive could 

be studied in the presence of several of the other additives, both individually and in mixtures, 

that make up a commercial lubricant.  Conducting further research into these new avenues 

would thus be a logical progression of the work presented in this dissertation. 

One of the many directions that could be pursued would involve expanding the scope of 

the oxidation stability studies conducted thus far to include more of the resultant products 

formed during a lubricant's oxidation process.  Specifically, the heated samples studied in this 

body of work contained both soluble and insoluble products of oxidation.  However, this analysis 

focused mainly on the soluble products during the oxidation stability studies.  A more 

comprehensive understanding of the performance of F-ZDDP may therefore be obtained by 

expanding the experimental model to also incorporate these insoluble products into the 

analysis. 

This study was conducted largely on specific formulations of ZDDP and F-ZDDP in the 

presence of antioxidants in base oil.  While this is an important starting point for this research, 
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real-life conditions are more accurately reflected by studying the behavior of these additives in 

fully-formulated oils.  

Another course of investigation could be to study oxidation stability in the presence of 

certain catalysts.  It is well-known that several metals such as iron, copper, nickel and chromium 

have catalytic effects on hydrocarbon reactions [23].  It would therefore be a useful exercise to 

introduce soluble metal ions such as copper or iron napthenates into the formulations being 

studied. 

This research studied the viability of FZDDP almost from an oxidation stability point of 

view.  However, these studies should be complemented by research into the wear performance 

and tribofilm characterization involving the various antioxidants used in the former study.  

Exploring the wear performance of formulations containing antioxidants with ZDDP and FZDDP, 

together with analyses on the durability of the resulting films formed would therefore be an 

interesting direction of investigation. 

Lubricant additives being active chemicals, they can interact with each other 

synergistically or antagonistically.  As synergistic interactions augment the performance, they 

are obviously preferred over antagonistic interactions.  It would hence be beneficial to study the 

additive interaction effects of ZDDP and FZDDP with different detergents and dispersants.  

Evaluation of their performance interaction with ZDDP alone in base oil and in fully formulated 

oil would help yield a clearer picture of additive interactions.  It has been known that dispersants 

present in fully formulated oils form a complex with ZDDP, resulting in antagonistic effects on 

the wear performance of formulations containing these additives.  F-ZDDP being new, it is 

important to evaluate any synergistic or antagonistic effects that may arise due to the presence 

of other additives. 

In conclusion, a comprehensive analysis of the behavior of F-ZDDP as an automotive 

lubricant would not only impart a greater understanding of its characteristics, but also help to 

critically evaluate the advantages and shortcomings of various additive combinations from the 
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perspectives of wear prevention, oxidation stability and other important performance metrics.  

Such analyses would greatly serve to add to existing scientific knowledge on automotive 

lubrication and push the frontiers of research in this important, yet relatively nascent field. 
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