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ABSTRACT

TRIBOLOGICAL PERFORMANCE OF ASHLESS ANTIWEAR ADDITIVES

UNDER EXTREME PRESSURE CONDITIONS

BOHOON KIM, PhD

The University of Texas at Arlington, 2009

Supervising Professor: Dr. Pranesh B. Aswath

Zinc diakyl dithiophosphate (ZDDP) has been used in engine oil for several decades as
an antiwear additive. However, ZDDP is the primary source of P, S and Zn in the exhaust,
which results in frequent maintenance or replacement of exhaust gas treatment systems. The
use of ashless additives is more desirable because of recent environmental regulations.

The main goal of this research was to develop a fundamental understanding of how
ashless compounds protect the tribological surface in comparison to ZDDP. X-ray absorption
near edge structure spectroscopy (XANES) has been performed on tribo and thermal films in
order to investigate the chemical properties of films generated from ashless antiwear additives
like chemical structure as well as chemical composition. In order to achieve this objective, three
approaches were used.

First, the relationships between ashless thiophosphates and wear properties under

extreme pressure were examined. Ashless antiwear additives properly form their tribofilms on

Vi



the sliding steel surface, reacting with iron (Fe) which is originated from the substrate. The
tribofilms consist of iron phosphates, iron sulfides, and iron sulfates that have lower reduced
modulus and hardness compared to tribofilms from ZDDP. However, they are still sufficiently
stiff to prevent asperity contact and provide antiwear behavior. In addition, the thickness of
protective tribofilms formed with ashless thiophosphates was found to be thicker than the ones
formed when ZDDP was used under identical tribological conditions.

Secondly, in order to understand the mechanism of tribofilm generation of metal free
additives, a fundamental understanding of thermal decomposition of ashless antiwear
chemistries and their influence on thermal film formation was derived. The decomposed P- and
S- containing products of ZDDP reacted with the metal surface and their own metal cations
forming thermal films. In case of metal free dithiophosphates, sulfur species initially formed on
the surface very fast, and then, phosphate species formed and diffused into the thermal film. It
was one of the reasons why DDP-2 had better antiwear protection. While, DDP-1 with low
thermal stability suffered from the oxidation and hydrolysis of thermal film and oil, which was
related with poor wear performance. The amine phosphate showed the cross-link of phosphates
and the oxidation of thermal film (iron nitrate or nitrite), resulting in its stick-slip behavior and big
wear volume. The distinction of wear performance of different chemistries could be interpreted
by these different mechanisms of formation of thermal films.

Thirdly we examined how ashless fluorinated compounds may influence the formation
and the characteristics of tribofilms and in proxy the wear properties. While the general form of
the tribofilms were essentially the same with and without the presence of PTFE, an important
distinction was the presence of a layer of PTFE on the surface of the tribofilm that prevented its

oxidation of the tribofilm and yielded better wear performance.
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CHAPTER 1

INTRODUCTION

The science of tribology has been part of human civilization since prehistoric times.
However, the research into tribology as a field of science began in earnest in the 7" century
with the development of axles and bearings. [1] Even though the scientific study of tribology has
a long history, tribology is still in an imperfect science due to limitations in surface analytical
techniques and major differences in experimental methods. [2] Recent rapid progresses in
advanced analytical characterization tools and techniques over the last couple of decades have
provided tribologists with many opportunities to develop a better understanding of tribology.
[3.4]

Tribology, which deals with science of friction, wear, and lubrication, is concerned with
interacting surfaces moving relative to each other. [5] Tribology is a multi-discipline field
including mechanical engineering, materials science and engineering, chemical engineering,
physics, chemistry among others. [6] In addition, tribology is a field of science which provides
solutions to problems of great economic significance such as reliability, maintenance, and wear
of technical equipment ranging from household appliances to spacecraft. [2]

The recent development of high performance machines has put significant demands
on the development of lubricants and coatings to prevent catastrophic wear and reduce friction.
[5] The internal combustion engine is no exception. The rapid development new technologies
like fuel injection, electronic engine management, multi-valve engines, variable valve timing,
and catalyst conversion have resulted in higher operating speeds, higher temperatures and
severe mechanical stresses. [7] The appropriate choice of lubricants can mitigate the problems

generated from harsher operating conditions in internal combustion engine by reducing the



extent of wear and friction increasing the durability of engine. In addition, stringent legislative
regulations by the Environmental Protection Agency (EPA) for increasing fuel economy and
reducing exhaust emissions have provided the stimulus for a number of studies aimed at
improving the performance and properties of the lubricants in automobile engines. [8] Since
catalytic converters became a part of exhaust systems in the 1970s, many studies have been
aimed at developing formulations of engine oil to reduce the harmful tailpipe emission by
reducing the amount of phosphorous and sulfur that tend to contribute towards the degradation
of the life and performance of the catalytic converter. [9,10]

Today's GF-4 specification developed by ILSAC (International Lubricant
Standardization and Approval Committee) in 2004 addresses some of the compositional
limitations of oil: sulfur less than 0.5 weight % and phosphorus from 0.06 wt% min. to 0.08 wt%
max.. [11] Recently, ILSAC GF-5 specification targeted for model year 2011 vehicles are
expected to improve passenger car performance from the sparkplug to the tailpipe. [12] New
lubricants must provide improvements relative to ILSAC GF-4 balancing three different
categories; fuel economy and fuel economy retention, engine oil robustness, and protection of
emission control systems. [13] Figure 1.1 shows representative performance requirements of
engine lubricants. In particular, lubricant and additive industries are focusing on engine oll
robustness and emission system durability. In addition as shown in figure 1.1, piston cleanliness,
engine sludge protection and turbocharger protection are important aspects of engine
performance that require optimization of engine oil formulation. This involves the judicious
development and use of various additives because detergents and dispersants which are used
to clean engine parts and prevent sludge buildup may have negative impacts on fuel economy
by competing for metal surface with friction modifiers.[14] In case of emission system durability
closely connected to the lifetime of catalytic converter, phosphorus retention in engine area and
not in the emission system is emphasized even if the amount of elemental phosphorous has not

been reduced from GF-4 level (0.06 wt% min ~ 0.08 wt% max). [14] It is desired to keep



phosphorus off the catalytic converter to reduce emission and to keep it in the engine to protect

against wear. Therefore, new upgrades and technologies of antiwear additives and other

lubrication additives suitable for this regulation are required.

GF-4 =—> GF-5 (Proposed)

Emission System Durability e (GF -4
(Improved performance)

Seal Compatibility ——GF-5 (ILSAC Proposal)
(Mew to ILSAC)

Wear Protection
(No change in performance)

Ciidative Thickening
(No change in performance) |

‘ Fuel Economy
| (Improved performance)

| E®5 Rust Protection

. J
Turbocharger Protection 'f?‘ (New performance for FFV)
/

(Improved performa nce) \-\

' E85 Emulsion Retention
(New perfarmance for FFY)

Engine Sludge Protection
(Improved performance)

SW-XX Volatility
(Mo change in performance)

Figure 1.1 GF-5 Performance Requirements. GF-5 is an Upcoming Passenger Car Engine Oil
Specification. [14]

1.1 Motivation for This Research

Zinc dialkyl dithiophosphates (ZDDP) have been widely used as an antiwear additive
in engine oils since 1944 when the original ZDDP patents were filed. [15] ZDDP is outstanding
at forming chemical reaction films at high temperatures and physisorbed films at lower
temperatures on the surfaces. [16] ZDDP is also an economical antiwear additive compared to
other additives. [17] However, in spite of these prominent merits, ZDDP has some drawbacks.
The demerits of ZDDP are problems with toxicity, waste disposal, filter clogging, pollution, and
deposition on the lubricated surfaces. [16] In particular, the antiwear additives with metal

elements like Zn in ZDDP are susceptible to hydrolysis. Therefore, the contamination of the
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engine oil with water can lead to the breakdown of the bond that holds zinc oxide. This reaction
results in clogging filters, catalysts, and traps, depositing all ash forming elements on the
surface of substrates, and degrading performance. [18] As a consequence, the pressure drop
across the trap or the catalyst converter is increased and the harmful emissions aren't
converted into the harmless products. This requires more frequent maintenance or replacement
in order to keep high levels of effectiveness and durability in the various exhaust gas treatment
systems. [19] The use of environmentally friendly ashless additives without any heavy metal
elements is desirable because of the environmental and toxicological considerations.
Development of metal-free additives is part of the new trend in engine oils these days.
Therefore, the mechanism study of ashless antiwear additives in comparison to ZDDP becomes

essential.

1.2 Objectives of This Research

Many researchers around the world have been actively involved in studying the
antiwear behavior of ZDDP containing oils to understand the mechanism of tribofilm formation
which has yet to be completed. Barnes [20], Spikes [21], and Nicholls and Kasrai [15] provided
insight into the overall picture of ZDDP by their comprehensive reviews. Recently, advanced
analytical characterization tools and techniques provide opportunities to elucidate the
complicated chemistry of lubrication and the chemical nature of tribofilms generated from
various lubricants. Many studies [22-26] have explained the mechanism of tribofilm formation
and the chemical properties of tribofilms generated from ZDDP by using X-ray absorption near
edge spectroscopy (XANES). Mourhatch and Aswath [27] and Pereira et al. [28] studied the
mechanical properties of tribofilm of ZDDP by nano indentation. Martin [29] and Kasrai et al.
[24,30] invaluably found that the film has a bilayer structure with different chain length of
phosphates. Mourhatch and Aswath [27] have recently provided valuable phenomenological

model of tribofilm formed from ZDDP. In addition, Zhang et al. [4] and Najman et al. [31] studied



the mechanisms and the chemical and mechanical properties of tribofilm formed from ashless
antiwear additives comparing with ZDDP. In spite of the wealth of information concerning the
reaction behavior of ZDDP during wear, many questions about the mechanism of ZDDP still
remain unresolved. The chemical mechanism of formation of the tribofilm, the reacting species
for the tribofilm, tribofilm kinetics, etc. are still in the controversy. [21] Moreover, in case of
ashless antiwear additives, many more questions about their tribological performance remain
unanswered. The influence of hydrocarbon and functional groups on the tribological properties
and the relationship among other additive species in addition to above same issues related to
ZDDP are waiting to be solved. Therefore, the main goal of this research is to develop a
fundamental understanding of how ashless compounds protect the tribological surfaces in
comparison to ZDDP. In order to better understand the antiwear mechanisms of antiwear
ashless additives, this study has been divided into three parts.

In the first part of this research, the relationship among ashless thiophosphates,
amine phosphate, and triphenyl phosphorothionate chemistries and their wear properties under
extreme pressure have been studied. The main intent in this section is to examine if the
absence of cationic species in the antiwear additive has any influence on the formation of
tribofilm. Normally, zinc cation of ZDDP has an important role to form an amorphous glass film
consisting of phosphates and sulfides and to make tribofilms cross-link. [15,21] In this study, we
will examine how metal-free antiwear additives form tribofilms on the surface of substrates, in
particular under the extreme pressure. In addition, the role of sulfur in the chemistries and the
influence of the chain length of alcohols on the formation of tribofilm will be examined. (in
Chapter 3 and 4)

In the second part of this research, in order to better understand the comprehensive
mechanism of tribofilm formation from metal free additives, fundamental issues related to
thermal decomposition of ashless antiwear chemistries and their influence on thermal film

formation will be studied. Jones and Coy [32] and H. Spikes [21] have suggested that the



tribofilm formation of ZDDP started from the thermal degradation of ZDDP. Fuller, Kasrai, and
Bancroft [23] studied the thermal film formed from ZDDP by X-ray absorption spectroscopy.
However, there is no study to explain the mechanism of formation of tribofilm generated from
ashless antiwear additives with thermal degradation process. Thus, correlations between
thermal film formation and antiwear tribofilm formation will be investigated in this section. (in
Chapter 5 and 6)

The third section of study examines how ashless fluorinated compounds influence the
formation and the characteristics of tribofilms and in proxy, the wear properties. Only a few
studies, Palios et al. [33] and Rico et al. [34], have studied the effectiveness of PTFE powder as
an antiwear additive in oil applications. However, nobody has so far proposed a clear
mechanism of antiwear performance. In this study, the role of functionalized
polytetrafluoroethylene (PTFE) as an ashless fluorinated compounds in wear protection and
tribofilm formation will be investigated. The relationship between functionalized PTFE and
ashless thiophosphates will also be examined and compared with the case of ZDDP. (in

Chapter 7)

1.3 Structure of This Research

This dissertation consists of eight chapters. An outline and summary of each chapter
are exposed here.

Chapter 1, introduction: This chapter introduces the motivation and objectives behind this whole
research. It also provides the readers with brief concepts about tribology and the
necessity of studying and improving the properties of antiwear additives and other
lubrication additives.

Chapter 2, background: This chapter provides a detailed background on boundary lubrication,
engine lubrication and antiwear additives, and the structure, chemistry and antiwear

mechanism of ZDDP and other ashless additives. In addition, the tribological testing



methods and the characterization tools and principles are reviewed.

Chapter 3 compares the properties of tribofilms formed with ashless dithiophosphate and zinc
dialkyl dithiophosphate under extreme pressure conditions. Both tribofilms of ash (or zinc)
and ashless dialkyl dithiophosphates are comparatively analyzed using SEM, FIB,
XANES, TEM, and nano mechanical tests.

Chapter 4 discusses TEM studies of wear debris generated from six ashless antiwear additives.
First of all, tribological results tested with six ashless additives are analyzed, and then
each wear debris generated during the tribological testing is tested under the
conventional TEM in order to study the mechanism of formation of tribofiim and the
creation of wear particles.

Chapter 5 examines the chemistry of thermal films formed from ashless dithiophosphate
antiwear additives using XANES. Thermal films produced through thermal decomposition
are studied in order to better understand the comprehensive mechanism of tribofilm
generation. The nature of each thermal film in each different chemical group is identified
using XANES analysis techniques.

Chapter 6 studies the chemistry of thermal films formed from ashless amine phosphate antiwear
additives using XANES. The growth kinetics and chemical structure and information of
thermal films are provided by XANES spectroscopy and SEM to help understand the film
formation of metal and sulfur free additives.

Chapter 7 focuses on the role of functionalized PTFE in wear protection and tribofilm formation
accompanied with ZDDP, Fluorinated ZDDP, and ashless dialkyl dithiophosphate (DDP).
The tribological results for wear performance and the XANES analysis for chemical
information of their tribofilms are presented and discussed.

Chapter 8: conclusions: This chapter concludes on the dissertation.



CHAPTER 2
BACKGROUND

2.1 Boundary Lubrication

A lubrication system is made up of moving surfaces under load with a lubricant in
between. [35] The interposed lubricant film can be a solid like graphite, MoS,, a solid-liquid
dispersion, a liquid, a liquid-liquid dispersion (greases) or under some special circumstances a
gas. Lubricants have four major functions such as friction and wear reduction, heat removal,
suspension of contaminants, and protection of oxidation and corrosion. [36] Lubrication is
attained by utilizing the physical and chemical properties of the lubricating fluid. Physical
properties such as density, viscosity, heat capacity, thermal conductivity, and the temperature—
pressure—viscosity relationships determine the ability of the lubricant to operate under
hydrodynamic or elastohydrodynamic lubrication. Chemical properties such as solvency,
dispersancy, detergency, antiwear, anticorrosion, frictional properties, and antioxidant capacity
are crucial to successful boundary lubrication. Some properties are controlled by the chemical
composition of the base oils, and some properties are controlled by chemical additives designed
for that purpose. [35]

There are three types of lubrication regimes in the lubrication area depending on
different variables like load, amount of lubricant, surface roughness etc. In the early part of the
20" century, Stribeck presented the relationship between the friction coefficient (f) and viscosity
of the lubricating oil (n), load (Fy), and velocity (V) using the Stribeck curve shown in figure 2.1.
This curve succinctly explains the characteristics of different lubrication regions, including
hydrodynamic lubrication, elastohydrodynamic lubrication and mixed lubrication, and boundary

lubrication. [5]



In hydrodynamic lubrication like zone (C) in figure 2.1, the fluid completely isolates the
friction surfaces [h >> R, where h is the fluid film thickness and R is the surface roughness], and
internal fluid mechanics alone determines tribological characteristics. In elastohydrodynamic
lubrication [h = R] (zone (B)), fluid viscosity, the viscosity-pressure coefficient and the elastic
coefficient of the solid surface are the most dominant factors. In contrast, the boundary
lubrication mode [h — 0 and h<R] in zone (A) is mainly characterized only by interactions in the
contact between friction surfaces and the lubricant (including additives) instead of

hydrodynamic effects of lubricating oil or rheological characteristics of bulk. [5]

i
i
1
W @ ©
Boundary | Elastohydrodynamic Hydrodynamic
lubrication |lubrication and mixed!  lubrication
|
i
1
I
1
I

ubrication

i : Surface roughness

2 Oil film thickness
h>>R

Figure 2.1 Stribeck Curve and Lubrication Regimes [5]
Boundary lubrication is defined as the lubrication regime where the average oil film
thickness (h) is less than the composite surface roughness (R) and the surface asperities come

into contact with each other under relative motion as shown in figure 2.2. [37,38] Under



boundary lubrication, asperities from one surface collide with the asperities of the other sliding
surface. These collisions produce localized elastic and plastic deformations and sometimes
fracture depending on the load and the material properties. These collisions accompany very
high but short-lived local temperature excursions and create active abraded surfaces with very
high surface energy. [2] Both flash temperatures and nascent surfaces can induce direct
chemical reactions between the surface and the lubricants. Thus, the properties of lubricants

and lubricant additives have critical influences upon the regime of boundary lubrication.

Area of contact between microasperitiss <4 |

Lubricating ol

Figure 2.2 Friction Surface Contact Model [5]

2.2 Lubricants and Lubricant Additives

Lubricants play an important role in reducing the wear and friction and can potentially
increase the efficiency and life of automobile engines. Additives are used to supplement the
limitations of lubricants and to enhance the performance of base oils. [6] The bases oils as main
lubricants must be viscous enough to maintain a lubricant film under operating conditions but
should be as fluid as possible to remove heat and to avoid power loss due to viscous drag. It
should also be stable under thermal and oxidative stresses, have low volatility and possess
some ability to control friction and wear by itself. The ability to dissolve chemical additives but to

be inert toward metal surfaces, rubber seals and gaskets are all very important characteristics.
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[35] The common lubricants are base oils which are mineral oils derived from petroleum stock.
In addition, synthetic oils artificially developed in order to provide superior oxidative properties
are gradually replacing mineral base stocks. [2] Lubricant additives are added to oils in a small
amount to improve the lubricating capacity and durability of the oil. Each lubricant additive has
its own primary purpose. Table 2.1 shows each additive’'s role for the overall mechanism of

lubrication in oils with common examples.

Table 2.1 Lubricant Additives and Their Tasks and Examples [2,22,39]

Lubricant Additive

Main Task

Examples

Antioxidants

Preventing peroxides and stabilizing
radicals (enhancing oxidation stability
of oil)

Alkylated Diphenol Amine,
Hindered Phenol

Antiwear Additives

Preventing wear in mild condition

Zinc Dialkyl Dithiophosphate
(ZDDP), Tricresylphosphate
(TCP)

Extreme Pressure
Additives

Preventing wear in severe condition

Dibenzyldisulphide, Sulfurized
Derivatives, Molybdenum
Disulphide

Adsorption or

. L Sulphurized Fatty Acid
Boupdary Preventing slip-stick phenomena Derivatives, Phosphonic Acids
Additives

Detergents Protecting oils against sludge Calcium Sulfonate

formation

Dispersants

Dispersing particles

Polyisobutylene (PIB)
Succinimide

Corrosion and
Rust Inhibitors

Preventing corrosion or rust of engine
surface and bearings

Barium Sulfonates,
Calcium Phenates

Viscosity Index
Improvers

Reducing difference in viscosities at
different temperatures

Olefin Co-polymers,
Polymethacrylates

Friction Modifiers

Performing lower friction behavior on
surfaces

Organomolybdenum,
Molybdenum Dithiocarbonates

Foam Inhibitors

Retarding the formation of foam in oil

Hydrogen and silicon
compounds

Pour Point
Depressants

Preventing the generation of wax
crystals at low temperatures

Polymethacrylates
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Antiwear properties are among the most important characteristics of lubricants. Wear
can occur by reasons such as metal to metal contact, corrosion, and abrasion by solids and
third bodies. Antiwear additives are designed to reduce wear when the sliding surfaces are
exposed to low or moderate pressures, while extreme pressure additives work in a more severe
pressure environment. [22] Tonck et al. have categorized two different types of antiwear
behaviors depending on the chemical nature of the antiwear additives. [40] First antiwear action
is the tribochemical reaction leading to formation of tribofilms by chemical reaction processes
involving an active participation of both the contact surface material(s) and environmental
factors (atmosphere, water etc) and their chemical interaction with the antiwear additive. In this
case depending on the type of the additives, two types of mechanisms are observed [40]:

a. Additives chemically react with the surface directly, e.g. sulfur and chlorine chemical

compounds, fatty acids, fluorinated compounds.

b. Antiwear action by the additives occurs through thermal and/or oxidative degradation

process of the additive e.g. metal dithiophosphates (ZDDP or MoDDP) and phosphorus

containing organic compounds.
Second category is about polymeric and non-sacrificial films. In this case, contact surfaces do
not chemically participate in the formation of the antiwear film, although they may catalyze the
process. This process also involves formation of high molecular weight compounds through
polymerization process with complex esters, solid lubricant additive like oil soluble molybdenum
compounds, borate additives, double bond containing molecules, polytetrafluoroethylenes
(PTFEs), etc.

There are several different types of antiwear additives that are currently used in oil
formulations. Usually phosphorus additives like zinc diakyl dithiophosphate (ZDDP), ashless
dialkyl dithiophosphate, and other phosphate esters are used as antiwear additives. Of all
antiwear additives, zinc dialkyl dithiophosphate has so far been the most commonly used in the

engine oil due to its excellent antiwear and anti-oxidant properties while ashless dialkyl
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dithiophosphates, phosphates esters, and amine phosphates have recently been used as
possible replacements to ZDDPs. Like ZDDP, these phosphorus additives function by
chemisorptions to the operating surface. [2] As one of friction reducers, PTFE oil additives with
particle size below 20 micron size in suspensions in a liquid carrier are used in commercial
engine lubricants for examples, Slick 50, Lubrilon, etc. The PTFE invented by DuPont provides
the lowest friction coefficient of all solid compounds (lower than 0.2). Because static friction
coefficient and dynamic one are nearly identical, it doesn’t have stick-slip effect on the surface.

[41] This property makes PTFEs the most suitable solid lubricant in engine application.

2.3 Lubrication Mechanisms

In this section, some mechanisms accepted commonly for the decomposition of
antiwear additives and the film formation mechanisms proposed by some researchers will be
reviewed. With large amount of research efforts, there are a number of decomposition
mechanism studies and tribological film formations related to zinc dialkyl dithiophosphates
(ZDDPs) while very few studies have been conducted on ashless antiwear additives. Thus, the
decomposition mechanisms and the film formation mechanisms of ZDDPs will mainly be
introduced here and then the previous studies related to tribofilms generated from antiwear
additives will briefly be presented in the end of section.

2.3.1. Decomposition Mechanisms of Antiwear Additives

Even though many studies have tried to resolve the decomposition mechanism of
antiwear additives, especially ZDDP, none of them are comprehensive due to the complex
chemistry of the additive and variants that exist together with multiple test methodologies and
characterization techniques in use. [21,32,42,43] Different mechanisms have been proposed for
the same end products identified by different authors. Thermal degradation, surface adsorption,
oxidation by hydro peroxide, radical reactions, hydrolysis, and chemical reaction with FeO and

oxygen in the air, or a combination of the above are some examples of the proposed
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mechanism. [15] All proposed mechanisms have reached one important conclusion that
decomposed products of antiwear additives are glassy and insoluble products which consist
mainly of phosphates with some amount of sulfides, even if they are produced by different
decomposition processes. This study is based on the thermal degradation mechanism of ZDDP.
Hence, the thermal decomposition mechanism is reviewed here.

2.3.1.1 Thermal Degradation of ZDDP

ZDDPs are degraded at high temperatures by thermal or thermo-oxidative process
resulting in zinc phosphates, alkyl sulfides, mercaptans, hydrogen sulfide, and olefins. [32] The
mechanism of thermal decomposition of ZDDP was examined in 1981 by Coy and Jones with
using NMR spectroscopy and later summarized by Spikes in his comprehensive review. [21] In
order to elucidate the thermal decomposition process of ZDDP, the chemical structure of neutral

ZDDP is presented in figure 2.3.

\/\/\/
/\/\/\

R =17 2% 3% alkyl or aryl group

Figure 2.3 Chemical Structure of Neutral Zinc Dialkyl Dithiophosphate (ZDDP) [15]

The exchange of alkyl groups between S and O in ZDDP molecules is the initial
reaction. A key chemical feature of organo thiophosphates is that they become strong alkylating
agents which are reacting with a nucleophile Nu- of the form in equation 2.1. Autocatalytic
realkylation occasionally occurs after this reaction like equation 2.2. Mercaptides are
appropriate nucleophiles.

/RO S o,-,8
Nu

o PN

RO OR RO  OR

Equation 2.1 Nucleophilic Attack [21,32]
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Equation 2.2 Realkylation [21,32]
Sometimes, thiophosphates alkylate themselves without any other nucleophiles.
Dithiophosphates, (RO),PSS- are also strong alkylating agents and they cause the O/S
exchange leading to dithionylphosphate, (RS),POO- in equation 2.3. In this alkylation reaction,

alkyl groups can be easily exchanged between different molecules at high temperature.

RO_ S RS O

b
P —
&

RO S RS O

J’-U\E

Equation 2.3 O/S Exchange [21,32]
As shown in equation 2.4, RS groups in thionyl or dithionyl phosphates are easily removed by

attack of a phosphoryl group from neighboring molecule to form a polyphosphate.

9]
O, OR 0O-0 T
P — T — Y P-OF + RS
RO SR RO *SR, OR Jn

Equation 2.4 Formation of Polyphosphate [21,32]
Also, the dithiophosphate generated from self-alkylation reaction polymerize to form the
polythiophosphate, which result from nucleophilic attacks from other dithionylphosphates and
phosphonium species (RS-) like equation 2.5 and 2.6. Then, sulfur elements are eliminated by

hydrolysis or the formation of an ultraphosphate network glass.

0
0 0 0
=" ~_ .o |- -
HS—F -0 + D—IT' SR ™= Oo—p -D—F|=—D + SR
cSH SR SR SR

Equation 2.5 Formation of Polythiophosphate-1 [21,32]
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Equation 2.6 Formation of Polythiophosphate-2 [21,32]
All reactions start from the fact that the sulfur in thiophosphryl prefer to bond to tetrahedral
carbon and sub-group metals, while oxygen likes to react with protons and phosphorus. Thus,
these reactions replace P-S, P=S and C-O bonds by C-S, P-O, and P=0O bonds. Finally, the
decomposition products from the degradation of ZDDP in oil solution consist of polyphosphates
and a mixture of alkyl sulfides. [21,32]
2.3.2. Film Formation Mechanisms of Antiwear Additives
Some insights on the film formation mechanisms are deduced from chemical reaction
of degradation products from ZDDPs. Spedding and Wakins in their studies showed that the
hydrolytic decompositions products of ZDDP are chemically absorbed on the metal surface
while ZDDP itself isn’t. In addition, they found that these decomposed products act as the
precursors of antiwear action of ZDDP by interacting with metal surface. These precursors
become fusible glassy compounds including phosphate, sulfide, and iron oxide as a ternary
eutectic to give the antiwear performance. [43,44]
Willermet et al. [42] have proposed the most detailed mechanism for film formation of
ZDDP. Their suggestion is a four-step process such as follows:
1. Adsorption of ZDDP on metallic surfaces.
2. Reaction of ZDDP with the metallic surface to form species of phosphates and

phosphothionic moieties bound to the metal surface.

3. Formation of phosphate film precursors from antioxidant reactions of ZDDP.
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4. Condensation of the phosphates/phosphothionates species occur and are then
terminated by zinc-containing compounds or other metal ions in solution (such as
from detergents).

The authors conclude that phosphates are formed through oxidative decomposition process.
Yin et al. [24,45] modified Willermet's mechanism slightly and proposed a new three-
step thermo-oxidative process mechanism using XANES analysis.

1. ZDDP is physisorbed on steel.

2. Thermal-oxidative process with oxygen or organic peroxides (from the oxidation of
hydrocarbon base oil) results in the decomposition of ZDDP producing zinc
metaphosphate (a long chain polyphosphate), Zn(POs),, and small amounts of zinc
sulfides.

3a. The formation of pyrophosphates (FeZnP,0-).

3b. The formation of orthophosphates (Fe,Zn(POy),).

If the temperature is high or if there is a lack of metal ions in solution, step 2 at fast reaction rate,
which involves the formation of metaphosphates, governs. However, if the reaction is slow
owing to low reaction temperatures or an abundance of iron and zinc cations, then step 3a and
3b are proceeding to form pyrophosphates or orthophosphates. The authors suggested that
long chain polyphosphates form first and then with extended rubbing short chain
polyphosphates form by interacting with the metal cations while Willermet et al. [42] suggested
that short chain polyphosphate form first and then long chain polyphosphate is next by
polymerization.

Suominen-Fuller et al. [23] slightly modified the three step film formation mechanism
of Yin to a five step mechanism for the decomposition of ZDDP and the formation of a
polyphosphate film on steel by using XANES spectroscopy. The authors proposed the presence
of intermediate phosphate isomers, named as a linkage-isomer (LI), in solution.

1. ZDDP is adsorbed onto the metal surface.
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2. ZDDP (in solution) is converted to phosphate intermediate termed Linkage Isomer (in
solution).
3. LI (in solution) is adsorbed to the metal surface.
4. Thermal-oxidation of adsorbed LI and ZDDP occurs by either O, or ROOH to form
long-chain polyphosphates Zn(POs),.
5. With continued rubbing, in the presence of water from the base oil, hydrolysis of
polyphosphates occurs, creating short-chain polyphosphates.
The authors also proposed that if step 3 occurs rapidly in the absence of ZDDP oil-soluble
decomposition products, then colloidal and short chain polyphosphates dominantly form and
deposit on the surface.

All the mechanisms presented above have important similarities although there are
some significant differences. First, in all approaches ZDDP is in solution and any of its
decomposition products chemically or physically adsorbs to the metal surface covered with
oxide layers. Second is that thermal oxidative process happens to degrade antiwear additives
like ZDDP. Third, final products, that is, tribological films are composed of phosphates and
sulfur compounds. [46] To sum up, even if there are various mechanisms and theories
proposed about antiwear reaction of antiwear additives, the fruitful agreements of film formation
of antiwear additives have helped develop the understanding of how antiwear additives work.
2.3.3. Review of Previous Studies for Tribofilms

There have been many studies devoted to examining the nature of tribofilms formation
from antiwear additives on steel substrates. [3,15,20,21,27,28,47,48] A number of studies on
the composition and the chemical structure of tribofilm generated from antiwear additives are
available. [4,22-24,45,47,49-53] This section reviews some of the previous studies on tribofilm
formation.

Normally, tribofilms form at much lower temperatures than thermal films. Even at room

temperature, tribofilms can be formed slowly. Typically the rate of film formation increases with
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increasing temperature. [54] Tribofilms form on the rubbing areas in actual sliding conditions.
[54,55] Tribofilms have similar chemical composition as thermal films, but are mechanically
stronger. [23,30,56] They grow and stabilize to a thickness of about 50~150 nm on steel
surfaces. [54,57] Tribofilms form initially as separate patches on steel surfaces and then
gradually develop to form an almost continuous, but still pad-like structure that are separated by
deep valleys. The pads consist mainly of glassy phosphates, with a thin metal polyphosphate in
outer layer while with metal pyro or orthophosphate in the bulk. [29,45] In the case of tribofilm of
ZDDP, it is revealed that the film has a bi-layer structure with long chain Zn polyphosphates at
the surface and short chain polyphosphates in the bulk area. [4] The outer parts of the pad
formed from ZDDP have mainly Zn cations but there is an increasingly large proportion of Fe
towards the metal surface. [29] Within the pads there is negligible thiophosphate but sulfur is
present as zinc sulfide. [21,30] On the metal surface below these pads there may be a sulfur-

rich layer of zinc or iron sulfide. [58].

2.4 Tribological Wear Tester

A number of tribological testers have been designed and used in lubricant evaluation.
There are many different factors to affect the outcome of a tribological test such as the
characteristics of the testing materials, the type of lubricant, contact geometry, surface
roughness, environment of the test (in air or nitrogen), and mechanical variables (load, speed,
etc.). [27] Thus, designing and planning the tribological test are important in order to obtain
reliable results which are close to real wear and friction data produced from real equipments.
Even though tribological tests in laboratories are hardly realistic and representative of the real
components and condition, laboratory-scale tests are good methods to predict the performance
of various lubricants to a certain extent. [39] As dependable tribological models for evaluation of
lubricity of engine oil, there are a ball-on-cylinder lubricity evaluator (BOCLE), high frequency

reciprocating rig (HFRR), SRV, 4-ball wear tester (ASTM D-2266), etc. Wear testers used in this
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study are ball on cylinder lubricity evaluation (BOCLE) testers based on ASTM method D5001
which is the standard test method for measurement of lubricity of aviation turbine fuels. A lab-

built ball on cylinder testing equipment has been used for this study.

To Air Pump

Friction Force

Pnuematic Jack

) 2l Fixed
Friction Load Cell ° ;I Sliding
(Horizontal) «
Thermocouple ¢ Bl
Steel Ring
) _Rotation
Ll | Ll “Direction

(a) (b)

The loading setup in the BOCLE Friction force measurement

Figure 2.4 Schematic of Lab-made BOCLE. (a) Loading Setup of the BOCLE: The Vertical Load
is Applied Pneumatically from the Top of the Machine. The Vertical Load Cell Measures
the Applied Load. The Fiction Load Cell Measures the Fiction Load. (b) Fiction Load
Measurement: The Fiction Load Cell Measures the Horizontal Force Resisting the
Rotation of the Steel Ring, Which is Applied in the Horizontal Direction on the Scuffing
Ball. [27,39]

2.4.1 UTA-built BOCLE

The unique Ball-on-Cylinder type of tribological testing unit was designed and built In
order to simulate boundary lubrication conditions. The effects of the factors influencing the
performance of the tribofilm such as contact pressure, speed, chemistry and surface roughness
can be studied with this tribo tester. Figure 2.4 shows the schematic of home-built BOCLE. The

BOCLE unit is designed to capture real time data like scuffing load, frictional force (and hence

coefficient of friction) and near contact point temperature. The maximum contact load possible
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in this machine is 36 Kg and is controlled by the pneumatic pump on the top as illustrated in
figure 2.4(a). The coefficient of friction is measured by calculating the ratio of the applied vertical
load obtained from the applied load assembly and the horizontal load of the friction load cell
generated by sliding the ball holder on the steel ring. The temperature of contact point is also
measured by the thermocouple closely located at the scuffing ball. The contact temperature is
correlated with friction events during the wear test to a large extent. The limited amount of oil
(50 ml) used in the test system together with the relatively high scuffing loads used, can
simulate boundary lubrication condition and extreme pressure condition. Table 2.2 explains the
specifications of the lab-made ball-on-cylinder lubricity evaluator.

Table 2.2 Specifications of BOCLE Tester [39]

Parameter UTA Lab-made BOCLE

Timken bearing ring

Ring type / Diameter 50 mm

Ball type / Diameter Tungsten carbide (grade 25)

6.35 mm
Applied loads range / 60~280 N
mechanism Pneumatic

Coefficient of friction

Measured variables
Temperature

Rotating speed 700 rpm

2.5 XANES (X-ray Absorption Near-Edge Structure) Spectroscopy

2.5.1 Introduction of XANES

X-ray absorption spectroscopy (XAS) is a current representative non-destructive
analysis technique. Because its experimental setup simply requires a monochromatically
tunable light source and an electron energy analyzer and it can probe the local geometric and
electronic structure of selected matter, X-ray absorption spectroscopy (XAS) is widely used

nowadays. [53] The experiment is usually performed at synchrotron radiation sources, which
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provide intense and tunable X-ray beams. Samples can be in the gas-phase, solution, or
condensed matter like solids. [59]

X-ray absorption spectroscopy broadly consists of two distinguished regions as
describes in figure 2.5. The absorption edge is not simply a discontinuous increase in
absorption. It has important structures both in the neighborhood of the edge jump and well
above the edge. [60] The adjacent structure within about 50~100 eV of the edge is referred to
as X-ray absorption near-edge structure spectroscopy (XANES). The oscillated regions for
about 1000 eV or more above the edge are called as extended X-ray absorption fine structure
(EXAFS). Although the distinction between XANES and EXAFS is ambiguous and they have
same physical principles, the XANES and EXAFS regions are usually analyzed differently. The
XANES is sensitive to oxidation state and geometry, but is not analyzed quantitatively, while the
EXAFS is sensitive to the radial distribution of electron density around the absorbing atom and

is used for quantitative determination of bond length and coordination number. [60]

XANES EXAFS

Y

Absorption

-

Energy (e V)

Figure 2.5 Schematic lllustration of an X-ray Absorption Spectrum, Showing the Structured
Absorption of Both the XANES and the EXAFS. [60]

2.5.2 Principle of XANES
When the x-rays bombard a target, the oscillating electric field of the electromagnetic

radiation interacts with the electrons bound in an atom. Either the radiation will be scattered by
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these electrons or absorbed and excite the electrons like figure 2.6. [61] The XANES principle is
based on the determination of the x-ray absorption coefficient (u) depending on the photon
energy (hu) at a fixed angle of illumination (6). As the optical excitation of a core level electron
requires the binding energy Eg as minimum photon energy, the transgression of this energy
coincides with an increased absorption coefficient. [62] This leads to the formation of absorption
edge. A narrow parallel monochromatic x-ray beam of intensity (lIy) passing through a sample of
thickness (x) in figure 2.6 gets a transmitted x-ray intensity (I)) and a fluorescence x-ray intensity

(If). The relationship is given by the following expression.

Iy It
In—=pJdxx and — o M
I Ip
Equation 2.7 Relationship for the Linear Absorption Coefficient p
Where u is the linear absorption coefficient of sample, which depends on the types of atoms
and the density p of material and x is the samples thickness. This equation directly measures

the probability of exciting a core level electron.

X
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Incident x-rays Transmitted x-rays
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Figure 2.6 Typical Experimental Apparatus for XAS Measurements. Incident and Transmitted
Intensities are Measured Using an lon Chamber. A Variety of Detectors can be Used
to Measure X-ray Fluorescence Intensity for Samples. [61]

As depicted in figure 2.7, a photon with sufficient energy enables the photoexcitation of a core

level electron (K,L, or M shell) beyond the continuum (vacuum level, Ey). The atom is left in an
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excited state with an empty electronic level (a core hole). The electron ejected from the atom is

called the photo-electron.

Continuum

photo-electron ‘

Energy

%
N
—e K |

Figure 2.7 The Photoelectric Effect, in which an X-ray is Absorbed and a Core-Level Electron is
Promoted out of the Atom. [63]
Then, the excited core-hole will relax back to a ground state of the atom. A higher level core
electron drops into the core hole, and fluorescent x-ray and Auger electron (or secondary
electron) are emitted such as figure 2.8. If an x-ray with energy is equal to the difference of the
core-levels like figure 2.8(a), this is called as x-ray fluorescence. Augur and secondary electron
emission occur when an electron is promoted to the continuum from another core-level as
shown in figure 2.8(b). [63] X-ray fluorescence and auger emission occur at discrete energies
that are characteristic of the absorbing atom and can be used to identify the absorbing atom.
The auger and secondary electron emissions provide a total electron yield mode (TEY mode)
which detects all electrons emitted as a result of photo absorption. In a fluorescence yield mode

(FLY or FY mode), the fluorescence radiation is detected. [59]
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Figure 2.8 Decay of the Excited State: X-ray Fluorescence (a) and the Auger Effect (b). In Both
Cases, the Probability of Emission (X-ray or Electron) is Directly Proportional to the
Absorption Probability. [63]

2.5.3 Data Acquisition of XANES

The XANES experiments were run at two different beam lines in two different
synchrotron facilities depending on the energy range. For phosphorus (P) and sulfur (S) K-edge
spectra of higher energy range, The Canadian double crystal monochromator (DCM) beamline
at the Synchrotron Radiation Center (SRC) at the University of Wisconsin—Madison in

Stoughton, Wisconsin was used. The DCM beamline covers the range of 1500 to 4000 eV with

0.3 eV for P and S scan step of resolution. The beam spot size is 2 mm by 2 mm (horizontal by

vertical). [64] In case of P and S L-edge spectra of lower energy range, the variable line spacing

plane grating monochromator (VLS-PGM) beamline at the Canadian Light Source (CLS) facility
in Saskatoon, Saskachewan, Canada was run. Its energy range is between 5.5 and 250 eV with

0.1 eV scan step of resolution at both P and S peaks. The PGM beam spot size is 500 um by

500 ym. Zinc (Zn) L-edge, iron (Fe) L-edge, oxygen (O) K-edge, and fluorine (F) K-edge were

tested at the high resolution spherical grating monochromator (SGM) beamline in the CLS
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facility. It covers the energy range between 250 to 2000 eV with 0.1 eV scan step in 1000 um by
100 um spot size. [65]

As already explained in the previous section, there are two detection modes that have
different sampling depths. The total electron yield (TEY) mode obtains some information of the
surface layers while the fluorescence yield (FLY) mode gets the data concerned with the bulk of
the matter beyond the outer surface layers. This accessibility of two separated modes with layer
difference provides huge benefits to study chain length, chemical composition, and structural
environment variation of tribofilms according to the depth. [39] In K-edge spectra, the maximum
depth of the TEY is about 50 nm, while the FLY mode has about 300~500 nm depth. The L-
edge with lower energy maximally probes about 5~7 nm in the TEY mode and about 50 nm in
FLY mode. [66]

2.5.4 Previous Studies of XANES

Chemical analyses of the tribofilms formed by ZDDP have progressed since 1990s
using X-ray absorption near-edge spectroscopy (XANES). [21] XANES has two main
advantages. First, it can provide quite clear discrimination between atoms of the same elements
having only very slight differences in their electronic and thus chemical environment. Another is
that it has different modes of operation that enable both very thin surface layers to be analyzed
separately on the same specimen. On the other hands, its disadvantage is that spectra have to
be interpreted by comparison with reference chemicals and it is not quantitative. [21] XANES
works has provided the critical information about tribological films formed by functional
lubrication oil formulations. Kasrai et al. [67] provided the chain length information of phosphate
antiwear films using XANES. XANES spectroscopy was used to measure the thickness of
antiwear films from ZDDP. [3,57] Also, XANES technique provided the chemical nature of P and
S in the antiwear films. [4,23,24,30,57,67] With this technique, it was found that the pads in the
antiwear film consist of a thin surface film, rich in quite long chain polyphosphate on top of

shorter chain poly- or orthophosphate glass material. [24,25,30,56,66] Moreover, thermal films
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have similar composition to tribofilms formed on rubbed surfaces from XANES spectroscopy.
[23,30,68] Recently, tribofilms generated from ashless antiwear additives have been compared
with ZDDP and with one another. [4,31,47,49-52] Najman et al. [31,47,50] found that ashless
thiophosphates formed short chain iron phosphates and iron sulfides on the rubbed surface by
XANES spectroscopy.

2.6 Nano Mechanical Properties of Tribofilms

The Hysitron Tribolndenter, a high-resolution nano-mechanical testing instrument, is
an ideal technique to study mechanical properties of the tribofilms and the thermal films whose
mechanical properties are still unknown. There are three types of nano-mechanical tests, i.e.
nano-indentation, nano-scratch, and scanning nano-wear tests. Recently mechanical properties
of tribofilms generated from ZDDP like hardness and reduced modulus have been studied using
nano indentation mode as a valuable tool. [58,69,70] However, most of these studies have
remained limited to the nano-indentation. The scanning nano wear and nano scratch tests
performed on the tribofilms and the thermal films are somehow a new technique to analyze the
mechanical properties of films. Some of the mechanical properties like adhesion and integrity of
tribofilms or thermal films can be induced from nano scratch test. The result of nano wear test
provides the resistance of tribofilms against shear forces and the structural continuity of the
tribofilm. Nano-mechanical test were performed both at the University of Texas at Arlington on a
Hysitron Ubi 1 nano-mechanical testing system and also at Hysitron corporation’s nano-
mechanics research laboratory in Minneapolis, MN.

2.6.1 Principle of Nano-Indentation Test

In nano indentation, a nano-size of hard tip whose mechanical properties are known
like diamond is pressed into a sample whose properties are unknown. [71] As normal force is
applied to an indenter tip, the tip penetration into the sample is increased according to the
material of sample. During the indentation process, the depth of penetration and the applied

load are recorded, and then the area of the indent is determined using the known geometry of
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the indentation tip. The load-displacement curve is calculated and plotted on a graph with these
data. These curves are used to obtain mechanical properties of the tribological films such as the

hardness and the reduced modulus.
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Figure 2.9 Load Function and Load Displacement Curve. (a) Trapezoidal Load Function for
Single Nano Indentation Test; It Consists of Loading, Holding, and Unloading
Segments. (b) Load-Displacement Curve of Nano Indentation. [39]

Figure 2.9(a) shows the trapezoidal load function which is used in this study. The

single indent test with a trapezoidal load function is divided into a 5 second loading segment, a

2 second holding segment at the user-defined load, and a 5 second unloading segment. First
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information that can be obtained from a single trapezoidal nano indentation is the reduced
modulus of the material. Figure 2.9(b) shows the load-displacement curve of the single nano
indent test. The reduced modulus is measured from the slope of the load-displacement curve at
the early stages of unloading segment. This calculation for the reduced modulus is based on the
Oliver-Pharr analysis. [71,72] The slope of the curve (dP / dh) upon unloading is indicative of
the stiffness (S) of the contact. This value generally includes a contribution from both the
material being tested and the response of the test device itself. The stiffness of the contact can

be used to calculate the reduced modulus of elasticity E, as

gL VIS
ELERICS,
Equation 2.8 The Reduced Modulus and the Stiffness of the Contact.
where, A(h.) is the area of the indentation at the contact depth h. (the depth of the residual
indentation), and B is a geometrical constant on the order of unity. The reduced modulus E, is
converted to the elastic modulus E; of tested sample with the following equation:

1 _(1-vp) (1-vd)

E, E; E,

Equation 2.9 The Conversion Equation of the Reduced and the Elastic Modulus.

here, the subscript i indicates a property of the indenter material (here, diamond tip) and v is
Poisson's ratio. The subscript s indicates a property of the sample.

Second mechanical property that can be induced from a nano indentation test is the
hardness of the material. The hardness is related to the maximum load to the indentation area.
Before the nano indentation tests, the Tribolndenter need to be calibrated for compliance and
tip abnormalities, using the regular method of measuring a succession of indents into a silica
sample at different penetration depths to calculate the tip area function. [73] This tip area
function is used to calculate the hardness of material. The equation of the hardness is like

below:
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Equation 2.10 The Hardness of Material.

H=

Where P IS the maximum load to the indentation area, and A, is the area obtained from the
tip area function as the indenter depth.
2.6.2 Previous Studies of Nano Indentation

Nanoindentation, couples with topographical imaging, is a powerful method of
differentiating components of heterogeneous materials on the basis of their local mechanical
properties. [74] The physical properties of hardness and stiffness of ZDDP films, which are likely
to determine the film’s mechanical survival as well as the stresses experienced by the substrate,
have been estimated by nano-indentation techniques. [21,28,48,70,75-77] Komvopoulos et al.
[70] found the phosphate tribofilm exhibited an average hardness of 6.0 GPa and reduced
elastic modulus of 122.7 GPa compared to 12.5 GPa and 217. GPa of the steel substrate,
respectively. This reflects an inherent ability of the tribofiims to plastically deform, thereby
protecting the substrate from sliding wear. Nicholls et al. [75] also reported that a large antiwear
pad had a reduced modulus of about 80.5 GPa. This allowed for the correlation between the
elastic response of the film and the polyphosphate chain length to be made. Some studies
measured a ZDDP thermal film to have an indentation modulus of 35 GPa and a hardness of
1.5 GPa [78] and a ZDDP tribofilm to have an indentation modulus of 90 GPa and a hardness of
3.5 GPa [58]. Pereira et al. [28] studied the temperature dependent mechanical modulus of
antiwear films formed by ZDDP additives on 52100 steel. They found that below 150 <C, the
indentation modulus is relatively constant at about 100 GPa and at 200 C, a significant
decrease in modulus to about 70 GPa is observed with having enough stiff to prevent asperity
contact and provide antiwear behavior. [28] Recently, Mourhatch and Aswath [39,76] found the
tribofilms formed from ZDDP consist of two different layers, a harder top layer covering a softer
and thicker layer underneath using nano indentation techniques. They showed the tribological

nature of tribofilms of ZDDP for protecting the sliding surface. [76]
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CHAPTER 3

PROPERTIES OF TRIBOFILMS FORMED WITH ASHLESS DITHIOPHOSPHATE AND ZINC
DIALKYL DITHIOPHOSPHATE UNDER EXTREME PRESSURE CONDITIONS

Tribological and nanoscale properties of tribofims from ashless dialkyl
dithiophosphates (DDPs) were compared with zinc dialkyl dithiophosphates (ZDDPs) in this
study. The tribosurfaces generated from these chemistries were examined using scanning
electron microscopy and energy dispersive spectroscopy. The wear debris harvested from the
wear tests was examined in a transmission electron microscope in bright field mode with
selected area diffraction to examine the crystallinity and nature of the debris particles.
Thickness of the tribofilms was measured using the focused ion beam cross-section microscopy
indicating that the tribofilms formed by ashless dithiophosphates are significantly thicker than
those formed by ZDDP. Nano-mechanical properties of the tribofilms including hardness and
reduced modulus, scratch and nano-wear performance of the ashless dithiophosphate were
compared to the secondary ZDDP. The overall results indicate that the wear performance of the
ashless DDP is comparable or better than when ZDDP is used. The analytical techniques
indicate that the tribofilms formed with ashless DDPs are thicker than those formed from ZDDP;
however, the hardness and modulus of the tribofilm are lower in the case of ashless DDPs.
XANES analysis indicate that in both tribofilms, phosphates are present as short chain
phosphates. Ashless DDPs yield iron phosphates while ZDDP yielded a mix of iron and zinc
phosphates. Both tribofilms have greater proportion of phosphates compared to sulfur species.
The sulfur near the surface is mostly in the form of sulfates while the material in the interior is a

mixture of sulfates and sulfides.
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3.1 Introduction

Several additives in engine oils are necessary to improve the efficiency of engines by
reducing friction and wear as well as by protecting the oil from oxidation. [17,20,21,79] As both
an antiwear and an antioxidant additive, zinc dialkyl dithiophosphate (ZDDP) has been used in
engine oil for several decades. [15,21] However, in spite of its outstanding properties, ZDDP is
the primary source of P, S and heavy metal Zn in the exhaust. [16,80-82] Moreover, the zinc in
ZDDP can easily hydrolyze and deposit as activated Zn complex on surfaces of parts within the
engine. [18,19,80,83] More frequent maintenance and replacement of oil are needed to retain
power and performance of the engine. Development of metal-free additives is part of a new
trend in engine oils in Europe, Japan, and North America [16,19,80,81,83-92] Ashless
phosphorus-containing antiwear additives have been found to be particularly effective at
reducing friction and inhibiting wear. [90] Phosphates, phosphites, thiophosphates, metal
phosphates, and amine phosphates are common examples of phosphorus additives that are
used in the lubricant industry as additives. [91].

Camenzind et al. [18] demonstrated that an ashless dialkyl dithiophosphate can have
superior antiwear and antioxidation performance under extreme pressure conditions (four-ball
test) and exhibit improved compatibility and stability under hydrolysis condition. Ribeaud [19]
found that oils made with zinc-free antiwear additives tend to have a lower friction than those
containing ZDDP using a mini traction machine. On the other hand Zhang et al. [3] compared
wear behavior of ashless dialkyl dithiophosphate with ZDDP. They found ZDDPs have better
wear protection compared with ashless dithiophosphates and a combination of ZDDP and
ashless dithiophosphate can provide very good wear protection. Najman et al. [51] also
determined that ZDDP provides better wear protection than ashless thiophosphates when used
without other types of additives present in the base oil. Another study [31] compared dialkyl
dithiophosphates with another ashless additive, triaryl monothiophosphate. They found the

tribofilm of ashless dialkyl dithiophosphates to be comprised of a thick film with pad-like
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structures that are wide in area and micro-chemically heterogeneous, with areas of varying
polyphosphate chain length. [31] While significant inroads have been made in the development
of ashless antiwear additives, a comprehensive comparison of their behavior in comparison to
ZDDP is still required.

In this study the tribological behavior of an ashless DDP was compared to ZDDP
under extreme pressure and boundary lubrication conditions. In order to get a better
understanding on the role played by the tribofilms formed on the surface with wear behavior, the
tribosurfaces were examined using scanning electron microscopy and energy dispersive
spectroscopy. Wear debris harvested from the wear tests was examined by transmission
electron microscope in bright field mode with selected area diffraction to examine the
crystallinity of the wear debris. Thickness of the tribofilms was measured using the focused ion
beam cross-section microscopy. Nano-mechanical properties including hardness and reduced
modulus, scratch and nano-wear performance of the tribofilms formed from the ashless
dithiophosphate were compared to the secondary ZDDP. The chemical structure of tribofilms

was also investigated using X-ray near edge absorption structure (XANES) spectroscopy.

3.2 Experimental Details

3.2.1. Materials and Tribological Test

A secondary ZDDP (7.2 wt % P) consisting of both basic and neutral forms of ZDDP
and an ashless dialkyl dithiophosphate (9.3 wt % P) were used in this study, the structure of the
two compounds is shown in figure 3.1. Two blends were formulated with each antiwear additive,
one with a nominal composition of 0.1 wt % P and the other with a composition of 0.05 wt % P
in 100 neutral base oil without any other additives present.

An in-house-made ball on cylinder lubricity evaluator (BOCLE) was used to conduct
the boundary lubrication tests for all formulations. Test protocols of the BOCLE are detailed in

an earlier study. [27,76] Tungsten carbide balls of 0.25 in. (6.25 mm) diameter of Rockwell C
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hardness of 78 (HRC) were used as the scuffing tribological component. Timken hardened steel
bearing rings of 50 mm outside diameter with 62 HRC Rockwell hardness were used as the
rotating cylinder. In order to nullify the possible effects of residual machining lubricants and
contamination, both components (ring and ball) were cleaned, brushed and ultrasonically
cleaned using acetone and hexane. In order to simulate a boundary lubrication regime, only 50
pl of oil solution was applied along the line of contact by the scuffing ball on the outer
circumferential surface of the ring using a surgical syringe. The surface roughness (Ra) of
substrate was fixed to the relatively tight range of 0.2-0.4 um in order to control the effect of
surface finish. To study the effect of test duration, wear tests were run for 5000, 15,000, and
25,000 cycles for both formulations (ZDDP and DDP in base oil) at a rotating speed of 700rpm
(109.96 m/min). The effect of contact load on extent of wear was also investigated by
conducting tribological tests at contact loads of 20, 22, 24, and 26 kg loads. A profilometer
(Mahr M1 Perthometer) was used to measure the profile of the wear track at 60- intervals
around the ring. The average of 18 measurements from three wear tests for each tribological

condition was used to determine the average and standard deviation of wear volume.
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Figure 3.1 Chemical Structures of (a) the Neutral ZDDP and (b) the Ashless DDP.



3.2.2. Analysis of Tribofilm

The surface morphologies of the wear track on the ring were examined in secondary
electron mode using a scanning electron microscope (SEM, JEOL-JSM-IC845A) and chemical
composition of tribofilms were investigated by energy dispersive X-ray Spectroscopy (EDS, 20
keV and 25 cm working distance). Thickness of tribofilms was measured by cross-sectioning the
tribofilm using a focused ion beam microscope (FIB, Zeiss Leo FIB 1540XB). Samples for the
SEM and FIB test were prepared by cutting a small portion of tested rings using a diamond
blade with base oil as lubricant to prevent contamination of the surface. Once cut, the samples
were ultrasonically cleaned with a mixture of hexane and acetone to remove any base oil that
may have remained on to the surface.

A Nano-indenter (Hysitron TriboscopeTM) was used to probe the nanoscale
mechanical properties (e.g. hardness and reduced elastic modulus) of the tribofilms formed on
the wear track generated on the surface of the rings during wear tests. Nano-indentation tests
were run using a NorthStar cube corner diamond probe with a tip radius of less than 40 nm. For
nano-scratch tests and nano-scanning-wear tests, the probe (tip) used was a 90- conical probe
with a 2 ym tip radius. Normal force and normal displacement were measured during nano-
indentation tests. Lateral force and displacement was measured in addition to normal force and
displacement in scratch and scanning nano-wear tests. Nanoindentation tests were conducted
to measure the hardness and the reduced elastic modulus of tribofiims as a function of
thickness of these films. Nano-scratch and scanning nano-wear tests were primarily used to
investigate the mechanical integrity of tribofilms, their adhesion and their layer structure. The
Triboindenter was also used in Scanning Probe Microscopy (SPM) mode to obtain
topographical information from the generated wear area at the end of scanning nano-wear tests.

The chemical structure, chemical composition and the bonding environment of certain
atoms (e.g. P and S) present in the tribofilms, were probed by the X-ray Absorption Near Edge

Structure (XANES) Spectroscopy. XANES phosphorus and sulfur K-edge spectra were obtained
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on the double crystal monochromator (DCM) beam line in the Synchrotron Radiation Center
(SRC) at the University of Wisconsin, Madison. Its analysis range is between 1500 eV and 4000
eV. Phosphorus and sulfur L-edge spectra were gained on the variable line spacing plane
grating monochromator (VLS PGM) beam line at the Canadian Light Source (CLS), Saskatoon,
Canada with an analysis range from 5.5 eV to 250 eV. Both fluorescence yield (FY) mode and
total electron yield (TEY) mode were used to probe the chemical structure in the bulk and
surface regions of the film, respectively. Spectra from tribofilm samples were compared with
those obtained from model compounds for accurate analysis.

The characterization of wear debris generated during wear tests was carried out using
a Transmission Electron Microscope (JEOL TEM-ASID 1200EX). The wear debris generated
throughout the wear tests, originate from tribosurfaces normally covered by tribofilms, therefore
TEM characterization of this debris can provide an insight in crystallinity and morphology of the
tribofilms. Wear debris were collected after a 5000 cycle test in order to study wear events in
early stages of tribofilm formation. Spent oil with the wear particles was collected using a plastic
film and transferred to an ultra thin carbon film supported on a copper grid. The residual oil was
then washed off using acetone and hexane, conveniently leaving the wear debris trapped on the

carbon film for probing by TEM.
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Figure 3.2 Comparison of Tribological Data for Wear Tests with ZDDP and Ashless DDP at a
Phosphorous Level of 0.1 wt %. (a) Coefficient of Friction as a Function of Number of
Cycles and (b) Wear Volume at the End of the Test. Tests were Conducted under
Boundary Lubrication with a 1/4 Inch Ball of WC on a 52100 Steel Cylinder. Contact
Load is 24 kg for Duration of 15,000 Cycles.
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3.3 Results and Discussion

3.3.1. Tribological Wear Data

Figure 3.2 is the coefficient of friction versus test duration and the measured wear
volume from ZDDP and ashless DDP, tested on the BOCLE. The wear tests were run under 24
kg scuffing load (3.56 GPa Hertzian contact load) for 15,000 cycles. The reported wear volume
is the average value measured from three tests with six measurements in each test. In each
case the tribofilm is formed at around 2500 cycles beyond which, the presence of tribofilms
results in steady and relatively unchanging values of coefficient of friction. Friction events at the
beginning of wear tests were observed to be smoother in the case of Ashless DDP while, for
ZDDP, fluctuations in the friction are more pronounced and severe in initial stages of the test
(Figure 3.2). The high shearing forces present as well as rising contact point temperature during
the early stages of wear tests result in decomposition of antiwear additives and the formation of
tribofilms on the steel substrates. The tribofilm reduces the fluctuation in coefficient of friction as
surface asperities are covered by smoother tribofilms minimizing severe asperity interactions
between the tribosurfaces and preventing/reducing the amount of wear in the process. Smaller
increase of coefficient of friction in the case of DDP indicates that ashless DDP can break down
under far less severe shearing and thermal conditions than ZDDP to form tribofilms. In terms of
wear performance, the wear volume of ashless DDP is smaller than that of ZDDP. These
differences in wear volume result from the fact that initial friction fluctuations are far less severe
in the case of DDP than ZDDP.

The effect of applied scuffing load in wear tests on the amount of wear was also
investigated as shown in figure 3.3. Test duration in all these tests was set at 25,000 cycles
instead of 15,000 cycles for better differentiation. The wear volumes for both of the additives
follow a similar pattern. However, it can be seen that under similar conditions, in all cases,
ashless DDP generates smaller wear volume than ZDDP confirming the observations shown in

figure 3.2. For lower loads (3.35 GPa and 3.46 GPa), the wear performance is close for the two
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chemistries at both concentrations, however, under higher test loads (3.56 GPa and 3.66 GPa),
solutions with the higher concentration of both ZDDP and DDP continue to provide wear
protection while at the lower concentrations, the measured wear volumes significantly increase
when concentration of the antiwear additive is reduced suggesting insufficient amount of

antiwear additive.
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Figure 3.3 Effect of Concentration of Phosphorous, Load, and Nature of Antiwear Agent on
Wear Volume. All Tests were Conducted for Duration of 25,000 Cycles. (a) ZDDP and
(b) Ashless DDP.

3.3.2. Tribofilm Characterization Using Secondary Electron Microscopy and Energy Dispersive
Spectroscopy

Figure 3.4(a) and (b) is the secondary electron image of the tribofilm surface and
energy dispersive X-ray spectrum from a region within the wear track. In both images, the
tribofilms are relatively uniform, with just a few scratches where the film has been removed by
interaction with wear debris. The scratches are caused by the sliding of wear debris generated
during the test, resulting in some trenching.

The energy dispersive spectroscopy analysis was conducted in spot mode from the
center region of the tribofilm. In previous studies, Zhang et al. [4] found the tribofilm of ZDDP at
low loads had mostly Zn cations rather than Fe with XANES analysis. Kasrai and co-workers
have also drawn similar conclusions. [3,4,15,57] However, in this study, very little Zn was found
by energy dispersive spectroscopy. On the other hand, strong Fe peaks were observed in both

cases where the origin of the Fe peak may be a combination from both the tribofilm and the
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substrate. In this case an accelerating voltage of 20 kV was used to energize the electrons in
the SEM. The interaction depth from which characteristic X-rays are produced is a strong

function of atomic number of the elements in the volume.
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Figure 3.4 Scanning Electron Microscope (SEM) Image of Wear Track and Energy Dispersive
Spectroscopy (EDS) Using X-rays of Wear Track from (a) ZDDP and (b) Ashless DDP.
Both Tests were Conducted at a load of 24 kg for Duration of 15,000 Cycles.

The tribofilms are complex entities of Fe, O, P and S as well as Zn in the case of ZDDP, while a

single valued interaction volume is difficult to estimate, it is reasonable to expect that the depth

from which characteristic X-rays are produced in this case is in the range of 500nm or larger. In

case of ZDDP, similar amounts of P and S are observed in the tribofilm and the dominant peak
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is from the Fe substrate indicating that the tribofilms are relatively thin. On the contrary, ashless
DDP has stronger phosphorus peak than sulfur peak. In addition, the intensities of oxygen and
carbon from DDP are higher than ones from ZDDP. This indicates that the thickness of the
tribofilm formed in the case of DDP is much larger than the one formed from ZDDP as much
more of the EDS signal is coming from the tribofilm and less from the substrates. In addition, the
tribofilm from DDP appears to consist of phosphates as opposed to sulfides/sulfates due to the

large difference in peak intensities of the P and S in the tribofilm.

(a) W lawT

Figure 3.5 Focused lon Beam (FIB) Cross-Section of the Tribofilm Formed at the End of the
Test Conducted at a Load of 24 kg for 15,000 Cycles: (a) ZDDP Tribofilm and (b)
Ashless DDP Tribofilm.

3.3.3 Comparison of FIB (Focused lon Beam) Image
A gallium ion beam was used to sputter a rectangular trench 8 ym by 10 ym in area

on the wear track. A secondary electron image was taken of the trench at an angle of 54

relative to the surface to determine the thickness of the tribofilm. The tribofilm surface is

extremely smooth and uniform as shown in figure 3.5(a) and (b). The tribofilm formed with DDP
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is approximately 400nm thick while the tribofilm from ZDDP is approximately 100nm thick. The
larger thickness measured directly using FIB complements the EDS data that also suggests
thicker tribofilm formed with DDP. The 100 nm thick tribofilm formed with ZDDP is consistent
with observations in several studies using spacer measurements in the mini traction machine
[54,93,94], Auger depth profiling [29,95], X-ray absorption spectroscopy [57] and nano-
indentation [27,96]. This indicates that when ashless DDP is used at extreme pressures, thick
protective tribofilms are formed, which may be responsible for the improved wear performance.
3.3.4 XANES (X-ray Absorption Near Edge Structure Spectroscopy) Analysis of Tribofilms

ZDDP and DDP mixtures in base oil were tested under boundary conditions for 5000
and 15,000 cycles at a load of 24 kg. All XANES spectra were acquired in two modes, the total
electron yield (TEY) mode for chemical information of surface or near surface regions and the
fluorescence yield (FLY) mode for chemical property of bulk of tribofilm. The sampling depths
for tribofilms in the TEY of phosphorus and sulfur are around 5 nm at the L-edge and around
50nm at the K-edge while the sampling depths of the FLY mode are about 50nm at the L-edge
and about 400nm at the K-edge. [57]

3.3.4.1 Phosphorus L edge XANES Spectral Analysis

The FLY spectra and the TEY spectra of tribofilms generated from ZDDP and ashless
DDP at the end of 5000 and 15,000 cycles together with model compounds, FEPQ,, Znz(PO,),,
and Fe4(P,0); are shown in figure 3.6(a) and (b). In previous studies [97-99], the phosphate
chain length of tribofilms was determined from P Ledge XANES spectra. The ratio of the
intensity of first pre-edge to the white line indicates the phosphate chain length: if the pre-edge
intensity is much smaller than main peak it indicates a short chain polyphosphate, on the other
hand larger pre-edge peaks suggest a long chain polyphosphate [31,97,100]. All pre-edge
peaks in our tribofilms show little or no pre-edge. It is concluded that tribofilms tested in this
study consist of short chain polyphosphates and/or mono phosphates. In model compounds of

figure 3.6(a) and (b), two differences are observed, the position of all peaks and the width of

41



iron phosphate and iron pyrophosphate. Iron phosphates have a slightly higher energy states
than zinc phosphates (white line peaks for iron pyrophosphate, Fe,(P,0O;); is at 139.3 eV, iron
phosphate, FePO, is at 139 eV and Zn3(PO,), is at 138.7 eV). A short chain polyphosphate, iron
pyrophosphate (Fe4(P,0-)s3), has relatively wider white line than an iron phosphate (FePO,).
Comparing the characteristics of model compounds with two tribofiims from ZDDP and DDP at
5000 cycles, it is clear that the tribofilm formed from DDP lies close to an iron phosphate while
the tribofilm from ZDDP matches Zn3(PQO,),. On the other hand at the end of 15,000 cycles both
tribofilms have phosphorous in the form of iron pyrophosphate. This result is quite different from
other previous studies [30,31,75,97,100,101] where at lower contact loads it has been shown
that the primary phosphates formed are long chain polyphosphates of Zn with very little
evidence of iron phosphates of any kind. In this study, by virtue of the high Hertzian contact load
in the BOCLE tester, Fe atoms react with the decomposition products of ZDDP or DDP resulting

in the formation of short chain iron pyrophosphates and iron phosphates.
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Figure 3.6 XANES Spectra at the P L-edge of the Tribofilms Formed from ZDDP and Ashless
DDP. The Spectra of the Model Compounds of Fe and Zn Phosphates are
Superimposed: (a) Total Electron Yield and (b) Fluorescence Yield.
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Figure 3.7 XANES Spectra at the P K-edge of the Tribofilms Formed from ZDDP and Ashless
DDP. The Spectra of the Model Compounds of Fe and Zn Phosphates are
Superimposed: (a) Total Electron Yield and (b) Fluorescence Yield.

3.3.4.2 Phosphorus K edge XANES Spectral Analysis
The single intense (white) peak is shown in each sample and in the standards in figure

3.7(a) and (b). This white line in P K-edge is obtained by the transitions of the core phosphorous

1s electrons to unoccupied p-like valence states. There are two differences between the two

model compounds, zinc phosphate and iron phosphate. First, the location of main peak of iron

phosphate is a slight higher energy than the one for zinc phosphate (FePO, peak is at 2151.6

eV while the Zn3(PO,), peak is at 2150 eV). The K-edge spectra also indicate that at 5000

cycles the phosphates formed from DDP are iron phosphates while the ones formed from ZDDP

are closer to zinc phosphates. At 15,000 cycles the outcome is also similar to the L-edge
spectra and it suggests that both the tribofilms are primarily composed of Fe phosphates.

Second, iron phosphate has a small pre-edge peak that is more noticeable in the FLY spectrum.

In both tribofilms in FLY mode at 15,000 cycles, the pre-edge peak of iron phosphate is not

clearly elucidated; however, in TEY mode the DDP peak has a clear pre-edge while it is not that

clear in the case of ZDDP tribofilm. However, all white lines in FLY and TEY modes are close to

the position of the intense peak for iron phosphates. This is clear evidence that iron phosphates
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are dominantly formed in the tribological test of longer duration. This result is also contrary to
earlier studies [28,30,97,100-102] that have shown that the primary constituents of tribofilms are
polyphosphates of Zn. The tribological conditions here are more severe with much larger
Hertzian contact loads and are responsible for the incorporation of Fe into the tribofilm and the
formation of short chain Fe polyphosphates. It is also evident at the earlier stages of the
tribological test, the phosphates formed when ZDDP is used are closer to zinc phosphates while

at later times iron phosphates dominate.
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Figure 3.8 XANES Spectra at the S L-edge of the Tribofilms Formed from ZDDP and Ashless
DDP. The Spectra of the Model Compounds of Fe and Zn Sulfates and Sulfides are
Superimposed: (a) Total Electron Yield and (b) Fluorescence Yield.

3.3.4.3 Sulfur L edge XANES Spectral Analysis
The sulfur L-edge spectra recorded in FLY and TEY mode are shown in figure 3.8(a)
and (b). Six different model compounds are compared with tribofilms generated from ZDDP and
ashless DDP. There are two categories in model compounds; sulfide series like ZnS, FeS, and

FeS2 and sulfate series such as ZnSO,4, FeSO,, and Fe,(SO,)s. All sulfates and sulfides have

unique features to distinguish them from one another except FeSO, and Fe,(SO,)s. Model

compounds, iron sulfide (FeS) and iron sulfate (FeSO, or Fe,(SO,)s) have two main peaks, but
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iron sulfide has a sharp peak at lower energy that is missing in the sulfates. Zinc sulfate has
three small peaks at first main peak.

Once the sulfur peaks of tribofilms are carefully analyzed both tribofilms have sulfates
and sulfides. The peak at 162.2 eV in the ZDDP tribofilm most likely corresponds to the ZnS
peak and to a lesser extent the FeS peak. The small peak at 165.6 eV corresponds to ZnS.
However, the peak at 171.6 eV does not belong to ZnS, it likely belongs to a combination of
FeS and ZnSO,/FeS0O,. The final peak at 179.8 eV is closer in location to FeS than the sulfate
peak; however, we cannot rule out an overlap of the two peaks. This complex mix of peaks
suggests that the sulfur is present as a mixture of sulfides and sulfates of both Zn and Fe. This
result is different from the previous researches [28,103,104] where all sulfurs exist in the status
of zinc or iron sulfide. On the other hand when DDP is used there is no Zn in the tribofilm and
near the surface (TEY) there is a mixture of FeS and Fe sulfates while deeper down (FLY) it
appears that the sulfates dominate. However, the noisy nature of the sulfur L-edge spectra in
the DDP tribofilm indicates that very little sulfur is present and based on the P L-edge spectrum
there is much more phosphorous present.

3.3.4.4 Sulfur K edge XANES Spectral Analysis

Figure 3.9(a) and (b) is the sulfur K-edge spectra in TEY and FLY mode of the model
compounds and tribofilms from ZDDP and DDP. In these plots the K-edge spectra of all sulfates
in model compounds are identical while peaks of sulfide compounds are differentiated. The
sulfur signals of both tribofilms in FLY mode are weaker than ones in TEY mode. This indicates
that more sulfur is present near the surface than in the bulk of tribofilm. In addition, tribofilms of
both ZDDP and DDP, throughout the thickness, are comprised of a mixture of sulfide and
sulfate. In the TEY mode, clear sulfate peaks are observed because plenty of oxygen is
available in the surface region and sulfur exists in its oxidized form as sulfate, but in addition
there is clear evidence for the presence of sulfides as well. In case of DDP, the metal cation is

Fe. The sulfur compounds formed are iron sulfide and iron sulfate while in the ZDDP tribofilms
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in addition to ZnSQ,, FeS and ZnS are also present. It is also evident that the amount of these
sulfur compounds in the bulk of the tribofilm is limited as the relative intensities of the S peaks

are smaller than the phosphorous peaks at the K-edge.
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Figure 3.9 XANES Spectra at the S K-edge of the Tribofilms Formed from ZDDP and Ashless
DDP. The Spectra of the Model Compounds of Fe and Zn Sulfates and Sulfides are
Superimposed: (a) Total Electron Yield and (b) Fluorescence Yield.

3.3.5 Transmission Electron Microscopy of Wear Debris from Tribological Tests
The wear debris formed at the early stages of the tribological tests are nothing but the

tribofilms that has been sheared off and may include some of the oxide by-products that are

formed by the oxidation of the substrate and/or the tribofilm. Hence, analysis of the debris
provides important insights into the chemistry of the tribofilm [27,96,99,105]. Wear debris were
collected after a 5000-cycle test in order to study the initial process of tribofilm formation and
placed on a polymer film and repeatedly washed with hexane and acetone to remove any oil
residue. A 120 keV transmission electron microscope (TEM) was used to characterize the wear
debris. Figure 3.10 and 3.11 show bright field images of low magnification (20,000x) and high

magnification (200,000x), and X-ray diffraction patterns for wear debris from the tribological

tests with ZDDP and ashless DDP. Both ZDDP and ashless DDP have well defined amorphous

46



glass film at the low magnification image, figure 3.10(a) and 3.11(a). In the high magnification
pictures, figure 3.10(b) and 3.11(b), nanoscale particles as well as glass film are also observed.
By analysis of diffraction pattern, comparing d spacings in figure 3.10(c) and 3.11(c) with ones
of model compounds as shown in Table 1, these small particles are identified as crystalline
particles of iron oxides. The crystallinity of particles harvested in the wear debris from ZDDP
was identified as Fez0,4 in a previous study [27]. Fe;O, (magnetite) has an inverse spinel
structure with oxygen atoms in the cubic close packed sites and trivalent Fe occupying the
tetrahedral sites and a mixture of trivalent and divalent Fe occupying the octahedral sites of the
close packed cubic oxygen lattice [106]. However, the diffraction pattern from wear debris from
ashless DDP is more complex than the ones from ZDDP. Several iron oxides, FeO, Fe,03, and
Fe;04, were observed as described in Table 1 when DDP was used. Fe,O3; (Hematite) has the
corundum structure (Al,O3) with approximately hexagonal close packed array of oxygen atoms
with the Fe*" ions occupying two thirds of the octahedral sites between the oxygen atoms [107].
Ferrous oxide or FeO exhibits the rock salt structure where the iron atoms are octahedrally
coordinated by oxygen atoms and vice versa.

@) o)
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Figure 3.10 Bright Field Transmission Electron Microscopy (TEM) of the Wear Debris Harvested
at the Ends of a Wear Test Conducted with ZDDP at a Load of 24 kg for Duration of
5000 Cycles: (a) 20,000x Magnification Bright Field Image, (b) 200,000x Magnification
Bright Field Image, and (c) Selected Area Diffraction Pattern of Wear Debris.
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Figure 3.11 Bright Field Transmission Electron Microscopy (TEM) of the Wear Debris Harvested
at the Ends of a Wear Test Conducted with Ashless DDP at a Load of 24 kg for
Duration of 5000 Cycles: (a) 20,000x Magnification Bright Field Image, (b) 200,000x
Magnification Bright Field Image, and (c) Selected Area Diffraction Pattern of Wear
Debris.

Table 3.1. The Calculated dy Spacings for the Ring Patterns Observed in Figure 3.10(c) and
3.11(c) Compared to Observed Values for Three Types of Iron Oxide.

d Spacing (A)

Observed Values
Fes0, Fe,O3 FeO
ZDDP Ashless DDP

d(A) I(f) d(A) I(f) d (A) I(f) Fe 304 Fe;0, Fe,03 FeO
2.967 30 3.684 30 1525 | 100 2.9689 2.9670 1.5246
2,532 | 100 | 2.700 | 100 | 1.512 | 100 2.7000
2.099 20 2.519 70 1.301 20 2.0821 2.0993
1.715 10 2.207 20 1.294 60 1.7146 2.2070
1.616 30 1.841 40 1.291 60 1.8406
1.485 40 1.694 45 1.250 20 1.4845 1.6941
1.328 4 1.599 10 1.237 60 1.2366
1.281 10 1.486 30 1.074 60 1.4859 1.0738
1.266 4 1.454 30 0.992 20 1.4538
1.122 4 1.312 10 0.987 20
1.093 12 1.260 8 0.982 60 1.0930
0.970 6 1.141 7 0.967 | 100 1.1411
0.939 4 1.104 7 0.957 | 100 1.1035
0.880 6 1.056 7
0.812 6 0.961 5




3.3.6 Mechanism of Formation of Oxide Nanoparticles in the Wear Debris

Oxide nanoparticles with a typical size of 20nm are dispersed within otherwise
amorphous wear debris. The wear debris is nothing but pieces of the tribofilm that have been
sheared off. The origin of the nanoparticles could be from a couple of sources: (i) Oxidation of
asperity particles of iron that are subsequently incorporated into the tribofilm. (ii) Intrinsic
oxidation of the constituents of the tribofilm resulting in the nanocrystallites of oxides. The
former mechanism would result in the formation of particles of varying size as there is little
control on the size of the asperities that are oxidized. In addition, it is quite possible that some of
the particles may not be completely oxidized prior to their incorporation into the debris. However,
it is evident from the TEM and SAD analysis that most of the particles are approximately 20nm
in diameter and none of them have any metallic Fe incorporated in them. Hence the likely
mechanism for the formation of the nanoparticles is the intrinsic reaction of the Fe and O
present in the wear debris together with available oxygen dissolved in the lubricant and during
contact of debris with air. Formation of these Fe oxides from within an amorphous matrix
involves a complex interplay between the kinetics of oxidation and thermodynamic stability of
the oxides and the interfacial energy between the oxide particles and the amorphous matrix.
Complicating the analysis is the fact that the composition of the matrix (wear debris) is
constantly evolving during the test as more of the antiwear additive is decomposing and being
incorporated into the tribofilm and the wear debris. However, a first principle analysis on the
enthalpy of formation of the various oxides and thermodynamics of the oxidation process will
provide us with some insight on the observed results.

The wear debris of tribofilms from ZDDP primarily contains Fe;O, while the debris
from tribofilms of DDP is largely made up of Fe;O,, but also contain FeO and Fe,Os. Figure
3.12 is a plot of standard enthalpy and free energy of formation of various oxides of Fe as a
function of temperature. From the enthalpy of formation of oxides it is evident that formation of

Fe;0, is the most exothermic with the largest negative enthalpy of formation followed by Fe,O;
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and FeO. In addition, the free energy of formation of Fe;0, is the most negative indicating that it
is the most stable oxide. This would suggest that the most likely oxide to form is Fe30,.
Examining the Ellingham diagram shown in figure 3.13, it is evident that at temperatures below
800K the formation of Fe;O, from FeO is favored. The conversion of FesO, to its higher
oxidation state of Fe,O3 is also not favored under ideal conditions. Even if the activity of oxygen
is taken as 0.2 (in air) and that of FeO is as low as 0.2 the formation of Fe;0, is still favored
over FeO. In the case of ZDDP the formation of FesO, as the only oxide is favored as it is
thermodynamically the most stable oxide possible. On the other hand the wear debris from
tribofilms formed from ashless DDP have a mixture of the three oxides with Fe3O, being the
dominant oxide. The higher Fe content in the tribofilm here may favor the formation of FeO as
an intermediate stage oxide and there is some conversion of Fe;O,4 to Fe,O3. However, even in

this case the dominant oxide is still Fe;O,.
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Figure 3.12 Gibbs Free Energy and Enthalpy of Formation of Different Oxides of Iron as a
Function of Temperature.
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Figure 3.13 Ellingham Diagram for the Formation of Oxides as a Function of Temperature. Also,
the Regions of Stabilities of the Various Different Oxides of Fe. are Shown in the
Diagram.

3.3.7 Nano-Indentation of Tribofilms

Nano-indentation tests were carried out using a Hysitron Triboindenter equipped with a

NorthStar cube corner probe with a tip radius smaller than 40 nm. Tribofilm samples were

generated running wear tests for 15,000 cycles under 24 kg load. Indentations were carried out

using a trapezoidal load function (load as a function of time) with a 5 s linear loading segment, a

2 s holding segment (at the maximum indentation load) and a 5 s linear unloading segment. Ten

indentations were performed on each sample with peak loads ranging from 15 pyN to 1500 uN.

The reduced elastic modulus and hardness of the tribofilm are measured during each

indentation. Figure 3.14(a) and (b) shows the plots of hardness and reduced modulus as a

function of vertical displacement in tribofilms from ZDDP and ashless DDP. In the case of ZDDP,

the hardness decreases from 20 GPa at the surface region (<5 nm) to 8 GPa at the depth of 50

nm. Beyond 50 nm, the hardness remains almost constant close to 8 GPa that is close to the
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hardness of the steel substrate indicating the substrate effect dominating the measured values.
In case of ashless DDP, the hardness values remain at around 5 GPa throughout the tested
thickness. This data is also consistent with the observations made using the FIB where the
thickness of the ashless DDP tribofilms was found to be around 400 nm. Therefore, even up to
300nm of vertical tip displacement into the tribofilm, the measured hardness values are not
affected by the steel sub substrate in the case of tribofilms formed from ashless DDP. A similar
trend is observed when looking at reduced elastic modulus of the two samples. The ZDDP
tribofilm has a reduced elastic modulus of about 230 GPa that decreases rapidly to 125 GPa
with increasing depth from the surface region to the depth of 50nm beyond which the substrate
effect becomes pronounced and the measured reduced elastic modulus increases to that of the
steel substrate, i.e. 200 GPa. The reduced modulus of ashless DDP remains between 100 GPa
and 140 GPa and never reaches the reduced modulus of steel through the tested thickness. All
things considered, the surface of tribofilm of ZDDP is harder but the bulk is more compliant. On
the other hand in the case of ashless DDP, all areas of the tribofilm are smoother and the

hardness and reduced modulus are lower than ZDDP.
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Figure 3.14 Plots of (a) Hardness and (b) Reduced Modulus as a Function of Contact Depth for
Peak Indentation Loads Ranging from 25 uN to 1500 uN for Tribofilms Generated
from ZDDP and Ashless DDP in Mineral Oil.
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Figure 3.15 Scratch Test with Ramp Force of 5000 pN on Tribofilms from ZDDP and Ashless
DDP in Mineral Oil. (a) Lateral Force versus Lateral Displacement; (b) Coefficient of
Friction versus Lateral Displacement, and (c) Vertical Applied Force versus Vertical
Displacement.
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3.3.8 Nano-Scratch of Tribofilms

Nano-scratch tests were performed in order to study the tribofilms’ resistance to
scratch. This is of particular importance as the wear debris composed of oxides and other hard
constituents when trapped between two contacting bodies results in scratch and breakdown of
the tribofilm. The intrinsic resistance of the tribofilm to scratch provides important insights into
the resistance to breakdown of the tribofilm, thickness of the tribofilm and its delamination
characteristics.

The probe used to perform the scratch tests was a 2 ym radius conical tip with 90- tip
angle. The load function used for scratch tests dictated that while the tip moved a lateral
distance of 6 ym at a constant speed, the applied normal force would increase linearly from 0
MN to 5000 pN. In each scratch test, vertical displacement (tip penetration depth) and the lateral
resistance force, i.e. the force resisting the lateral movement of the tip, were measured. Figure
3.15(a) and (b) shows the plots of lateral displacement versus the lateral force and coefficient of
friction which was calculated by the ratio of measured lateral force to applied force. Figure
3.15(c) shows the graph of vertical force as a function of vertical displacement. Here, the
vertical load is controlled and the vertical displacement is the measured response. As the tip
moves laterally, the linear increase in the applied normal force results in a progressively deeper
scratch. During scratch tests, with increasing depth of scratch, resistance against the lateral
movement of the tip, i.e. the measured lateral force, increases due to increased contact area
and pile-up of material in front of the probe. The measured lateral forces in the case of ZDDP
tribofilm are larger than the values measured for ashless DDP tribofilm. Figure 3.15(b) shows
the coefficient of friction as a function of lateral displacement. While the measured value of the
coefficient of friction for ZDDP tribofilm averages around 0.2, for ashless DDP this value hovers
around 0.1 which can be explained by the more compliant nature of the tribofilm generated by
the ashless DDP which is also evident in the relatively smaller values of measured hardness

and reduced elastic modulus as shown in figure 3.14. Both ZDDP and DDP tribofilms have
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higher coefficient of friction at the initial stages of each scratch test, which can be the result of
the surface being harder than the bulk of the tribofilm. For the ZDDP tribofilm, the coefficient of
friction values drop at several points (figure 3.15(b)) while the DDP tribofilm exhibits a smooth
coefficient of friction versus lateral displacement graph. These drop points in the coefficient of
friction graphs can be explained by cracking of the tribofilm and delamination of tribofilms. The
two main drop points in ZDDP tribofilm, both occur at depths close to 100 nm, which is the
observed average thickness of the film in this case (FIB data), and can be attributed to
separation of tribofilm from the substrate under shearing force of the scratch test resulting in
sudden drop in the amount of force required to move the tip in the lateral direction. In case of
the ashless DDP tribofilm, the penetration of the probe into the DDP tribofilm increases
constantly and in a relatively linear fashion. Here, due to presence of a much thicker tribofilm
(>400 nm), the probe remains inside the tribofilm and away from the substrate during the entire
scratch test. Thus, the measured properties of the tribofilm are not affected by delamination of
the tribofilm. The smaller overall lower vertical displacement of the tip in the case of ZDDP

tribofilm is also a result of the presence of a harder and less compliant film.
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Figure 3.16 Three-Dimensional Graphical SPM Images of the Tribofilm Surfaces after Scanning
Wear Tests. The Three-Dimensional Wear Images and the Cross-Sectional Profiles:
(a) of ZDDP and (b) of Ashless DDP.
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3.3.9 Scanning Nano-Wear Tests of Tribofilms

Figure 3.16 shows the 3-dimensional images obtained from an area of each tribofilm
on which, scanning nano-wear tests were performed using the Triboindenter. Scanning nano-
wear tests were run in the SPM (scanning probe microscopy) mode under a constant normal
force of 75 uN on an area of 2 ym by 2 ym. SPM images of the post-wear area (figure 3.16)
were obtained by scanning a larger area, encompassing the worn area with the tip exerting a
nominal force of 1 UN necessary to capture the topographic data of the surface while being
small enough not to damage or wear the surface any further. The depth of the wear scar in both
cases (ZDDP and DDP tribofilms) is around 95 nm. Although the amount of material removed is
the same for both tribofilm samples, but since the DDP tribofilm is about 400nm thick, the
removal of 100nm (depth) of materials still leaves more than 75% of the tribofilm thickness
intact, keeping the substrate from exposure while in the case of ZDDP tribofilm, this amount of
material removal (100 nm) will inevitably result in the exposure of the surface and the loss of
antiwear properties of the film.
3.3.10 Phenomenological Model of Tribofilm Formation

Figure 3.17 shows the phenomenological models of antiwear tribofilms generated
from ZDDP and ashless DDP based on insights obtained from the different characterization
techniques employed in this study. The thickness of ZDDP tribofilm is around 100 nm and the
thickness of DDP tribofilm is around 400 nm based on FIB observations which is also confirmed
by nano-mechanical testing of the two tribofilms. EDX spectroscopy confirms the presence of P,
S, oxygen and carbon in both tribofilm samples. The relative amount of phosphorus to sulfur
was found to be higher in the DDP tribofilm than in the ZDDP tribofilm. The EDS spectra
obtained from DDP tribofilm also displays higher intensity peaks of oxygen and carbon in
comparison to ZDDP tribofilm due to higher amounts of phosphates inside the tribofilm as well
as the possible presence of more organic compounds on the surface. XANES spectroscopy

data obtained from the two tribofilms provides valuable chemical information for developing
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phenomenological models of the tribofilms. The tribofilms generated from both ZDDP and DDP
mostly consist of short chain iron pyrophosphates. Sulfur is present as mostly iron sulfates with
small amount of iron sulfides. The hardness and stiffness data from nano-indentation test
suggest that the tribofilm of ZDDP consists of a 15 nm-thick surface crust consisting of possibly
highly cross-linked polyphosphates with relatively higher hardness and a more compliant bulk
underneath the harder crust. DDP tribofilms on the other hand, are composed of a relatively
uniform and compliant phosphate glass matrix through the thickness of the film. The summary
of the above observations is illustrated in the models of the two tribofilms shown in figure

3.17(a) and (b).

3.4 Conclusion

Ashless DDP had better antiwear performance than ZDDP in the Ball on Cylinder
tester under the extreme pressure conditions used in this study. The morphology, thickness,
mechanical properties, and chemical composition of tribofilms formed from ZDDP and ashless
DDP formed under extreme pressure testing conditions were investigated with various analytical
techniques, i.e. SEM, EDX, FIB, TEM, nano-mechanical testing, and XANES. It was found that
the thickness of the ZDDP tribofilm is about 100nm and it chemically consists of short chain
pyrophosphates and iron sulfates with small amounts of iron and zinc sulfide. The surface
region of this tribofilm is harder and stiffer while the bulk is softer and more compliant. This
structure is the key to antiwear properties of ZDDP tribofilms since the harder crust protects the
film from scratching and material removal while the compliant bulk dissipates the energy of
possible impact on the tribofilm. On the other hand, the ashless DDP forms tribofilms (under the
testing conditions of this study) that are significantly thicker (400 nm) and are similar to ZDDP
tribofilms in chemical structure. The tribofilm of DDP is uniform and compliant (compared to the
steel substrate) through its thickness and thus protects the surface by effectively covering the

substrate.
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Figure 3.17 Phenomenological Model of Tribofilms Constructed Based on SEM, EDS, FIB,
Ashless DDP Tribofilm and (b) ZDDP Tribofilm.



CHAPTER 4

TEM ANALYSIS OF WEAR DEBRIS FROM TRIBOLOGICAL TESTS:
ASHLESS ANTIWEAR COMPOUNDS

Surfaces of catalytic converters are often deactivated by the deposits of P and S as
well as metallic and organometallic deposits. Recent approaches have included developing
formulations lower in phosphorous and sulfur as well as using ashless antiwear agents. In this
study, six different ashless antiwear agents, including an ashless neutral dialkyl dithiophosphate
(DDP-1), an acidic dialkyl dithiophosphate (DDP-2), an alkylated triphenyl phosphorothionate
(A-TPPT), a butylated triphenyl phosphorothionate (B-TPPT), a triphenyl phosphorothionate (H-
TPPT), and an amine phosphate (AP-1) were studied. These antiwear agents all at a nominal
composition of 0.1 wt. % P were diluted in base oil and wear performance was examined using
a ball on cylinder tribometer where a limited quantity of oil (50 ul) was used in boundary layer
and a contact load of 24 Kg was used. Of the chosen antiwear agents the acidic dialkyl
dithiophosphate offers the best wear protection followed by the alkylated triphenyl
phosphorothionate, the butylated triphenyl phosphorothionate, the triphenyl phosphorothionate,
and the amine phosphate. The amine phosphate has the worst wear performance and the
neutral dialkyl dithiophosphate had the shortest time to failure. The wear surface was examined
in a scanning electron microscope (SEM) and wear debris harvested from the wear test was

examined in a transmission electron microscope (TEM).

4.1 Introduction
Lubricants have an important role to reduce the wear and the friction and to increase
the efficiency and the life of automobile engines. Additives are used to supplement the

limitations of lubricants and to enhance the performance of base oils. [6,91] These antiwear
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additives, extreme pressure additives, detergents, antioxidant, dispersants, and viscosity
improvers are examples of lubrication additives. [15] Recently, as the regulation of EPA
(Environmental Protection Agency) has become stricter, the use of environmental friendly
ashless additives without heavy metal element in engine applications becomes trendy.

Recently the wear behavior of ashless antiwear agents as possible replacements to
metal contained antiwear have been examined. Najman et al. [31,47,49] have showed that
diaryl phosphate, triaryl phosphate, amine phosphate, dialkyl dithiophosphate, and triphenyl
phosphorothionate have potentialities for extreme-pressure and antiwear performance. They
have compared their tribological properties and chemical compositions of their tribofilms using
atomic force microscopy (AFM), X-ray absorption near edge structure spectroscopy (XANES),
and X-ray photoelectron emissions microscopy (X-PEEM). Zhang et al. [3,4] compared ZDDP
with an ashless neutral dialkyl dithiophosphate (DDP) about thickness, morphology, and
chemical constitution of their tribofilm. They concluded that antiwear performance of ZDDP is
superior to neutral ashless dialkyl dithiophosphate, but the combination of ZDDP and DDP is
sufficient to provide very good wear protection. Camenzind et al. [18] found that an ashless
acidic dialkyl dithiophosphate has superior antiwear performance with high resistibility of
oxidation and hydrolysis. Heuberger and his companion [108] tested oils containing triphenyl
phosphorothionates substituted with alkyl chains of three different lengths under boundary
condition. They reported the effects of load, temperature, and additive chain length for tribofilm
formation and their reaction mechanisms. Finally, they found alkylated phosphorothionates have
thinner films in comparison with ZDDP because of a lack of counter-ions in the system. [108]

The study of wear debris provide with the clue to understand the mechanism of
formation of tribofilm and the properties of tribofilm because wear debris are portions of reaction
film which are taken out by the frictional movement. Several researchers have studied the
nature of wear debris by transmission electron microscope (TEM) analysis. A prior study using

FeF3 as an additive to catalyze the decomposition of ZDDP in a wear test found evidence of
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Fe203 in the wear debris. [109] Martin also reported in his TEM study that tribofiims are
composed of very thin flake shape amorphous glasses and mixture of iron and iron oxide,
especially Fe203. [110,111] Recently Mourhatch and Aswath [27] found the crystallines in the
tribofilm and the wear debris are close to Fe304. However, any researches haven't yet reached
clear conclusion so far.

In this study, the mechanism of antiwear behavior under boundary lubrication
conditions was studied using six different ashless antiwear agents. Boundary lubrication tests
with a limited amount of lubricant were conducted to evaluate the antiwear performance. The
tribological surface was examined using scanning electron microscopy. The wear debris from
the boundary lubrication tests was examined in a transmission electron microscope to

characterize the nature of the tribofilms forms.

4.2 Experimental Details

4.2.1 Materials

Six different ashless antiwear chemistries were studied under boundary lubrication
conditions. We separate six samples into three different categories. A neutral ashless dialkyl
dithiophosphate (DDP-1) and an acidic ashless dialkyl dithiophosphate (DDP-2) are included in
ashless dialkyl dithiophosphate group. An amine phosphates (AP-1) is in the amine phosphate
group alone. An alkylated triphenyl phosphorothionate (A-TPPT, R=H or p-nonyl), a butylated
triphenyl phosphorothionate (B-TPPT, R=H or tertiary butyl), and a triphenyl phosphorothionate
(H-TPPT, R=H) belong to the triphenyl phosphorothionate group. The difference among
triphenyl phosphorothionates is concerned with the lengths of corresponding alkyl chain which
are mentioned in the above parenthesis. The structure and other physical and chemical
properties of these materials are shown in table 4.1. Each of the antiwear chemistries was

diluted in a 100 N base oil to yield a concentration of 0.1 wt % phosphorus.
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Tungsten carbide balls that are 6.25 mm (1/4 inch) in diameter and Rockwell hardness
of 78 HRc hardness are used as the stationary part and Timken roller bearing rings (Model
M12610) that have 50 mm (2 inch) diameter and Rockwell hardness of 62 HRc hardness is the
moving part. The balls and rings are cleaned very well with hexane, acetone, and also brushed
and ultrasonic-cleaned to remove any traces of machining oil on the rings and any contaminants
on the balls.

Table 4.1 The Chemical Structures and Properties for Six Different Antiwear Ashless Additives

[112-117]
- . . Decomposition Temp. for
Sample Additive Chemical Structure | Flash Point Temp. 5096 Wt LOSS
H S
|
ppp-1 | Neutral oo olbsoncigoon| | 114C | 80T-250C 180 T
DDP L),
3
R\O /,S
- idi ,P. -
DDP-2 | Acidic DDP 0 S—(CHy — CooH 162 C 125C-240C 210 C
R
Ami 7 ’
mine
- | \R, -
AP-1 Phosphate (RO}, ,P \(OH) (HNR ) 0.4 135 125C-260C 240 C
2
/
H-TPPT TPPT @——o P=S >200 C 225C-400C 250 C
AN 3
i Butylated —o}ks -
B-TPPT TPPT @ 3 162 C 180C-320C 290 €
R R=H, tert. butyl
ATppT | Alkviated o-tpes 108C | 125C-350C | 325T
TPPT R
3

DDP: Dialkyl Dithiophosphate, TPPT : Triphenyl Phosphorothionate

4.2.2 Tribological Testing Procedure

A Ball-On-Cylinder Lubricity Evaluator (BOCLE) designed and built at the University of
Texas at Arlington was used to conduct the tribological tests under boundary lubrication. Prior to
the application of the test oil chemistry the contact surface was prepared by using mineral base

oil and a minor load of 6 Kg for a duration of 2000 cycles. The surface was cleaned with
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acetone and hexane to remove any debris and remnant oil without removing the ring from the
test fixture. Subsequently, 50 pl of oil was used in each test, and delivered using a surgical
syringe at the point of contact between the ball and the ring. The ring was then rotated manually
to ensure an even distribution of oil in the contact area between the ball and cylinder. The
details of the experimental setup are provided in detail by Mourhatch and Aswath. [76] The
measured properties include coefficient of friction, contact temperature, scuffing load and
number of cycles.

The applied load was increased from 6 Kg to 24 Kg gradually over 2000 cycles of at
the start of the test to ensure that no scuffing occurred during the start of the test. Once the test
load reached 24 Kg it was maintained constant for the duration of the test. All tests were
conducted at a rotation speed of 700 RPM (109.96 meters/minute). Duration of the test was
fixed at 15,000 cycles unless the oil failed prior to that period. After completion of testing, a
stylus profilometric trace was conducted using a Mahr M1 Perthometer to get the surface profile
of the wear scar at 6 locations at 60° intervals al ong the surface of the ring. The wear cross
section was used to calculate the wear volume at the end of the test.

4.2.3 Evaluation of Tribological Test

The nature of the wear occurring at the surface is best studied by examining the
surface of the wear tracks. A Hitachi S-3000N Scanning Electron Microscope (SEM) was used
to get secondary electron images of the wear track.

Wear debris carries information on the chemistry, crystallinity and morphology of the
protective tribofilms formed on the surface. [109] All tests were run for a period of 5000 cycles at
700 rpm at load of 24 Kg using 50ul of oil as described earlier and the wear debris was
harvested using a piece of flexible plastic film placed in contact with the ring as it was manually
rotated to recover the debris after the end of the test. The oil containing the debris was placed
on a 3 mm copper grid coated with a carbon film. The oil in the debris was washed away using

hexane solvent. The deposited debris was immediately introduced into the chamber of the
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transmission electron microscope (TEM). A JEOL TEM-ASID (1200EX), 120KV was used in all
cases. The bright field images at low magnification (20,000 X magnification) were obtained to
examine the debris morphology and size. The bright field images of high magnification (200,000
X magnification) were acquired to investigate the structure of the wear debris and the presence
of substructure formed in the tribofilm. In addition, the electron beam diffraction patterns of
debris (at a camera constant of 60 cm) were obtained to examine the crystallinity and nature of

the phases present in the tribofilms.

4.3 Results and Discussion

4.3.1 Analysis of Wear Properties

Figure 4.1(a) and (b) are plots of friction coefficient as a function of humber of cycles
conducted on BOCLE for all six antiwear chemistries. In each case at least 5 repeat tests were
conducted, shown here are representative tests for each case. The DDP-1 had the worst
performance of all six of the antiwear additives as it failed prior to 6000 cycles in all tests. Its
friction coefficient varies rapidly and exhibits a rapid breakdown of the protective tribofilm. The
near contact temperature shown in figure 4.1(c) also increases a sharply coincident with the
increase in friction indicating the loss of the protective tribofilm at the interface. On the other
hand, the DDP-2 was the best antiwear agent. It showed stable and low friction coefficient for
the entire duration of the test with no breakdown of the tribofilm. This is also reflected in the
measurement of temperature as a function of cycles that shows a stable and graduate increase
as the test progresses after an initial spike at 1000 cycles associated with the breakdown of the
DDP-2 and formation of the protective tribofilm. The extent of wear is also very small as
evidenced by the shallow wear scar in figure 4.1(d) that is about 1um deep. The amine

phosphate (AP-1) also survived the 15,000 cycle duration of the test.
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Figure 4.1 Wear Properties of Six Different Ashless Antiwear Agents. a) Friction Coefficient of
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and d) Profilometric Traces of the Wear Traces of All Six Tests.
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Figure 4.2 Wear Volume of All Six Ashless Antiwear Additives All Tested at a Load of 24Kg for a
Period of 15000 Cycles. (* DDP-1 was measured at the failed point.)

However, as shown in figure 4.1(a) the plot of friction coefficient as a function of number of
cycles shows a behavior that is typical of stick-slip behavior where there is repeated formation
and breakdown of the protective tribofilm. These results in significant debris formation and rapid
increase in wear as evidenced in figure 4.1(d) that shows a deep wear scar of 10 um. In case of
wear volume measurement (figure 4.2), the DDP-2 has the best wear performance and lowest
wear volume while the DDP-1 has the worst performance as it failed in all cases prior to 6000
cycles. The answer for this early stage failure can be obtained from the research of Ribeaud.
[19] He reported that the ashless DDP-1 has high levels of phosphorous volatility when it is
compared with a DDP-2, an AP-1, and triphenyl phosphorothionates (TPPTs) by thermo
gravimetric analysis (TGA) and flame ionization detection (FID) testing. [19] Therefore, the early
failure of tribological test with neutral ashless DDP-1 is supported by its volatile property. In
terms of amine phosphate (AP-1), it does not contain any sulfur an important ingredient in the
formation of stable tribofilm and hence results in very poor wear performance as reflected by the

large wear volume at the end of the test as shown in figure 4.2.
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The triphenyl phosphorothionates with three different chain lengths all completed test
duration of 15000 cycles. When three triphenyl phosphorothionates are compared the best wear
performance is exhibited by alkylated triphenyl phosphorothionate (A-TPPT) followed by
butylated triphenyl phosphorothionate (B-TPPT) and triphenyl phosphorothionate (H-TPPT).
This is reflected in the wear profiles shown in figure 4.1(d). In addition comparison of figure
4.1(b) and (c) indicates that the friction coefficient and the near contact temperature are larger
than DDP-2 and AP-1. Wear volume calculations in figure 4.2 indicate a trend similar to the
profilometric traces that indicate that wear performance of the three triphenyl phosphorous
compounds are in the order; A-TPPT—B-TPPT—H-TPPT (Good—Bad). Antiwear films on
tribosurfaces form as a consequence of the decomposition of the antiwear additive with the
formation of glassy films composed of Fe-S-P-O. The flash temperatures of the triphenyl
additives are in the increasing order of A-TPPT—B-TPPT—H-TPPT with A-TPPT being the
lowest, however, the temperature for 50% decomposition are in the opposite order with H-
TPPT—B-TPPT—A-TPPT resulting in A-TPPT having the largest temperature range for
decomposition and H-TPPT the least. The alkylated triphenyl phosphorothionate with the lowest
flash temperature coupled with the largest range of decomposition temperature has the best
wear performance among three triphenyl phosphorothionate compounds. Heuberger et al. in
their paper [108] investigated that longer chain phosphorothionates enhance their oil solubility at
low temperature (30C and 80C), so fewer additive molecules are available in the tribological
contact. However, at high temperature (150C), the temperature of the solution is high enough
to thermally decompose the molecule in solution. The reaction temperatures in the BOCLE
usually reach around 120 or higher. In this tempe rature, thermal stability is more important
factor than solubility. Thus, in spite of high solubility for oil solution, the A-TPPT thermally

unstable has the best wear protection.
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Figure 4.3 Secondary Electron Scanning Electron Microscopy Images of the Wear Track for Six
Different Additives. Each Picture Consists of 25 KeV 200X SEM Image (Bigger
Picture) and 10KeV 1,000X SEM Image (Smaller Picture). a) DDP-1, b) DDP-2, c) AP-
1, d) A-TPPT, e) B-TPPT, and f) H-TPPT
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Figure 4.4 TEM Images of the Wear Debris after 5000 Cycles Test for All Six Ashless Antiwear
Additives. 20,000 X Low Magnification, 200,000 X High Magnification, and the
Diffraction Pattern. a) DDP-1, b) DDP-2, c) AP-1, d) A-TPPT, e) B-TPPT, and f) H-
TPPT
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4.3.2 SEM Analysis of Wear Track

Figure 4.3 displays the secondary electron SEM micrograph of the wear track of ring
lubricated by additives with base oil. Each SEM figure consists of two images; 25 KeV 200 X
magnification image of wear track and 10 KeV 1,000 X magnification image of center of wear
track. The width of the wear track of the DDP-2 like figure 4.3(b) is the narrowest of all the six
antiwear agents as reflected in the wear profile (figure 4.1(d)) and wears volumes (figure 4.2).
Well developed Patch-like tribofilms on the wear track are investigated. However, at the other
samples, very thin tribofilms, various scratches generated by abrasive wear, and well-polished
bare surfaces are observed. Even adhesive wears occur under the boundary lubrication
condition as shown at figure 4.3(a) DDP-1 and (f) H-TPPT.
4.3.3 TEM Analysis of Wear Track

Tribological tests were conducted with each of the chemistries at a phosphorous
composition of 0.1 wt.%. The tests were conducted at a load of 24 Kg with 50 pl of oil for
duration of 5000 cycles in each case. The duration of 5000 cycles was chosen to ensure that
none of the tests had failed and each of the tests would have sufficient time to form a stable
tribofilm on the surface and some debris would be generated that would be representative of the
tribofilm. The debris harvested at the end of 5000 cycles was examined in transmission electron
microscope. The low magnification (20,000X) high magnification (200,000X) and selected area
diffraction are shown in figure 4.4. In all six cases we can see that tribofiims are formed,
however the particle size of the debris is the largest and best defined for DDP-2 compared to
the other chemistries. Higher magnification bright field images of the chemistries all show the
formation of very small (<20 nm) particles embedded within a larger amorphous film.

Regarding the analysis of diffraction pattern, the selected area diffraction of the
samples indicates that the crystalline phases are oxides of iron, preferentially Fe;O,4. Mourhatch
and Aswath [27] through the diffraction pattern analysis found the iron oxides in their wear

debris are preferable to become Fe;0,4. The results of diffraction pattern analysis in this study
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also support their finding. However, the ring pattern of DDP-2 that has the best antiwear
performance is different from the others. The debris of L-DDP is composed of FeO, Fe,0s, and
Fe;04. This result explains the process of forming FesO,4 as final iron oxides from Fe by way of
FeO and Fe,0; as intermediate stages during the tribological test. The detailed mechanism of
formation of oxide nano-patrticles in the wear debris is well explained in the previous chapter 4.

The films that offered the best protection i.e. ones formed from DDP-2 have the
smallest number of these oxides. A short chain ashless dialkyl dithiophosphate that offered one
of the poorest wear performances exhibited some of the largest number of these oxide particles.
The Fez0,4 particles in addition to being crystalline are also known to be quite abrasive resulting
in the eventual breakdown of the protective film. A comparison of the three triphenyl
phosphorothionate compounds indicate that the best wear performance was exhibited by the
alkylated triphenyl phosphorothionate (A-TPPT) and the worst wear performance was exhibited
by triphenyl phosphorothionate (H-TPPT). A comparison of the three tribofilms indicates that A-
TPPT had the least number of oxide particles while H-TPPT had the most.

In order for an ashless antiwear chemistry to be efficient, not only does it have to
decompose and react with the tribological surface and form a protective tribofilm, it also should
minimize the oxidation of the Fe present in the underlying substrate and in the amorphous

tribofilm.

4.4 Conclusion
Based on the above results, we can draw the following conclusions.
First, the tribofilm formed when DDP-2 is used as the antiwear agent is strong and
stable. It offers the best wear performance as evidenced by the lowest coefficient of friction and
smallest wear scar and wear volume. The surface of this wear film was the only one that

exhibited phosphorous and the bright field TEM of the wear debris indicated that it was largely
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amorphous with very few of the crystalline oxide particles suspended in it. Therefore, the DDP-2
is an excellent ashless antiwear alternative to ZDDP.

Second, the DDP-1 is the worst chemistry because it never completed the 15000
cycles in any of the tribological tests. The DDP-1 is much more volatile than the DDP-2. [19]
The amine phosphate (AP-1) also has poor wear protection because of the absence of sulfur
which helps protect the extreme pressure condition. Therefore, the volatility and the composition
of the antiwear additive are important factors for the formation of stable tribofilm. The AP-1 and
DDP-1 chemistries showed large number of embedded oxide particles in the tribofilms and offer
wear poor wear protection and antioxidant characteristics.

The three triphenyl compounds generally performed poorer than the DDP-2. The
triphenyl phosphorothionate (H-TPPT) had the worst friction and the poorest wear performance
of the three and the alkylated triphenyl phosphorothionate (A-TPPT) had the best friction and
wear performance of the three. A-TPPT is thermally the least stable with the lowest flash
temperature and H-TPPT is the most stable with the highest flash temperature and as a
consequence A-TPPT forms the most effective tribofilm with the smallest nhumber of oxide
particles and H-TPPT the most with the butylated triphenyl phosphorothionate (B-TPPT) in-

between.
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CHAPTER 5
XANES ANALYSIS OF THERMAL FILMS FORMED FROM ASHLESS ANTIWEAR

COMPOUNDS COMPARING WITH ZDDP: ASHLESS DIALKYL DITHIOPHOSPHATES

Tribofilms formed at contacting surfaces protect the surfaces by creating a layer whose
chemistry and properties are dependent on the chemistry of the additives used in the lubricant
as well as the tribological conditions responsible for the formation of the tribofilms that include
temperature and shear stress. Many studies have shown that a thermal route to form films using
zinc dialkyl dithiophosphates (ZDDPs) provide a valuable insight into the mechanism of
formation of tribofilms. In this study a thermal approach was used to study the mechanisms of
thermal films formed on ferrous substrates for a variety of antiwear chemistries that include zinc
dialkyl dithiophosphate (ZDDP) and four different ashless dithiophosphates with different alkyl
groups. The thermal films were deposited on ferrous substrates by immersion in oil containing
these additives at a nominal concentration of 0.08 wt. % phosphorous for durations ranging
from 1 min to 4 hours (1, 5, 10, 30 min., and 1, 4 hour). The morphology and film thickness
measurement were observed by the secondary electron microscope (SEM) and the optic
profilometer. The chemistries of the films were analyzed using X-ray absorption near edge
structure spectroscopy (XANES). Phenomenological models were developed to explain the

formation of thermal films from ashless thiophosphates.

5.1 Introduction
Zinc dialkyl dithiophosphates (ZDDPs) have been widely used as multifunctional
additives in industrial and automotive lubricants for lots of long time. More recently a number of

ashless phosphorus containing additives have also been used in the lubricating oil. [118]
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Recently with the drive towards lower emissions, the development of environmentally friendly oil
additives has gained ground. [16,18,31,119] Ashless thiophosphates that has similar chemical
structure as ZDDP with phosphorus and sulfur which play important roles for antiwear
performance have been recommended as common possible alternatives to ZDDP. [31,47]

There have been many studies on ashless antiwear additives over the last couple of
decades [2, 5-10, 21]. In the early 1980s, some studies reported that ashless thiophosphate and
dithiophosphate have promising antifriction and antiwear properties when tested in a four ball
tester. [90] Sarin et al. found amino diaryl dithiophosphate has similar antiwear and antifriction
performance like metal containing dithiophosphates after testing several different types of
dithiophosphates. [91] Fu et al. compared ashless neutral thiophosphates, (RO),PSSR and
(RO)sPS, with ZDDP. They found that ashless neutral thiophosphates exhibit better load
carrying capacity, thermal oxidation, and hydrolytic stabilities than ZDDP. [119] Schumacher
and Zinke in their research [120,121] synthesized and tested several types of isogeometrical
phosphorus compounds like phosphate, monothiophosphate, and dithiophosphate with different
hydrocarbon groups. They determined that both mono- and di-thiophosphates have similar
friction and wear properties and their thermal stabilities which are related to antiwear
performance of the compounds strongly depend on their hydrocarbon groups.

Recently, various surface analytical techniques have provided fruitful information on
both tribofilms and thermal films formed from oil additives. [7,21] In particular, X-ray absorption
near edge structure (XANES) spectroscopy has been used to provide chemical and structural
characterization of tribological films which mainly consist of phosphorus and sulfur. [15,22-
24,26,28,45,57] Najman et al. studied the characteristics of tribological films generated from
three different thiophosphate compounds in a couple of studies using XANES. [31,47,51] They
found that acidic and neutral dithiophosphates and neutral monothiophosphate generated short
chain iron phosphate films and iron sulfates with only traces of reduced sulfur through the films.

Acidic dithiophosphate initially have worse wear performance than neutral dithiophosphate and
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monothiophosphate, however, at longer period it has better antiwear performance. In case of
both neutral di- and mono-phosphates, their phosphate film thicknesses are increased with
increased rubbing time and wear is also increased. They found the difference of tribological
behavior between acidic and neutral additives. [31,47] Zhang et al. compared ashless neural
dithiophosphate with ZDDP using XANES spectroscopy. They found that chemistry variation of
films formed from different solutions. The main cation of tribofilm of ZDDP is Zn while the main
cation of ashless dithiophosphate is Fe. The tribofilm formed from ZDDP has various chain
lengths of phosphates while ashless DDP has only short chain iron phosphates. [3,4]

Thermal decomposition has so far been accepted as a primary mechanism of
antiwear film formation even though several mechanism models have been suggested. [21,23]
Many studies related to antiwear and extreme pressure (EP) additives on boundary lubrication
begin with an examination of the mechanism of thermal decomposition, in which thermal-
oxidative decomposition products are absorbed from solution to form the film. [32,43] Yin
[24,45], Suominen Fuller [23,57], Zhang [3,4], Nicholls [46], Najman [31,47,51], Pereira [22,28],
and Aswath and Ramoun [27,48,76] all based the thermal decomposition as the first step of film
formation in spite of a slightly different mechanism of film formation under tribological condition.
If it were not for the decomposition process of oil additives, no tribological performance exists
on the metal substrates. Therefore, to understand the growth mechanism of thermal film
generated from oil additives can become the cornerstone of understanding the whole
mechanism for antiwear performance of oil additives.

In order to understand the mechanism of thermal films formed from ashless
thiophosphates, four different ashless dithiophosphates were studied along with a secondary
ZDDP used for comparison. In this study, XANES spectra for elemental and chemical structural
properties of thermal films, SEM for measurement of thermal film thickness, and optic
profilometer for surface morphology have been combined to draw the comprehensive model for

the mechanism of thermal film of ashless antiwear thiophosphates.
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Table 5.1 Chemical Structures and Properties of Samples [112,113,122-125]
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5.2 Experimental Procedure

5.2.1 Materials and Sample Preparations

Four different type of ashless dialkyl dithiophosphates were studied in this study,
comparing with zinc dialkyl dithiophosphate (ZDDP). Their chemical structures and properties
are shown in table 5.1. All compounds were diluted to 0.08 wt% phosphorus with 100 neutral
mineral oil in order to stay within the maximum limit of phosphorus in engine oil for current
ILSAC GF-4 and future ILSAC GF-5 standards. All densities of samples are similar while the
flash points of DDP-1 and DDP-3 are lower than the others. DDP-2 is a little acidic due to the
carboxyl group (COOH).

Thermal films for chemical and morphological analyses were produced on AlSI 52100
bearing steel coupons. Thermal films for thickness analysis were prepared on AISI 1075 steel
coupons. The chemical compositions of steel coupons and the sizes for experiment are
described in table 5.2. The coupons were polished with 5 ym alumina powders. All coupons
were ultrasonically cleaned in hexane.

Table 5.2 Chemical Composition and Size of Steel Coupons

Coupons AISI 52100 Steel AISI 1075 Steel
C:0.98~1.10 C:0.70~0.80
Mn : 0.25~0.45 Mn : 0.40~0.70
Composition P : max 0.025 P : max 0.04
S : max 0.025 S : max 0.05
Si:0.15~0.35
Cr:1.3~1.6
Disc Type Plate Type
Coupon Size 12.7 mm (1/2 in) Diameter 2mm X 5 mm
4.23 mm (1/6 in) Thickness 0.05 mm Thickness

In order to prepare thermal films, steel coupons were hung in a glass beaker
containing the oil solution which was preheated up to 170 < in the furnace. Two different types
of coupons were heated together in a silicon oil bath at 170 T for each desired time. In case of

ZDDP, DDP-1, and DDP-2, total twelve coupons were immersed together in each container and
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two coupons were taken out at each desired interval, 1, 5, 10, 30 minutes, 1 hour and 4 hours,
to study the growth mechanism of thermal film. The coupons in DDP-3 and DDP-4 solutions
were baked only for 4 hours. Thus, the final stage of thermal films was compared with one
another. After immersion, all coupons were gently rinsed with hexane prior to each XANES,
SEM, and optic profilometer analysis.
5.2.2 Data Acquisition and Analysis

Thicknesses of thermal films were measured from cross sections using a Hitachi
3000S scanning electron microscope (SEM) operating at 20 KeV in secondary electron mode.
XANES spectroscopy was used to analyze the phosphorus and sulfur chemistry in the thermal
films. The K edge data of both phosphorus and sulfur were obtained on the Canadian double
crystal monochromator (DCM) beamline at the Synchrotron Radiation Center (SRC) of the
University of Wisconsin—Madison in Stoughton, Wisconsin. The end station has the energy
range of 1500 to 4000 eV and P and S spectra were acquired with a step size of 0.3 eV. The P
and S L-edge spectra of lower energy range were collected on the variable line spacing plane
grating monochromator (VLS-PGM) beamline at the Canadian Light Source (CLS) facility in
Saskatoon, Saskachewan, Canada. The PGM beamline covers between 5.5 and 250 eV and
spectra were acquired with a 0.1 eV scan step for both P and S edges. Both high energy K
edge and low energy L edge spectra have two different detection modes. The total electron
yield (TEY) mode provides the chemical information of the surface layers. The fluorescence
yield (FLY) mode provides the information of the bulk in thermal film.

All surface morphology images were collected using an optical profilometer; Wyko
NT9100 Surface Profiler, which is a non-contact method to examine the surface morphology of
the tested samples. The basic interferometric principle that light reflected from a reference
mirror combines with light reflected from a sample to produce interference fringes, where the

best-contrast fringe occurs at best focus, is used in the optical profilometer.
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5.3 Results and Discussion

5.3.1 Thermal Film Thickness

All thermal films for thickness measurement were formed on 50 ym of thin AISI 1075
steel coupons (2 mmX5 mm). Each coupon was immerged in the preheated solution (170C),
baked for desired time and then removed individually. The scanning electron microscope (SEM)
was used to take the cross section image of thermal film formed on the steel surface. In order to
understand the mechanism of thermal film growth, three different ashless dithiophosphate
compounds were examined. Figure 5.1 shows the thicknesses of thermal films produced from
ZDDP, ashless additive DDP-1, and DDP-2 for different baking times. These thicknesses were
measured at least at 20 different spots and averaged. Figure 5.2(a) is a plot that shows the
growth of thermal films as a function of time. As the baking time increases, thermal film
thicknesses of all three chemistries also increase even though each chemistry has different
growth rate and mechanism. The growth kinetics of the thermal films can be broken down into
either two steps or three steps. In the first step that lasts approximately 10 minutes, there is a
very rapid increase in film thickness followed by a slowdown of the growth rate as shown in
Figure 5.2(a). There are two differences in the growth kinetics of thermal films formed from
ZDDP and DDP-1 (i) The initial growth rate of the film is much higher in DDP-1 compared to
ZDDP resulting in a thicker films at the end of the first stage (= 10 minutes) and (ii)
Mechanistically the film formed with ZDDP continues to grow after the first stage at a reduced
growth rate while the film formed from DDP-1 saturates rapidly and there is minimal growth after
the initial phase. In comparison with DDP-2, it behaves differently from ZDDP and DDP-1. DDP-
2 does show an initial burst growth similar to ZDDP and DDP-1. However, after this phase the
growth is steady state and continues till the 4 hour point yielding the thickest of the thermal films
of all three chemistries. In all cases the growth of the tribofilms follows an exponential type

growth pattern which can be modeled by the following equation.

d=d,* e~ (Equation 5.1)



where d is the thickness of thermal film, dq is the constant, t is the baking time, and k is the
growth rate. By taking natural logarithms on both sites it yields a linear relationship between in

(d) and time (t) with the slope giving the rate constant, this equation becomes:
In(d) =1In(d,)+ kt (Equation 5.2)

Figure 5.2(b, ¢, d) are the plots of In(d) Vs. t. Clear variation of growth rates (slope, k, unit:
pm/min.) is observed in these plots. In case of ZDDP in figure 5.2(b), two different growth rates
are observed. Thermal films of ZDDP nucleate and grow fast until 11.26 minutes with a
thickness of 2.459 ym and growth rate k=0.1905 (um/min.) following which the growth rate
slows down to k=0.0012 (um/min.). Thermal films of DDP-1 have three different rates as shown
in figure 5.2(c). Initially, its thickness increases rapidly with k=0.4062 (um/min.) which is twice
that of ZDDP until 7.61 minutes and thickness of 3.239 um and the growth rate reduces to k=
0.0088 (um/min.) through 44.98 minutes and thermal film thickness of 5.185 um. After about 45
minutes, its growth rate is close to zero. Both secondary ZDDP and DDP-1 likely decomposed
rapidly at 170 C, and their decomposed products re act with steel surface rapidly in the initial
stage. Subsequently, the availability of active decomposition product is reduced and the rate of
formation of the thermal film is reduced with the more severe outcome seen in DDP-1.

In addition, it is probable that chemical rearrangement or reorganization of thermal
films may occur inside the thermal films during this period. The thermal film of ZDDP grows
continuously, but at a slower pace. However, the thermal film growth of DDP-1 stops increasing
in thickness after 45 minutes. The rapid initial growth coupled with saturation of thickness of
DDP-1 may be attributed to the exhaustion of available decomposition product as DDP-1 is not
thermally stable with lower flash point (114 <C) than ZDDP (185 ) and DDP-2 (162 ). Only
structural rearrangement of inside film of DDP-1 through oxidization or hydrolyzing is possible in
this region. The plot of DDP-2 in figure 5.2(d) is slightly different from the others. It has three
different growth rates like DDP-1. However, the initial growth with k=0.0799 (um/min.) and 1.606

pm thickness at 7.71 minutes is slower than previous two cases.
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ZDDP Thermal Film WD15.9mm 20.0kV x1.0k 50um

0Okv x1.0k

0.940 pm 1.293 pm

SE DDP-2 Thermal Film WD15.%mm 20.0kV x1.0k 50um

Figure 5.1 Cross-Section Images of Thermal Film Thicknesses Formed from Different
Chemistries with the Variation of Time. a) the Thickness of Thermal Film of ZDDP, b)
the Thickness of Thermal Film of DDP-1, and c) the Thickness of Thermal Film of
DDP-2.
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Figure 5.2 Plots of Thermal Film Growth as a Function of Time. a) the Plots of Thermal Film
Growth of Three Different Chemistries, b) the Logarithm of Thickness of Thermal Film
Formed from ZDDP, c) the Logarithm of Thickness of Thermal Film Formed from
DDP-1, and d) the Logarithm of Thickness of Thermal Film Formed from DDP-2.
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The intermediate stage is also different. The intermediate growth rate k value (k=0.0249
(um/min.)) has not highly dropped as much as in the case of the previous two additives. This
means that its thermal film grows steadily on the steel substrate to around 51 minutes with a
thickness of 4.699 ym thickness. After 51 minutes, the thermal film of DDP-2 continuously forms
with a slower growth rate of k=0.0029 (um/min.), yielding a final thickness at 4 hours of 8.052
pm. While the flash temperature of DDP-2 is comparable to ZDDP, the activity of the
decomposed products is large enough to foster continuous deposition of the thermal film with
increased baking time.

Figure 5.3 provides details of the role of chemistry variation on thermal film thickness
after 4 hour baking. DDP-3 and DDP-4 have 8.923 ym and 6.219 um thickness. Unfortunately,
their growth rate and information as time goes on cannot be obtained because only 4 hour
thermal films are made. However, as compared with final thicknesses of thermal films from

earlier three additives, DDP-3 and DDP-4 may follow the thermal film growth of DDP-2.

8.052 pm

6.219 pm

£.923 pm

DDPs 4 hour Thermal Film

o a a o o a a =} o

WD15.9mm 20.0kV x1.0k  50um

Figure 5.3 Cross-Section Images of Thermal Film Thicknesses Formed from Different
Chemistries at 4 Hour.

5.3.2 XANES Analysis of Thermal Film
While thickness measurements provide quantitative information regarding the growth

kinetics of thermal films, they do not provide information regarding the local changes of
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chemistry of the thermal film as a function of time. X-ray absorption near edge structure
(XANES) spectroscopy is appropriate to investigate the chemistry of tribological films formed
from lubricant additives. Two different types of XANES spectra are usually acquired. Total
electron yield (TEY) mode captures information from the near surface region while fluorescence
yield (FLY) mode captures information from the bulk area. The sampling depths of the TEY and
FLY at the L edge are around 5 nm and around 50 nm respectively. [47] The sampling depth of
the TEY of the K edge is about 50 nm. However, the sampling depth of FLY at the K edge is in
the diversity of opinion. Kasrai et al. mentioned bigger than 1 ym in their papers. [3,57,126]
Suominen Fuller et al. [23] calculated to be over 10 ym depths. Ferrari and his colleagues
insisted around 12~24 um of the penetration depth. [25] Totir et al. [127] said that the
corresponding fluorescence depth would be 3 ym. We believe a reasonable estimate for the

sampling depth for K edge spectra for P and S is between 1-3 um.

Model Compounds

K edge
(Arb.
Units)

1 . s Il 1
2140 2150 2160 2170 2180
Energy (eV)

Figure 5.4 XANES Spectra of the TEY and FLY modes at the K edge of Phosphorus Model
Compounds: Zn3(PO,), and FePO,.



5.3.2.1 Phosphorus Characterization

K edge of Phosphorus

In order to identify the chemical property of samples, the XANES spectra of all thermal
films were compared to those of model compounds. Figure 5.4 shows the K edge spectra of
phosphorus model compounds respectively. Zinc phosphate (Zn3(PO,),) and iron phosphate
(FePO,4) were used as model compounds. In figure 5.4, there are a couple of clear differences
between two model compounds at both the TEY and FLY modes. The main peak of zinc
phosphate is observed at 2152 eV, while one of iron phosphate is located at 2153 eV. In case of
Zn3(POy,),, it has the shoulder at the right side of main peak and its main peak is a little wider
than iron phosphate. In the spectra of FePQ,, clear pre-edge is observed at the left side of main
peak.

In figure 5.5, the phosphorus K edge spectra of thermal films generated from ZDDP at
each reaction time are presented. In both TEY and FLY modes, 1 min. film is not well developed.
After 5 minutes, the relative intensities of main peak are gradually increased until 1 hour. A 10
minute TEY spectrum was noisy and unstable because of temporary TEY detector error or
near-surface contamination. It was removed. After 1 hour, the thermal film formed from ZDDP is
well developed as evidenced by the well developed stable spectra at 1 and 4 hours. In fact, with
SEM image of the cross section of the thermal films, we know the thermal film of ZDDP
continued to grow between 1 and 4 hours even though the growth rate slows down. At all times,
the right side shoulder and wide main peak that are the characteristics of zinc phosphate are
observed. However, main peak positions are a little changed. The TEY peak of ZDDP thermal
film is located at ~2152.5 eV and the FLY peak is at ~2152.7 eV. Thermal films formed from
ZDDP baked at 170 T are mixture of zinc phosphate and iron phosphate with zinc phosphate
being the dominant phase in the film with the near surface dominated by zinc phosphates and

smaller amounts of iron phosphate in the interior.
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Figure 5.6 shows the phosphorus K edge spectra of thermal films generated from
DDP-1 as a function of time. The white line peaks are located at 2153 eV which is indicated as

an iron phosphate. The narrow width of main peak is also indicative of iron phosphate.
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Figure 5.5 XANES Spectra of the TEY and FLY modes at the P K edge of Thermal Films
Formed from ZDDP as Baking Time.
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Figure 5.6 XANES Spectra of the TEY and FLY modes at the P K edge of Thermal Films
Formed from DDP-1 as Baking Time.
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However, these peaks don't have the pre-edge peak which is a characteristic of FePO,. Najman
et al. in one of their papers [47] tested two different chain lengths of iron phosphates using
XANES. They found that only FePO,4 has the pre-edge peak at the K edge of phosphorus but a
longer chain phosphate, Fe;oP13055, doesn’t. The phosphate of thermal films of DDP-1 may be
a longer chain iron phosphate rather than an iron ortho-phosphate. During early stages of film
formation like the 1 min. test, the thermal films formed are not very stable as evidenced by the
very small peaks at the P and S edge. The thermal films grow rather quickly until 1 hour after
which the growth stagnates with the spectra from the 1 hour and 4 hour films being very similar.
The thickness of post 1 hour thermal film is over 3 ym which indicates that the FLY spectra is
only providing information on the top 3 um of the film with the region underneath not being
analyzed in XANES.

The XANES spectra of acidic DDP-2 are shown at figure 5.7. The 1 minute thermal
film is unstable. The thickness of thermal film of DDP-2 gradually increased from 5 min. to 1
hour. After 1 hour, SEM images related with the thickness of film provide the evidence of film
growth while XANES analysis provides insight into the chemical structure. All the spectra except
the 4 hour film have the pre-edge peak clearly. This indicates the thermal film from DDP-2
mainly consists of FePO, until 1 hour. Then, this pre-edge disappeared at 4 hour peak. This
means that fresh iron phosphates might continuously be generated by active and enough
decomposed intermediate product of DDP-2 until 1 hour and after 1 hour, molecular
rearrangement of iron phosphates might occur becoming a longer chain iron phosphate.
Thermal films continue to grow until the end of the 4 hour test, resulting in a film that is twice as
thick as the 1 hour film.

Figure 5.8 presents the K edge spectra of phosphorus for thermal films baked for 4
hours of five different chemistries. DDP-3 and DDP-4 were tested for only 4 hour in order to
understand the effect of chemistry variation. In this figure, P K edge spectra of four ashless

DDPs are similar and only the spectrum of thermal film of ZDDP shows the indication of zinc

87



phosphate. Therefore, this explains the variation of alkyl group in oil additives doesn't affect the

formation of film at longer term tests but the variation of cation species does.
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Figure 5.7 XANES Spectra of the TEY and FLY modes at the P K edge of Thermal Films
Formed from DDP-2 as Baking Time.
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Figure 5.8 XANES Spectra of the TEY and FLY modes at the P K edge of 4 hour Thermal Films
Formed from ZDDP and Four Different Ashless Thiophosphates.
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L edge of Phosphorus

Figure 5.9(a) is the XANES spectra at L edge of phosphorus model compounds. Zinc
phosphate (Zns(PO,),) and two iron phosphates (FEPO, and Fe4(P,0;)s) are plotted in the
graph as model compounds. The FLY mode spectrum of Fey(P,0O;); were provided by the

center for tribology research in the university of western Ontario. The spectra of phosphates are
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composed of four different peaks from (a) to (d). In previous L edge XANES studies for
phosphate glasses, all peaks at L edge spectra of phosphorus were characterized by its fine
structure which resulted from the spin orbit splitting of the 2p level electrons and the local
symmetry of the phosphorus. [67,68,128,129] The peaks (a) and (b) at the low energy side are
generally separated by about 1eV and are assigned to the transition of spin orbit split 2p
electrons between 2p3, (L3 edge) and 2py, (L2 edge). The change in intensity of the doublet (a
and b peak) is due to the distortion of the phosphate tetrahedral. The main peak (c) has been
attributed to transitions to 3p orbitals which are sensitive to the presence of other elements such
as oxygen and other cations like Fe or Zn. Peak (d) is due to transitions to 3d orbital in
phosphorous. The intensity of peak (d) is also related to four coordinated oxygen. In comparison
of the white line (c) peaks of model compounds, zinc phosphate has a slightly lower energy
state at 138.7 eV than two iron phosphates at 139.0 eV of FePO, and at 139.3 eV of Fe,(P,05)s.
Also, zinc phosphate has a slightly lower pre-edge (a) peak. Between two iron phosphates,
Fe4(P,05); has a little stronger intensity of (a) peak and wider white line (c) peak than FePO,.
Figure 5.9(b) is the FLY spectra of phosphorus L edge of unreacted raw materials which were
prepared by dipping transparent plastic films into 50 % diluted by hexane solutions of
dithiophosphate additives and drying at the air environment under the sun shine. TEY spectra of
raw materials aren’t detectable because of non-conductive properties at the surface area. All
raw materials except DDP-1 raw material have critical features in comparison of inorganic
model compounds. The positions of all peaks are similar with one of zinc phosphate. However,
two pre-edge (e) and (f) peaks are higher than the white line (g) peak. This may result from the
environmental structure differentiation around phosphorus atom caused by P=S and P-S bonds
in undecomposed oil additives instead of P-O bonds of phosphate. On the other hand, P L edge
spectra of raw DDP-1 is pretty close to zinc phosphate or iron phosphate with small two pre-
edges. It indicates that thermally unstable DDP-1 is already decomposed by sun shine and is

oxidized and hydrolyzed by oxygen and moisture atmosphere, then finally becomes phosphoric

89



acid, HzPO,. That is the reason why DDP-1 raw material look like inorganic metal phosphate.
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Figure 5.9 XANES Spectra of the TEY and FLY modes at the L edge of Phosphorus Model
Compounds. a) TEY and FLY modes of Model Compounds: Zn3(PQO,), , FePO, and
Fe4(P,05)3, b) FLY mode of Raw Materials.

The intensity of peaks (a) and (b) relative to peak (c) has been found to depend on the
polyphosphate chain length. [24,67,128] Yin et al. in their paper [128] have shown the relative
intensities of peak (a) and (b) are sensitive to the number of phosphorus in the linear
polyphosphate glasses using various chain lengths of sodium phosphate glasses. In order to
obtain accurate peak positions, widths, and intensities, their all spectra were fitted to Gaussian
function using a least-squares program. These peaks have been subtracted by arctangent base
lines to consider the excitonic states which are observed in certain solids. However, in this study,
the linear background subtraction has been used instead of the arctangent function because the
results are not much different and it is much simpler. Another reason is because the analyzed

results using the deconvolution by the linear background subtraction can distinguish between

orthophosphate, pyrophosphate, and short chain polyphosphate, while ones by the arctangent
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background subtraction can’t. Figure 5.10 shows five XANES spectra of three different
phosphate model compounds and two different thermal films as examples of linear background
subtraction and least squares fitting. All spectra consist of clear three different peaks, (a), (b),

and (c).
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* : this spectrum of model compound was provided by Kasrai et al.

Figure 5.10 The Linear Background Subtraction and the Deconvolution of Polyphosphate
Spectra of Three Model Compounds and Two Different Thermal Films: Zn,oP33011s,
Zn3(POy,),, FePO,, ZDDP 4 hour Thermal Film, and DDP-4 4 hour Thermal Film (from
Top to Bottom).

The intensity of peak (a) of each sample is differentiated as a different chain length of

phosphate samples. In order to compare the chain length of tribological films, the standard for

the comparison of chain length is first required. All model compounds were analyzed with this
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process and plotted in figure 5.11. Five different zinc polyphosphates which have various chain
lengths in figure 5.11(a) (the spectra of polyphosphates marked as a symbol of star * came from
the center for tribology research in the university of western Ontario.) and two different short
chain iron phosphates in figure 5.11(b) are compared. There are two kinds of relative intensities
normalized to peak (c). One is the relative intensity normalized by the areas of peaks. Another

is the relative intensity normalized by the heights of peaks.
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Figure 5.11 Standard of Chain Length of Polyphosphate Using the a/c Ratio, Relative Peak (a)

Intensity Normalized to Peak (c) at P L edge Spectra. a) Two Different Relative a/c

Ratios of Various Chain Length of Zinc Polyphosphates, the Left Y Axis is Related to

Height a/c Ratio and the Right Y Axis is for the Area a/c Ratio. b) Relative Height a/c

Ratios of Iron Phosphate and Iron Pyrophosphate as Two Model Compounds of Iron
Phosphate.

The trends of both relative intensities for zinc model compounds are quite similar as presented

in figure 5.11(a). Recently, the a/c ratio by the height of peak (a) and (c) have been mainly used

in many studies for characterization of tribofilms. [23-25,47,50,68,130] In this study, relative a/c
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ratios characterized by the height of peaks will be used as a method to compare the chain
length of polyphosphate glasses. In case of iron model compounds, their a/c ratios are also
shown in figure 5.11(b). Unfortunately, longer iron polyphosphates as model compounds
haven't been tested. Thus, all values of a/c ratio generated from various zinc phosphates are
used as the standard of comparison of phosphate chain length. Zhang et al. [4] and Nicholls et
al. [130] have used the rule for the phosphate chain length: an a/c ratio of about 0.3 is short
chain length polyphosphate, and the a/c ratio of about 0.6 indicates a long chain polyphosphate.
Because the linear background subtraction was used in this study instead of arctangent function,
the results of a/c ratios have to be changed. In this study, the new standard of chain length of
polyphosphate to be suitable for this deconvolution method is used. The a/c ratio below 0.2
means common orthophosphate or pyrophosphate. The value between 0.2 and 0.35 indicates
the short chain polyphosphate and the value from 0.35 to 0.55 is the medium chain length of
polyphosphate. The polyphosphate with above 0.55 a/c ratio is called as the long chain
polyphosphate.

Figure 5.12 to 5.15 show the phosphorus L-edge XANES spectra in TEY and FLY
modes of thermal films generated from ZDDP and 4 different ashless DDP. These figures
indicate the changes of chain lengths of phosphate thermal films with baking time. 1 minute
thermal films of all additives are unstable because their P L edge peaks are noisy. Although the
delineation of L edge peak position is not as sharp as the K edge, the positions of white line
peak of ZDDP thermal films indicate the composition to be close to zinc phosphate. All main
peaks of thermal films formed form ashless DDPs are located near the position of iron
phosphate. There is no possibility of remaining undecomposed additives due to small two pre-

edge spectra.
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Figure 5.12 XANES Spectra of the TEY and FLY modes at the P L edge of Thermal Films
Formed from ZDDP as Baking Time.
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Figure 5.15 XANES Spectra of the TEY and FLY modes at the P L edge of 4 hour Thermal
Films Formed from ZDDP and Four Different Ashless Thiophosphates.
In order to compare the chain length of phosphate glass films, all thermal films were
treated as described above and plotted separately in figure 5.16. The relative intensity of peak
(a) is more meaningful than the relative intensity of peak (b). Only a/c ratios of all thermal film

are presented in the graphs. In all cases, TEY analyses for 1 minute samples of thermal films

95



aren’t presented here because of initial instability. In case of ZDDP samples, all thermal films at
both TEY and FLY modes except 10 minute sample have a/c ratio that is below 0.2. This means
all phosphates in these thermal films are composed of zinc orthophosphates with a small
amount of iron ortho- or pyro-phosphates. The 10 minute mark is the transition from rapid
growth rate to a much slower growth rate of the thermal film as detailed in figure 5.2. The
thermal film present at the 10 minute point for ZDDP has medium chain length Zn
polyphosphates near the surface (~5 nm) and short chain length of Zn polyphosphates in 50~70
nm deep region from the surface, in addition, a small amount of Fe polyphosphates may also be
present. L edge spectra are acquired from the top 50~70 nm of the thermal film and provide
information only from this region. The phosphates in bulk area are determined to be ortho- or
pyrophosphates using the K-edge spectra and FLY spectra at L-edge. The difference between
DDP-1 and ZDDP is that in DDP-1 the thermal film contains iron phosphates. The analysis of
iron phosphate chain length of DDP-1 indicates that it is similar to the zinc phosphate chain
length of ZDDP.

The initial growth rate and decomposition rate of DDP-2 until around 8 minute are
slower than what is exhibited by ZDDP and DDP-1. Analysis of the XANES spectra indicates
that it has medium chain of iron polyphosphate in the near-surface region and short chain iron
polyphosphate depths of 70 nm in the thermal film formed after 10 minutes. In case of DDP-2,
these thermal films continue to grow after the initial 10 minute period all at two different growth
rates both of which are slower than the initial growth rate as seen in figure 5.2. The thermal film
present at 30 minute largely consists of iron polyphosphates of medium chain length. The
thermal films formed at 1 hour and 4 hour in the near surface region are short chain of
polyphosphates, but still polyphosphates because of continuous supply of decomposed

additives that are depositing on the surface.
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The last graph at the bottom of figure 5.16 provides the a/c ratio that is related to the
chain length of thermal films from different thiophosphate additives formed at 4 hours. The 4
hour data was used to evaluate the chemistry and structure of well developed thermal films. In
this analysis, antiwear chemistries can be divided into two categories according to pattern of
reaction and growth for thermal films. ZDDP, DDP-1, and DDP-3 are one group and DDP-2
and DDP-4 are in another group based on the chemistry of the films. However, DDP-3 looks
like that initial reaction and decomposition may be very active like ZDDP and DDP-1 and then
after some time, it may grow slow or stop growing and may reorganize their chemical bonding
and structure. DDP-4 may keep growing during all test time with opulent decomposed
intermediate products like DDP-2. That is the reason why DDP-4 has short chain length of

polyphosphates at the surface area at 4 hour test.
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Figure 5.17 XANES Spectra of the TEY and FLY modes at the S K edge of Model Compounds.
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5.3.2.2 Sulfur Characterization
K edge of Sulfur

Total six model compounds of sulfur species were analyzed and are shown in figure
5.17. First three model compounds are related to sulfide species. Zinc sulfide (ZnS), iron sulfide
(FeS), and pyrite (FeS,) belongs to first group. The other three are sulfate species like zinc
sulfate (ZnS0Q,), ferrous sulfate (FeSO,), and ferric sulfate (Fe,(SO,)s). The K edge spectra of
sulfur model compounds are complex, however, only the positions of white line peaks are
largely considered for analysis. In sulfides, positions of main peak are clearly distinguished. ZnS
is located at 2470 eV, FeS, is at 2471.5 eV, and FeS is placed at 2473 eV. On the other hand,
all sulfates are located at same position of 2481.5 eV. The sulfate peak cannot be used to
differentiate between different cation species. However, one can clearly differentiate between
sulfates and sulfides. Figure 5.18, 19, 20, and 21 are the S K edge XANES spectra of thermal
films generated different chemistries at different baking time. All thermal films of ZDDP in figure
5.18 have sulfates. We can see the relative increase in intensity of the peaks as a function of
time in these plots. After 1 hour of thermal exposure, the intensity of the sulfate peak is similar
to the 4 hour sample indicating that the thermal films are not much changed after 1 hour
exposure. Sulfide peaks are observed after 10 minute in FLY mode and after 30 minutes in TEY
mode. Both peaks in TEY and FLY are close to zinc sulfide. At 4 hour baking, sulfides
disappeared. Probably, through oxidation process, sulfur elements are changed from reduced
form (sulfide) to oxidized form (sulfate). In case of DDP-1 in figure 5.19, no sulfide is observed
at any point of the thermal exposure process. The increase of relative intensity of sulfate is
shown as time is changed. After 30 minute testing, sulfate peaks are similar, which indicates
that the chemistry of the thermal film has stabilized. Figure 5.20 shows the S K edge spectra of
DDP-2. After 1 minute, both sulfide and sulfate are shown and the growth of sulfur species with
time is observed. Sulfates appear to dominate in the all thermal films as evidenced by the

strong relative intensity compared to sulfides. All 4 hour thermal films of different
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thiophosphates shown in figure 5.21 look very similar. These films are all composed of sulfate

species. In addition, small amount of sulfide are observed in DDP-2 and DDP-3.
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Figure 5.18 XANES Spectra of the TEY and FLY modes at the S K edge of Thermal Films
Formed from ZDDP with Baking Time.
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Figure 5.19 XANES Spectra of the TEY and FLY modes at the S K edge of Thermal Films
Formed from DDP-1 with Baking Time.
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Figure 5.21 XANES Spectra of the TEY and FLY modes at the S K edge of 4 hour Thermal
Films Formed from ZDDP and Four Different Ashless Thiophosphates.

It is difficult to get quantitative information from XANES spectra from multiple samples
because the flux of photons are different at different times, however, if one is interested in
determining the relative amounts of two constituents that are close in atomic number, it is
possible to use the ratio of integrated intensity below the peaks to get a relative proportion of

the two species. Sulfur and phosphorous are close together in the periodic table and the flux of
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photons would likely not change much between the two peaks and can be used to characterize
the relative proportion of P and S in the film. Figure 5.22 is an example of the sulfur and
phosphorus peaks. Phosphorus and sulfur relative ratio was calculated by their integral area of
white line peaks. Sulfur is separated into two species, sulfide and sulfate. The amount of sulfur
was considered to be by the sum of sulfide and sulfate. In addition, the relative proportion of

sulfide in sulfur species was also determined.
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Figure 5.22 Example of K edge XANES Spectra where Both Phosphorus and Sulfur Coexist.

Figure 5.23 and 5.24 shows the relative S/P ratio of all thermal films generated from
various thiophosphate additives and the proportion of sulfide to sulfate species in thermal films.
All thermal films of ZDDP as depicted in figure 5.23(a) have significantly more sulfur species
than phosphates. At 1 and 5 minute baking times, sulfates are more in surface region (50~70
nm) than in bulk region. With fast and active decomposition of ZDDP, sulfates are actively
generated at the surface area by the reaction with the sulfur containing decomposed

intermediates. Then, from 10 minutes to 1 hour, sulfates move into bulk area and phosphates
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are likely formed at surface with plenty of decomposed products based on phosphorus. That is
the reason that S/P ratio in FLY mode increases up to 5 ~ 7 and even though sulfur is still more
than phosphorus, the S/P value in TEY mode decreases to about 2. Sulfides begin to be made
up during these times with 20 percentages of total sulfur species. At 4 hours the thermal films
and the oils are oxidized, so sulfates increase at both surface and bulk area together. Sulfides
are also decreased at this point.

Ashless DDPs have different pattern of reaction from ZDDP thermal films. First, in case
of DDP-1 shown in figure 5.23(b), the initial decomposition of chemistries and initial growth rate
of thermal film are high. Thus, the initial formation of sulfur compounds is very active and
presents both in the surface and bulk regions while the phosphates are present more in the
surface regions. Examining the spectra in FLY mode, it is evident that sulfur compounds are
dominant in thermal films formed at 5 minute (9.76 times than phosphorus), then their
proportion is gradually reduced as exposure time is increased to 1 hour. This indicates that iron
phosphates are more actively generated and form a greater part of the thermal film with
increasing time. After 1 hour, S/P ratios in the FLY mode decreases to 2.5. The sulfides are
formed in the first 30 minutes of thermal exposure after which they are oxidized to sulfates. In
the early stages of formation of thermal film examined in the TEY mode, it is evident that the
relative amount of sulfur increases compared to P until 10 minutes then decreases by 1 hour to
approximately 1 to 1 ratio before increasing to a 2:1 ratio. This indicates that the phosphates
stay near the top of the thermal films. In addition the change in chemistry of the thermal film
even when there is not a significant increase in thickness indicates that the thermal film is
reconstituting with time after the 1 hour period in the ZDDP and DDP films. Second ashless
thiophosphate additive, DDP-2, have a large amount of sulfur compounds inside thermal films
as shown in figure 5.24(a). Sulfur compounds are more reactive than phosphorus compounds.
After 5 minutes of exposure, a S/P ratio of 11.56 in FLY indicates that in the top 3 um of the

thermal film there is a large amount of sulfur present when DDP-2 is used. The S/P ratio for
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TEY is around 5 at 5 minutes which also indicates a larger amount of S near the surface (top 50
nm). Sulfides make up about 30 percentages of sulfur species located at surface area and in
the bulk (3 pm) about 22 percentages of sulfides out of the total sulfur compounds. This initial
growth rate of thermal film is not as high as ZDDP and DDP-1. Therefore, DDP-2 has a
maximum S/P ratio at 10 minutes in both TEY (S/P=7.67) and FLY (S/P=17.00). After 10
minutes, these relative ratios of sulfur versus phosphorus keep decreasing until 4 hour. This
indicates that phosphorus species accelerate to form phosphates with metal cations and then
move to the top of thermal films and this trend increases as the thermal exposure increases to 4
hours. In case of DDP-2, the proportion of sulfur present as sulfides in the TEY falls below 10%
at 10 minutes. However, after 1 hour, the amount of sulfide increases to 31 % with no significant
increase in thickness of the thermal film. The FLY mode of DDP-2 has same trend in spite of
different percentage of sulfides (3.6%—~9%). This indicates that a reconstitution of the thermal
film is in progress with sulfates being reduced with oxygen being scavenged to form phosphates.
This is supported by the fact that con-current with the increase in sulfide/sulfate ratio and also
with a decrease in the S/P ratio. Thus, finally iron phosphates are dominant in thermal films
after 4 hour test.

Comparing all 4 hour thermal films of thiophosphates in figure 5.24(b), it is hard to
conclude the mechanisms of thermal film formation from DDP-3 and DDP-4 because those
have limited information. However, through the S/P ratio of 4hour thermal film, DDP-3 seems to
be close to the performance of ZDDP or DDP-1. In order to classify DDP-3 exactly, there are
more experiments to be needed. DDP-4 is likely to follow the behavior of DDP-2 because its
thermal film consists of mostly iron phosphates with below 1 point of S/P ratio after 4 hour.

These results coincide with the result of a/c ratio analysis at P L edge spectra.
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L edge of Sulfur

Figure 5.25(a) and (b) shows sulfur L edge spectra of six model compounds of sulfur.
There are three sulfide model compounds, Zinc sulfide (ZnS), iron sulfide (FeS), and pyrite
(FeS,), and three sulfate model compounds, zinc sulfate (ZnSQO,), ferrous sulfate (FeSO,), and
ferric sulfate (Fe,(SQO,)s). Like the analysis of K edge spectra of sulfur, main peak’s position and
shape are used for analysis. All spectra of sulfates are very similar although their pre-edge
peaks are slightly different due to cation species and condition. Clear feature of all sulfates are
the two big broad peaks at ~172.5 eV and ~181 eV. Kasrai et al. found these two broad main
peaks are mostly due to the presence of the oxidation product using several inorganic and
organic sulfur compounds in order to characterize coals. [131] Sulfur L edge signal of thermal
films are weaker than the signal of sulfur model compounds. Their pre-edges are hard to be
distinguished. Thus, only common main peak positions of sulfates are used for analysis in this
study. In case of sulfides, each sulfide model compound has characterized peaks such as figure
5.25(a, b). Common among them are the first two peaks between 162.5 eV and 164 eV. Figure
5.25(c) shows the FLY spectra at sulfur L edge of raw dithiophosphate additives. Clear different
features of raw materials are two small peaks at 164 eV and at 166 eV indicating P=S and P-S
bonds in the chemistries. However, raw DDP-1 has a different sulfur pattern among DDPs
which looks like a certain sulfate. This peak may result from the presence of sulfuric acid
(H,SOy). It might be formed on the plastic surface after DDP-1 was decomposed by the sun
light, and then hydrolyzed and oxidized by air environment.

ZDDP 1 minute thermal film is unstable as shown in figure 5.26. After 5 minute, two
broad and big peaks which indicate sulfates are observed together with a small amount of
sulfides. The peaks of sulfides in the 4 hour thermal films are non-existent. Sulfur L edge of
DDP-1 as figure 5.27 shows that sulfur mostly exists as a sulfate in the thermal film although a
few sulfides are sometimes found in FLY mode. 1 minute sample looks unstable according to

unusual FLY spectrum. Thermal film formed from DDP-2 shown in figure 5.28 is also similar.
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Sulfates are dominant everywhere and every time with small amounts of sulfides present in all
of the thermal films formed from DDP-2. In all 4 hour thermal film comparison of figure 5.29, all
samples have mostly sulfates. DDP-2, and DDP-4 have a little more sulfides than ZDDP, DDP-1
and DDP-3, but this is not clear. This indicates that at the end of 4 hours, in the top = 3um of the
thermal film the sulfur present is oxidized into sulfates while deeper down it is possible that
some of the sulfur is still present in the form of sulfides. All DDPs have small amount of
undecomposed raw materials at 1 minute test, however, after 1 min. no spectra for raw

materials are detected.
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Figure 5.27 XANES Spectra of the TEY and FLY modes at the S L edge of Thermal Films
Formed from DDP-1 as Baking Time.
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Figure 5.29 XANES Spectra of the TEY and FLY modes at the S L edge of 4 hour Thermal
Films Formed from ZDDP and Four Different Ashless Thiophosphates.

5.3.3 Surface Morphology

Images of the topography of thermal films were recorded using a Wyko NT9100
Optical Profiler. Only 4 hour thermal films formed from zZDDP, DDP-1, and DDP-2 were
examined. The bare steel sample prior to deposition of thermal film was polished down to 5 ym

alumina and an image of the surface is shown in Figure 5.30.
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c) DDP-1 4 hour Thermal film

Figure 5.30 Optic Images of Surface Morphology of 4 hour Baked Thermal Films Using the
Optic Profilometer, Wyko NT 9100. Magnification is 100X. a) Bare Steel Surface, b)
ZDDP 4 hour Thermal Film, c¢) DDP-1 4 hour Thermal Film, and d) DDP-2 4 hour
Thermal Film.
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An important observation is the similarity of the images of bare steel and the surfaces of 4 hour
thermal film. All the 4 hour thermal films are at least 3 um thick or more (ZDDP: 3,202 ym, DDP-
1: 5,118 ym, and DDP-2: 8,052 ym). The morphology of the thermal films show the same
roughness as the starting steel which indicates that the film grows uniformly in all regions
including the hills and valleys of the initial polished surfaces.

5.3.4 Mechanism of Thermal Film Formation and Phenomenological Model

Using the P and S L edge and K edge XANES technique, we have been able to
develop an understanding of the growth of thermal films from zinc dialkyl dithiophosphate and
other ashless thiophosphate additives. We have been able to detect the chain length of
polyphosphates on the surface area until 50~70 nm deep with the a/c ratio analysis of P L edge
spectra. Also, with the S/P ratio analysis of P and S K edge spectra, the chemical composition
and structure of thermal films have been studied. Determination of the sulfide/sulfate ratio has
provided insight into the oxidation state of sulfur in the thermal films. The measurement of
thermal film thickness using the SEM, the changes of thickness of thermal films as a function of
time and thermal film growth rate at each transition point have been determined. From all these
observations, the mechanisms of thermal film formation, generated from ZDDP and four
different ashless DDPs, can be described. In addition, phenomenological models were
developed using the data acquired from each characterization technique.

In order to help understand the chemical structure and composition of thermal films in
the phenomenological models, simplified symbols for inorganic model compounds were used.
Table 5.3 shows the chemical name, formula, real 2D structure, and simplified model of
inorganic compounds which are used at the phenomenological models. Zn is a big white circle,
Fe is a big black circle, P is a small black dot, and S is a small white dot. O is not shown, so it
looks like just a line. Phosphates species have dark surroundings. Sulfur compounds have
white background. Real line means the connection between two atoms in a molecule. Dot line is

the connection with other molecules outside.
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Table 5.3 Inorganic model compounds for the phenomenological models

Name Formula Structure Simplified
Symbol
Zinc Phosphate Zn3(POy),
\
(o]
\S _—o—12n
Zinc Sulfate ZnS0O, y \
......... 7n—0 o
\
zn ..........
,,,,,,,,,, z\
Zinc Sulfide ZnS Y s\ — Zn O_O
"""" Zn -
.......... Fe
o
Iron \
FePO4 ........... Feio*Pho‘Fe AAAAAAAAAAA
Orthophosphate /
i
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Table 5.3 - continued

Iron
Fey(P207)s
Pyrophosphate

Iron ((7) Sulfate FeSO,

Iron ([1) Sulfate Fey(S0y,)s

Iron Sulfide FeS

Pyrite FeS,
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* ZDDP Thermal Film

1 min.: Some decomposed ZDDP products by preheating process at 170 T start to react with
metal cations (mainly Zn with few Fe) and to deposit on the surface. Zn/Fe sulfates and
phosphates are observed. The formation of sulfate is preferable to one of phosphate. The
chemical structure and reaction are not stable.

5 min.: The growth rate is very high. Film thickness also increases very fast. Sulfide starts to
show up at the surface. Phosphates are ortho- or pyrophosphates. The reaction becomes
stabilized.

10 min.: The thermal film growth rate is still fast. The cross linking of phosphate starts by plenty
of active phosphorus containing decomposed products: medium chain length at top
surface (5 nm) and short chain length at near surface (50~70 nm). Sulfur species are
more than phosphates everywhere. Sulfur compounds are found more in the bulk (S/P
ratio: 5.29). Sulfides occupy 20 %. (K edge TEY mode of 5 min. ZDDP thermal film was
not available, so we assumed it as same as the data of 30 minute.) The
phenomenological model for 10 minute ZDDP thermal film is drawn in figure 5.31 (Top).

First Step: Zn[(RO) ,PS;], (solution) =» Zn(RO),P,S, (decomposed by preheating) + O , (in

oil) + FeO or Fe ,0; (present on the surface of steel coupons) =» Zn/Fe ortho-
and pyro-phosphate + ZnSO ,/FeSO,(or Fe,(SO,)3) + ZnS (only surface, 10 %) =»
Zn short chain polyphosphate (in 50~70 nm) and Zn m edium chain
polyphosphate (in top 5 nm) + ZnSO4 1 (in bulk) + ZnS (20% of the sulfur
species)

30 min. and 1 hour: The growth rate decreases from k=0.1905 to 0.0012 (um/min.) after 11
minutes. The thickness of thermal film increases gradually. During this period,
decomposed products are gradually consumed, and oxidation and hydrolysis facilitated
by high temperature, O, and H,O in oil/fenvironment is accelerated. However, thermal film

continues to be deposited together with continued decomposition of ZDDP. The
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proportion of sulfur compounds at 30 minutes and 1 hour are similar to the film formed
after 10 minutes (S/P ratio: ~2.4 at surface and ~5 in bulk). Phosphates are formed as
zinc ortho- or pyro-phosphate. Zinc sulfide remains at ~20 % of the sulfur content.

4 hour: After 4 hours of exposure the relative ratio of sulfates to phosphates is increased to ~5
times at surface (= 50 nm) and ~7 times in bulk (= 3 um). Thermal oxidation and
hydrolysis processes of thermal films are accelerated. Sulfides are oxidized to sulfates.
Phosphates are zinc ortho- or pyro-phosphates. Figure 5.31 (Bottom) illustrates the
phenomenological model of the 4 hour ZDDP thermal film.

Second Step: Zn(RO) ,P,S, (decomposed by preheating) + O , (in oil) + Zn polyphosphate

(by hydrolysis (H ,0)>Zn phosphate + H 3;PO,) + ZnSO, + ZnS (by

oxidation »ZnS0O,) = Zn ortho- and pyro-phosphate + ZnSO 41+ ZnS | (5~7%)

* DDP-1 Thermal Film

1 min.: Decomposed DDP-1 products preheated at 170 T begin to react with Fe and deposit on
the surface. Fe sulfates, sulfides, and phosphates are observed. Sulfur species are very
active. Phosphates are more than sulfur compounds at the surface area because of many
decomposed DDP-1 products. The chemical structure and reaction are not stable.

5 min.: The growth rate is very high (k=0.4062 (um/min.)). Film thickness also increases very
fast. Sulfur compounds are formed a lot and move deeper into the thermal film. Sulfide
exists deeper in the tribofilm with sulfates near the surface. Phosphates are iron ortho- or
pyrophosphates. DDP-1 is not thermally stable with a low flash point and decomposes
easily yielding abundant active phosphorous and sulfur species to form thermal films.
Sulfur containing compounds are more likely to deposit on the steel surface than P
containing ones. However, at the very top layer, phosphates are dominant.

10 min.: The growth rate of the thermal film decreases dramatically as the active species in the

oil are reduced due to the rapid decomposition. However, reconstitution of the
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composition and structure of the thermal film proceeds. Medium chain length
polyphosphates are formed near the top, but the bulk is still is composed of iron
phosphates. Overall, sulfur species are still dominant. The S/P ratio decreases from 9.76
to 7.23 in the bulk of the thermal film as calculated from the FLY spectra, while the near
surface region (50 nm) has an S/P ratio of 3.12. The sulfate/sulfide ratio is 8 indicating
most of the sulfur compounds are present as sulfates. A phenomenological model of the
thermal film formed at 10 minutes is shown in Figure 5.32 (Top).

First Step: (RO) ,PSS-C,H,CO,R (solution) =» (RO),PSSC,H,CO,R (decomposed by

preheating) + O , (in oil) + FeO or Fe ,0; = Fe ortho- and pyro-phosphate +
FeSO,(or Fe,(S0,)3) + FeS(or FeS,) (only Bulk, 11~12 %) =» Fe medium chain
polyphosphate (in 5 nm) + Fe ortho- and pyro-phosph  ate (in Bulk) + Fe
Sulfate 1+ Fe sulfide (in Bulk)

30 min. and 1 hour: After the initial rapid growth of the thermal film the growth rate slows down
to almost 0. There is some reconstitution of the thermal film with the S/P ratio decreasing
indicating that the sulfur species is migrating to the metal surface and the outer surfaces
getting richer in phosphorous. This may also be made possible by the availability of active
phosphorous species in the oil while sulfur species are reduced significantly. Sulfides are
almost completely oxidized at this point.

4 hour: The thickness of thermal film is not changed. The reorganization and rearrangement of
molecules inside thermal films continues. The proportion of S/P is ~2 at surface and ~2.7
in the bulk steadily. Phosphates are iron ortho- and pyro-phosphates. No sulfide is found.
4 hour thermal film model of DDP-1 can be seen in Figure 5.32 Bottom.

Second Step: (RO) ,PSSC,H,CO,R (decomposed by preheating) + O , (in oil) + FeO or

Fe,O3; + Fe medium chain polyphosphate (by hydrolysis = ->Fe phosphate) + Fe

Sulfate (by hydrolysis(H ,0)>Fe ion + H,SO,) + Fe Sulfide (by
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oxidation >FeSO, or Fe,(SO,);) = Fe ortho- and pyro-phosphate 1+ Fe

Sulfate | =¥ reorganization and rearrangement of thermal film

* DDP-2 Thermal Film

1 min.: Already preheated decomposed DDP-2 products begin forming thermal films on the
steel surface. Fe sulfates, sulfides, and phosphates are observed. The ratio S/P ratio at
the surface is 1 while in the bulk it is 3. Sulfate/Sulfide ratio in the thermal film is between
4-5. However, the initial thermal film of DDP-2 is unstable.

5 min.: The growth rate is not as fast as ZDDP or DDP-1 with a k=0.0799 (um/min.). This
means DDP-2 is a thermally stable and does not decompose as quickly. Sulfur-containing
decomposed products are much more active with metal cation (Fe) resulting in the
formation of sulfates and sulfides, which then migrate to the bulk. At this stage of the
thermal film formation the S/P ratio is 12 in the bulk (3um) indicating the dominant role
played by the sulfur species, however closer to the surface the ratio is much smaller at 5
indicating the presence of more phosphates near the surface. Phosphates are Iron ortho-
or pyrophosphates, but some short chain polyphosphates start to be observed by cross
linking of phosphates. Sulfides continue to be present in the thermal film, though smaller
in concentration than the sulfates.

10 min.: The growth rate of the thermal film changes after the initial film formation and growth
rate reduces to 0.0249 (um/min.). DDP-2 continues to decompose and provides active
species for the growth of thermal films with sulfate being a dominant part of the film
chemistry. At this stage the S/P ratio is 17 in the bulk and 7.6 at the surface and the
extent of sulfides is decreased with increasing oxidation of the sulfides. Iron phosphates
combine with each other resulting in chain extension to medium and short chain length
polyphosphates at near the surface of film. We can see the 10 minute DDP-2 thermal film

model at the top image of figure 5.33.
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First Step: (RO) ,PSS-C,H,COOH (solution) = (RO),PSSC,H,COOH (decomposed by
preheating) + O , (in oil) + FeO or Fe ,0; = Fe ortho- and pyro-phosphate +
FeSO,(or Fe(S0Oy)s) + FeS(or FeS,) = Fe short chain polyphosphate (in 50~70
nm) and Fe medium chain polyphosphate (in 5 nm) + F e Sulfate 1+ Fe sulfide

30 min.: The reaction with P-containing decomposed products is accelerated. The S/P ratio
decreases to 10 in the bulk and 4.05 near the surface. The phosphate glass near the
surface continue to cross link near the surface yielding medium and long chain
polyphosphates near the surface while in the bulk of the thermal film FePO, is present.
Sulfides and sulfates are still present in the thermal film.

1 hour: At this stage the growth of the thermal film with DDP-2 slows down but continues at a
steady pace unlike ZDDP and DDP-1 where the growth rate is substantially lower. The
S/P ratio continues to drop indicating that phosphates continue to deposit and remain
near the top of the thermal film. The lower S/P ratio may suggest that with increasing
thickness of the thermal film, sulfur species present deeper down in the thermal film may
not be analyzed (XANES K edge FLY mode cannot detect over 3000 nm depth). The
surface of the thermal has short chain polyphosphates with iron orthophosphates are
inside. But unlike the ZDDP and DDP-1 where the oxidation of sulfides to sulfates
proceeds with time, there is an increase in the sulfide relative to sulfate at the surface.
This possibly results in the reduction of the sulfates or deposition of sulfides.

4 hour: The thickness of thermal film consistently increases and iron phosphates become major
compounds throughout the thermal film and extent of sulfur species on the surface is
reduced. Small amount of sulfide remain in the bulk of the thermal film. The phosphate
chain length remains similar to the film present at 1 hour with short chain Fe
polyphosphate in the top 5 nm surface and iron ortho and pyrophosphate at 50~70 nm. 4

hour thermal film model of DDP-2 is shown in Figure 5.33 Bottom.
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Second Step: (RO) ,PSSC,H,COOH (decomposed by preheating) + O , (in oil) + FeO or
Fe,O3; + Fe polyphosphate (by hydrolysis (H ,0)->Fe phosphate + H ;PO,) + Fe
Sulfate (by hydrolysis(H ,0)->Fe ion + H,SO,, and by the transition of oxygen to
FePO,) + Fe Sulfide (by oxidation ->FeSO, or Fe,(SO4)s;) = Fe short chain
polyphosphate (at the surface) + Fe ortho- and pyro  -phosphate 1+ Fe Sulfate |

+ Fe Sulfide |

* DDP-3 and DDP-4 Thermal Film

Thermal films from DDP-3 and DDP-4 were only acquired after 4 hours of thermal
exposure. The 4 hour thermal film models are provided in figure 5.34. It is difficult to understand
the mechanism of formation of thermal film with limited information; however, the final
constitution of their thermal films can be envisaged based on XANES data. However, based on
evidence gathered with ZDDP, DDP-1 and DDP-2 a hypothetical model is proposed with some
assumptions.

The formation of thermal film of DDP-3 appears to be similar to thermal films of DDP-1.
The final S/P ratio is high value of 5.51 in the bulk and 3.81 at the surface. Sulfides are still
observed inside the thermal films. All iron phosphates are ortho and pyro iron phosphates. Its
final thickness is very high (8.923 um). The closest thing is the thermal stability of both. Both
have low flash points as mentioned in Table 5.1 and are easily decomposed. This property may
explain why the thermal film formed by DDP-3 is very similar to the one formed by DDP-1 and
may be dominated by the fact that both of them have low flash temperature.

The final 4 hour DDP-4 sample has many iron phosphates everywhere. At the surface
area, short chain polyphosphates are also observed. Iron phosphorus compounds are mostly
dominant in this thermal film. This result indicates DDP-4 may resemble the reaction of DDP-2.

They both are more thermally stable as shown in Table 5.1.
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5.4 Conclusion
This study was undertaken to understand the mechanism of formation of thermal films
generated from various metal and metal free dithiophosphate. For more detailed information,
various time dependent thermal film samples have been used. The growth rate and the
thickness of thermal film were obtained from SEM experiments. From P and S K and L edge
XANES technique, fruitful chemical and structural information could be analyzed. With all
analysis, the phenomenological models for thermal film structure have been proposed.

All thermal films are formed on the steel surface uniformly even if they grow to be
several microns thick. These phenomena were found at the morphology images from the optic
profilometer. There are three different patterns of formation of thermal films as different
thiophosphate chemistries. The first case is the additives which have a lot of metal elements like
ZDDP. The decomposed P- and S- containing products react with the metal surface forming
thermal films. Second, ashless thiophosphates with low flash point was decompose very quickly
with sulfur species forming very rapidly on the surface with sulfates dominating. Subsequently,
phosphates are deposited and diffuse into the bulk of the thermal film. As the available active
species are reduced over time the growth of the thermal film slows down and only oxidation and
hydrolysis of thermal films were observed. Third, In case of ashless thiophosphates with high
thermal stability, these additives decomposed slowly. At the initial stage many sulfur species
deposited on the surface. However, with increasing time the phosphates are the dominant
species in the thermal film. The reduction and reorganizations of sulfur species were carried out

rather than hydrolysis.
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CHAPTER 6

XANES ANALYSIS OF THERMAL FILMS FORMED FROM ASHLESS ANTIWEAR
COMPOUNDS COMPARING WITH ZDDP: ASHLESS AMINE PHOSPHATES

Thermal decomposition has been accepted as the major mechanism of antiwear
tribological film formation. A study of thermal films generated from various antiwear additives,
provides valuable insights into the mechanism of tribofilm formation and the antiwear
performance of additives can be indirectly understood. In this section, X-ray absorption near
edge structure (XANES) spectroscopy has been used to characterize the chemistry of thermal
films on steel substrates, which were generated from solutions of phosphorus containing
additives, in particular in this study, three different amine phosphate additives were examined.
Thermal films were formed at 170 € by immersing steel coupons in oil containing these
additives at a nominal concentration of 0.08 wt. % phosphorous for durations ranging from 1
minute to 4 hours (1, 5, 10, 30 min and 1, 4 hour). Using the secondary electron microscope
(SEM), thermal film thickness was measured and the growth rate was calculated. The
topography of thermal film surfaces was observed using an optical profilometer. The
phosphorus K and L edge spectra and nitrogen K edge spectra show the chemical composition

and structure of thermal films at the surface region as well as at the bulk region.

6.1 Introduction
A number of ashless phosphorus containing additives have been used in the
lubricating oil industry as antiwear (AW) and extreme pressure (EP) additives for well over the
past 50 years even though the zinc dialkyl dithiophosphates have been widely used as main
antiwear additives in both automobile and industrial oils for many years. [49,118] In particular,

phosphate esters have become popular among the various types of organo-phosphorus
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compounds used to protect wear as an alternative to ZDDP at some tribological applications.
[50] Phosphate esters generally react with various machined surfaces in order to form a
protective film that mostly consists of iron polyphosphates, iron phosphates, and organic
phosphates. [118] Xu et al. tested tricresyl phosphate (TCP) and triphenyl thiophosphate
(TPPT) at the four ball tester and they found both are good anti-scuff, antiwear, and antifriction
agents. [132] Zhang et al. [133] studied the interaction between diaryl phosphate (DPP) and
dispersants and Najman et al. [50] investigated the interaction between diaryl phosphate (DPP)
and triaryl phosphate (TPP) and sulfur containing extreme pressure (EP) agents. In addition to
the studies of organophosphate additives like TCP, and DPP, the tribological effect of different
substituent groups, especially adding amine groups have attempted. Minami et al. found the
wear protection of amine salts of phosphate was better than one of phosphate alone because
the alkyl groups from the amine group increased the overall solubility resulting in increasing its
lubricity. [134] However, at higher loads, the antiwear properties of amine phosphates were
decreased. [135] Wan et al. also insisted that amines reduced the antiwear properties of P-
containing additives. [136] In spite of this controversy, amine phosphates are still widely used in
various industrial applications. Hence, a detailed study of tribofilm formation from amine
phosphates would provide insights into their behavior.

While amine phosphates have been used extensively as antiwear additives, the exact
mechanism by which they afford wear protection is still poorly understood. It is generally
accepted that there are several steps of the formation of tribofilm. First step and the most
important step of this process is the thermal and thermo-oxidative decomposition of antiwear
additives in oil solution. The chemical properties and even film growth pattern of tribofilm can be
influenced by this thermal decomposition process as already studied at the previous chapter 5.
Therefore, the thermal film formed by immersing steel coupons in oil formulation becomes
important to study the mechanism of the tribological formation of film from ashless amine

phosphates.
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In this study, three different amine phosphates as ashless antiwear additives have
been examined to understand the mechanism of thermal formation of film formed from organic
phosphates containing functional group, here amine group, comparing with secondary ZDDP.
Phosphorus K and L edge XANES spectra and nitrogen L edge XANES spectra have been
used for elemental and chemical structural properties of thermal films. To measure the
thickness of thermal films, the secondary electron microscope (SEM) has been tested. The
topographical tests for thermal films have been done at the optic profilometer. Finally

phenomenological models for thermal film generated from amine phosphates are developed.

6.2 Experimental Details

6.2.1 Materials and Sample Preparations

Three different ashless amine phosphates were studied in this study and compared
with zinc dialkyl dithiophosphate (ZDDP). Figure 6.1 shows the common chemical structures of
amine phosphate. Amine phosphates can be dibasic, mono basic structure, or mixture of both
structure. Their properties are shown in table 6.1. All compounds were diluted to 0.08 wt%
phosphorus with 100 neutral mineral oil. An amine phosphate usually consists of a phosphate
and an amine group, which are connected by hydrogen bond. AP-1 and AP-3 have lower
density than water (1 g/cm® while AP-2 is slightly higher (1.02 g/cm®). In amine phosphate
compounds, the functional groups (hydrocarbons) are meaningful in point of the thermal stability.
AP-2 is a little acidic according to the result of TAN test.

All thermal films were formed by the static immersion of a steel coupon in 0.08 wt%
solution in a preheated oil bath at 170 € for 1, 5, 10, 30 minutes, 1 hour, and 4 hours. Detailed
procedure is explained in previous chapter. All samples for thermal films were gently rinsed with

hexane prior to each XANES, SEM, and optic profilometer analysis.
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Figure 6.1 Common Chemical Structure of Amine Phosphate. Phosphate and Amine Group are
Connected by Hydrogen Bond. a) Dibasic Amine Phosphate and b) Monobasic Amine
Phosphate.

Table 6.1 Properties of Ashless Amine Phosphates. [49,117,137-140]

Flash Densit TAN Test
Additives R; R» Point ( /cms))/ (mg,
(T) 9 KOH/g)
AP-1 hexyl (aryl) C11-C14 branched 135 0.92 -
mixied methyl and mixed methyl and
AP-2 butyl (isobutyl) butyl (isobutyl) 113 1.02 | 245275
AP-3 alkyl alkyl 96 0.94 -

6.2.2 Data Acquisition and Analysis
Thickness measurements for thermal films were conducted using secondary electron
imaging in a Hitachi 3000 scanning electron microscope (SEM). Topographical surface images
were taken using a Wyko NT9100 Surface Profiler.
The XANES spectroscopy was used to analyze phosphorus and nitrogen in the
thermal films formed on steel coupons by three different amine phosphate solutions. The K
edge data of phosphorus were obtained on the Canadian double crystal monochromator (DCM)
beamline at the Synchrotron Radiation Center (SRC) of the University of Wisconsin—Madison in
Stoughton, Wisconsin. These spectra has the energy range of 1500 to 4000 eV with 0.3 eV for
P and 0.5 eV for S scan step of resolution. The P L-edge spectra of lower energy range were

collected on the variable line spacing plane grating monochromator (VLS-PGM) beamline at the
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Canadian Light Source (CLS) facility in Saskatoon, Saskachewan, Canada. The PGM beamline
covers between 5.5 and 250 eV with 0.1 eV scan step of resolution. In case of nitrogen (N) K-
edge, the high resolution spherical grating monochromator (SGM) beamline in the CLS facility
was used. It covers the energy range between 250 to 2000 eV with 0.1 eV scan step in 1000
pm by 100 um spot size. In all XANES spectra, the total electron yield (TEY) mode for the
information of surface region and the fluorescence yield (FLY) for the information of the bulk

region were collected.

6.3 Results and Discussion

6.3.1 Thermal Film Thickness

All thermal films for thickness measurement were formed on thin AISI 1075 steel
coupons (50 um X 2 mm X 5 mm). The scanning electron microscope (SEM) was used to take
the cross section image of thermal film formed on the steel surface. Thermal films of AP-1 were
baked for various times ranging from 1 min to 4 hours while AP-2 and AP-3 were only backed
for 4 hours. Figure 6.2(a, b) show the average thicknesses of thermal films generated from AP-1
and ZDDP at 20 different spots as a function of time. Figure 6.4(a) is the plot of thickness
growth of thermal film versus time. Thermal film of ZDDP was used as a reference to compare
with the thermal films of the amine phosphates. In case of AP-2 and AP-3, only the 4 hour data
is shown. In the first 10 minutes, a very rapid increase in film thickness is shown in Figure 6.4(a).
Then, the growth rate of the thermal film slows down and is steady state till the end of test (4
hour) with final thickness of 6.54 ym in case of AP-1 and of 3.20 ym in ZDDP. The growths of
the tribofilms of AP-1 and ZDDP also follow an exponential type growth pattern. The growth
kinetics of the thermal film generated from AP-1 can be broken down into three steps while one
of ZDDP is two steps. Figure 6.4(b) is the plot of In (thickness) versus time related with AP-1.
AP-1 has different growth pattern from ZDDP and ashless DDPs. Two clear transition points for

the growth rate are observed in figure 6.4(b). Initially, its thickness increases rapidly with
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k=0.4632 (um/min.) until 5.0 minutes and thickness of 2 um and the growth rate reduces to k =
0.0268 (um/min.) through 30 minutes and thermal film thickness of 3.86 uym. After about 30
minutes, the thermal film of AP-1 continues to with a slower growth rate of k=0.0025 (um/min.)
with a final thickness of 6.54 ym at 4 hours. Subsequently, the availability of active
decomposition product is reduced and the growth rate of thermal film is reduced. Shown in
figure 6.4(c) is the growth of a ZDDP thermal film where two different growth rates are observed.
Thermal films of ZDDP grow fast until 11.26 minutes with a thickness of 2.459 ym and growth
rate k=0.1905 (um/min.) following which the growth rate slows down to k=0.0012 (um/min.). In
comparison, AP-1 decomposed rapidly at 170 C, and its decomposed products react with steel
surface rapidly in the initial stage. However, in AP-1 after the initial fast growth rate the rate
drops rapidly but it still has more active species than ZDDP resulting in a thicker film compared

to ZDDP.

0.253 pm
1.615 pm 3.855 pm
J 2.256 pm 4.164 um [ 6.543 um

— J N

.’...1' 1

10 min

ZDDP Thermal Film WD;.S .n9mI:\ 2u0 5 E’kVu xi . Onk i 55umu

Figure 6.2 Cross-Section Images of Thermal Film Thicknesses Formed from a) AP-1 and b)
ZDDP
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Figure 6.3 provides thermal film thickness after 4 hour baking for the different amine
phosphates and ZDDP. The thickness of 4 hour thermal film from AP-2 is 7.085 ym and AP-3 is
3.795 um. All the data shown here is for the final thickness at 4 hours and hence growth
patterns cannot be deduced. However, based on final thickness one can deduce AP-2 may

follow the growth of AP-1 and AP-3 may be closer to ZDDP.

APs 4 hour Thermal Film

1] o o

a o {n] 2] o

WD16.6mm 30.0kV x1 .0k  50um

Figure 6.3 Cross-Section Images of Thermal Film Thicknesses Formed from Different
Chemistries at 4 hour.

6.3.2 XANES Analysis of Thermal Film

X-ray absorption near edge structure (XANES) spectroscopy was used to characterize
the chemical makeup of the thermal films. Total electron yield (TEY) and fluorescence yield
(FLY) spectra of Phosphorus K and L edge and nitrogen K edge were collected. TEY which has
the information of near surface area covers approximately 5 nm depths at L edge and 50 nm
depths at K edge. FLY which has the information of bulk area covers approximately 50 nm

depths at L edge and 1000~3000 nm depths.
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Figure 6.4 Plots of Thermal Film Growth as a Function of Time. a) Plots of Thermal Film Growth
of Three Different Amine Phosphate Chemistries and ZDDP, b) Logarithm of
Thickness of Thermal Film Formed from AP-1, and c) Logarithm of Thickness of
Thermal Film Formed from ZDDP.
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Figure 6.5 XANES Spectra of the TEY and FLY modes at the P K edge of Model Compounds:
Zn3(PO4)2 , FePQ,, and (NH4)2HPO4

6.3.2.1 Phosphorus Characterization

K edge of Phosphorus

In figure 6.5, phosphorus K edge XANES spectra of three model compounds:
Zn3(PO,), FePO4and (NH,4),HPO,, are shown. The main peak of zinc phosphate is observed at
2152 eV, while one of iron phosphate is located at 2153 eV. Ammonium phosphate has its white
line at about 2151 eV. Zn;(PO,), has the shoulder at the right side of main peak and its main
peak is a little wider than iron phosphate. FePO, has clear pre-edge at the left side of main
peak. The width of main peak of (NH,),HPO,is the widest among three model compounds.

Figure 6.6 shows P K edge spectra of all thermal films formed from AP-1 as a function
of baking time. Comparing with model compounds, the white line peaks of all thermal films of
AP-1 are close to the main peak of iron phosphate. None of the main peaks of thermal films can
be identified to either ammonium phosphate or zinc phosphate. Hence, in this study, thermal
films formed from AP-1 through thickness are mainly comprised of iron phosphates. The
intensities of white line of thermal films in figure 6.6 increase with baking time indicating the

thickness of thermal film increase.

134



AP-1 AP-1
''''' T LR L

T T T
! Thermal 4 Hr ! Thermal 4 Hr
! |
! |
! |
Thermal 1 Hr | Thermal 1 Hr
! |
! |
! |

p | Thermal 30 min P : Thermal 30 min
K edge | K edge :
| |

TEY FLY

I "
Units) _,J?\ Units) !
| |
| |
| |

| |
| |
| Thermal 1 min |
| |

L L 1 1 L
2140 2150 2160 2170 2180 2140 2150 2160 2170 2180

Energy (eV) Energy (eV)

Figure 6.6 XANES Spectra of the TEY and FLY modes at the P L edge of Thermal Films
Formed from AP-1 as Baking Time.

Figure 6.7 shows XANES spectra of the TEY and FLY modes at the P K edge of
thermal films formed from three different amine phosphate additives. All 4 hour thermal films
formed from three amine phosphates have the white peak which is placed at approximately
2153.0 eV, indicating iron phosphate. They have thermal films consisting of iron phosphates

while the thermal film of ZDDP mainly has zinc phosphates with the main peak of 2152.0 eV.
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Figure 6.7 XANES Spectra of the TEY and FLY modes at the P K edge of 4 hour Thermal Films
Formed from Three Different Amine Phosphate Additives Comparing with ZDDP 4
hour Thermal Film.

L edge of Phosphorus
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Figure 6.8(a) is the XANES spectra at L edge of phosphorus model compounds. Zinc
phosphate (Zn;(POy),), iron phosphate (FePO,), and ammonium phosphate ((NH4),HPO,) are
plotted in the graph as model compounds. The spectra of phosphates are composed of four
different peaks from (a) to (d). In this chapter, the explanation about the implication of each
peak is skipped as it is already detailed in chapter 5. When comparing the white line (c) peak of
model compounds, it is evident that ammonium phosphate has the lowest energy peak at
approximately 138.2 eV and zinc phosphate has a slightly higher energy state at 138.7 eV and
iron phosphate occurs at the highest energy at 139.0 eV. In addition, zinc phosphate has lower
pre-edge peaks whose position is similar to the pre-edge of ammonium phosphate. In case of
ammonium phosphate, its pre-edge peak (peak (a)) is at a lower energy at about 135.8 eV than
pre-edge peaks of iron phosphates (peak (a’)) at about 136.2 eV. The position of peak b of
(NH,),HPO, is at approximately 137.0 eV. This location is similar to the (b) peak of iron
phosphate. The clear feature of ammonium phosphate is the intensity of two pre-edge peaks (a)
and (b). These peaks are strong, and look like the peaks of longer chain polyphosphate,
especially zinc and iron polyphosphates. Figure 6.8(b) is the plots of phosphorus L edge FLY
spectra for undecomposed raw amine phosphate materials. Samples were prepared by being
coated on the transparent films by dip coating method and by being dried at the air environment.
Because of non-conductive property of organic materials, only FLY mode spectra were
detectable. All amine phosphates additives have similar spectra at both two pre-edges and the
white line similar to ammonium phosphate model compound. To distinguish between
ammonium phosphate and undecomposed amine phosphates, their FLY phosphorus L edge
peaks are de-convoluted and a/c ratio was calculated. Figure 6.9 shows the a/c ratio
comparison of model compounds as well as amine phosphate raw materials in the FLY mode.
The model compounds all have al/c ratio’s that are below 0.19 while all the raw amine

phosphates have an a/c greater than 0.33.
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Figure 6.8 XANES Spectra of the TEY and FLY modes at the P L edge of Model Compounds as
well as of Raw Amine Phosphate Additives. a) TEY and FLY Spectra of Model
Compounds: Znz(PQ,), , FePO,, and (NH,;),HPO, and b) FLY Spectra of Three
Different Amine Phosphate Raw Materials.
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Figure 6.9 The a/c Ratio Comparison of Model Compounds and Raw Materials at the FLY mode.
Figure 6.10 shows the phosphorus L-edge XANES spectra in TEY and FLY modes of

thermal films generated from AP-1. Well developed thermal films can be observed from 1 min to
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4 hour by examining P L edge spectra at both TEY and FLY mode. The main core peak and two
pre-edge peaks of all AP-1 thermal films are close to the peaks of ammonium phosphate model
compound. However, by the analysis of phosphorus K edge spectra of thermal films, the
composition of thermal film produced by AP-1 is found to be only iron phosphates. Therefore,
the energy shift to lower level undoubtedly results from another reason instead of the
ammonium phosphate. Najman et al. [49] in their study showed energy shift of the white line
peak of iron phosphates resulting from the variation of chain length of iron phosphate. A longer
chain iron polyphosphate has lower energy of main peak as shown in figure 6.11. Therefore, all

thermal films of AP-1 in this study consist of longer chain iron polyphosphates.
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Figure 6.10 XANES Spectra of the TEY and FLY modes at the P L edge of Thermal Films

Formed from AP-1 as Baking Time.

Figure 6.12 shows the a/c ratio analysis of thermal films formed from AP-1, which give
an indication of the chain length of the polyphosphates. The way to analyze and calculate the
a/c ratio from phosphorus L edge spectra was detailed in an earlier chapter and will not be
repeated here. Characterization of the chain length of polyphosphate is based on the following
analysis that was detailed in chapter 5: The a/c ratio below 0.2 corresponds to common

orthophosphate or pyrophosphate. The ratio between 0.2 and 0.35 indicates the short chain

138



polyphosphate and the value from 0.35 to 0.55 is the medium chain length of polyphosphate.
The polyphosphate with a/c ratio above 0.55 are long chain polyphosphate. At the near surface
area of 5 nm depth determined from TEY spectra of the L-edge of the thermal films formed by
baking for 10 min, the ortho- or pyrophosphates and short chain polyphosphates are deposited
on the surface with decomposed amine phosphate compounds. For baking times longer than 10
minutes, the cross linking and chain extension of polyphosphates increase gradually. Finally,
medium chain iron polyphosphates occupy the surface area at 4 hour with 0.40 a/c ratio. In the
FLY mode that provides information over the top 50~70 nm when L-edge is used, it is evident
that in the first 30 minutes the value of a/c ratio decrease indicating the proportion of ortho or
pyro phosphate is increased, and then after 30 min, the a/c ratio increases again up to 0.35 at 4
hour. This means that cross linking and chain extension of phosphate compounds continues
after the initial 30 min when much of the deposition occurs. Thermal film of 4 hour baking is
majorly composed of medium chain length iron polyphosphates and short chain iron
polyphosphates. In addition, more complex linked polyphosphates are preferably present in

near the top of the thermal film.

Long Chain Iron ¢ Iron
' T T Tnemmalfims | Polyphosphate g Pyrophosphate
' i

N w TPR, T0'C :

d
v 7 DPR, 70°C
a I i
: i i Irgalube.

FeoP10ss

TS

g e ; Mgdel,ci:mpwnds
= o _J/\ H -
: i FePO, H -
fAﬂ/ mpe— '
2] 1 | 135 140

.y

M "
125 130 B35 140 § 145 150 156 160 165
Photon Energy (V)

Figure 6.11 Example for Energy Shift of the White Line Peak Because of the Variation of Chain
Length of Iron Phosphate. A Longer Chain Iron Polyphosphate Has Lower Energy
Range of Main Peak. [49]
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Figure 6.12 The a/c Ratio Comparison of AP-1 Thermal Films as a Function of Time at the TEY
and FLY mode.

Figure 6.13 is plots of P L edge XANES spectra of all 4 hour thermal films formed from

ZDDP and three different amine phosphates. In both TEY and FLY modes, all white lines of

thermal films from amine phosphate species are close to the main peak of short or medium

chain polyphosphate while the white peak of ZDDP is identical to zinc phosphate. Figure 6.14

shows the a/c ratio analysis of three different 4 hour thermal films of three amine phosphates.

The alc ratio values of AP-2 and AP-3 are smaller than AP-1. Hence, thermal films of AP-2 and

AP-3 are mainly comprised of iron polyphosphates with short chain length.
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Figure 6.13 XANES Spectra of the TEY and FLY modes at the P L edge of 4 hour Thermal
Films Formed from ZDDP and Three Different Ashless Amine Phosphates.
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Figure 6.14 The a/c Ratio Comparison as Different Chemistries at 4 hour. The Relative Ratios
are Presented in order of ZDDP, AP-1, AP-2 and AP-3.
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Figure 6.15 XANES Spectra of the TEY and FLY modes at the N K edge of Model Compound,
(NH,),HPO,, and of 4 hour Thermal Films Formed from Three Amine Phosphates.
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Figure 6.16 Nitrogen K edge XANES Spectra of NO, (Nitrite) and NOz (Nitrate). N and O 1s

Photo Emission Spectra for the Adsorption of NO, on Polycrystalline Zinc at 100K.

[141]

6.3.2.2 Nitrogen Characterization

K edge of Nitrogen

In order to understand the detailed chemical structure of thermal films generated from
amine phosphates, nitrogen K edge XANES spectra have been examined. In figure 6.15, both
TEY and FLY mode spectra of ammonium phosphate as a model compound and three different
4 hour thermal films of amine phosphates are plotted. The TEY spectra are noisy and not useful.
However, FLY spectra of all 4 hour thermal films indicate the presence of nitrogen species. In
comparison to ammonium phosphate, these thermal film spectra are not similar to (NH,),HPO,
because ammonium phosphate has the white peak at ~408 eV, the pre-edge peak at ~403 eV,

and the right shoulder at ~410.5 eV, however, thermal films have a pre-edge peak 1 eV higher
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(~404 eV) and main peak (~409 eV) and another big bump at ~413.5 eV. It indicates that all 4
hour thermal films formed from amine phosphate additives nitrogen in the thermal film, but not
in the form of ammonium phosphates. Another study [141] of nitrogen K-edge XANES peaks of
NO, and NOj3 on polycrystalline zinc are shown in figure 6.16. A nitrite peak is present at ~404.6
eV and a nitrate peak is present at ~408.2. In this study, the main cations are iron. Hence, there
is some energy shift due to the variation of cation species. Possibly peak (d) and (e) are related
to iron nitrite and iron nitrate although peak (f) is unknown. Therefore, nitrogen containing
compounds are oxidized and deposited in the thermal film as oxidized conditions like iron nitrite
or iron nitrate.
6.3.3 Surface Morphology

Figure 6.17 shows the topographical surface images of thermal films by using a Wyko
NT9100 Optical Profiler. Only 4 hour thermal films formed from ZDDP, AP-1, AP-2, and AP-3
were observed. The bare steel sample prior to deposition of thermal film was also shown in
figure 6.17(a). In the chapter 5, thermal films of both ashless thiophosphates and ZDDP are
formed on the steel surface uniformly even if they grow to be several microns thick. It is
because their optic images are similar with the surface image of bare steel. On the other hand,
thermal films of amine phosphates are formed differently in comparison of dithiophosphate
compounds. Wide and large patches are deposited on all around surface, whereas canyons
between patches are observed with the depth of approximately 0.5~1 ym. No differentiation of
functional alkyl groups in amine phosphate compounds is found.
6.3.4 Mechanism of Thermal Film Formulation and Phenomenological Model

All things considered, phenomenological model for thermal film formation of amine
phosphate was developed as shown in figure 6.18. Also, the mechanism of formation of thermal
generated from amine phosphate antiwear additives has been discussed in this section. The
measurement of film thickness has given the growth kinetics of thermal film of amine phosphate

compounds.
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Figure 6.17 Topographical Surface Images (47 pm X 63 um) of 4 hour Baked Thermal Films
Using the Optic Profilometer, Wyko NT 9100. a) Bare Steel Surface, b) ZDDP 4 hour
Thermal Film, c) AP-1 4 hour Thermal Film, d) AP-2 4 hour Thermal Film, and €) AP-3
4 hour Thermal Film.
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Phosphorus K and L edge and nitrogen K edge XANES technique have been used for
understanding the chemical structure and information of thermal films of amine phosphate
species. All amine phosphates tested in this study have acted and reacted in the same manner
even if there are some deviations of thickness measurement. Hence, only one
phenomenological model is developed as a representative. All simplified symbols for modeling
thermal films are exactly same as ones used in chapter 5. One new symbol was created with
iron nitrite and iron nitrate being symbolized with the letter “Fe+NOXx” in the circle in order to

help understand the mechanism of film formation.

*AP-1 Thermal Film

1 min.: Decomposed AP-1 products preheated at 170 °C begin to react with Fe and deposit on
the steel surface. The thermal film forms rapidly (k=0.4632 (um/min.)). Even the chemical
structure and reaction at 1 minute baking seem stable due to clear peaks in both P K and
L edge spectra.

5 min.: The film growth is very fast (k=0.4632 (um/min.)) until 5.46 minute with high thickness of
1.998 um. Iron phosphates are actively deposited on the surface.

10 min.: The growth rate considerably decreases to a slow rate with k=0.0268 (um/min.) after
about 6 minutes. Thermal film consists of iron phosphates. On the surface of thermal film,
short chain iron polyphosphates resulting from cross linking begin to be observed.
Thickness of thermal film increases continuously. A phenomenological model of the
thermal film formed at 10 minute is shown in figure 6.18(Top).

First Step: (R 10)1,PO(OH),1-(HNRy),;  (solution) 2 (R10)1,PO(OH),1-(HNR),.1

(decomposed by preheating) + O ,(in oil) + FeO or Fe ,03; (present on the surface
of steel coupons) =» Fe ortho- and pyro-phosphate + cross-linking of

polyphosphate.
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Figure 6.18 Phenomenological Model of AP-1 Thermal Films. Top Picture is 10 minute AP-1
Thermal Film and Bottom Picture is 4 hour AP-1 Thermal Film.
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30 min.: The growth rate reduces to 0.0025 (um/min.) after initial rapid growth of the thermal film.
Iron phosphates are main components of thermal film, while the proportion of cross
linking among phosphates increase at the top surface layer by the result of the a/c ratio
analysis. The oxidation of oil proceeds. Iron nitrite and iron nitrate begin to form and
deposit at the thermal film.

1 hour: Film continuously forms with slow rate. The cross linking of phosphates increase at
surface region (~5 nm) and also start to increase at the FLY region of L edge XANES
spectra (~50-70 nm). The oxidized nitrogen species increase.

4 hour: The thickness of thermal film consistently increases to 6.543 uym. Medium chain Iron
polyphosphates are dominant at the surface region and short chain iron polyphosphate
form in the bulk region. In bulk region, iron nitrate and nitrite compounds are present. 4
hour thermal film model of AP-1 is shown in figure 6.18(Bottom).

Second Step: (R 10)1,PO(0OH),.4-(HNR,),.; (decomposed by preheating) + O , (in oil) + FeO

or Fe,O3 + Fe ortho- and pyro-phosphate + cross-linking = Fe short chain
polyphosphate 1 (in bulk) + Fe medium chain polyphosphate 1 (in near surface)

+ Iron nitrate/nitrite (by oxidizing N-containing ¢ ompounds)

6.4 Conclusion

This study was carried out to understand the mechanism of thermal film formation of
various amine phosphate types of antiwear additives. The SEM has been used for the
information of the growth kinetics of thermal films and the XANES spectroscopy has been used
to collect the chemical information of thermal films. For topographical images of thermal films,
the optic profilometer has been run. The results are summarized as follows.

Thermal films formed from amine phosphate antiwear additives have their own typical
characteristics of film growth and chemical structure in the thermal film when compared with

metal and metal free dithiophosphate additives (in the chapter 5). Their initial growth rate are
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very fast, and then reduced quickly after 30 minute baking. Nonetheless, films are continuously
formed on the surface until 4 hour test. Main component of thermal films formed from amine
phosphates are iron phosphates and short and medium chain iron polyphosphates all through
the thickness. In addition, iron nitrate and nitrite occurring from the oxidation of amine groups
are observed in the thermal film. Thermal films of amine phosphates have wide and huge patch
like shapes. Deep valleys or canons are also observed between thermal film patches resulting

in high Ra value.
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CHAPTER 7

TRRIBOLOGICAL AND XANES ANALYSIS OF TRIBOFILMS FORMED
WITH NANOSCALE PTFE

PTFE (polytetrafluoroethylene) has diverse applications because of the low-energy
and inert nature, for example, vessel coatings used in harsh chemical environments, human
joint replacements, nonstick frying pans etc. PTFE is also used as antiwear additives or friction
reducers in engine oil. [33,142,143] In this study, the interaction between the functionalized
(Irradiated) PTFE and antiwear additives were examined. Nano scale functionalized PTFE and
anti-wear additives such as F-ZDDP, secondary ZDDP, and ashless dithiophosphate were
studied. This mixture of PTFE and one of antiwear additives were diluted at composition of 0.08
wt. % P and 0.33 wt. % PTFE in mineral base oil and wear performance was examined using a
ball-on-cylinder type of tribotester. A limited quantity of oil (50 ul) was used to observe the
boundary layer The mix of PTFE and additives have improved wear protection when compared
with the AW additive or by PTFE itself. In presence of the functionalized PTFE, all tribofilms had
more sulfide species and phosphate compounds and less abrasive species like iron oxides and
iron/zinc sulfates with thin layer of PTFE on the top surface of tribofilms. Finally, the

phenomenological models of tribofilms with/without PTFE were shown at the end of this chapter.

7.1 Introduction
It has been shown in the previous section that ashless antiwear additives demonstrate
antiwear performance equal to or better than ZDDP and how these additives (both ashless
additives and ZDDP) make films on the steel substrate using the formation of thermal films.
Then, the question is whether there is any way to increase the efficiency of wear protection of

ashless antiwear additives. Fluorinated hydrocarbons are examined as the possible candidate.
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Unique properties such as excellent chemical resistance, low coefficient of friction and high
temperature stability have resulted in polytetrafluoroethylene (PTFE) powders being used in
various applications like bearings for machinery parts and biomedical joint replacements. [144-
146] Moreover, PTFE powders are quite widely used as concentrated dispersions in liquid
lubricants where they form pastes or greases. [33] Since the concept of adding PTFE to engine
oil has been suggested in 1976 by F.R. Reick, some conventional motor oils with PTFE are
currently marketed. [33,143] However, the function of PTFE particles in lubricated contacts is a
matter of controversy. Some researchers have found no practical beneficial effects on either
friction or wear by citing the researches from the NASA’s Lewis Research Center and the GM’s
Fuels and Lubes department. [147] Palios et al. [33] found that large, micron sized PTFE
particles appear to reduce friction and wear in reciprocating tests while very small PTFE
particles in fully formulated oil appear to make no measurable contribution to friction and wear
reduction. Other studies showed that PTFE powders remarkably reduce friction and wear in
engines and other tribological systems. [142,143] However, only improvements have so far
been shown without clear mechanism of antiwear performance. In this study, a functionalized

polytetrafluoroethylene (PTFE) was used in conjunction with different antiwear additives.

7.2 Experimental Details

7.2.1 Test Materials

Functionalized (here, irradiated resulting in the formation of carboxyl groups)
polytetrafluoroethylene (PTFE) powders (&: around 50 nm) were examined. Figure 7.1(a)
shows the chemical structure of PTFE and figure 7.1(b) shows a schematic of a functionalized
PTFE patrticle. This change in the roughness of the surface and in the contact area increases
water repellence and the adhesion strength to deposited metal layers. [148] In fact, PTFE
particles used in commercial engine treatments (or oils) have been bombarded with electrons.

This electron irradiation makes the length of molecular chain shorter and reduces the size of the
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particles. It also gives them an electrical charge to repel each other and to be chemically active.
[142,143,147] It has been suggested that PTFE powders particularly in engine oil application
can reduce friction and wear when suspended at quite low concentration. [33] They used the
concentration of 0.33 wt% PTFE powder for their test. Three different antiwear additives were
used to understand the synergetic or antagonistic effect between various types of antiwear
additives and irradiated PTFE used at a concentration of 0.33 wt%. Normal ZDDP and ashless
dithiophosphate (called as DDP-2 in this study) were run for the comparison. In order to study
the effect of extra fluorine in oil, F-ZDDP which was developed in the University of Texas at
Arlington was also examined. Detailed information about F-ZDDP can be referred at Parekh et
al.’s [149] and Mourhatch et al.’s [39,48] papers. The concentrations of P in the oil samples was

maintained at 0.08 wt % in a 100 neutral mineral oil.

a)

Figure 7.1 a) the Chemical Structure of Polytetrafluoroethylene (PTFE) and b) the Schematic of
a Functionalized PTFE Particle

7.2.2 Tribological Tests and Tribofilm Analysis

Wear tests are performed on the home-made ball-on-cylinder evaluator. The same test
condition of 24 Kg applied load (3.56 GPa Hertzian contact load with 1/4 inch dia. WC ball) and
15,000 cycles test are run at the lab-built BOCLE tester to compare with the previous wear tests
in absence of PTFE.

The XANES spectroscopy was used to analyze the phosphorus, sulfur, zinc, iron, and
oxygen components in the tribofiims tested using three different additives with and without

irradiated PTFE. This analysis will help provide a better understanding of surface reaction of
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antiwear additives when an additional additive, specifically a solid PTFE additive is present in
oils revealing the interaction and the relationship between functionalized PTFE and antiwear
additives. Phosphorus (P) and sulfur (S) K-edge spectra between 1500 and 4000 eV of energy
range were collected from the Canadian double crystal monochromator (DCM) beamline at the
Synchrotron Radiation Center (SRC) at the University of Wisconsin—Madison in Stoughton,
Wisconsin. While P and S L-edge spectra between 5.5 and 250 eV were scanned at the
variable line spacing plane grating monochromator (VLS-PGM) beamline at the Canadian Light
Source (CLS) facility in Saskatoon, Saskachewan, Canada. Especially, for new element spectra
like Zinc (Zn) L-edge, oxygen (O) K-edge, and fluorine (F) K-edge, the high resolution spherical
grating monochromator (SGM) beamline in the CLS facility was used. It covers the energy
range between 250 to 2000 eV with 0.1 eV scan step in 1000 ym by 100 um spot size. Using
both the total electron yield (TEY) and fluorescent yield (FLY) modes at the DCM, the VLS-PGM,
and the SGM beam lines, simultaneous information can be obtained on both the near surface
and bulk chemical information of the films.

The morphological information of surfaces on all tested wear tracks were collected
using both an optical profilometer; Wyko NT9100 Surface Profiler, and the scanning electron

microscope (SEM), the Hitachi 3000.

7.3 Results and Discussion

7.3.1 Tribological Performance

The graph in figure 7.2 shows the wear performance of six different formulations in
terms of wear volume from the lab-built lubricating tester. Each value of wear volume in each
sample is an average of 18 measurements. In previous studies of lab colleagues [39,48,149],
the wear protection of F-ZDDP was better than one of ZDDP. They explained that the fluorine of
F-ZDDP makes thicker and more compliant tribofilms but have same hardness at the surface

area. [39,48,149] These phenomena might result in better performance for antiwear action. The
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wear results of ZDDP and F-ZDDP in this study are consistent with their results. The
comparison of wear performance between ZDDP and ashless dithiophosphate (DDP-2) are
already seen in chapter 3. Ashless DDP have better antiwear protection than ZDDP because it
uniformly created about four times thicker but much more compliant tribofilms. All solutions
mixed with irradiated PTFE in figure 7.2 have better wear protection than each solution without
PTFE. It shows the beneficial role of functionalized PTFE in wear protection and indicates that
irradiated PTFE powders provide a promising advantage in antiwear performance to oil samples

containing only antiwear additives like ZDDP, F-ZDDP, and ashless dialkyl dithiophosphate.

0.048
g 0.037
g 0.035
E 0.032
5 0.028
5 0.023
3 I
h
3
=
ZDDP ZDDP + F-ZDDP F-ZDDF + Ashless DDP-2+
Irradiated Irradiated DDP-2 Irradiated
PTFE PTFE PTFE

Figure 7.2 A Plot of Wear Volume Data vs. Type of Formulations. Three Different Types of
Antiwear Additives, ZDDP, F-ZDDP, and Acidic Ashless Dithiophosphate, were Tested
with 0.08 wt% P in Base Stock with/without 0.33 wt % irradiated PTFEs. Test

Condition: a 1/4” Ball of WC on a 52100 Steel Cylinder, 24Kg Applied Load, and
15,000 Cycles.
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Figure 7.3 XANES Spectra of the TEY and FLY modes at the Phosphorus L edge. a) TEY and
FLY mode of Model Compounds: Zn3(PO,),, FePO,, and Fey(P,0)3, b) TEY mode of
Tribofilms Formed from Six Solutions, and ¢) FLY mode of Tribofilms Formed from Six
Solutions.
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7.3.2 XANES Analysis of Tribofilm
7.3.2.1 Phosphorus and Sulfur Characterization

L edge of Phosphorus

Figure 7.3 shows the XANES spectra at L edge of phosphorus model compounds and
of six tribofilms formed from six different solutions. In figure 7.3(a), zinc phosphate (Zn;(POy,),)
and two iron phosphates (FePO, and Fe4(P,0,)3) are presented by TEY and FLY mode. The
explanation about L edge XANES of model compounds is omitted in this chapter. Figure 7.3(b)
and (c) are the phosphorus L-edge XANES spectra in TEY and FLY modes of tribofilms
generated from ZDDP, F-ZDDP, and ashless DDP-2 with and without functionalized PTFE. At
both the TEY mode of surface region and the FLY mode of bulk area of tribofilms, the positions
of all white peaks of tribofilms are identical to the main peak of FePO, as 139 eV. All pre-edge
peaks look small compared with the height intensity of main peaks. In figure 7.4, a/c ratios at
both TEY and FLY mode of all samples are also calculated with same method used in chapter 5.
All cases are located between 0.1 and 0.2. Value below 0.2 indicates films are composed of
pyro- or ortho-phosphates. But, in case of DDP-2 and DDP-2 with PTFE, both a/c ratios of TEY
peak are closer to 0.2 than other cases. Thus, the surfaces of the two samples with DDP-2 may
have some short chain length of polyphosphates. To combine with two graphs, figure 7.3 and
7.4, all tribofilms tested under the extreme pressure conditions consist of iron pyro or
orthophosphates with a small amount of zinc phosphates except tribofilms of DDP-2 and DDP-2
with PTFE. The presence of iron phosphates arises from the existence of plenty of Fe or iron

oxides due to EP test conditions.
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Figure 7.4 Relative a/c Ratios of P L edge TEY and FLY modes of Six Different Samples. The

Height Intensity Ratio is Adopted like Previous Chapters

K edge of Phosphorus

Figure 7.5 shows the phosphorus K edge spectra of tribofilms generated from six
different solutions and of two metal phosphate model compounds. The elucidation of K edge
XANES spectra for model compounds is done in chapter 5 and hence is not repeated here. All
the TEY and FLY mode spectra have similar position of white lines at around 2153 eV. The FLY
mode of K edge includes the information of bulk area and the TEY mode of K edge has the
information of 50 nm depth from the surface. This indicates all tribofilms generated from six

different chemistries consist of iron phosphates.
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Formed from Six Solutions, and c) FLY mode of Tribofilms Formed from Six Solutions.

157



Model Compounds Model Compounds

) M b)JJ\Uw

|
|
FeS
5 FeS s I
L edge L edge :
TEY FLY |

|
|
|
|
|
(Arb. | (Arb. )
Units) | 2SO, ! Units) | 2"S% !
| |
| |
| |
M y\/\/
|
. :
| |
| |
Fe,(SO,), ! W
| |

1 1 1 1 1 | 1 1 I 1 I
160 165 170 175 180 185 190 160 165 170 175 180 185 190

Energy (eV) Energy (eV)

L L e e e L B L LI

ZDDP with PTFE |

|
|
|
|
o " M
I
S L edge
L edge LM’WJ FLY :

|
| .
TEY | F-ZDDP with PTFE (Arb. i F-ZDDP with PTFE
(Arb. ! Units) |
Units) | i
| |
| |
DDP-2 ' DDP-2
|
| |
| |
| DDP-2 with PTFE DDP-2 with PTFE
|
|
Il 1 I 1 1 ] Il L L 1 1
160 165 170 175 180 185 190 160 165 170 175 180 185 190

Energy (eV) Energy (eV)

Figure 7.6 XANES Spectra of the TEY and FLY modes at the Sulfur L edge. a) TEY and b) FLY
mode of Model Compounds: Three Metal Sulfides and Three Metal Sulfates, ¢) TEY
mode of Tribofilms Formed from Six Solutions, and d) FLY mode of Tribofilms Formed
from Six Solutions.
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L edge of Sulfur

Figure 7.6(a) and (b) provide the TEY and FLY graphs of L edge XANES spectra
related to sulfur model compounds. In figure 7.6(c) and (d), the TEY and FLY peaks of L edge
of six different tribofilms formed from each solution are shown. Comparing L edge peaks of
tribofilms with model compounds, all peaks of sulfur L edge are very weak and noisy. The sulfur
spectra in this research are taken at energy range between 160 and 190 eV at the VLS PGM
beam line in the Canadian Light Source using the high energy grating. The photon flux
decreases in the range where sulfur is measured and is not high enough to get a good signal to
noise ratio. Thus, particularly, in case of thin films like tribofilms, it is hard to get smooth sulfur L
edge peaks. However, in these plots, some clear peaks at the position of sulfate white lines are
observed even if these peaks are noisy. In addition, the existence of some sulfides species can
be identified even though the cationic species is hard to isolate.

K edge of Sulfur

Figure 7.7 shows a series of XANES spectra at the S K edge for tribofilms formed
from ZDDP, F-ZDDP, and DDP-2 with and without irradiated PTFE in both TEY and FLY modes.
In order to help understand the analysis of sulfur K edge XANES spectra, the TEY and FLY
mode of S K edge of six model compounds like zinc sulfide (ZnS), two iron sulfide (FeS and
FeS,), zinc sulfate (ZnSO,), and two iron sulfates (FeSO, and Fe,(SO,)s) are plotted at the top
of graph together. All spectra of samples except tribofilm of F-ZDDP are similar in the TEY
mode. The lower energy peak (a) located around 2470 eV is because of the formation of FeS
whose main peak is associated to peak (a). Peak (b) located at about 2471.5 eV aligns well with
the main peak of pyrite, FeS,. Peak (c) is the main peak of ZnS, ZDDP with PTFE, F-ZDDP,
and F-ZDDP with PTFE have this peak with small intensity. Only F-ZDDP has peak (d) situated
at about 2477 eV. The peak (d) of tribofilm formed from F-ZDDP may originate from broad (d)
peak of FeS or possibly a sulfite species which has the white peak at ~2477 eV [52]. At 2482 eV,

sulfate species peak is clearly observed in every sulfur spectrum of tribofilms.
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FLY modes of all samples also have similar patterns with the corresponding spectra obtained in
the TEY. However, all peaks in the K edge FLY mode of sulfur species are somewhat noisy.
With this FLY mode, we can conclude that both sulfide and sulfate species exist together
deeper in the tribofilm.

Using both P and S K edge XANES spectra, the relative intensity ratio of sulfur versus
phosphorus can be calculated like previous chapter 5. The proportion of sulfur and phosphorus
species is examined in the surface area and the bulk area of tribofilms. The bar graphs in figure
7.8 show the S/P ratio of TEY and FLY modes at K edge. ZDDP have similar amount of sulfur
species and phosphorus species everywhere with 0.95 in TEY and 1.15 in FLY of S/P ratio.
Bulk area has 76 percentages of sulfides out of total sulfur species. At the surface, about 47
percentages of sulfides are present. It is reasonable that sulfates are more than sulfide at the
surface area comparing with FLY mode because they are closer to oxygen environments. When
irradiated PTFE is added in the solution, sulfur species increase in both TEY and FLY modes by
two or three times. The reason is because sulfides increase at the surface area by twice (sulfide
of 84.3 %) and at the bulk area the total amount of sulfur compounds increases by three times
with huge amount of sulfides. These increased sulfide species help better protect the sliding
surface at the extreme condition. DDP-2 has similar pattern of results like ZDDP and ZDDP with
PTFE. Its S/P ratios are 0.71 at the TEY and 0.96 at the FLY indicating that phosphate species
are slightly more than sulfur species. The sulfide percentage is 39 percentages at the TEY and
32 percentages at the FLY. This results from better activity of sulfur species out of the
decomposed products of ashless DDPs as studied in chapter 5 of the study of thermal films
from ashless dithiophosphates. In the presence of PTFEs, the amount of sulfur species at the
FLY region rises to four times with the increase of sulfide species (53.3%). Even if the S/P value
at the TEY are reduced to 0.42, the sulfides percentage increases to 45.3%. This indicates that
phosphate compounds increase with the increase of sulfides, resulting in better antiwear

performance. DDP-2 with PTFE has better antiwear performance with more sulfide species. F-
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ZDDP has different pattern from ZDDP and DDP-2. When F-ZDDP itself is tested, its tribofilm

has high S/P ratio (3.74) with 92 percentages of sulfide compounds at the FLY while the surface

of tribofilm from F-ZDDP has 0.87 of S/P ratio with 47.7 % sulfide. Probably, these increased

sulfides in the tribofilm may make better antiwear performance than the performance of ZDDP.

In presence of PTFE, the S/P ratio of F-ZDDP at the TEY increases to 2.94 with 70 percentages

of sulfides and the value of FLY mode decreases to 2.21 having still high amount of sulfide

species (86.2%). This high amount of sulfide compounds makes better antiwear properties.
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7.3.2.1 Zinc, Oxygen, and Fluorine Characterization

L edge of Zinc

The Zn L edge spectra collected in TEY and FLY mode are shown in figure 7.9. All
model compounds, Zn3(PO,),, ZnS, ZnO, ZnSO,, and ZnF,, show intense peaks (peak (a)) at
about 1024 eV in both TEY and FLY mode in figure 7.9(a) and (b) with the exception of ZnO. In
XANES spectra of model compounds, peak (a) and (c) indicate the present of zinc phosphate,
zinc fluoride, or zinc sulfate. However, peak (b) is clearly due to zinc phosphate. All Tribofilm
samples of ZDDP and F-ZDDP with and without PTFE have peak (a), (b), and (c) together. This
indicates that the tribofilms formed from these four different formulations have zinc phosphates.
The spectrum of tribofilm of ZDDP itself is noisy but it also has recognizable intensities.
Tribofilm generated from ZDDP may have less zinc phosphate than other.

K edge of Oxygen

Figure 7.10 is the TEY and FLY oxygen K edge spectra of the model compounds (in
figure 7.10(a) and (b)) as well as the tribofilms formed from six different formulations (in figure
7.10(c) and (d)). Zn3(POy),, FePO,, ZnO, Fe, 03, ZnSO,4, FeSO,, and Fe,(SO,4); are used as
model compounds for the XANES analysis. The oxide, sulfate, and phosphate peaks of oxygen
are quite broad and diffuse as shown in figure 7.10. However, there are two clear differences at
the pre-edge peak and at white line area. The zinc compounds do not have any lower energy
pre edge like peak (a) (531 eV), (b) (532 eV), and (c) (533 eV) while iron compounds have. Iron
phosphate has peak (b) and iron sulfate has peak (c). Iron oxide has broad peak between 531
eV (peak (a)) and 532.5 eV. Peaks (a), (b), and (c) in the spectra of the Fe containing model
compounds are because of transition from O 1s to O 2p states hybridized with the partially filled
Fe 3d band that is highly localized around the metal-atom sites. Due to the filled 3d orbital in Zn,
zinc species don't have pre-edges. Broad white peaks of oxygen K edge at the right side of
spectra are attributed to O 1s to O sp states hybridized with iron or zinc 4s and 4p states. [4] In

model compounds, two oxides and FeSO, have the white peaks which are overall flat or
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gradually increased. On the other hand, two phosphates, ZnSQ,, and Fe,(SO,); have the
relative sharp main peaks. Obvious pattern in oxygen K edge from tribofilms of six solutions are
obtained. In case of testing antiwear additives in absence of PTFE, they have iron oxide-like pre
edge peaks and flat or gradually increased white peaks. This indicates their tribofilms have
more oxide species with phosphates and sulfides which are already confirmed at the P and S
analysis. Some iron sulfates (FeSO,) are observed in the tribofilm of ZDDP itself by the position
of peak (c). After adding irradiated PTFE, all tribofilms with PTFE are distinctly changed at two
points. First, the pre-edge of iron oxide is clearly reduced. Second, their white peaks become
relatively sharp (lower energy area increases at the broad white peak). This means in presence
of PTFE oxide species (here, especially Fe,O3) are reduced and phosphates are increased.
ZnS0O,4, and Fey(S0,); aren’t considered because sulfides are more than sulfates in the
tribofilms with PTFE by the S/P ratio analysis. In addition, the tribofilms of DDP-2 with and
without PTFE do not have zinc cations. Hence, their iron oxide pre-edge peaks are bigger than
cases of ZDDP and F-ZDDP with/without PTFE. However, the trends are same as the other two
cases.

K edge of Fluorine

Figure 7.11(a) and (b) are the TEY and FLY XANES spectra of fluorine K edge for
model compounds, FeFs;, ZnF,, and PTFE, as well as three tribofilms formed from antiwear
additives with PTFE powder. The white line spectra of model compounds are widely diffuse as
shown in figure 7.11. FeF; has particular pre-edge peaks at about 685 eV (peak (a)) and 686 eV
(peak (b)) and its main peak starts from approximately 693.5 eV. The white peaks of both ZnF,
and PTFE begin at about 690.5 eV (peak (c)). The difference of two model compounds is the
structure of near edge peaks. ZnF, had more complex peaks and one specific peak at about
696.5 eV (peak (d)). The TEY mode of tribofilms generated form antiwear additives with PTFE

have white peaks at approximately 690.5 eV of peak (c), indicating the existence of PTFE or
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ZnF,. But the near edge structure of ZnF, is not detected. Hence, only PTFEs are formed at the

surface of tribofilms. There are small pre-edge peaks shown at the position of peak (a) and (b).
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However, TEY spectra of F K edge are noisy. Thus, we cannot conclude films are also
composed of FeF3. At the FLY mode of F K edge spectra, all spectra for tribofilms are noisy and
not detectable. Probably, because of small amount of fluorine and very thin PTFE layers, any
fluorine spectra may not be observed at the FLY mode.
7.3.3 Morphology Analysis of Tribofilm
Figure 7.12 shows the surface images on the wear tracks tested with six different
formulations using the SEM and the optic profilometer. Figures 7.12(a) to (e) are each 200X
magnified SEM image of wear track. Picture (a), (c), and (e) are the images of tribofilms

generated from only antiwear additives, ZDDP, F-ZDDP, and DDP-2. The images of wear tracks

run by antiwear additives with PTFE powders are shown in the figure 7.12(b), (d), and (f). All
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formulations have good wear protective properties even if there are variations of wear
performance. All six samples have similar shape of wear track. In the middle of wear scar, well
packed tribofilms are observed. As the representative of samples, tribofilms of F-ZDDP with
PTFE are selected, and then investigated at the higher magnification using the SEM. Figure
7.12(g) and (h) shows the 2000X SEM images at these two different regions. Figure 7.12(i) and
()) are higher magnification images (5000X) for region-1 and region-2 of tribofilms of F-ZDDP
with PTFE. The direction of wear test is detectable at both region-1 and -2. In the region-1, well
developed, squeezed, and elongated antiwear pads are detected. On the other hand, the
region-2 has very thick but swirl-like antiwear pads which were torn out and pushed up to same
direction by one direction pressure. This indicates the extreme pressure condition occurs at the
center of wear track and at a little far from the center of test, the wear tests for boundary
lubrication condition are performed. Also, the topographical images from the optic profilometer
as shown in figure 7.12(k) and (I) show the same images as the SEM study.
7.3.4 Mechanism and Phenomenological Model

The results of tribological tests have shown the synergetic effect between antiwear
additives and functionalized PTFE powders. All XANES spectra, phosphorus K and L edge,
sulfur K and L edge, zinc L edge, oxygen K edge, and fluorine K edge, have been used to study
the mechanism of formation of tribofilms from antiwear additives like ZDDP, F-ZDDP, and DDP-
2 in absence and in presence of nanoscale irradiated PTFE. The schematic models for the
mechanisms of tribofilm formation, generated from ZDDP/F-ZDDP, and DDP-2 with and without
irradiated PTFE, are shown in figure 7.13 and 7.14. For modeling, simplified symbols used in
chapter 5 are used again. New simplified symbols for newly introduced compounds are added

in table 7.1
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a) ZDDP 200X _ ©) F-ZDDP'200X e) DDP-2 200X

WD12" dmm| 2.5 )OI 2.0 0um

f) DDP-2 with PTFE 200X

WD12/. 4mm

g) Region-1 2000X h) Region-2 2000X

WL 1480 mm!

i) Region-1 5000X j) Region-2 5000X

k) Region-1 3D optic image A 1) Region-2 3D opticima  ge

Figure 7.12 Morphological Images of Tribofilms Formed from Six Formulations. a)~f) 200X SEM
Image of Each Antiwear Additive with/without PTFE, g) 2000X SEM Image of Region-
1, h) 2000X SEM Image of Region-2, i) 5000X SEM Image of Region-1, j) 5000X SEM
Image of Region-2, k) 3D Optic Profilometer Image of Region-1, and ) 3D Optic
Profilometer Image of Region-2 at Tribofilm from F-ZDDP with PTFE.
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Table 7.1 Inorganic Model Compounds for the Phenomenological Models

Name Formula Structure Simplified Symbol
ZHHD
Zn
Zinc Oxide ZnO P { J—
o
Z|r|
O
|| O
4
O—re
P
Fe O Ill'\
0 o
Iron Oxide Fe,0O4 /} //
O
0 } o—Fe
ANV
/FE—D
9 O

* In Absence of Irradiated PTFE

All phosphate species in tribofilms are pyro or orthophosphates from the alc ratio
analysis. Tribofilms are mainly comprised of iron phosphates and iron sulfides (including a
pyrite) with some amount of iron sulfates. In case of ZDDP and F-ZDDP, small amount of zinc
phosphates and zinc sulfides are also found. From O K edge XANES spectra, the existence of
iron oxide in the tribofilm is clearly proved. The phenomenological model for tribofilms of ZDDP
and F-ZDDP in absence of PTFE is drawn in figure 7.13 (Top) and one of ashless DDP-2

without PTFE is in figure 7.14(Top).

Antiwear Additives (in solution) = Decomposed antiwear additives (with thermal
energy, shear force, and active surface energy) + O , (in oil) + Fe, FeO or Fe ,0;

(present on the surface of steel coupons) =» Iron Pyro- or Orthophosphate (with
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Zinc Phosphate in presence of zinc cation) + Iron S ulfides (with Zinc Sulfide in
presence of zinc cation) + Iron Sulfates + Fe, FeO, Fe,0s, or Fe;0, (in Wear Debris

and in the tribofilm)

* In Presence of Irradiated PTFE

When irradiated PTFEs are added in the formulations, sulfide species and phosphate
compounds are increased while sulfate species are highly reduced. By oxygen K edge spectra,
the decrease of iron oxides is obviously observed. The formation of PTFE layers or films is
confirmed only at the top surface region using fluorine K edge XNAES spectra. PTFE thin layers
protect the tribofilms from oxygen environment of outside. They hinder oxygen from reacting
with sulfur and iron to be sulfate compounds and iron oxides which have abrasive
characteristics. In addition, the lack of oxygen instigates the oxygen from oxides and sulfates to
generate phosphate compounds and sulfide compounds by the reduction and the oxidation
process. More sulfides and phosphates and less sulfates and oxides make better antiwear
performance. Figure 7.13(Bottom) and 7.14(Bottom) show the phenomenological model of

tribofilms formed from antiwear additives with irradiated PTFE powder.

Antiwear Additives (in solution) + PTFE = Decomposed antiwear additives (with
thermal energy, shear force, and active surface ene rgy) + O, (in oil) + Fe, FeO or
Fe,O3 (present on the surface of steel coupons) + PTFE =» PTFE thin layer (on the
top surface of tribofilm) + Iron Pyro- or Orthophos phate 1 (with Zinc Phosphate in
presence of zinc cation) + Iron Sulfides 1 (with Zinc Sulfide in presence of zinc
cation) + Iron Sulfates | + Fe, FeO, Fe,03, or Fe30, | (in Wear Debris and in the

tribofilm)
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Figure 7.13 Phenomenological Model of Tribofilms Formed from ZDDP / F-ZDDP in Absence
and in Presence of PTFE. Top Picture is Tribofilm of ZDDP/F-ZDDP itself and Bottom
Picture is Tribofilm of ZDDP/F-ZDDP with PTFE.

172



Tribofilm formed from DDP-2 without PTFE
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7.4 Conclusion
A detailed study was undertaken in order to investigate the effect between antiwear
additives and irradiated PTFE powder. The synergetic effects have been observed at the
tribological tests. For the chemical information, P, S, Zn, O, F XANES spectra have been
analyzed. The results are summarized as follows.

1. Without functionalized PTFE, tribofilms consist of phosphate compounds and sulfur species
of mixture of sulfates and sulfides. The percentage of sulfides at the sulfur compounds is
high enough to protect the surface from wear. Oxides exist in the tribofilms.

2. With irradiate PTFE, PTFE layers of films form at the surface area, and then block the oxygen
from reacting with metal cations and sulfur elements to create abrasive species. Amount of
oxides and sulfates is reduced. Sulfides species are highly boosted and phosphates are also
increased. This mechanism makes the better antiwear performance.

3. The presence of PTFE powder in the tribofilms doesn’'t make any topographical changes.
However, it clearly makes the differentiation of chemical structure and composition at the
tribofilm. The distinction of surface topography on the wear track is caused by the geometric

and schematic variation of boundary contact condition.
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CHAPTER 8

CONCLUSIONS

The objective of this research was to develop a fundamental understanding of how
ashless compounds protect the tribological surfaces, how their films form, and the chemical
properties and structure of films generated from ashless antiwear additives in comparison to
ZDDP. In particular, this study has been divided into three parts in order to better understand
the antiwear mechanisms of antiwear ashless additives. There are several major achievements

in this dissertation.

In the first part of this research, the properties and mechanisms of tribofilms formed
from ashless thiophosphates, amine phosphate, and triphenyl phosphorothionate antiwear
additives under extreme pressure have been studied comparing with secondary ZDDP. The
conclusions are following:

1. Ashless acidic dialkyl dithiophosphate (DDP-2 in this study) had better antiwear
performance than ZDDP in the Ball on Cylinder tester under the extreme pressure
conditions. The thickness of the ZDDP tribofilm is about 100 nm and it chemically
consists of short chain pyrophosphates and iron sulfates with small amounts of iron and
zinc sulfide. The surface region of this tribofilm is harder and stiffer while the bulk is
softer and more compliant. This structure is the key to antiwear properties of ZDDP
tribofilms since the harder crust protects the film from scratching and material removal
while the compliant bulk dissipates the energy of possible impact on the tribofilm. On
the other hand, the ashless acidic DDP-2 forms tribofilms which are significantly thicker

(400 nm) and are similar to ZDDP tribofilms in chemical structure. The tribofilm of DDP
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is uniform and compliant (compared to the steel substrate) through its thickness as thus
protects the surface by protecting the surface by effectively covering the substrate.

2. Under extreme pressure conditions, ashless acidic DDP-2 has the best antiwear
performance with the smallest wear volume and the lowest coefficient of friction among
all ashless antiwear additives tested in this study. Ashless neutral dialkyl
dithiophosphate (DDP-1) has the worst wear protection because it is thermally unstable
and volatile under severe conditions. The amine phosphate (AP-1) also has poor wear
protection because of the absence of sulfur which helps protect the extreme pressure
condition. Therefore, the volatility and the composition of the antiwear additive, in
particular sulfur, are important factors for the formation of stable tribofilm.

3. The three triphenyl compounds generally performed poorer than ashless dialkyl
dithiophosphate (DDP-2). The triphenyl monothiophosphate groups tribologically
performed in order of the facility of thermal decomposition (low flash point). The H-
TPPT with the highest flash point had the worst friction and the poorest wear
performance while the A-TPPT with the lowest flash point had the best friction and wear
performance. Through the comparison of triphenyl mono-thiophosphates, the thermal
stability, particularly decomposition temperature, is also confirmed as one of the critical
factors for tribological performance.

4. From TEM study, wear debris generated from wear test are comprised of amorphous
glass films and crystalline oxide particles. The number of crystalline oxide particles is
the indication of antiwear performance. Wear debris resulting from poor wear protection
have a lot of Fe;O, which is the final stage of iron oxide. In case of better wear
protection, some of intermediate stage of oxidation, FeO and Fe,Os, are observed with

major Fez0,.

176



In the second part of this research, in order to better understand the mechanism of
tribofilm formation from metal free additives, fundamental issues related to thermal
decomposition of ashless antiwear chemistries and their influence on thermal film formation
have been studied.

1. In case of the additives which have a lot of metal elements like ZDDP, the decomposed
P- and S- containing products react with the metal surface and their own metal cations
forming thermal films. Sulfur species preferably deposit and diffuse into the thermal film
near the steel substrate.

2. Ashless thiophosphates with low flash point like DDP-1 was decomposed very quickly
with sulfur species forming very rapidly on the surface with sulfates dominating.
Subsequently, phosphates are deposited and diffuse into the bulk of the thermal film. As
the available active species are reduced over time the growth of the thermal film slows
down and only oxidation and hydrolysis of thermal films were observed.

3. Ashless thiophosphates with high thermal stability decomposed slowly. At the initial
stage many sulfur species deposited on the surface. However, with increasing time the
phosphates are the dominant species in the thermal film. The reduction and
reorganizations of sulfur species were carried out rather than hydrolysis. These
additives have thick thermal films due to active film formation.

4. In case of ashless amine phosphate species, their initial growth rate is very fast, and
then reduced quickly. Nonetheless, films are continuously formed on the surface during
experiment time. Hence, amine phosphate compounds have high thickness of thermal
films. Main component of thermal films formed from amine phosphates are iron
phosphates and short and medium chain iron polyphosphates all through the thickness.
In addition, iron nitrate and nitrite occurring from the oxidation of amine groups are

observed in the thermal film.
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The third part of this research, examined how ashless fluorinated compounds, in
particular nano-scale PTFE powder, influence the formation and the characteristics of tribofilms
and in proxy, the wear properties.

1. In absence of functionalized PTFE, tribofilms consist of similar amount of phosphates
and sulfur species. The percentage of sulfides as sulfur compounds is high enough to
protect the surface from wear. Some oxides exist in the tribofilms.

2. In presence of functionalized PTFE, thin film of PTFE form at the surface, and block the
oxygen from reacting with other elements to create abrasive species. Amount of oxides
and sulfates is reduced. Sulfides are highly increased and amount of phosphates are
slightly increased. This phenomenon results in a synergetic effect between antiwear

additives and functionalized PTFE powder causing in lower wear.
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