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Abstract

To access the evolving tribochemistry at the contacting asperities, a miniature
pin-on-disc tribological apparatus was developed and combined with synchrotron
X-ray Absorption Spectroscopy (XAS). The new apparatus makes it possible
to study in-situ the transient decomposition reactions of various oil additives
on different surfaces under a wide range of realistic operating conditions. The
results suggest that the decomposition of ZDDP starts by forming intermediate
sulphate species on the steel surface, which are readily reduced to sulphides of
discontinuous clusters. The clusters can play different vital roles including binding
the subsequently formed phosphate layers with the steel surface. Initially, the
phosphate layers consist of short chains due to excess concentration of metal oxides
on the steel surface. As the oxides’ concentration decreases in the subsequent
layers, the short chains start to polymerise into longer ones. The polymerisation
reaction appeared to follow first-order reaction kinetics with two distinctive phases.
The first is a fast transient burst phase near the metal surface, whereas the second
phase dominates the formation of the layers away from the metal surface and is
characterized by slow kinetics.

To better understand the origin of the superior antiwear properties of the P-rich
tribofilms, an Atomic Force Microscope (AFM) liquid cell was designed to form
tribofilms in-situ while examining their textural and rheological properties over
time. The obtained results indicate that the tribofilms behave as a molten glass
with an average viscosity of 1×1012 Pa.s. This suggests that their superior antiwear
properties originate from their intrinsic rheological properties that allow them
to flow while formed, which was clear from their ability to maintain local order
on the nanoscale through the motion, rearrangement and local reconfiguration of
single and multiple patches of the formed tribofilm at the interface. This seems to
effectively mitigate the smearing and wearing of the contacting asperities resulting
in less wear. The findings of this study open future opportunities for quantitatively
analysing the interfacial rheology and reaction kinetics governing a broad range
of additives and substrates, which can help build mechanistic models capable of
better predicting wear.
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Chapter 1

Introduction

1.1 Background

At the Fifth Lubrication and Wear Convention, which took place in Plymouth -
UK in 1967, David Tabor, a research professor at Cambridge University, presented
a paper entitled “The Contribution of a Physicist to Tribology”. In this paper, he
mentioned one important event in 1939 at the beginning of World War II, when he
and Prof. Philip Bowden were trying to find a suitable name for their laboratory.
This laboratory was dealing with topics related to friction and wear. It was not
until the end of the war in 1945 when Tabor suggested to Dr. Stewart Bastow
to choose the name "Tribo-physics" [1]. This name was derived from the Greek
word ‘tribos’ meaning rubbing or sliding. Tabor commented that the choice served
the purpose of “mystifying our sponsors so that all sorts of research activities
could be undertaken in the course of our more general frictional investigations”
[1]. What Tabor and his colleges did not realise at the time was that they were
not discussing only a laboratory name but also the birth of a new field of science,
i.e. tribology. All these efforts and years of work culminated in the publication
of a landmark report by Jost in 1966 [2] on the "Present Position and Industry’s
Needs", which addressed the importance of tribology and urged for proactive
measures by government, academia and industry to embrace its concepts. The
name tribology was quickly adopted by a committee of the Organisation for
Economic Cooperation and Development in 1967 [3]. Soon after the committee
defined tribology, it was used everywhere to address any issue that dealt with
friction, wear or lubrication and it was recognised as a formal discipline. However,
it should be mentioned that significant tribological works were accomplished prior
to this formal inception of tribology [4].
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The widely accepted definition of tribology is the one defined in the Oxford
Dictionary “The study of friction, wear, lubrication, and the design of bearings; the
science of interacting surfaces in relative motion.” [5]. Thus tribology is, in essence,
the search for relations between the microscopic interfacial phenomena and the
observed macroscopic friction and wear. Furthermore, it often involves finding
relationships between force and deformation, called constitutive laws, which is part
of the study of contact mechanics. Establishing these relations is one of the most
fundamental concepts that gives insight into the behaviour of materials under
different operating conditions. Nonetheless, the horizon of tribology extends way
beyond that; a good understanding of the tribological properties of soft and hard
interfaces provides an essential unified methodology to understand the interplay
between the macroscopic observables of friction and wear; and their origin at the
microscopic level.

Another very important event took place in 1925 when John H Mackle patented
the idea of blending different types of oils to achieve certain tribological properties
[6], which is very similar to the current practice of using oil additives. This idea
has been realised to be of great importance since then. Blending is considered a
cheap alternative for developing new materials with different improved properties
without investing in new chemistry. This can be easily demonstrated with the
invention of the first known zinc dialkyldithiophosphate (ZDDP) as antiwear
additive in 1941 by various groups including Lubri-zol, American Cyanimid and
the Union Oil Company [7]. When the contacting surfaces are rubbing against
each other, the ZDDP additive decomposes with a certain mechanism or possibly
multi-stage mechanism [8] to form a protective antiwear film, which is called a
tribofilm, on the contacting surfaces that helps mitigate wear. This functionality
is very difficult to be achieved with plain oils without additives.

1.2 Motivation

One of the biggest challenges for industry is friction and wear, which consume
material, energy and ultimately money. For example, in the automotive industry
about 28% of the fuel energy is wasted due to friction losses in engine and trans-
mission [9]. Therefore, by reducing friction by 1%, the annual fuel consumption
worldwide is projected to be reduced by 1 billion litres based on the total con-
sumption in 2015 (Fig. 1.1) [10]. Furthermore, more than 1% saving in the Gross
National Product (GNP) of many industrial counties, such as USA [11], UK [2]
and China [12], can be achieved through a proactive practice of tribology that
optimises friction, wear and lubrication.
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Fig. 1.1 Overview of the average energy consumption of a typical internal-combustion-
engine passenger car. Reprinted from Schwarz [10].

One of the proactive measures taken by industry to reduce friction and wear is
the use of oil additives such as molybdenum dithiocarbamate (MoDTC) and zinc
dialkyldithiophosphate (ZDDP). MoDTC additive is used mainly as a friction
modifier. It decomposes at high temperature and under shear to form MoS2 sheets
on the contacting surfaces, which reduce friction due to their interlayer sliding [13].
On the other hand, phosphorus containing additives such as ZDDP are widely
used in the automotive industry as antiwear and antioxidant additives [7]. They
can mitigate wear by i) forming a rigid sacrificial interface, called a tribofilm, at
the contacting surfaces thus preventing adhesive wear [14–18], ii) digesting sharp
particles worn from the contacting surfaces thus mitigating abrasive wear [19–21],
iii) decomposing peroxy radicals thus limiting surface oxidation [22–24], or iv) a
combination of the previous mechanisms. However, despite its ubiquitous use and
many advantages, ZDDP contains zinc and phosphorus, which can degrade the
catalyst performance of the catalytic converter in the vehicle’s exhaust system
and thus increases harmful emissions [25, 26]. Therefore, ever-growing strict
environmental rules are currently imposed to reduce or zero the concentrations of
Zn and P in the formulated oils [7].

In order to replace the ZDDP with more environmentally friendly additives,
extensive experimental and modelling works have been carried out to understand
its decomposition reactions, the formation and removal of its formed protective
tribofilms and the possible interaction between other additives and substrates
[7, 27]. However, the complete nature of the tribochemical reactions occurring
on the rubbing surfaces under shear is still not fully understood. The rate of the
decomposition reactions of oil additives and the associated rate of their tribofilms’
formation under different operating conditions and on different surfaces are still
yet unexplored areas though highly important for optimising the running-in period
that can help reduce friction and wear. Furthermore, the role of the available
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cations in the oil such as iron in the tribofilm formation is still controversial.
Several studies [19, 20, 24, 28] suggested that iron is needed for the formation of
tribofilms such as the ones of ZDDP. On the other hand, other studies [29–32]
found that these tribofilms can form on surfaces other than steel.

The major obstacle in obtaining better understanding of the transient tri-
bochemical nature at the tribological contacts is mainly due to the inability to
directly probe the contact area, at which the tribochemical reactions occur. Most
of the previous studies were carried out ex-situ after the tribological test is stopped
and the contacting surfaces are cooled down and separated.

The alteration of the initial state of the sample brings about several limitations.
Firstly, the surface analysis will be performed under different conditions from the
test environment. This can change the composition of the newly formed surface
film by exposing it to a new environment of different temperature and relative
humidity [24, 33]. Furthermore, it can expose the surface to adventitious entities
or contaminants such as carbon [34], which can attenuate the measured atomic
concentrations depending on the electrons inelastic mean free path through the
elements under study [35]. Secondly, rinsing the surface with a solvent to remove
the excess oil, which is the typical practice before carrying out the ex-situ analysis
especially under ultra-high vacuum (UHV) conditions, can remove part of the
tribofilm layers and hence part of the information can be lost after washing [36].
Thirdly, the fact that the surface can only be probed after finishing the tribological
test prevents capturing the early stage of the tribofilm formation. Therefore, it
can severely limit our understanding of the dynamical tribochemical nature of oil
additives and conceals the occurrence of any side reaction and the identification
of any precursors or intermediates.

Another important but yet unexplored aspect, which can help replace the
ZDDP additive with more environmentally friendly additives, is related to the
exact origin of its superior antiwear protection. The majority of the previous works
attributed this to the rigid sacrificial nature of the formed protective tribofilms
on the rubbed metallic surfaces after the additive decomposes in the oil [14–18].
However, few studies speculated that the good antiwear properties of the formed
tribofilm might have a rheological origin related to the ability of the film to flow.
This can greatly influence friction, lubrication and adhesion properties of any
tribological surface [37].
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1.3 Research objectives

This study aims at obtaining a mechanistic understanding of the link between the
rheological and mechanical properties, e.g. viscosity, tenacity and durability, of
the antiwear tribofilms and their composition and ultimately their tribological
performance in terms of friction and wear. In order to achieve this goal, we aim
at fulfilling the following objectives:

1. To develop an in-situ miniature pin-on-disc tribotester and couple it with
synchrotron XAS or Raman spectroscopy, which will help understand the
reaction kinetics of antiwear additives and the composition evolution of the
formed tribofilms in-situ and under realistic operating conditions.

2. To develop creep-based and squeeze flow-based methodologies using the
AFM technique for measuring the rheological properties, i.e. creep and
viscosity, of antiwear tribofilms.

3. To develop a heating liquid cell and couple it with the AFM in order to
perform in-situ tribotests while probing the formed tribofilms over time.
This will enable us to understand the evolution of the formation, structure,
mechanical and rheological properties of antiwear tribofilms over time.

The results from the newly developed techniques will be combined with the
results of various ex-situ techniques, including XPS, FIB-EDX and MTM-SLIM, in
order to obtain corroborating evidence supporting the newly measured properties.

1.4 Thesis outline

The thesis is divided into nine chapters. Chapter one introduces the topic of the
PhD and discusses the motivation and objectives of studying antiwear tribofilms. It
also states the problem of the study, which is basically the lack of full understanding
of the interplay between the composition of the tribofilm and its tribological,
mechanical and rheological properties due to the limitations of the currently used
experimental techniques. Chapter 2 discusses the basics of tribology, rheology and
contact mechanics from the macro- to the nano-scale. It also reviews the possible
characterisation techniques and the possible methods to quantify the bulk and
interfacial rheological and mechanical properties of the formed tribofilms. Chapter
3 presents and discusses the state-of-the-art concerning P-based antiwear additives,
such as ZDDP and DDP, and the different tribological, mechanical and rheological
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properties of their formed tribofilms. It also describes the composition evolution
until the mature tribofilm is formed. Chapter 4 describes the materials and
methods that are used in this study. Chapter 5 presents the ex-situ results of the
experimental work performed using XPS and FIB-EDX. On the other hand, the
in-situ experimental results using XAS and AFM are presented in chapter 6 and
7, respectively. Chapter 8 provides an overall discussion of the results obtained
in this study. Finally, chapter 9 summarises the important aspects discussed
throughout the thesis and draws overall conclusions based on the obtained ex-situ
and in-situ results. In addition, it highlights the limitations of the current work
and suggests recommendations for future work.



Chapter 2

Basics of tribology, rheology and
contact mechanics

This chapter reviews the basics of the main topics that will be needed to analyse
the tribological and rheological experimental data. The chapter is divided into
four main sections. The first section discusses the basics of tribology, i.e. friction
and wear, from the macroscale to the nanoscale. Section two reviews the basics of
rheology. In addition, it provides an overview of the models that can be used to
fit the rheological data whether in bulk or using the AFM. Section three discusses
various contact mechanics topics based on the elastic and plastic deformation
theories. Finally, section four summarises the most important aspects discussed
throughout the chapter.

2.1 Tribology: from macro- to nanoscale

Friction and wear are solely interfacial phenomena, which can be affected by
the mechanical, rheological and chemical properties of the contacting surfaces
and any adsorbed layers in between [38]. The properties of contacting surfaces
include amongst others roughness, hardness, crystallinity, defects, viscosity and
shear strength [39, 40]. These factors act on different length and time scales.
The complexity of such a system can only be analysed and fully understood if
the effects of each factor, which has the capacity to affect friction and wear, are
studied independently and collectively by exploring the inter-synergy. Hence, one
may study, for instance, the effect of surface roughness on friction and wear at
the macroscopic scale using any of the conventional tribological rigs with different
samples of different degrees of surface roughness. On the other hand, one could
study the effect of surface roughness at the microscopic scale using AFM in
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which the tip represents a single asperity contact. Ye et al. [40] measured the
friction coefficient of the ZDDP tribofilm using conventional pin-on-disc rig and
lateral force AFM. The reported values from the two techniques were in good
agreement, which demonstrated the capability of the AFM to measure friction
force successfully. More details on the advances of single asperity nano-tribology
can be found in the review of Szlufarska et al. [41].

In the following subsections, the basics of friction and wear at the macro- and
microscopic scales are reviewed in more detail.

2.1.1 Friction

Macroscopic friction is more established than the microscopic counterpart. The
general observation of the macroscopic friction is that friction force, Ff , depends
linearly on the applied normal load, Fn. The proportionality constant, µ, is the
static coefficient of friction. This relation can be given as [42]:

Ff = µFn (2.1)

Several studies [43–47] showed that this relation holds true even for the
microscopic friction, at least up to 250 nN, which corresponds to a very large
contact pressure of a few GPa. Pidduck and Smith [48] showed that above 200
nN, a substantial increase of friction force occurred with increasing load. The
authors related this behaviour to two possible reasons. One might be due to the
removal of surface layers whereas the other could be related to non-linearity in
the AFM cantilever or detector. Tsukruk et al. [49] observed a similar behaviour
for monolayers of steric acid cadmium salts. The microscopic force observed by
the AFM increased linearly with increasing the normal load until reaching 100 nN
at which the friction force reached a plateau and then started to increase linearly
with load. However, loads larger than 700 nN caused the friction force to increase
substantially and deviate from the linear trend. The increase in the friction force
was accompanied by a decrease in the monolayers thickness and vice versa. The
plateau region was small that a linear fit for the data below a load of 700 nN was
possible.

It should be noted that in the case of any adhesion force exists between the
contacting surfaces, then an additional force is needed to separate the two surfaces.
In this case, the friction force is given by [50]:

Ff = µ(Fadh + Fn) = F0 + µFn (2.2)
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where F0 = µFadh is a constant representing the contribution of adhesion to
friction force. Meyer et al. [51] showed that below a certain threshold of normal
force, i.e. 4 nN, the friction force measured on the bare silicon wafer or the
one covered with Langmuir-Blodgett (LB) film was constant. According to this
study, this behaviour might be related to changes in the adhesion and elasticity
forces at the interface. These changes can influence the effective normal force
directly. Mate et al. [52] also observed that before the linear increase of friction
force over the normal load, a region of constant friction force appeared at small-
applied loads between 1 and 2.5 nN. They attributed this region to stick-slip
phenomenon occurring between the AFM tip and the graphite plane that had
the same periodicity as the atomic structure of the probed surface. Mate et al.
[52] suggested that the friction force observed at the microscopic scale had two
contributions, i.e. a conservative direction-independent and dissipative direction-
dependent contribution. The conservative part of the friction force can originate
from the reversible elastic deformation of the tip, sample or substrate. On the
other hand, the origin of the dissipative part can be related to plastic deformation
or wear of the tip, sample and substrate; viscous dissipation or phonon generation.

Bowden and Tabor [53] showed that although the friction force at the macro-
scopic scale does not depend on the nominal contact area, it is directly proportional
to the real contact area, which is recently confirmed by many studies [43, 44, 46, 54–
61]. In the case of dry contacts, the friction force depends on the real contact
area Ar as follows:

Ff = Arτd (2.3)

whereas in the case of lubricated contacts:

Ff = Ar [ατd + (1 − α) τl] (2.4)

where τd is the average shear strength of the dry contact, α is the fraction of the
unlubricated dry area of the contact and τl is the average shear strength of the
lubricant film, which is given by:

τl = ην

h
(2.5)

where η is the viscosity of the lubricant film, h is the film thickness and ν is the
relative sliding velocity. It should be noted that the exact value of α is not known.
Hence, if a full coverage can be assumed, i.e. α = 0, the relation becomes easier
to implement with only two unknowns, Ar and τl. The real contact area Ar can
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Fig. 2.1 Schematic of friction phase diagram of surfactant monolayers. Reprinted from
Singer [64].

be calculated based on the contact radius given by any of the contact mechanics
models discussed in section 2.3. For instance, in the case of Johnson-Kendall-
Roberts (JKR) contact radius is used, the following relation can be obtained for
the friction force:

Ff = τlπ
[
R

Er

(
F + 3πRγ +

√
6πRγL+ (3πRγ)2

)]2/3
(2.6)

It should be noted that this relation depends on the sliding speed through τl.
The formula for τl can be used from Eq. (2.49) for low sliding speed or Eq. (2.50)
for high sliding velocity, which were discussed in section 2.3. These formulae
give a logarithmic dependence of friction force on the sliding velocity, which was
confirmed by Gnecco et al. [62] for low velocities. However, Tsukruk et al. [49]
indicated that a more complex relation between friction force and velocity exists.
Liu et al. [63] showed that this complex relation can depend on the functional
groups, phase transition, degree of saturation and chain length of the molecules
forming the surface layer. Singer [64] and Yoshizawa et al. [50] showed that indeed
a phase transition occurs with local temperature, which is affected by the sliding
speed, as shown in Fig. 2.1. Similar behaviour could also be present in the case of
the alkyl phosphate precipitates and polyphosphates layers forming the ZDDP
antiwear film.
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2.1.2 Wear

Wear is a stress controlled phenomenon, i.e. increases with increasing the normal
load. In addition, recent studies suggested that wear might be a stress history
dependant as well [65]. This can be explained by observing that the successive
rubbing causes the surface atoms to be less stable and hence the surface becomes
more prone to wear. There are mainly two views concerning the way the micro-
scopic wear commences. The first one suggests that wear is consistent with plastic
deformation and removal of nanoscale fragments. This was observed for silicon
nitride AFM tips [66]. The other view conjectures that the microscopic scale
wear occurs as a gradual atom-by-atom process with a stress-assisted thermally
activated mechanism [65]. This was observed for smooth AFM tips coated with
diamond-like carbon (DLC) [65, 66].

Following the first view, the total volume of sliding wear can be described by
the Archard equation for macroscopic wear, which in its basic form is given by
[67]:

Vw = K
FnD

H
(2.7)

where K is the dimensionless wear coefficient, Fn is the normal load, D is the
sliding distance and H is the hardness of the softest contacting surfaces. The
dimensionless wear coefficient can be used to relate the real contact area, Ar,
consisting of N number of asperities to the worn contact area, Aw, consisting of n
number of worn asperities, as follows:

K = Vw

(Fn/H)D = Vw

Vp

= Aw

Ar

= n

N
(2.8)

where Vp = (Fn/H)D is the total volume of the plastically deformed surface.
This means that K can also be used as a representation of the ratio of the
volume removed by wear to one that is plastically deformed [68]. Regardless of
its simplicity, Archard’s equation seems to be successful in capturing the general
trend of the macroscopic as well as the microscopic wear, as shown in Fig. 2.2.
Nonetheless, Archard’s equation has many limitations. For instance, the only
considered material property is hardness. In addition, it does not take into account
surface topography, time, speed, lubricant or lubrication regime [69]. However, it
should be noted that other models than Archard’s equation exist, which can also
capture wear phenomena [70].

Following the other view of atom-by-atom wear, the wear rate of, for instance,
an AFM tip can be represented by the change in the tip height h over time t,
which can be given by [71]:
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Fig. 2.2 Effect of sliding distance on the microscopic wear. Reprinted from Gotsmann
et al. [71].

∂h

∂t
= bfaexp

(
−Ea − Vaσ

kBT

)
(2.9)

where fa is the attempt frequency that is of the same order as the atomic vibration,
b is the lattice parameter, Ea is the activation energy, σ is the shear stress, kB is
the Boltzmann constant, T is the absolute temperature and Va is the activation
volume, which is an empirical material property rather than a physical one. This
activation volume represents the amount of activation energy reduced through
bond stretching by the effect of shear stress. Based on Eq. (2.9), Jacobs et al. [72]
suggested that the number of atoms lost per second Γ can be given by:

Γ =
[
faexp

(
− Ea

kBT

)]
exp

(
σVa

kBT

)
(2.10)

This is exactly the same as Eq. (2.9) suggested by Gotsmann and Lantz [71] but
taking b = 1. The number of atoms lost per second Γ can be related to the total
wear volume Vwear, as follows [65]:

Γ = Vwear × ρbulk

Acont × ρsurf × tcont
(2.11)

where ρbulk and ρsurf are the number density of the bulk and surface of the probed
material, Acont is the contact area and tcont is the contact time. Based on these
equations, the instantaneous wear rate of a conical tip of opening angle θ and
radius a, moving under normal load Fappl and adhesion force Fadh with sliding
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velocity ν = ∂d/∂t, where d is the sliding distance, can be given by [71] :

∂a(d)
∂d

= tan(θ)
(
fab

ν0

)
× exp

[
− Ea

kBT
+ Va

kBT

(
τ0 + ξ

Fappl + Fadh

πa2

)]
(2.12)

where ξ, τ0 and ν0 are constants, which can be chosen as follows: ξ can be
considered as the pressure dependence of shear stress, τ0 is the shear stress at zero
pressure, and ν0 is a characteristic velocity. Gotsmann and Lantz [71] could fit this
model successfully to the micro-wear data shown in Fig. 2.2, which seemed to give a
better fit than Archard’s equation. However, this proposed model concerns mainly
activation energies occurring during sliding friction at small velocity. To account
for large sliding velocities, Jacobs et al. [73] proposed a modification to Eq. (2.12).
They assumed that the activation parameters for friction, which predominate at
small velocity, are different from the ones for wear, which predominate at high
velocity, as follows:

∂a(d)
∂d

= tan(θ)
(
fab

ν0

)(
ν

ν0

)(1.5 ∆Vwear
∆Vftiction

−1
)

× exp
[
− Ea

kBT
+ ∆Vwear

kBT

(
τ0 + ξ

Fappl + Fadh

πa2

)]
(2.13)

It should be noted that these different views of wear at the microscopic scale
will help in finding good interpretations of the observed phenomena not only at
the microscale but also at the macroscale. In addition, they give insight into the
amount of force and number of taps or sliding distance that can be used without
causing much wear of the AFM tip. This is crucial to avoid the misinterpretations
brought by the changes of the contact area and hence contact pressure.

2.2 Rheology: basics and models

The rheological properties of materials are used mainly to probe not only the
viscosity but also the microstructure. This can be performed using rheometry [74],
which utilises standard methods such as steady shear, oscillatory shear, stress
relaxation and creep in order to obtain shear viscosity, storage and loss moduli,
relaxation modulus and creep compliance, respectively [75]. Oscillatory shear,
creep and stress relaxation are discussed thoroughly in the subsequent sections
due to their relevance to the in-situ AFM tribotests performed in this study.
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2.2.1 Small Amplitude Oscillatory Shear (SAOS)

In the small amplitude oscillatory shear (SAOS) experiments, an oscillatory
shear of small amplitude is applied. The small load is necessary such that the
microstructure of the material being probed in undisturbed and thus the measured
properties are only limited to the linear viscoelastic regime [74]. The SAOS
experiments can be performed in stress- or strain-controlled mode. In the latter,
a sinusoidal oscillating strain of a fixed amplitude γ0 over a frequency sweep ω is
applied, which can be expressed as [76]:

γ = γ0 sin(ωt) (2.14)

The resulting stress of amplitude σ along with the phase difference δ between
the oscillating strain γ and stress σ are measured.

In the case of Newtonian fluids, the applied strain and resulting stress will be
completely out of phase, i.e. δ = 90o. So, in this case the resulting stress can be
given as:

σ = ηγ̇ = ηγ̇0 cos(ωt) (2.15)

where η is the viscosity, and γ̇ is the shear rate.

In the case of elastic solids, the applied strain and resulting stress will be
completely in phase, i.e. δ = 0o. So, in this case the resulting stress can be given
as:

σ = Gγ = Gγ0 sin(ωt) (2.16)

where G is the shear modulus.

In the case of viscoelastic materials, the applied strain and resulting stress will
be partially out of phase, i.e. δ < 90o. So, in this case the resulting stress will
have two components: an elastic one in phase with the strain and an out of phase
viscous component:

σ = σ0 sin(ωt+ δ) (2.17)

which can be rewritten as:

σ = (σ0 cos δ) sin(ωt) + (σ0 sin δ) cos(ωt) (2.18)

where G′ = (σ0 cos δ) is the elastic or storage modulus and G′′ = (σ0 sin δ) is the
viscous or loss modulus. The ratio between the two moduli (tan δ = G′′/G′) is
called the loss tangent, which serves as an indication to how much the material
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is more elastic or viscous. A tan δ ≪ 1 indicates that the material behaviour is
mainly elastic whereas a tan δ → 1 indicates a prevalent viscous behaviour [77].

2.2.2 Creep–Recovery

In the creep experiments, a constant shear stress σ0 is maintained and the time-
dependent resulting strain γ(t) is monitored. The applied stress should be kept
small enough to preserve the material structure without distortion but large enough
to get a good signal-to-noise ratio [78, 79]. When the shear stress is stopped
at t = t1, i.e. σ(t1) = 0, the strain keeps evolving in what is called recovery
experiment as illustrated in Fig. 2.3. The strain γ(t) during the creep-recovery
experiments can be given by [80]:

γ(t) = γ0 + γr(t) +
(
σ0

η0

)
t (2.19)

where γ0 is the strain at t = 0, η0 is the zero shear viscosity, and γr(t) is the
recoverable strain, which can be given as:

γr(t) = γ(t1) − γ(t) (2.20)

The creep compliance J(t) can then be defined by dividing the resulting strain
γ(t) by the applied stress σ0:

J(t) = J0 + JRψ(t) + 1
η0
t (2.21)

where J0 is the instantaneous creep compliance, JR is the total recoverable
compliance, and ψ(t) is the delayed elasticity function. This function is typically
zero at t = 0 and one for t −→ ∞. In the case of a Kelvin-Voigt model is used,
which consists of a spring of constant G connected in parallel to a dashpot of
viscosity η, ψ(t) can be defined as follows:

ψ(t) = Jm [1 − exp(−t/τm)] (2.22)

where Jm is the mean compliance and τm is the mean retardation time.

Based on Eq. (2.21), the creep-recovery response as schematically represented
in Fig. 2.3, shows three main regions [76]:

• Region (A) of elastic deformation represented by the instantaneous compli-
ance J0 = 1/G0, which is the inverse of the elastic modulus G0. This part
of deformation can be recovered instantaneously if the stress is removed.
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Fig. 2.3 Illustration of a creep compliance curve during creep-recovery experiment.
Reprinted from Rao [76].

• Region (B) of retarded elastic deformation that evolves over time. The
compliance JR in this region depends on the delayed elasticity function ψ(t).
This part of deformation can be completely recovered if the stress is removed
but will take long time depending on ψ(t).

• Region (C) of viscous flow represented by non-recoverable compliance JN =
t/η0. This part of deformation cannot be recovered if the stress is removed
because part of the material structure is permanently deformed or distorted.

The recovery experiment starts with an instantaneous recovery of J0 in region
(E). This is followed by a slow retarded recovery of JR in region (F).

2.2.3 Stress relaxation

The stress relaxation experiments are performed by maintaining a constant defor-
mation, i.e. strain, on the sample while measuring the stress evolution over time
[81]. For viscoelastic materials of instantaneous and delayed deformation, the
response can be represented by a Maxwell model [77], which consists of a spring
of constant G connected in series to a dashpot of viscosity η. If this mechanical
system is deformed by a constant strain, the dashpot will have slow relaxation of
time τ = η/G accompanied by the retraction of the spring. The shear modulus of
the system can be defined as [77, 81, 82]:

G(t) = σ(t)
γ

= G exp(−t/τ) (2.23)
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As real viscoelastic materials would have infinite number of relaxation times
depending on the microstructure, the above equation becomes [82]:

G(t) =
∫ ∞

1
Gi exp(−t/τi) (2.24)

For simplicity, the summation form of this equation for a limited number of
relaxation times can also be used instead of the integral form.

2.3 Contact mechanics

The subject of contact mechanics studies the deformation behaviour of materials
through, for example, examining the loading-unloading response when subjected
to a specified level of force or deformation. In the case of ideally elastic materials,
the material undergoes certain deformation during loading whereas after unloading
the material restores its original shape completely as depicted schematically in
Fig. 2.4. However, for ideally plastic materials, the material does not restore its
shape but retains its deformed shape instead. The real material typically has a
mixed behaviour between the ideally elastic and plastic responses, i.e. restores
part of the deformed shape and retains part of the deformation. This behaviour
is predominated by not only the mechanical properties of the sample but also
the geometrical and mechanical properties of the probe itself [83, 84]. Even after
taking into account the influence of the tip properties, the loading-unloading curves
can still not necessarily be unique. For instance, a material with heterogeneity
could have the same non-linear response as viscoelastic materials [85]. In the next
subsections, the contact mechanics of elastic and plastic materials will be reviewed
in more detail.

2.3.1 Elastic deformation theories

The most used elastic deformation models are Hertz [86], Johnson-Kendall-Roberts
(JKR) [87], and Derjaguin-Muller-Toporov (DMT) [88]. In the case of a spherical
probe of radius R exerting force F on a flat surface, one can use these models to
calculate the contact radius a, the sample indentation δ, the contact pressure P
and the adhesion force Fadh as listed in Table 2.1.

In this table, x = y/a is the distance from the centre of the contact circle
where x = 1 is the edge of the contact area, Rr is the reduced radius of curvature
of the two contacting surfaces (in the next equations the subscript will be dropped
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for simplification) and Er is the reduced elastic modulus, which is defined as:

1
Er

= 3
4

(
1 − ν2

1
E1

+ 1 − ν2
2

E2

)
(2.25)

where E is the Young modulus and ν is the Poisson ratio. The subscript 1 refers
to the sample and 2 refers to the indenter. The above equation can be rearranged
to get the reduced indentation modulus of the sample:

Er−1 = E1

(1 − ν2
1) =

[
4
3

1
Er

− (1 − ν2
2)

E2

]−1

(2.26)

The elastic modulus of the sample is a combination of the elastic modulus of
the film and the one of the substrate. This can be deduced from the indentation
modulus using Song and Pharr model [89]:

1
Er−1

= (1 − I0)
1
Es

+ I0
1
Ef

(2.27)

where I0 is given by:

I0 = 2
π

arctan
(
t

a

)
+ 1

2π (1 − νf ) ×
[
(1 − 2νf ) t

a
ln1 + (t/a)2

(t/a)2 − (t/a)
1 + (t/a)2

]
(2.28)

where the subscripts f and s refer to the film and substrate, respectively, and t is
the film thickness. After determining Ef and Es, the global stiffness Kz can be

Fig. 2.4 Typical loading-unloading behaviour of linear elastic material, straight line,
and nonlinear material, hysteresis. Reprinted from Butt et al. [83].
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Table 2.1 Summary of models of contact mechanics [83, 90].

Hertz JKR DMT

a
(
RrF

Er

)1/3 [
Rr

Er

(F + 2πRrγ)
]1/3 [

R

Er

(
F + 3πRγ +

√
6πRγL+ (3πRγ)2

)]2/3

δ
a2

Rr

=
(
F 2

RE2
r

)1/3
a2

Rr

= (F + 2πRrγ)2/3

3
√
RE2

r

a2

Rr

=
(6πaγ
Er

)2/3

P(x) 3Era

2πRr

√
1 − x2 3Era

2πRr

√
1 − x2 3Era

√
1 − x2

2πRr

−
√

3Erγ

2πa
1√

1 − x2

Fadh 0 2πRrγ
3
2πRrγ

defined as [36]:
1
Kz

= 1
1 + 2t/πa

(
t

πa2Ef

+ 1
2aEs

)
(2.29)

In case of the applied pressure value exceed a certain threshold value H0, some
molecular arrangements might occur in the film that can change the mechanical
properties of the film such as its elastic modulus. To overcome this, Bec et al.
[36] proposed that the film modulus Ef could be given by:

Ef = Ef0

(
P

P0

)
(2.30)

where Ef0 is the elastic modulus of the film when the applied pressure P is lower
than some threshold value of P0.

It should be noted that there will be always uncertainties in measuring the film
thickness and its elastic modulus. Bec et al. [91] presented a guide to determine
the elastic properties of a thin film on substrate from nanoindentation experiments.
They compared the previous model proposed by Bec et al. [36] with the models
proposed by Perriot and Barthel [92], Gao et al. [93] and Rar et al. [94]. The
authors concluded that the uncertainties in the film thickness and elastic modulus
lead to similar results regardless of the choice of the model.

From Table 2.1, the work of adhesion per unit area, γ, can be related to the
surface tension of the tip-medium γtm, sample-medium γsm and sample-tip γst

according to Duprè equation [83]:

γ = γtm + γsm − γst (2.31)

The work of adhesion depends on many factors including surface roughness, surface
contamination and alignment of atoms of the tip and substrate [95, 96]. Typically,
the surface tension of material-air is the easiest to measure using pendant drop
measurements. Apart from this method, the surface tension between two materials
can also be calculated using the Good-Girifalco-Fowkes rule [97]:
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Fig. 2.5 Effect of indentation depth, as compared to the tip radius, on the measured
Hertz modulus. Reprinted from Mahaffy et al. [98].

γ12 = γ1 + γ2 − 2Φ√
γ1γ2 (2.32)

where Φ is equal to unity in the first order approximation. However, in case of the
molar volumes, V , of the two materials are different, then Φ can be calculated
using the formula [97]:

Φ = 4 (V1V2)(√
V1 +

√
V1
)2 (2.33)

Hertz model does not take into account the adhesion force between the indenter
and sample. Thus, it can be applied when the adhesion force is negligible as
compared to the applied load. In addition, the model suffers from other limi-
tations. These limitations become obvious by plotting the model’s prediction,
3
4F/

√
Rδ3 = E/ (1 − ν2) against the function δ/R. The expected result should

be a straight horizontal line representing a constant force or modulus with the
different indentation depths. However, the results of Mahaffy et al. [98] on a
polyacrylamide film and two fibroblasts showed that this model holds true only at
intermediate indentation depths, as shown in Fig. 2.5. If the depth is small, the
uncertainties of the position of contact creates large variance on the measured
force or modulus. However, if the indentation depth approaches the radius of the
spherical probe, the results deviate from Hertz model as this model is based on
the assumption of spherical contact area. One way to circumvent the difficulty
in determining the contact radius accurately is by using the force integration to
equal limits (FIEL) approach developed by A-Hassan et al. [99]. This approach
overcomes the problems of identifying the exact contact area between the tip and
sample and the exact cantilever spring constant. The FIEL is based mainly on
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the Hertz model that relates the force of the AFM cantilever to the indentation
depth using the relation:

F = Er

√
Rδ3/2 (2.34)

Thus, probing two locations at the surface while imposing the condition F1 = F2,
leads to:

Er1
√
Rδ

3/2
1 = Er2

√
Rδ

3/2
2 (2.35)

Taking the integral of the force gives the work done by the probe at every position:

w1 =
∫ δ1

0
Er1

√
Rδ

3/2
1 dδ = 2

5Er1
√
Rδ

5/2
1 (2.36)

Similarly,

w2 = 2
5Er2

√
Rδ

5/2
2 (2.37)

Thus, the relative work at the two probed locations can be given by:

w1

w2
=
(
Er1

Er2

)2/3
(2.38)

This ratio relates the work directly to the local reduced elastic modulus Er. This
avoids any error due to uncertainties of measuring the contact area or the Poisson
ratio. Nevertheless, the FIEL approach suffers from different limitations. One of
the limitations is the assumption of sample isotropy. In addition, the approach
is based on the Hertz model and therefore it suffers, in principle, from the same
limitations of this model including the assumption of no adhesion force.

It was found experimentally that load dependence on contact area is in good
agreement with the DMT model [44, 58] or JKR model [60]. In the case of large
tips and soft samples with large adhesion force, the JKR model can be applied
whereas the DMT model can be used in the case of small tips and stiff samples
with small adhesion force. A better criteria to choose which of the models should
be applied is to use the parameter λ that was proposed by Maugis [100], which is
given by:

λ = 2.06
D0

(
Rγ2

πE2
r

)1/3

(2.39)
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where D0 is a typical atomic dimension, which can be taken as the separation
distance between the tip and substrate in repulsive contact. To calculate this
parameter, the work of adhesion and the reduced elastic modulus must be known.
At the asymptotic limit of λ → 0, the DMT model should be used, whereas when
λ → ∞, the JKR model should be used. Between those limits, the extended
Maugis model, described elsewhere [100], should be used.

Apart from the parameter λ, the Tabor coefficient can also be used to decide
which model is more appropriate. This coefficient represents the ratio between
the adhesion interaction and elastic deformation as follows [101]:

µ =
(

16Rγ2

9D3
0E

2
r

)1/3

(2.40)

Typically, for µ ≫ 1, soft material is encountered and hence the JKR model is
more appropriate. The analytical and experimental results of Greenwood [102]
confirmed the validity of this coefficient.

Fogden and White [103] generalised the Hertz and JKR models by considering
the force arises due the presence of condensible vapour atmosphere. The extent
to which capillary forces might distort the contact is governed by the parameter
k, which is defined as:

k =
3π1/2Er

(
rk − 1

2D0
)3/2

23/2 (2γLVR1/2)

(
1 − D0

2rk

)−1
(2.41)

where rk is the Kelvin radius of the formed meniscus and γLV is the surface
tension of the meniscus fluid with air. The parameter k is typically large, i.e. less
distorting effect, for systems consisting of small and hard spheres. In this case
the generalised Hertz model can be given by:

F = Er

R

[
a3 − 4πγLV

(
1 − D0

2rk

)
R2
]

(2.42)

On the other hand, when the parameter k is small, i.e. large distorting effect in
the case of large and soft spheres, the generalised Hertz model can be given by:

F = Er

R

[
a3 − (a0a)3/2

]
(2.43)

where a0 is the contact radius at zero load. This generalised Hertz model shows
that due to capillary condensation forces, the load F changes by a certain value
equals to the capillary force. This indicates that the capillary force can produce
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similar behaviour to adhesion, which is taken into account in the DMT and JKR
models by a shift in the applied load [54].

The different previously discussed models are valid for spherical probes. For
other shapes, the force-indentation follows a power law related to the probe
geometry, which is given by [104]:

F = αδn (2.44)

where α and n are constants related to the geometry of the probe, e.g. n = 2
for cones and n = 1.5 for spheres and paraboloids [83]. Apart from the probe
geometry, temperature can affect the mechanical properties predicted by the
previously discussed models. For example, Wachtman et al. [105] proposed that
the Young’s modulus depends on temperature according to the relation:

E(T ) = E(0) −BT exp
(−T0

T

)
(2.45)

where E(0) is the Young’s modulus at temperature of 0 K and B is a constant
related to Grüneisen parameter γ and Debye temperature ΘD, which is given by:

ΘD = ~νD

k

(
6π2N

V0

) 1
3

(2.46)

where νD is Debye velocity, k is the Boltzmann constant, N is the Avogadro
number, ~ is the reduced Planck constant (~ = h/2π) and V0 is the atomic volume
at 0 K. Taking the value of the B constant into account, Grüneisen and Debye
proposed the following expression [106, 107]:

E(T ) = E(0) − 9 (1 − 2νD) π4RΘDγ (3γ − 1)
5V0

(
T

ΘD

)4
(2.47)

Another expression can also be found using the Einstein oscillator [107]:

E(T ) = E(0) − 3 (1 − 2νD) s(
exp

(
Θ
T

)
− 1

) (2.48)

where Θ is the effective Einstein temperature and s is a parameter related to the
contribution of zero point vibration energy to elastic stiffness. Adiga et al. [107]
found that for ultrananocrystalline diamond (UNCD) in the range of temperature
between 63 K and 450 K, Einstein oscillator expression was a better fit to the
experimental data than Grüneisen and Debye expression.
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Temperature accompanied by sliding can also alter the shear stress at the
interface. Briscoe and Evans [108] related the shear stress τ to temperature,
normal pressure P = (Fapp + Fadh)/(πa2) and velocity ν using the equation:

τ = τ0 + ξP

(
kBT

Va

)
ln
(
ν

ν0

)
(2.49)

where τ0, ξ and ν0 are constants. This relation is valid for low sliding speeds. For
higher speeds, the relation can be given by [109]:

τ = τ0 − ∆F ln
(
ν

ν0

)2/3
(2.50)

where τ0 and ∆F are constants.

Several remarks should be mentioned on the elastic deformation theories,
especially Hertz, DMT and JKR models. One is that they are based on the
assumption that a perfectly smooth probe of well-defined shape is contacting a
perfectly flat and smooth plane. Obviously, this assumption is not always fulfilled
as the probe might be worn even over the first few indentations in addition to
the fact that real surfaces are not necessary smooth or isotopic. This can lead to
errors in calculating the contact area and deformation; and ultimately the elastic
modulus and hardness [110]. The other remark is that in the case that these
models are used to quantify AFM indentation data, some errors might arise from
the buckling of the AFM cantilever. That is to say, the AFM cantilever does not
apply only a normal force but also a friction force due to its slight sliding in the
lateral direction. The generated friction force, although small in magnitude, can
interfere with the mechanical properties that are being probed [111–113].

2.3.2 Plastic deformation theories

During indentation tests, some plastic deformation might occur as illustrated in
Fig. 2.4. Several studies proposed different treatments to account for this response.
For instance, Oyen and Cook [114] presented a practical guide for the analysis
of the deformation data. In addition, Nix [115] established an in-depth analysis
of the mechanical properties in the case of thin films and described in detail the
stresses occurring in these films. Oliver and Pharr [84] established a method to
determine the modulus and hardness of materials when subjected to a specified
level of force or deformation. This method is the most cited and most used of
all other methods. The novel method takes into account the nonlinear curvature
of the unloading curve by letting the contact area change continuously during
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unloading. The analytical solution and the dynamic model they proposed to solve
this problem can be found in the original paper. More recently, Oliver and Pharr
[116] reviewed the mechanics governing the elastic-plastic indentation and updated
their original method for calculating the elastic modulus and hardness. From the
force displacement data, similar to the one depicted in Fig. 2.4, the plasticity index
ψp can be defined as the ratio between the energy used for plastic deformation A1

and the total energy dissipated, i.e. for elastic and plastic deformations, A1 + A2,
as follows [83]:

ψp = A1

A1 + A2
(2.51)

The reduced elastic modulus Er and hardness H of the sample can be calculated
using the following formulae [83, 116]:

dF

dδ
|δmax = 2β1√

π
Er

√
Amax (2.52)

H = Fmax

Amax

= Fmax

β2P ′2 (2.53)

where β1 and β2 are geometrical parameters that depend on the indenter, Amax

is the maximum contact area at the maximum indentation δmax and P ′ is the
intercept of the slope of the last linear part of the unloading curve with the
abscissa.

The accurate determination of hardness and Young’s modulus of ultra-thin
tribofilms on hard substrates requires several considerations. First, the indentation
depth should be typically less than 20% of the film thickness in order to avoid
any substrate effect. Second, the exact contact area of the indenter into the
sample Amax should be carefully determined, which in turn requires a careful
determination of the exact indenter shape and indentation depth. Different factors
could affect the measurement of contact area [116]. These include tip defects,
pile-up or sink-in phenomena around the indent and surface roughness [117]. One
way to circumvent these issues is to image the contact area by AFM or other
imaging techniques to find Amax [83]. However, there are different difficulties
of using AFM as imaging technique. One of the main difficulties is the applied
force that should be as low as possible to avoid scratching or wearing the surface
especially if extremely soft or easily deformed. Bec et al. [117] found that the
contact area A and radius of contact a can be related to the theoretical plastic
penetration depth δ as follows:

A = δ2

α
(2.54)
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2a = δ

β
(2.55)

δ = hRh0 (2.56)

where α and β are constants depending on the geometry of the indenter, hR is
the tip defect height and h0 is the measured plastic depth. These values can be
compared to the values obtained by the imaging techniques to check their validity
for the system under study.

2.4 Summary and concluding remarks

The chapter reviewed some basic topics related to the tribological, mechanical
and rheological characterisation of ultra-thin tribofilms. The chapter reviewed the
basics of tribology, i.e. friction and wear, from the macroscale to the nanoscale.
It also discussed in detail the basics of rheology and contact mechanics including
relevant models that can be used to quantify the mechanical and rheological
properties of ultra-thin films such as ZDDP and DDP tribofilms. The reviewed
models and literature will help better analyse the various obtained experimental
data.

In the following chapter, a state-of-the-art review is presented about the
tribological, mechanical and rheological properties of the ultra-thin ZDDP and
DDP tribofilms. In addition, the link between these properties and the composition
of the formed tribofilms as well as the effect of the operating conditions are
discussed thoroughly.



Chapter 3

Literature review

This chapter reviews the state-of-the-art knowledge about the composition of
ZDDP and DDP antiwear films as well as their tribological, mechanical and
rheological properties. In addition, it discusses the effect of operating conditions
on these properties and the different techniques used to characterise them. The
chapter is divided into nine main sections. The first one introduces the different
antiwear additives. Section two discusses their physical and chemical nature.
Section three presents the reactions of the P-based additives in base oils and
their decomposition mechanisms, i.e. thermal, hydrolytic and oxidative. Section
four provides a detailed discussion on the composition of the ZDDP and DDP
antiwear films. The recent findings, tools and methods to examine the mechanical,
rheological and tribological properties of these films are discussed in sections
five, six and seven, respectively. Section eight reviews the effect of water on
these properties at the macro- and microscopic scales. Finally, section nine
summarises and draws conclusions on the most important aspects and knowledge
gaps discussed throughout the chapter.

3.1 Introduction

Zinc dialkyldithiophosphate (ZDDP) is one of the most widely used additives,
whether in oils or greases. ZDDP is multifunctional as it can work as antiwear,
antioxidant and anticorrosion additive [118]. It exhibits these beneficial func-
tionalities by its ability to decompose under rubbing, heating or possibly high
pressure to form a protective film. In the case of this film is formed during heating
without rubbing it is called a thermal antiwear film whereas in the case of rubbing,
the film is called a tribofilm [119]. The antiwear mechanism of this tribofilm
originates from its capability to separate the contacting surface [14–18], to digest
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the abrasive wear debris [19–21] and to decompose peroxides and peroxy-radicals
[22–24].

Despite the numerous benefits of using the antiwear ZDDP additive, it has
disadvantages as well. Firstly, ZDDP increases micropitting of the steel surface
and thus decreases its bearing life [120–123]. Secondly, it can poison the catalyst in
the cars equipped with a catalytic converter and therefore degrades the converter’s
capability to reduce harmful emissions in the exhaust gas [25, 26]. This led to an
ever expanding strict rules on the allowed concentrations of ZDDP, phosphorus
and zinc in the oil [7, 89]. The trend of these rules suggests that the ZDDP
should be replaced. One of the available options is to use neutral or acidic ashless
dialkyldithiophosphate (DDP). The ashless additives can provide better [124, 125],
comparable [126] or worse [127, 128] antiwear properties than the ZDDP, which
seem to depend greatly on the operating conditions, properties of contacting
surfaces and chemistries of base oil and additives.

Replacing the ZDDP completely is not an easy task due to the lack of complete
understanding of the complex pathways involved in its decomposition reactions
and the possible interactions with the other additives in the oil. This statement is
also true for the case of the DDP, which shares in general the same complexity.
Nonetheless, despite these difficulties, a myriad of experimental works were carried
out over the last 70 years in order to understand the ZDDP decomposition
reactions. These works have been discussed in different reviews [7, 129, 130]. The
review of Barnes et al. [129] discussed the role of the ZDDP in the oil and its
functions as an antioxidant and antiwear additive. In addition, the review covered
the interactions between the ZDDP and various other components that can be
present in the oil. The ZDDP review of Spikes [7] presented a historical overview of
the additive starting from its inception until its current use. The review focused on
the reaction mechanisms of the ZDDP in the oil and the composition of the formed
protective tribofilm and its formation and removal kinetics. It also examined the
contribution of different experimental techniques to our current understanding
of the ZDDP tribochemistry. Finally, the review of Nicholls et al. [130] focused
on the decomposition reactions of the ZDDP in the absence and presence of
other components in the oil, the composition of the formed tribofilms and their
mechanical properties. This review is the last one focusing on the ZDDP and was
presented more than a decade ago.

It should be noted that the early works in the field of tribology focused on using
a single surface characterisation technique such as XPS, FTIR and EDX to study
the complex tribochemistry of the ZDDP and DDP tribofilms. However, every
technique, despite its numerous advantages, has certain limitations as summarised
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Table 3.1 Comparison between the surface characterisation techniques.

Method Atmospherea Sensitivity Chemical
information Structure Lateral

resolution
Detected

depth
XPS UHV 1 % Yes No 10 µm 3-8 nm
AES UHV 1 % Yes No 20 nm 3-8 nm
XAS UHV-A 50 ppm Yes Yes 50 nm-mm 1 nm - bulk
EDX HV 0.1 % No No 1 µm 1 µm

Raman A 0.1 at.% Yes Yes 1 µm 0.2-10 µm
FTIR A 1 ppm Yes Yes 10-100 µm 20 Å-1 µm
SIMS HV < 1 ppm No No 60 µm 0-10 µm
XRD A 1 % No Yes 30 µm 0.1-10 µm
XRF A 1 ppb No No 1 cm Bulk
AFM A NA No Yes < 0.1 Å 0.1 Å

a Experimental atmosphere whether ambient (A), high vacuum (HV) or ultra-high vacuum
(UHV).

in Table 3.1, which are mainly related to the experimental atmosphere; whether
ambient (A), high vacuum (HV) or ultra-high vacuum (UHV); detection sensitivity,
chemical and structural information capability, lateral resolution and sampling
depth. Therefore, as more and more of these techniques become available added
to the insufficient information gathered from a single technique only, the recent
tribological studies have started employing what is commonly known as the multi-
technique approach. In this approach, observations and evidence are collected
from various experimental techniques to help understand not only the composition
but also the tribological and mechanical properties of ZDDP and DDP tribofilms.

Despite the extensive research in the tribological and mechanical properties of
the ZDDP and DDP tribofilms and their compositions, the link between these
properties is still not clear. This review aims at discussing these properties and
highlighting the different links between them in order to provide a clearer picture
on their tribochemistry in the base oil and the properties of the formed antiwear
films. As the main body of the literature is related to the ZDDP and due to
the large similarities between the ZDDP and DDP additives, the focus of this
review will be mainly on the ZDDP while making a direct comparison to the DDP
whenever appropriate.

3.2 Chemical nature of ZDDP and DDP

Most of the added ZDDP to the base oil is either neutral, basic or hybrid of
both [7, 129, 131, 132], which are depicted in Fig. 3.1. Similarly, the DDP
can be either neutral, acidic or a mixture of both, as depicted in Fig. 3.2. The
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Fig. 3.1 The different structures of ZDDP: (I) neutral dimeric in equilibrium with (II)
neutral monomeric; (III) basic ZDDP. Reprinted from Harrison and Kikabhai [133].

neutral ZDDP usually exists in equilibrium state between the monomeric structure
(Zn[PS2(RO)2]2) shown in Fig. 3.1(i) and the dimeric one (Zn2[PS2(RO)2]4) shown
in Fig. 3.1(ii) [133]. On the other hand, the basic ZDDP is stable and has a
structure with the chemical formula (Zn4[PS2(RO)2]6O) [131, 132, 134, 135], which
is depicted in Fig. 3.1(iii).

Within these types of ZDDP and DDP additives, new categories can be defined
as primary, secondary, tertiary, etc, depending on the number of carbon atoms,
i.e. one, two or three respectively, that are attached to the carbon atom of the
alkyl (R) group [134]. These functional groups predetermine the thermal stability
of the additive, which can be arranged as follows [132]:

aryl > primary alkyl > secondary alkyl

It is interesting to note that the least thermally stable additive provides the best
wear protection. Therefore, according to the alkyl functional group (R), the wear
protection performance can be arranged as follows [7]:

secondary alkyl > primary alkyl > aryl

This can be attributed to the fact that primarily the decomposition process of
the additive is thermally activated, which will be discussed in more detail in the
subsequent sections.
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Fig. 3.2 The different structures of DDP: (I) neutral and (II) acidic DDP. Reprinted
from Kim et al. [136].

3.3 Reactions of ZDDP and DDP

Different theories were proposed to explain the reactions of P-based additives,
such as ZDDP and DDP, in lubricating oils, which can be grouped into three main
categories [7]: i) ligand exchange, ii) peroxides and peroxy-radicals decomposition
and iii) thermal, oxidative or hydrolytic degradation. These reactions can have
very complex pathways due to the fact that the commercial oils containing ZDDP
or DDP may as well contain some impurities, other additives, detergents or
dispersant that might alter these paths and ultimately alter the precursors and
the final reaction products forming the tribo- or thermal films [137].

To avoid such complexities, the three reactions mentioned earlier will be
discussed in detail in the following sections assuming that only the P-based
additive is present in the oil.

3.3.1 Ligand exchange

During the ligand exchange reaction, the zinc cations (Zn2+) in the ZDDP or any
of its decomposition products can be exchanged by another cation. For example,
the Zn2+ in the monomeric form of the neutral ZDDP can undergo a ligand
exchange reaction with another metal ion (M2+), as follows [7]:

Zn[PS2(RO)2]2 + M2+ −−→ M[PS2(RO)2]2 + Zn2+ (3.1)
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The relative order of the ability of one cation to replace another one is as follows
[138]:

Pd2+>Au3+>Cu+>Cu2+>Fe3+>Pb2+>Zn2+ (3.2)

This means that Zn2+ can be replaced easily by Fe3+, which can be released from
the metal surface as a result of wear of parts of the contacting surfaces. This
reaction is very important as the nature of the metal cations in the substrate or
the metal dialkyl dithiophosphate molecules can alter the thermal decomposition
process by changing the decomposition temperature and kinetics and possibly the
final composition of the formed tribofilm [139].

3.3.2 Decomposition of peroxides and peroxy-radicals

Peroxides and peroxy-radicals can oxidise the steel surface as follows [22]:

ROȮ + Fe −−→ RȮ + FeO (3.3)

2 ROOH + Fe −−→ 2 RȮ + 2 OH− + Fe2+ (3.4)

ROOH + Fe2+ −−→ RȮ + OH− + Fe3+ (3.5)

Several studies [22, 23] found that in the presence of hydrogen peroxide, the
oil that has antiwear additives, such as ZDDP, results in less wear than the oil
without the additive. This suggested that one of the different antiwear mechanisms
to protect the contacting surfaces is by decomposing the peroxides and hence
terminating the oxidation chain reaction. However, other authors noted that
when the antiwear additive acts as an antioxidant additive it cannot completely
protect the surface from wear [140]. This indicates that the additive is used in
decomposing the peroxides instead of forming a protective film. Therefore, there
is a need to tailor the proactive tribological considerations based on not only
the general application but also the operating conditions while inspecting the
compatibility between the additive and contacting surfaces [141].

3.3.3 Formation of tribo- and thermal films

The currently accepted view on the formation of tribo- and thermal films regards
the decomposition of P-based antiwear additives as a thermally-activated and
stress-assisted reaction [30, 142, 143], which can be catalysed by either heat or
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mechanical action in the form of rubbing or shear at the interface of the contacting
bodies. Nevertheless, the classical view of this decomposition reaction considers
it as a chemical reaction that can be either thermal, oxidative, hydrolytic or
hybrid. These mechanisms will be discussed in detail in the following sections
while highlighting the effect of rubbing on the reaction kinetics and the final
decomposition products.

3.3.3.1 Thermal decomposition

Numerous studies suggested that the decomposition of the ZDDP or DDP additive
occurs thermally [136, 137, 144–146], which means that the extent and rate of
the decomposition process are temperature dependent. The high temperature
is especially needed at the early stage of the decomposition process as reported
by Jones and Coy [8]. This was based on the observation that after the initial
decomposition of the ZDDP at high temperature, the decomposition continued at
a high rate even at low temperature as indicated by the continuous formation of
white deposition in the oil. This suggested that the reaction can be multistage
where intermediates must be formed before the final products. The initial stage of
this multistage reaction can occur at elevated temperature in solution [30, 137, 147–
149] or on the steel surface, which was argued to be essential for this process
[15, 38, 150, 151].

In the case that the steel surface is not required, it was suggested that the
formation of the protective film at high temperature can occur due to an in-situ
deposition process on the steel surface by one or more of the following mechanisms
[149]:

1. Polymerisation of small molecules to form a complex large molecule on the
steel surface.

2. Isomerisation of one or more of the additive molecules to other molecules
deposited on the steel surface as a protective layer.

3. Decomposition of the additive molecules and the deposition of the resulting
products on the steel surface.

4. Chemical reaction between two or more intermediate molecules to form the
surface layer.

On the other hand, Coy and Jones [150] suggested that the availability of the steel
surface can play a vital role in the thermal decomposition process. A reaction
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Table 3.2 Classification of the hard and soft acids and bases relevant to ZDDP [154].

Type Hard Soft Borderline
Acid tetravalent phosphorus –P– Tetravalent carbon (CH4) ferrous Fe2+, Zn2+

Base
H2O, OH−, O2− Thiophosphoryl (P=S)

sulphite (SO−2
3 )Phosphoryl (P=O), PO−3

4 , Thiolate (RS−)
ROH, RO-, SO−2

4 Phosphine (PR3)

with the steel surface can transform the organic phosphates into inorganic ones,
which can subsequently polymerise to a range of polyphosphates [8].

Jones and Coy [8] explained these reactions based on Pearson’s hard and
soft acids and bases (HSAB) principle [152–156]. The principle suggests stable
pathways for any chemical reaction according to the general observation that hard
acids prefer to form bonds with hard bases whereas soft acids favour forming
stable compounds with soft bases. Following the hardness classification of the
acids and bases of the most relevant compounds to ZDDP and DDP additives,
which are summarised in Table 3.2, Jones and Coy [8] proposed that the following
chain of reactions can take place during the thermal decomposition of the ZDDP:

1. Migration of the soft acid alkyl from the hard base oxygen atoms to the soft
base sulphur atoms of thiophosphoryl (P=S)

2. Formation of phosphorus acid as a result of the elimination of the thioalkyl
(−SR) functions.

3. Formation of phosphates P−O−P as a result of the nucleophilic reaction of
one hard acid tetravalent phosphorus O−P in one short phosphate segment
with a hard base oxygen bonded to another phosphate segment O−P.

4. Formation of zinc mercaptide Zn(SR)2 as intermediate, which upon reaction
with an alkylating agent forms dialkyl sulphide whereas upon reacting with
mercaptide forms dithiophosphate, trithiophosphate and finally tetrathio-
phosphate.

5. Formation of a mixture of zinc thiophosphate, zinc pyro-thiophosphate and
zinc polypyro-thiophosphate as a final deposition.

Although the predictions of Jones and Coy [8] do not entirely match the current
consensus that the final decomposition product is a mixture of zinc pyro-, poly-
and meta-phosphate glass, the way they utilised the HSAB principle to explain
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the thermal decomposition reaction was revolutionary at the time. They were
one of the first to explore the thermal decomposition mechanism not as a black
box but as a tractable chain of chemical reactions in which several intermediates
can be identified. It took nearly two decades until Martin and co-workers [19]
explored the HSAB in more detail to explain various important parts of the ZDDP
reactions using the chemical hardness approach while matching the predictions
with the experimental findings. This will be discussed in the following section.

3.3.3.2 Thermo-oxidative decomposition

A number of studies proposed that the decomposition reaction of the P-based
additives is a thermo-oxidative in nature. Willermet et al. [157] suggested
that the antiwear additive decomposition takes an oxidative pathway in the
case of an equimolar quantity of free radicals is present in the oil, otherwise a
thermally controlled decomposition occurred. However, the authors pointed out
that in some localised areas of a thermally controlled decomposition, products
of a thermo-oxidative controlled decomposition coexisted as well. Based on this
observation, they concluded that apart from the availability of free radicals, stress
plays a controlling role in determining the predominant decomposition pathway.
To test the hypothesis of the thermo-oxidative controlled decomposition, which
is controlled by the availability of O2, Willermet et al. [157] conducted their
tribological experiments in air and argon atmospheres. In the two cases, they
did not observe any differences in the tribofilm composition. This should have
necessary ruled out the oxidative decomposition mechanism. However, the authors
argued that the experimental conditions somehow did not allow the oxidative
decomposition to compete well with the thermal one. This apparent discrepancy
can be related to the role of the ZDDP as an antiwear additive and oxidation
inhibitor [7, 129], i.e. helps decompose the peroxy-radicals [158, 159].

Yin et al. [118] proposed a thermo-oxidative mechanism for the ZDDP tribofilm
growth starting with the strong chemisorption of the ZDDP to the oxide layer on
the steel surface followed by the fast formation of long polyphosphate chains and
the slow formation of short polyphosphate chains, which can be summarised as
follows:

• Step 1: Physisorption or chemisorption

Zn[(RO)2PS2]2 (solution) −−→ Zn[(RO2)PS2]2 (adsorbed) (3.6)

• Step 2: Formation of long polyphosphate chains
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Zn[(RO)2PS2]2 + O2(or ROOH) −−→ Zn(PO3)2 + sulphur species (3.7)

• Step 3: Formation of short polyphosphate chains

Zn(PO3)2 + FeO −−→ FeZnP2O7 (3.8a)

or

Zn(PO3)2 + 2 FeO −−→ Fe2Zn(PO4)2 (3.8b)

Following Yin et al. [118], Najman et al. [127] proposed similar steps for the
decomposition of the DDP additive, as follows:

• Step 1: Physisorption or chemisorption

(RO)3PS2 (solution) −−→ (RO)3PS2 (adsorbed) (3.9)

• Step 2: Formation of long polyphosphate chains

(RO)3PS2 + O2 + FeO −−→ Fe(PO3)2 + sulphur species (3.10)

• Step 3: Formation of short polyphosphate chains

Fe(PO3)2 + FeO −−→ Fe2P2O7 (3.11)

• Step 4: Formation of sulphate species

S + 3
2 O2 + FeO −−→ FeSO4 (3.12)

Similar to the above reactions, Martin and co-workers [19, 20, 160] suggested
that the depolymerisation of the initially formed long phosphate chains of the
ZDDP tribofilm into shorter ones is a result of their reaction with iron oxides on
the steel surface, as follows:

5 Zn(PO2)2 + Fe2O3
θ,τ,P−−−→ Fe2Zn3P10O31 + 2 ZnO (3.13)

which can be accompanied by other intermediate reactions, such as:
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4 Zn6(P10O29S2) + 10 Fe2O3 −−→ 10 Fe2Zn(P2O7)2 + 8 ZnS + 6 ZnO (3.14)

These proposed reactions were justified based on Pearson’s principle of hard and
soft acids and bases (HSAB) [152]. According to this principle, the harder acid
Fe3+ than Zn2+ will react preferentially with the hard base tetravalent phosphorus.
Thus, under high temperature, shear and pressure, iron can be easily digested
by the zinc phosphate glass to form mixed iron and zinc phosphates. However,
under severe conditions of shear, the authors suggested that the digestion of iron
can convert the long zinc phosphate chains completely into short iron phosphate
chains according to the following reaction:

Zn(PO3)2 + Fe2O3
θ,τ,P−−−→ 2 FePO4 + ZnO (3.15)

As these reactions need iron oxide and thus wear to commence near the metal
surface, the tribofilm is expected to have a uniform structure of zinc phosphate
free of iron in the case of mild wear conditions whereas it should have a layered
structure in the case of severe wear. In this structure, the short chains of zinc
and iron phosphate or iron phosphate are formed on the metal surface whereas
the long chains of zinc phosphate are continuously formed away from the metal
surface.

Fuller et al. [28] suggested a thermo-oxidative decomposition mechanism
similar to one proposed by Yin et al. [118] but with two main modifications. The
first one concerns the additive adsorption (step 1 in Eq. (3.6)). It was suggested
that when the antiwear additive such as the ZDDP adsorbs to the steel surface, it
undergoes a transformation into a rearranged linkage isomer in which the alkyl
groups have migrated from O to S atoms. This alkylation reaction is based
on the mechanism proposed by Jones and Coy [8], which was discussed in the
previous section. However, Fuller et al. [28] further suggested that in this linkage
isomer all the sulphurs are partially or totally replaced by oxygen. The other
modification concerns the formation of the short phosphate chains (step 3 in
Eqs. (3.8a) and (3.8b)). Instead of being a product of the reaction of the long
phosphate chains with iron oxide, the short phosphate chains can also be formed
as a product of the reaction between the long phosphate chains and water, which
increases with increasing temperature. These steps can be summarised for the
case of the ZDDP additive as follows:
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• Step 1: Physisorption or chemisorption of ZDDP to the metal surface

Zn[(RO)2PS2]2 (solution) −−→ Zn[(RO)2PS2]2 (ZDDP adsorbed) (3.16)

• Step 2: Decomposition of ZDDP to LI-ZDDP

Zn[(RO)2PS2]2 (solution) −−→ Zn[O2P(SR)2]2 (LI−ZDDP in solution)
(3.17)

• Step 3: Physisorption or chemisorption of any LI-ZDDP in oil to the metal
surface

Zn[O2P(SR)2]2 (solution) −−→ Zn[O2P(SR)2]2 (LI−ZDDP adsorbed)
(3.18)

• Step 4: Thermal-oxidation of ZDDP and LI-ZDDP to form long polyphos-
phate chains

Zn[O2P(SR)2]2 + O2 (or ROOH) −−→ Zn(PO3)2 + sulphur species (3.19)

• Step 5: Hydrolysis of the long polyphosphate chains to form short polyphos-
phate chains

7 Zn(PO3)2 + 6 H2O −−→ Zn7(P5O16)2 + 4 H3PO4 (3.20)

2 Zn(PO3)2 + 3 H2O −−→ Zn2P2O7 + 2 H3PO4 (3.21)

Bell et al. [17] suggested that the adsorption step described earlier occurs only
on localised areas of the wear scar where asperities are rubbing against each
other. This heterogeneity in the adsorption was suggested to be responsible for the
noticed heterogeneity of the tribofilm thickness and composition. In addition, the
authors suggested that after the adsorption of the rearranged linkage isomer (step
3) and before the formation of the long polyphosphate chains (step 4), sulphide
products can react with the steel surface to form iron sulphide (FeS).

3.3.3.3 Hydrolytic decomposition

Few studies suggested that the decomposition of P-based additives such as the
ZDDP is hydrolytic in nature, i.e. catalysed by water. In order to provide evidence
for this mechanism, Spedding and Watkins [137] showed that in the absence of
water, e.g. by heating the sample up to 100-170 oC in order to evaporate all water
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as well as by flooding the sample with dry nitrogen, the decomposition reaction
was suppressed. In contrast, when the sample was flooded by water-saturated
nitrogen, a rapid decomposition rate was observed. Therefore, they proposed that
the following hydrolysis reaction chain can take place:

1. alcohol formation

RO−P− + H2O −−→ ROH + HO−P− (3.22)

2. alcohol dehydration to olefin

ROH H+

−−→ R′−−CH2 + H2O (3.23)

The sum of the above two reactions demonstrates the catalytic action of
water in the overall reaction, as follows:

RO−P− H2O−−→ R′−−CH2 + HO−P− (3.24)

3. polyphosphate formation

−P−OH + HO−P− −−→ −P−O−P− + H2O (3.25)

4. hydrogen sulphide formation due to the consumption of water by the sulphur
species

−P−−S + H2O −−→ −P−−O + H2S (3.26)

It should be noted that when Spedding and Watkins [137] conducted tests at 200
oC, at which most of the water should evaporate, the decomposition proceeded
without any significant reduction in the reaction rate. Willermet et al. [24]
argued that even lower temperatures than 200 oC could not slow down the
reaction rate. This either disproves the hydrolytic decomposition mechanism or
simply suggests that more complex reaction pathways or multiple mechanisms,
e.g. thermo-hydrolytic or thermo-oxidative-hydrolytic, can take place at the same
time.

3.4 Composition of antiwear films

The tribo- and thermal films of P-based additives such as the ZDDP and DDP have
a dynamic tribochemical nature as their compositions change continuously during
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the decomposition process [118, 161–164]. Nevertheless, the typical decomposition
products of such additives are some volatile products, e.g. olefins and mercaptans,
and some non-volatile products [146]. The non-volatile products can be oil
soluble, e.g. organic sulphur-phosphorus compounds, or can be oil insoluble, e.g.
phosphate polymers, zinc or iron thio- and poly-phosphate [8, 144, 146]. This
indicates that the formed antiwear films, in general, consist mainly of Zn or Fe,
P, S, O and C. This was confirmed using electron probe micro analysis (EPMA)
[17, 165], scanning electron microscopy (SEM) [16, 17, 34, 144, 165–167], Auger
electron spectroscopy (AES) [16, 34, 157, 165, 166, 168], X-ray fluorescence (XRF)
spectroscopy [14, 15, 145, 169, 170], X-ray photoelectron spectroscopy (XPS)
[14, 17, 34, 38, 151, 157, 168, 171–174], X-ray absorption near edge spectroscopy
(XANES) [28, 118, 161, 163, 172, 175–177] and secondary ion beam spectroscopy
(SIMS) [14, 17, 137]. Willermet et al. [34] found that the carbon can only be
detected in the thinnest parts of the tribofilm. This suggested that this carbon
was originated from the environment or steel substrate but not a real part of the
tribofilm. Ancillary experiments conducted by Lindsay et al. [168] supported
the same conclusion that carbon existed as a result of adventitious sources, i.e.
contaminants. Furthermore, the results of Martin et al. [178] showed that no
carbon existed in the samples under study, which confirms its adventitious nature.

It should be noted that although the composition of the tribo- and thermal
films are similar they are not completely identical. Kasrai et al. [172] found
differences in the ratio of the elements forming the thermal film and tribofilm.
Hence, other factors than the high temperature, e.g. reaction with the steel
surface, rubbing and high contact pressure, can also play a role in determining
the final decomposition products [150, 172].

In the subsequent sections, the decomposition species of the ZDDP and DDP
additives will be discussed in detail. Phosphorus, zinc and iron species will be
examined first followed by sulphur species. The role of the operating conditions
on the formation of these species will be discussed as well.

3.4.1 Phosphorus, zinc and iron species

The solid precipitates of the decomposition reaction of the ZDDP or DDP additive
is a complex mixture of zinc or iron polyphosphates depending on the available
cations. DDP forms, in general, tribofilms of short chains of iron polyphosphate
[127, 136, 164, 179, 180] with a minor concentration of sulphur species consisting
mainly of iron sulphate under high contact pressure [181, 182] and iron sulphides,
e.g. FeS or FeS2, under low pressure [164, 181]. On the other hand, the ZDDP
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forms tribo- and thermal films of zinc phosphate of different chain lengths and a
small content of sulphur in the reduced form of sulphides [8]. The chain length is
typically a complex function of the operating conditions, e.g. load and temperature,
as well as the type of additives, dispersant and contaminants such as water that
can be present in the oil. For instance, in the case of thermal films, increasing
the temperature can lead to the formation of longer chains of polyphosphates
[137]. However, in the case of tribofilms formed under rubbing, increasing the
temperature can lead to the formation of short chain pyrophosphate [146]. This
apparent controversy can be attributed to the observation that regardless of the oil
temperature short phosphate chains are likely to be formed near the steel surface
as a result of the depolymerisation reaction occurring to the long phosphate chains
[19, 20, 183–186]. The depolymerisation can occur due to the high shear stress at
the asperity-asperity contacts, which can possibly cleave the long phosphate chains
into shorter ones, and to wear that can remove the weakly adhered long phosphate
chains from the surface [186]. In addition, other studies [19, 20, 183] suggested
that in the presence of iron oxide the long phosphate chains are depolymerised
into short ones of mixed Fe-Zn or Fe phosphates, as discussed in section 3.3.3.2.
The depolymerisation effect is significant especially in the case of ZDDP tribofilms
consisting initially of long to medium phosphate chains, whereas it might not
affect the short chains of iron phosphate predominantly formed in the case of the
DDP additive [181].

The ratios between metal cations (M+) and phosphorus (P) [187] on the one
hand, and between oxygen (O) and phosphorus (P) [157] on the other hand, are
useful indicators for the length of the phosphate chains. For instance, in the
case of the ZDDP, assuming that the zinc phosphates have a general formula of
x(ZnO).(1 − x)P2O5, then the chain length n can be related to the ratio of the
mole fraction of ZnO, x, to the one of P2O5, 1 − x, as follows [188]:

x

1 − x
= n+ 2

n
(3.27)

Alternatively, if the zinc phosphate is assumed to have the general formula
Znn+2[PnO3n+1]2, for odd n and Zn(n+2)/2PnO3n+1 for even n, then the chain
length can be related to ratio of the atomic concentration of phosphorus to the
one of oxygen, as follows [20]:

P/O = n

3n+ 1 (3.28)

These two ratios above appeared to give comparable results for the chain length
of phosphates [189]. Alternatively, another option to quantify the length of the
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phosphate chains would be the intensity ratio of the bridging oxygen (BO) to
non-bridging oxygen (NBO) [183, 189–194], as follows:

BO/NBO = 1
2
n− 1
n+ 1 (3.29)

Based on Eq. (3.27), the phosphate chains seem to change from metaphosphate
(n → ∞) at x = 0.5, to orthophosphate (n → 1) at x = 0.75. As the chain length
changes drastically over a small concentration range of ZnO, or FeO and Fe2O3 in
the case of DDP, one should examine the presence of zinc and iron more closely.
Increasing the metal oxides content of these cations in the phosphate can increase
the fragmentation of the long chains and thus depolymerises them into shorter
chains [194–197].

3.4.2 Sulphur species

There is no clear consensus on the evolution of the sulphur species present in the
tribo- and thermal films. For instance, Bird and Galvin [151] suggested that the
thermal film contains sulphur in the form of sulphate and free sulphur whereas the
tribofilm contains large patchy areas of sulphide and a small amount of sulphate.
Zhang et al. [128] showed that for the ZDDP tribofilms, the evolution of P/S
ratio was nearly constant over time, whereas it showed a gradual increase in the
case of DDP tribofilms. Kim et al. [136] observed that for the ZDDP the sulphate
concentration increases with heating while sulphide decreases possibly due to its
oxidation to sulphate. For one of the tested DDPs, both sulphides and sulphates
were detected whereas for the other no sulphides were observed but only sulphates
with a similar behaviour to the ZDDP. Similarly, Najman et al. [182] showed that
the DDP reacts rapidly with the substrate covered with oxides, which leads to the
oxidation of the sulphur species into iron sulphate. This was confirmed for both
neutral and acidic DDPs [198]. Other studies [127, 181] showed that under high
contact pressure, DDP tribo- or thermal films contain Fe sulphate near the steel
surface whereas under less harsh conditions initially mixed iron sulphide, as FeS
and FeS2, and sulphate, as FeSO4, are formed where the sulphides can oxidise
over rubbing time yielding primarily sulphates at the end.

The role of the operating conditions can explain some of the conflicting results.
For instance, Zhang et al. [164] reported that the DDP additive forms mainly
FeS whereas the ZDDP forms FeS in the early stage near the metal surface and
ZnS in the later stages. The observed sulphides in the case of DDP, which is in
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contrast to the previously discussed studies suggesting sulphates, can be related
to the different operating conditions used while generating the various tribofilms.

The complex decomposition reaction of the antiwear additives might have
several intermediates. One of these intermediates, which might be formed initially
in the solution even at low temperature and be deposited on the metal surface,
can be a sulphur-rich thiophosphate [144]. Subsequently, when the temperature
of the oil is raised or the local temperature at the asperity-asperity contacts of
the rubbing surfaces increases due to frictional heating, the reaction between the
thiophosphate deposit and rubbing surfaces becomes possible to occur.

The amount of the deposits of the sulphur-rich thiophosphate and its rate
depend closely on the thermal stability of the additive. In the case of the ZDDP,
Spedding and Watkins [137] found that by increasing the temperature, more of
the sulphur is consumed. In contrast, Kim et al. [136] found that for the ZDDP
the progression of heating makes the thermal films richer in sulphur whereas for
the DDP it makes the films richer in phosphorus. Despite the trend, this indicates
that the local temperature during the tribofilm formation can be inferred from the
local composition. This is possible by examining the local ratio of zinc to sulphur
or phosphorus to sulphur, which indicates the minimum temperature attained
during the formation of that part of the tribofilm [144].

Several other studies [14, 16, 17, 127, 128, 164, 179, 182, 199] suggested that
the decomposition products can be a result of a direct reaction between the
additive and contacting surfaces instead of being formed in the oil and deposited
on the surface. This starts with the adsorption of the additive to the steel
surface with the maximum coverage occurs when the additive molecules are flat
on the surface, which means that the sulphur atoms lay near the surface [199].
Several authors [151, 200–202] have already found that the amount of sulphur
chemisorption products are higher on the steel surface. Bell et al. [17] suggested
that immediately after the adsorption of the ZDDP to the steel surface, sulphide
products from the decomposition of the ZDDP react with the steel surface to form
iron sulphides. In agreement with these results, Loeser et al. [173] also found
that the amount of sulphur is localised in the areas of high pressure, i.e. asperity-
asperity contacts. These various reports indeed corroborate the observation of
Dacre and Bovington [199] that initially the four sulphur atoms should be near
the steel surface.

Watkins [14] suggested that FeS reacts with the oxide layer to form a eutectic
system, which its phase and potential diagrams are depicted in Fig. 3.3. This
system has a melting temperature of 900 oC and was postulated to form a viscous
film at the contacting surfaces under extreme conditions. The results of Glaeser
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Fig. 3.3 The Fe−O−S ternary system that can be formed on the steel surface under
rubbing. (A) is its Phase diagram. Reprinted from Watkins [14]. And (B) is its potential
diagram at 673 K. Reprinted from Watanabe et al. [203]

et al. [16] supported the idea of the formation of iron-oxide-sulphide complex. On
the other hand, Barcroft et al. [144] could not detect any complex mixture of zinc
oxide, phosphate, and sulphide as the one proposed by Watkins [14]. Nevertheless,
they suggested that this system can still be formed at the asperity-asperity contacts
where temperature can be high. Bell et al. [17] suggested that the iron sulphide
and iron oxide can enter the phosphate layer as cations or fragments from the
worn surface. They also suggested that the replenishment of sulphur and oxide to
the layer on the steel surface occurs continuously either by entrainment, mixing,
or diffusion. Similar to these findings, Glaeser et al. [16] suggested that the iron
sulphide forms a chemisorbed layer of iron-sulphide-iron oxide that prevents direct
contact between asperities.

Nevertheless, it should be noted that other studies [151, 157, 166, 168] showed
that iron is absent in the formed tribofilm, i.e. iron detected was mainly iron oxide
rather than iron sulphide. These results led to the conclusion that the tribofilm
is deposited over the substrate rather than being a result of a chemical reaction



3.4 Composition of antiwear films 45

with the rubbing surface. This also suggests that the formation of the tribofilm
occurs through a thermal route rather than an oxidative one.

3.4.3 Factors affecting the tribofilms’ composition and for-
mation

3.4.3.1 Material of counterbodies

As the additive molecules adsorb to the substrate before decomposing to form
a tenacious tribofilm, it is expected that the type of substrate, e.g. steel, DLC-
coated, ceramic and etc, should have an important effect on the tribofilm formation
and its tenacity. There are two views related to the effect of substrate. The first
considers the substrate effect to be mainly related to its mechanical properties
such as hardness. On the other hand, the second view considers that the substrate
effect is related to a more complex chemo-mechanical rather than mechanical
properties of the rubbing interfaces, such as the chemical, electronic and structural
properties of the substrate. These two views are discussed in the following sections
with much of the emphasis is put on the second.

Mechanical properties: Several studies investigated the effect of the mechan-
ical properties of the substrate, especially hardness and elastic modulus, on the
tribofilm formation. The overall conclusion is that the tribofilm formation, friction
and wear are affected by not only the mechanical properties of the substrate but
also the compatibility between the substrate and additive [141]. For instance,
Li et al. [204] used XANES to investigate the effect of steel hardness on the
composition of the formed ZDDP antiwear films. The results indicated that longer
phosphate chains are formed on the hard substrates. The results also indicated
that the softer the substrate the larger the surface roughness, tribofilm thickness,
wear scar width and friction. Furthermore, more uniform but thinner tribofilms
were formed on the hard substrate but less uniform but thick tribofilms were
formed on the soft ones. FIB/SEM was used to examine the elements present in
the formed tribofilms and to assess the substrate damage based on the dimensions
of the wear scar. It was found that mainly sulphides and few sulphates were
formed on the hard substrates whereas the soft ones contained more sulphates
and fewer sulphides.

Sheasby et al. [205] also studied the effect of steel hardness on the formation
of protective tribofilm and wear performance. The study found that the wear
performance was enhanced with increasing the substrate hardness, although wear
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was in general small, even for the soft substrates. The results showed that in several
occasions, medium softened substrates resulted in less wear than harder substrates.
They argued that mechanical mixing can occur between the formed tribofilm
and the soft substrate, which can result in improving the overall mechanical
properties of the interface and thus better resisting wear. However, the results
of Vengudusamy et al. [32], using six different types of DLCs of hardness ranged
from about 760 to 6800 HV, suggested that there is no direct correlation between
wear resistance of the contacting surfaces and the surface hardness. This further
highlights the significance of tailoring the tribological and mechanical properties
of the interface by taking into account the compatibility between the substrate
and used additives [141].

Chemo-mechanical properties: Apart from hardness, the substrate chemical
properties are expected to affect the decomposition of the antiwear additives
and the formation of their protective tribofilms. This effect is manifested in
the fundamental question of whether there is a substantive requirement for the
presence of metal cations, e.g. Fe, W and Ti, for the tribofilm to be formed or
such metallic cations are dispensable. There is a definite consensus that the ZDDP
molecules can adsorb to steel surfaces and decompose to form protective tribofilms
of excellent tenacity [7, 129, 130]. Furthermore, other studies showed that ZDDP
tribofilms can also be formed on surfaces other than steel. For instance, Zhang
and Spikes [142] were able to generate ZDDP tribofilms on a WC substrate. The
results showed that the rate of formation ranges from 0.2 to 0.7 nm/min depending
on the interfacial shear stresses. Similarly, Gosvami et al. [30] using elaborate
in-situ AFM tribotests showed that the ZDDP can adsorb and decompose to
form tribofilms on both Fe-coated and uncoated Si substrates with a similar rate
depending on the temperature and contact pressure. It is not clear whether the
ability to form tribofilms in these cases was due to the presence of W and Si in
particular or due to the operating conditions. This can be better understood by
studying some cases of coated surfaces, e.g. DLC, both non-doped and doped with
various metallic cations. For such surfaces, the exact chemo-mechanical nature of
the coating is expected to play a vital role in the adsorption and decomposition
of the P-based additives.

The wear and friction performance of DLC coatings and the properties of any
formed tribofilms on them were reviewed extensively in the literature [141, 206–
210]. Several previous studies reported that the P-based additives such as ZDDP
can react and form protective tribofilms on DLC coatings even without containing
any doped metallic cations [31, 32, 211–215]. In contrast, other studies found
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that no tribofilms can be formed on non-doped DLC without metallic cations
[216–221]. We will review some of these reports and try to identify the reasons
behind this apparent discrepancy. The available literature will be divided into
three main themes: i) formation of tribofilms on DLC, ii) structure of the formed
tribofilms on DLC and iii) effect of the formed tribofilms on friction and wear.

i. Formation of tribofilms on DLC coatings
Regarding the formation of tribofilms on DLC coatings, it is interesting to
note that the literature is somehow divided between two contrasting views.
The first suggests that no tribofilm formation is possible on non-doped DLC
whereas the other suggests that the formation is possible on any type of DLC
coatings.

In support of the first view, Haque et al. [216] found, using XPS, that no
ZDDP-derived tribofilm was formed on a-C:H DLC even in the case of one of
the counterbodies is made of cast iron. The role of iron cations was suggested
to be deactivated by the presence of a carbon transfer layer, which might be
graphitic, on the cast iron counterbody. This is also in line with the results
of Bouchet et al. [220] regarding the interaction of the ZDDP and MoDTC
additives with hydrogen-free DLC (a-C), hydrogenated (a-C:H) and Ti-doped
(Ti-C:H) DLC coatings. The XPS and TEM/EELS analysis revealed that no
P-derived tribofilm was formed and no iron was present, which indicated that
the pin surface was protected by a transfer layer from the DLC. Similarly,
Podgornik et al. [217] investigated the effect of coating one contacting surface
or both with WC doped hydrogenated DLC coatings (Me-C:H) in the presence
of ZDDP antiwear additive. Based on the SEM/EDX analysis, the study
found that no P-based antiwear tribofilm was formed on the DLC coating.
Furthermore, Podgornik and co-workers [219, 222] using SEM/EDX confirmed
that for (a-C:H) DLC no tribofilm was formed for both S-based and P-based
additives. The results also suggested that probably W from the coating can
combine with S to form a protective layer. Furthermore, Ban et al. [221]
tested the reaction of Si-doped (a-Si:H) and non-doped (a-C:H) DLC coatings
with ZDDP. Using XPS, no tribofilm was detected on the (a-C:H) DLC
coating whereas a P-based tribofilm was formed on the Si-doped DLC. Kalin
et al. [223] also found that for the self-mated (DLC/DLC) non-doped and
doped Ti-, W-, and Si-DLC coatings, the EDX and FTIR results did not
provide evidence to support a reaction between the DLC coatings and the
extreme pressure (EP) additives. In another study, Kalin et al. [213] found
that the tribo- and thermal films can be formed on the Ti-doped DLC, which
was found to have 10 times higher activity than the W-doped (P/S > 25
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folds). They also found some reactivity with a-C:H DLC but much slower.
They concluded that the metal doped DLCs behave more like metal steel that
catalyses the decomposition of the additive and the formation of tribo- or
thermal films.

In contrast to the previous view, Akbari et al. [215], using ATR-FTIR and
XPS, found that the thermal films can be formed equally on bare steel surfaces
and Si-doped (a-Si:H) and non-doped (a-C:H) DLC coatings. The thickness
of the thermal films as estimated from XPS sputtering was thicker in the
case of bare steel as compared to the coated ones, which suggested that steel
can still catalyses the thermal decomposition of the ZDDP even without
rubbing. Apart from this, the decomposition products of the ZDDP does not
seem to be affected by the substrate as the short chain pyrophosphate and
zinc oxide was detected on all the tested surfaces. Nonetheless, ATR-FTIR
showed that organic sulphides (R-S) were present on all the surfaces but
sulfhydryl (R–SH) groups were detected on the steel surface only. These
species were confirmed by their XPS analysis except for the H-S, which could
not be resolved. Nevertheless, it should be noted that these results apply
only to thermal films, which could indicate that in the case of tribofilms
any formed species on the DLC coatings, especially if non-doped, are of low
tenacity and thus under rubbing can be easily removed. This can partly
explain the discrepancy in the literature regarding whether a tribofilm can be
formed on non-doped DLC coatings or not. However, other studies, e.g. see
[31, 32, 211], suggested that tribofilms can indeed be formed on the non-doped
DLCs. However, despite the assertion, the data provided do not seem to be
conclusive for the a-C:H non-doped DLC, as will be discussed in the next
paragraph describing the structure of what was perceived to be a tribofilm
on DLC coatings.

ii. Structure of the tribofilms formed on DLC coatings
The studies that showed a formation of P-based tribofilms on DLC coatings
indicated unique tribofilms’ structures with some similarities to the ones
formed on bare steel surfaces. For instance, Vengudusamy et al. [32] analysed
the ZDDP tribofilms possibly formed on six different types of DLCs using
various experimental techniques including AFM, SLIM, ToF-SEM and EDX.
The DLCs had a hardness ranging from about 760 to 6800 HV. The structure
of the tribofilm was analysed using the AFM. The study found that a tribofilm
with a pad-like structure similar to one formed on steel surfaces can only be
observed in the case of a DLC containing metallic elements, e.g. W-doped
DLC. For the other types of DLC, tribofilms of minuscule amount with
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scattered patches were formed instead. The thickness of the pads formed
on the W-DLC was < 30 nm, which was much larger than the one formed
on the other types of DLC. This may suggest that the metallic cations can
catalyse the decomposition of the additive and the formation of a protective
tribofilm. SLIM interferometry images after different rubbing times showed
an interesting behaviour that the tribofilms formed on DLC-DLC contacting
surfaces are less tenacious than the ones formed on metal surfaces, which
was also reported by other studies as well [31, 211]. The low tenacity was
evidenced based on the decrease in the concentrations of the decomposition
products over rubbing cycles. The ToF-SIMS analysis of Equey et al. [211]
and the XPS and TEM/EELS analysis of Haque et al. [216] showed that
no iron is present in the formed tribofilms on DLC surfaces, which suggests
that the low tenacity to the surface can be related to the absence of mixed
oxide/sulphide base layer.

In agreement with the previous discussion, Equey et al. [211] using AFM
found that the tribofilm seemed to lack the pad-like structure observed in the
tribofilms formed on steel surfaces but instead it appeared to have a similar
structure like the one of DLC coating, i.e. rounded nodular structure. The
AFM images indicated that the tribofilm does not cover the metal surface
completely but forms more like scattered islands of thickness up to 100 nm.
In a different study, Equey et al. [31] tested the decomposition of ZDDP,
butylated triphenyl phosphorothionate (b-TPPT) and amine phosphate (AP)
additives on (a-C:H) DLC coating. Using ToF-SIMS and AFM, it was found
that the ZDDP and b-tPPT can form thin tribofilms, although AFM was
unable to quantify their thicknesses as they seemed to be within the roughness
of the DLC coating. This is in line with the conclusions of Topolovec et al.
[212] regarding (a-C:H) DLC and Cr-doped non-hydrogenated and graphitic
DLC coatings.

The above discussion indicates that the main factor behind the wide disparity
between the observations of the tribofilm formation on DLC coatings is the
tribofilm tenacity. Any formed tribofilm does not seem to strongly adsorb
to the DLC surface, especially if non-doped, leading to its effortless removal
under rubbing once formed. Another explanation was provided by Kalin and
Vižintin [224] who suggested the presence of a different thermal activation
barrier for the additive reaction with doped as opposed to non-doped DLC,
which is also different from the one of steel. The difference was attributed to
the low thermal conductivity of the non-doped DLC in comparison to steel or
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metal doped-DLC. This can lead to higher contact temperature that helps in
decomposing the additive and forming a tribofilm.

iii. Effect of the formed tribofilms on friction and wear
Apart from the additive decomposition to form a tribofilm on the DLC
surface, its role in friction and wear is contentious. For instance, Haque et
al. [225] suggested that the decomposition of the ZDDP additive seems to
be essential in protecting the surface from polishing wear. This was based
on the observation that outside the boundary lubrication regime where the
conditions might not be suitable for the decomposition of the additive, the
coating surface undergoes sp3 to sp2 conversion (possibly graphitisation),
which reduced friction and the DLC hardness leading to more wear. Yang et
al. [226] showed that the extent of this is additive dependent but could not
establish a direct relation between the friction reduction and sp2/sp3 ratio in
the coating or between the hardness reduction and wear volume. Contrary to
these results, Vengudusamy et al. [32] suggested that no graphitisation takes
place because of rubbing and that for most of the tested DLCs including a
similar a-C:H DLC coating used by Haque et al. [225], wear was less in the
absence of ZDDP than in its presence. In contrast, the results of Bouchet
et al. [220] suggested that ZDDP additives can improve wear properties of
the hydrogen-free DLC (a-C), hydrogenated (a-C:H) and Ti-doped (Ti-C:H)
DLC coatings. Similarly, Equey et al. [211] tested (a-C:H) DLC coating and
found that although wear was insignificant in the presence or absence of the
ZDDP, its absence caused some abrasive wear scars to appear on the surface
of the coating.

Kalin and Vižintin [224] investigated the interactions occurring between the
contacting surfaces when only one of them is coated, i.e. DLC vs steel. They
studied a-C:H, Ti-C:H, a-C:H/a-C:H-W multilayer and a-C:H/a-Si:O single
layer when interacting with antiwear additive (mixture of amine phosphates)
and EP additive (dialkyl dithiophosphate). Wear was found to be dependent
on the coating and additive types. Metal doped DLCs and steel were found to
have similar tribological behaviour except for steel/W-DLC, which shows large
friction and wear. The EDX surface analysis shows no P-derived tribofilm
was formed on the DLC coatings. In the case of non-doped DLC, the additive
presence seems to increase wear whereas the opposite was found in the case
of doped DLCs. They related this to the formation of a soft tribofilm on the
metal surface or metal doped DLC coating instead of a transfer layer from
the coating. The soft tribofilm can decrease wear of the substrate more than
in the case where the additive is not present.
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In line with these results, Podgornik et al. [217] tested the effect of coating
one contacting surface or both with WC doped hydrogenated DLC coatings
(Me-C:H) in the presence of ZDDP antiwear additive and found that although
no P-based antiwear tribofilm was formed on the DLC coating, the additive
type seems to have a great effect on the running-in period. Interestingly, the
results showed that the DLC/iron combination gives the best tribological
performance in terms of low friction and wear, which is in line with other
studies [218]. The EDX analysis revealed that in this case a mixed material
from the DLC coating and decomposition material from the additive can form
a protective tribofilm on the uncoated or exposed steel surfaces, which seems
to exhibit a superior protective properties than the individual components.
Donnet and Grill [227] indicated that the low shear stress of the carbon-rich
transfer layer formed on the DLC is responsible for the improved tribological
properties in comparison to steel surfaces. Ban et al. [221] tested the reaction
of Si-doped (a-Si:H) and non-doped (a-C:H) DLC coatings with ZDDP. Using
XPS, a P-based tribofilm was formed on the Si-doped DLC, which seemed to
have low shear stress that helped lower friction force. In contrast, Kalin et al.
[223] found that for the self-mated (DLC/DLC) non-doped and doped Ti-,
W-, and Si-DLC coatings, the use of EP additives mitigated wear but friction
relatively increased. The increases in friction suggested a formation of a high
shear strength interface, despite the observed reduction in surface roughness.
However, the EDX and FTIR results did not provide evidence to support a
reaction between the DLC coatings and additives.

Based on the above discussion, any tribofilm formed on the DLC coating can
generally serve two purposes [214]. First, it can form a lubricating layer that helps
separating the contacting surfaces. Second, the formed layer is soft and thus can
reduce the peak shear stresses and strains at the surface of the coating [228, 229].
This can result in possibly graphitisation suppression and wear reduction [214]
though the effect on friction can be higher or lower depending on the type of
the formed interface, i.e. friction increases in the case of ZDDP tribofilms but
decreases in the case of carbon-rich layers.

3.4.3.2 Type of base oil

P-based additives, such as ZDDP and DDP, can be represented typically as a polar
moiety, attached to P or S atom, and a non-polar tail, which is typically an alkyl
moiety [230]. The affinity of such a molecule to the steel surface originates from the
molecules’ polarity due to the electron charge difference, i.e. asymmetric charge
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distribution, between the different parts of the molecule due to the difference in
electronegativity between the bonded atoms [230]. Tomala et al. [231] used the
AFM to study the effect of base oil polarity on the decomposition of the ZDDP.
The study found that in the case of non-polar oils, the tribofilms were formed
faster, thicker and caused less surface roughening than the ones formed in the
case of polar oils. The explanation behind this is that polar base oils, as expected,
have a large affinity to the steel surface and thus compete with the additive and
hinder its accessibility to the metal surface. On the other hand, non-polar oils was
found to improve the additive accessibility to the steel surface, which results in
accelerated formation of thicker tribofilms than in the case of polar oils [230, 232].
The composition of the tribofilms formed in polar and non-polar oils were similar
consisting mainly of phosphate but a difference was observed in the formed sulphur
species. For the ZDDP in polar oils, sulphide species were formed as opposed to
the mixture of sulphide and sulphate species in the case of non-polar oils [230].

Kar et al. [233] used TEM, SEM, XPS, AFM and microhardness tests to
investigate the effect of base oil polarity on the decomposition of additives. The
results showed that polar oils provided smoother tribofilms than the ones formed
in non-polar oils. The results indicated that the coverage of polar oils on the
metal surface enhanced the effective lubrication and protected the metal surface.
In contrast, other studies [234, 235] found that the P-containing additives reduce
wear more efficiently when used in non-polar oils due to the ease of access of
the additive to the steel surface and thus the better formation of the protective
antiwear tribofilm. Suarez et al. [232] used SLIM, SEM-EDX XPS, AFM and
nanoindentation to study the effect of oil polarity on the interplay between the
tribological properties and composition of the formed ZDDP antiwear tribofilms.
The study showed that the tribofilm thickness is not the only parameter determin-
ing the wear and friction performance but the composition can play a vital role as
well. The results showed that although the polar base oil suppresses the formation
of thick tribofilms and decreases their formation rate, it reduces friction more
efficiently than the thicker tribofilms formed in the non-polar oils. The tribofilm
structure in the polar oil seemed smoother and more homogeneous and continuous
than the one formed in non-polar oils. This smoother tribofilm provided better
wear properties, which was proposed to be related to the harder tribofilm formed
in the case of polar oils as opposed to the softer tribofilm in the case of non-polar
oil. The study suggested that this softer tribofilm leads to a larger contact area
and thus larger wear. However, larger contact area should necessarily mean lower
contact pressure and thus wear is expected to be less. This discrepancy cannot
be explained based on hardness point of view only. In addition, measuring the
hardness of a tribofilm of thickness less than 40 nm with the NI technique using
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an indentation depth of 20 nm, will inevitably include a significant effect from the
hard substrate underneath.

3.4.3.3 Duration of rubbing and heating

The duration of rubbing and heating can greatly affect the composition of the
formed tribofilms and therefore their antiwear properties. Yin et al [118] used
XANES to study the decomposition species of the ZDDP after different rubbing
times, i.e. 5 min, 30 min, 6 hr and 12 hr. They also investigated the effect
of rubbing a mature film formed after 30 min in base oil for another 5.5 hr to
examine the durability of the tribofilm and the effect of rubbing without additives.
The results indicated that the tribofilms formed after short rubbing times exhibit
different fingerprints than the ones formed after longer rubbing times, which
suggested that different species are formed initially before the phosphate chains.
They also found that initially a large concentration of unreacted ZDDP adsorbs to
the metal surface, which can coexist with the reacted ZDDP. Rubbing the ZDDP
tribofilm in base oil led to the depolymerisation of the long chains into shorter
ones.

Similarly, Gosvami et al. [30] used the in-situ AFM liquid cell shown in Fig. 3.4
to study the evolution of ZDDP tribofilms over time. The study showed that
initially the tribofilm volume increased linearly over rubbing time. However, after
a certain threshold the volume started to have exponential growth. The EDX
and Auger electron spectroscopy (AES) analysis of the tribofilm revealed that it
consisted mainly of Zn, P and S. Furthermore, the distribution of Fe was uniform
inside and outside the wear scar indicating that the tribofilm does not have any
significant amount of Fe, if any.

Different other studies also used in-situ XANES to follow the change in
composition of ZDDP thermal films over heating time. For instance, Morina et
al. [162] studied the formation of thermal films using the in-situ XANES heating
cell shown in Fig. 3.5. In order to have a surface sensitive signal, the in-situ
experiments were performed in the total external reflectance mode by tilting the
samples to an angle less than the glancing angle. The XANES results showed that
in the beginning of the thermal decomposition reaction, sulphide and sulphate
species are formed. The sulphate formation was related to the effect of relative
humidity [33, 162, 236], i.e. water contamination in the oil. The presence of
sulphate species was also detected by Ferrari and co-workers [237, 238] who used
the heating cell shown in Fig. 3.6 to follow the ZDDP thermal films over heating
time.
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Fig. 3.4 Schematic of the assembly of in-situ AFM liquid cell. Reprinted from Gosvami
et al. [30].

Fig. 3.5 Schematic of the assembly of high temperature liquid cell for in-situ XAS
experiments. Reprinted from Morina et al. [162]
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Fig. 3.6 Schematic of the assembly of a high temperature liquid cell used for in-situ
XAS experiments. Reprinted from Ferrari et al. [237].

For the DDP antiwear additives, Kim et al. [136] tested two types of DDPs
and compared them with ZDDP. They performed these experiments at 170 oC at
which the additive decomposes in the oil and produces solid precipitates, which
are subsequently deposited on steel coupons underneath. The results indicated
that the progression of heating makes the ZDDP thermal films richer in sulphur
whereas the DDP films richer in phosphorus. Zhang et al. [128] found that the
evolution of P/S ratio was nearly constant over time for the ZDDP tribofilms,
whereas it showed a gradual increase for the case of DDP tribofilms. This is
despite the general increase in the tribofilm thickness over rubbing time, which
indicates that the composition evolves mainly during the initial stage of rubbing
[127]. Najman et al. [127] suggested that initially the DDP additive reacts rapidly
with the substrate covered with oxides, which leads to the oxidation of the sulphur
species into iron sulphate. These species do not help in protecting the contacting
surfaces but only does the subsequently formed phosphate [182].

The DDP additive forms Fe phosphate of short chains whereas the ZDDP
forms initially zinc phosphate of short chains that grow into longer ones away
from the metal surfaces whereas the layers near the substrate remain of shorter
chains due to the presence of Fe cations near the steel substrate [127, 164].
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3.4.3.4 Concentration of additive

The concentration of the ZDDP affects its adsorption and coverage on the metal
surface [202, 239], i.e. the larger the concentration of the ZDDP, the larger its
adsorption and coverage. Yin et al [118] used XANES to study the effect of the
ZDDP concentration, i.e. 0.25%, 0.5%, 1.0% and 2.0 wt.%, on the decomposition
species. The results showed that a low concentration of ZDDP can lead to the
formation of short phosphate chains whereas a high concentration leads to the
formation of long chains in addition to the short ones and unreacted ZDDP.
Furthermore, Tomala et al. [231] found that the larger the additive concentration
(i.e. 2 % and 5 %) the thicker the tribofilm and the larger its roughness. Similarly,
Ghanbarzadeh et al. [240] indicated that increasing the additive concentration
increases the formation rate and terminal film thickness and decreases the average
wear depth. Thus, the additive concentration evidently has a strong effect on
the decomposition kinetics. This is further supported by the study of Akbari et
al. [215] of the effect of ZDDP concentration, i.e. 1%, 2.0% and 20 wt.%, on
the composition of thermal films formed on bare steel, Si-doped (a-Si:H) and
non-doped (a-C:H) DLC coatings. The results showed that the thickness of the
thermal film increases linearly with the concentration with a rate about 2.75
nm/min on bare steel and 1.5 nm/min on a-C:H DLC coating.

3.4.3.5 Temperature and load

Temperature and load are expected to affect not only the composition of the
formed tribofilm but also its structure as well as its tribological and mechanical
properties. Zhang and Spikes [142] showed using the AFM that at low temperature
of 60 oC the tribofilm morphology was spiky of roughness similar to the large
initial roughness of the substrate. As temperature increased to 100 and 120 oC, the
tribofilm thickness increased and a more pad-like structure was formed with wide
pads elongated in the direction of rubbing. Similarly, Yin et al [118] showed that
the high temperature accelerates the decomposition of the unreacted ZDDP and
helps increase the length of the formed polyphosphate chains. However, the study
found that after a certain threshold, the high temperature can be detrimental to
the chains length. Short chains were formed at 200 oC as opposed to the long
chains formed at 100 and 150 oC. The study also found that high temperatures
promote sulphate species formation. At 100 oC, sulphide species were detected
whereas sulphate species were found at 200 oC. Other studies observed a similar
effect for the load [181]. For instance, under high contact pressure, the DDP
additive forms mainly sulphate, e.g. FeSO4, whereas under low pressure mainly
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disulphide (FeS2). Contact pressure did not seem to affect the already short
chains composing the DDP tribofilms but reduced the chain length of the ZDDP
tribofilms from long to medium.

Similar to load, temperature can notably increase the formation rate and
terminal film thickness of the formed tribofilms but decrease the average wear
depth [240]. The tribofilm thickness during the early stages of rubbing, e.g.
running-in period, and not only the steady state thickness, seems to be responsible
for the antiwear protection [240]. Similarly, Parsaeian et al. [241, 242] found that
by reducing the temperature from 100 to 80 oC, the tribofilm thickness decreases
accompanied by a conspicuous increase in wear.

The effect of temperature on the mechanical properties of postmortem tri-
bofilms was studied by Pereira et al. [243] using nanoindentation. The tribofilms
consisted mainly of polyphosphate of medium chain length and sulphides as indi-
cated by the XANES analysis. The tribofilm thickness measurement based on
FIB-SEM cross-section suggested a thickness of 180±60 nm, which is consistent
with the XANES P k-edge estimation of 105 nm. The evolution of the indentation
modulus over temperature, i.e. from 25 to 200 oC, showed that up to 200 oC
the modulus was nearly constant at around 100 GPa but dropped to about 70
GPa at 200 oC. The decrease in the modulus might be responsible for the good
antiwear properties of the ZDDP tribofilm, i.e. the low modulus means a compliant
sacrificial tribofilm that can be easily worn instead of the substrate.

The combined effect of load and temperature on the evolution of ZDDP
tribofilms was investigated by Gosvami et al. [30] using in-situ AFM tribotests.
The study showed that temperature exponentially increases the growth rate of
the tribofilm. Similar to temperature, load ranging from 2 to 7 GPa, appears to
increase the growth rate of the tribofilm exponentially until reaching steady state.
Therefore, the study concluded that load and temperature have the same catalytic
effect on the tribofilm formation. This is in agreement with the results of Yin et al
[118], which found that load has the same effect as temperature, i.e. accelerating
the decomposition of the unreacted ZDDP and the formation of long phosphate
chains. The study also found that load does not affect the sulphur species type or
concentration, i.e. sulphides were the only sulphur species to be formed and their
intensity did not change much with load. Zhang and Spikes [142] showed using
SLIM that in the EHL regime the larger the load (50-75 N) the faster the tribofilm
formation and thicker the terminal thickness of the formed tribofilms on WC.
The formation rate ranges from 0.2 to 0.7 nm/min depending on the maximum
shear stress (220-250 MPa) at the edge of the tribofilm. Similarly, Tomala et al.
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[231] found that the larger the load, ranging from 1.3 to 2.4 GPa, the thicker the
tribofilm and the larger its roughness.

The effect of load on the ZDDP decomposition was also studied by Ji et al.
[244] using XANES and AFM. The results indicated that the formed tribofilms
consisted of polyphosphate of thickness between 10-100 nm. The results also
showed that the larger the load the thicker the tribofilm. Additionally, based
on the correlation between the friction force behaviour and electrical contact
resistance measurements, they concluded that the ZDDP decomposition and
tribofilm formation undergo three different stages:

1. Induction period, which increases with load and generally decreases with
sliding speed. During this period, ZDDP molecules adsorb to the substrate
and friction increases.

2. Tribofilm growth period during which tribofilm thickness increases and
friction stays constant.

3. Tribofilm growth and removal period during which tribofilm thickness and
friction stay constant.

The effect of load and temperature on DDP additives seems to be similar to
the one of ZDDP. It was reported that the higher the temperature the thicker the
thermal film [179]. Furthermore, the tribofilm thickness was found to be at least
twice the thickness of the thermal film [179] and in general increases gradually
over rubbing time [127], which suggests that load and temperature can both help
accelerate the decomposition reaction.

In summary, the above discussion suggests a similar effect of temperature
and contact pressure on the growth rate of ZDDP and DDP tribofilms, which
indicates they have a catalytic effect on the additive decomposition process. Thus,
it can be stated that the decomposition of P-based additives is a thermally and
mechanically assisted reaction, which can be activated by the availability of either
shear or heat.

3.4.3.6 Sliding and rolling speeds

It is understood that the ratio of sliding to rolling speeds can affect the contact
severity and thus the lubrication regime. To further understand this effect on
the decomposition of the ZDDP, Suarez et al. [230] followed the ZDDP tribofilm
formation under different levels of slide-to-roll ratio (SRR), i.e. 0, 2, 5 and 10
%. The study found that the larger the SRR, the faster the tribofilm formation.
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However, the study showed that the exact sliding percentage, as long as > 0,
does not have a significant effect on the limiting tribofilm thickness. On the
other hand, the SRR appeared to have a different effect on the topography of the
tribofilm depending on the base oil. In the case of polar oil, the tribofilm appeared
homogeneous throughout the different levels of the SRR. When non-polar oil was
used, low SRR generated smooth tribofilms whereas large SRR (≥ 5%) generated
a rougher pad-like structure. That is the larger the SRR is, the rougher the
tribofilm topography becomes and the more the structure appears patchy.

The effect of sliding speed on the ZDDP decomposition was also investigated
by Ji et al. [244] using XANES and AFM. The results showed that lower velocities
and higher load increase the tribofilm thickness whereas higher speeds and lower
loads decrease the tribofilm thickness. In terms of friction relation to velocity,
there was no simple relation. Under all the tested loads there seems to be a
certain threshold of sliding speed below which the friction appears to decrease
with increasing the sliding speeds whereas the opposite trend was observed above
this threshold.

The effect of high SRR, i.e. 50% to 230%, on the ZDDP tribofilm formation
was examined by Shimizu and Spikes [245] using SLIM, EDX and AFM. The
study found that in the mixed sliding and rolling condition, the formation rate of
the tribofilm is less sensitive to the exact SRR, which indicates that the rubbing
time is far more important than the sliding distance.

3.5 Mechanical properties of antiwear films

3.5.1 Structure

The first report on the structure of the P-based antiwear films goes back to
the study of Bird and Galvin [151] who suggested that the ZDDP tribofilm is
polymeric and has a patchy structure. The authors conjectured that the first layer
of this structure is a discontinuous sulphide, possibly zinc sulphide, or sulphate
layer covering the metal surface. This layer in turn is covered with islands of
unknown compounds containing Zn, P, and S. They also found that the ratio of
Zn:P:S changes considerably along and across the wear scar. This heterogeneity
can be related to the different local conditions, e.g. temperature, pressure and
load. For instance, Sheasby et al. [165] and Palacios [18] observed that at low
temperatures, e.g. 35 oC, a thin but uniform film was formed as compared to a
thick but less uniform film at higher temperatures, e.g. 150 oC. The tribofilm
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Fig. 3.7 Arrangements of atoms in the amorphous tribofilm. Reprinted from Martin et
al. [178].

formed at high temperature was patchy in nature suggesting that it was only
formed at the asperity-asperity contacts where temperature was high. In addition,
the thickness was not found uniform amongst the different patches. Martin et
al. [178] used X-ray absorption fine structure (XAFS) spectroscopy to show that
the ZDDP wear particles have a continuously random amorphous structure, as
depicted in Fig. 3.7. This structure was hypothesised to be formed due to friction-
and shear-induced atomic-scale mixing processes at the interface [178] in addition
to the digestion of the iron oxide by the phosphate layers near the metal surface
[19]. Furthermore, it could be formed due to thermal effects by the interface
quenching [178].

Later on, the tribofilm was identified of having a multilayer structure [17, 20,
36, 118, 246, 247]. The layers close the substrate appear to be solid and adhere
strongly to the rubbed surface. However, the outer layers are viscous or semi-solid
of hydrocarbons and organic radicals, which adhere weakly to the lower layers
and hence they can be removed easily by rinsing with a solvent [17, 36, 246]. The
concentrations of these products decrease along the depth whereas the concentra-
tions of iron, iron oxide and iron sulphide increase. Above the iron sulphide/oxide
layer, a layer of amorphous polyphosphate glass was identified, which can contain
zinc oxide and zinc sulphide, as depicted in Fig. 3.8. The mechanical and physical
properties of this amorphous 3D network are predetermined by the Zn2+ cations
and organic radicals. However, the layers near the metal surface are mainly
affected by Fe2+ and Fe3+ cations. Bell et al. [17] reported that the detected
phosphate was similar to P2O5 glass. Therefore, they proposed that the ZDDP
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Fig. 3.8 Schematic of the structural model of the ZDDP tribofilm elucidating its
multilayer characteristic. Reprinted from Bell et al. [17].

tribofilm consists mainly of glassy polyphosphate that has different physical and
mechanical properties along the depth of the tribofilm. In addition, they noticed
that the molar ratio of M2O/P2O5 increased from 1.2 at the outer surface to about
2 in the bulk of the tribofilm. This suggested that the outer layers have longer
chain length than those in the bulk. This also indicated that the outer layers have
less concentration of zinc. Furthermore, recent experiments conducted by Ito et
al. [200, 201] showed that the concentration of zinc is much higher near the metal
surface, as shown in Fig. 3.9. This indicates that the cation exchange reaction
between zinc and iron at high temperature should have occurred during the initial
stage of the ZDDP decomposition. This also suggests that the presence of zinc
near the metal surface plays a significant role in the observed short phosphate
chains near the substrate.

Yin et al. [118] noticed that the XANES results of the Total Electron Yield
(TEY), which is surface sensitive, and Fluorescence Yield (FY), which is bulk
sensitive, were different. This suggested that the tribofilm has a layered structure
consisting of a layer of short phosphate chains laid with a layer of long phosphate
chains. Bec et al. [36] used the Surface-Force Apparatus (SFA) to determine the
structure of the ZDDP tribofilm. The authors reported a full schematic of the
ZDDP tribofilm before and after washing with solvents as shown in Fig. 3.10.
The tribofilm appeared to be patchy and every patch has several layers. Using
the AFM, Warren et al. [248] and Graham et al. [249] further confirmed that
the tribofilm has a patchy-like structure. In addition, they observed stripes of
discontinuous ridges along the wear scar. Pidduck and Smith [48] also observed
that these patches were elongated in the direction of sliding. The estimated
film thickness was in the range of 100-140 nm, which is in agreement with the
recent measurements using the Spacer Layer Imaging Method (SLIM) of the
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Fig. 3.9 TEM Cross section image of the ZDDP Tribofilm layers and EDX semi-
quantitative analysis of the elements constituting the different layers. Reprinted from
Ito et al. [200].

Mini-Traction Machine (MTM) [250]. In addition, the results of Bec et al. [36]
indicated that the tribofilm thickness and friction coefficient change substantially
from one position to another. This suggests that these parameters should be
considered as local properties rather than as averaged values.

Aktary et al. [251] followed the topography evolution of ZDDP thermal films
using Atomic Force Microscopy (AFM). During the first two hours, the structure
appeared as isolated islands of phosphate precipitates, as confirmed by the Fourier
Transform Infrared spectroscopy (FTIR). However, after 3-6 hr, these islands
coalesced and the thermal film became smooth and continuous. The thickness
of the film increased linearly with immersion time and continued to increase
even after 6 hr during which it reached an average thickness of 420 nm. The
results indicated that there is some correlation between the structure, thickness
and morphology of the thermal film. The FTIR results showed that the early
formed thin film of isolated islands consists of shorter phosphate chains than the
mature thick and continuous film. The recent study of Aktary et al. [167] showed
that the ZDDP tribofilm evolves in the same way as the thermal film. The only
difference found was that after long rubbing time, the continuous film disintegrates
to form very small pads. The results of Canning et al. [252] confirmed that the
tribofilm is largely heterogeneous in the lateral direction. The tribofilm was
found to have ridges of mainly long phosphate chains and troughs of mainly short
phosphate chains. Same conclusions were also reached by Nicholls and co-workers
[29, 89, 130, 177] using X-ray Photoemission Electron Microscopy (X-PEEM)
and AFM. The results of these studies showed that the ZDDP tribofilm is also
heterogeneous along the depth. The large pads of the tribofilm were found to
have a multilayer system where long polyphosphate chains lay on the top of
short polyphosphate chains. Based on these results amongst others, Spikes [7]
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Fig. 3.10 Schematic of the multilayer structure of the ZDDP tribofilm (a) before and
(b) after washing with solvent. Reprinted from Bec et al. [36].

Fig. 3.11 Schematic of the patchy structure of the ZDDP tribofilm. Reprinted from
Spikes [7].
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proposed that the ZDDP tribofilm has a structure similar to one depicted in
Fig. 3.11. This structure is in line with the findings of the previous studies that
the tribofilm consists of multilayer structure, which is largely heterogeneous in
the lateral direction and along its depth. This is also similar to the structure
of DDP tribofilms, which initially appears less patchy than the ones of ZDDP
but eventually the two provide a similar uniform pad-like structure [127, 128].
Distinctively though, the DDP additive forms Fe phosphate of predominantly
short chains as opposed to the initially zinc phosphate of short chains that grow
into longer ones away from the metal surface in the case of ZDDP [127, 164].
Furthermore, the formation of iron sulphides or sulphates in the DDP tribofilms
near the metal surface depends greatly on the operating conditions [181], as
discussed in detail in the previous sections.

The structures proposed by Bec et al. [36], Martin et al. [20] and Spikes
[7] seem to be the most accepted picture of the structure of P-based antiwear
tribofilms up to date.

3.5.2 Hardness and elastic modulus

Due to the largely heterogeneous nature of the ZDDP or DDP antiwear films,
whether tribofilms or thermal films, probing their mechanical properties is a
complex and intricate task. The main difficulties are attributed to the error
brought by averaging over a large area and propagated by the different uncertainties
associated with every experimental technique. This necessitates the need to analyse
a large area of the sample at a high lateral resolution and at different length scales.
Measuring the mechanical properties at a small length scale became feasible with
the advent of the AFM, interfacial force microscope (IFM) and nanoindentation.

Many studies have already used the AFM to study the mechanical properties of
the ZDDP tribofilms [40, 48, 167, 174, 248, 249, 251, 253–255] as well as tribofilms
of other additives [256, 257]. This enormous work concluded that the layers close to
the metal surface are most likely elastic solid whereas the outer layers are probably
viscous. This indicates that the layers in between can have a combination of the
two. Furthermore, Warren et al. [248] observed stripes of discontinuous ridges
along the wear scar. These stripes were speculated to originate from repetitive
sliding, which suggested that the ridges were the only part of the tribofilm that
carry the load. In agreement with these results, the experiments of Graham et
al. [249] showed that these ridges were elongated in the sliding direction. Aktary
et al. [167] attributed this heterogeneity in the tribofilm growth to the local
variations in the contact pressure between the contacting surfaces. However, as
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the tribofilm is not heterogeneous only in the lateral direction but also along its
depth, this indicates that the heterogeneity of the tribofilm is not only due to
the local variations in the contact pressure [174]. Warren et al. [248] proposed
three possibilities for the patchy structure of the P-based tribofilms, which are as
follows:

1. Ridges are formed due to the high contact pressure between the asperities
whereas the troughs are formed due to the three body interaction between
the wear debris and the contacting surfaces.

2. Ridges are formed due to the repeated rubbing between the asperity con-
tacts at the same average locations whereas the troughs are formed due to
occasional contact between the asperities at the troughs regions.

3. Ridges are formed due to the repeated rubbing between the asperity contacts
whereas the troughs are originated from the flow of some material from the
ridges to troughs’ regions.

The authors suggested that the way the ridges and troughs appeared indicated
that the third mechanism is likely to be the case. Other possibilities to account
for the heterogeneity in the tribofilm growth have also been proposed recently by
Gosvami et al. [30] to be due to the following:

1. Heterogeneous random nucleation sites due to the surface roughness or any
surface defects.

2. Instabilities in the decomposition and growth mechanisms due to any varia-
tions in the operational conditions.

These possibilities are plausible and can be combined with the ones proposed by
Warren et al. [248] to give a wider understanding.

To quantify the mechanical properties of the ZDDP or DDP tribofilms, several
studies attempting at measuring the elastic modulus using nanoindentation, AFM
and SFA. Table 3.3 summarises the indentation modulus that was reported for the
ZDDP and the measurement conditions. Aktary et al. [167] measured the elastic
modulus of the ZDDP tribofilm after different rubbing times and found that the
modulus and hardness of the tribofilm are independent of the rubbing time. They
explained this result by pointing out that the majority of the bulk material of the
tribofilm at any time consists mainly of short polyphosphate chains. Therefore,
the nanomechanical properties are predetermined by the properties of this bulk
material. However, Nicolls et al. [29] reported that the large pads of the tribofilm
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consist mainly of long polyphosphate chains whereas the small pads and troughs
consist of short chains. Graham et al. [249] showed that the pads have a great
elastic response. The measured indentation modulus was about 180-250 GPa
at the centre of the pad compared with 50-110 GPa at the edge. Nicolls et al.
[177] found that the indentation modulus was 120 GPa at the centre of the pad
compared with 90 GPa at the edge. In a later study, Nicolls et al. [29] reported
an indentation modulus of 80 GPa for the large pads but could not measure the
modulus of the small pads due to the effect of the substrate on the indentation
measurements of these thin regions.

This wide range of values of the reported indentation modulus could be related
to the extent of the additive decomposition to form polyphosphates [89] in addition
to the intrinsic uncertainties associated with probing such thin heterogeneous
films using any indentation technique.

In contrast to the aforementioned studies, which suggested that the tribofilm
is highly elastic, Aktary et al. [167] found that the ZDDP tribofilm exhibits high
plasticity. They suggested that this is in line with the sacrificial nature of the
tribofilm, which is continuously formed and removed at the interface. Conversely,
Warren et al. [248] showed that the ridges of the tribofilm exhibit a great capacity
of elastic deformation, which was also confirmed by the results of Graham et al.
[249] and Ye et al. [253] showing that the ridges of the ZDDP tribofilm resist
plastic deformation to a great extent.

Ye and co-workers [174, 253, 254] studied various tribofilms formed in oils
containing ZDDP and ZDDP/MoDTC additives. In the two cases, the results
showed a gradual increase of hardness and modulus over depth until they reach the
ones of the substrate. This was considered as evidence that the tribofilm consists
of a multilayer system of a hard layer covered by a softer one. Similarly, Bec et al.
[36] showed that the ZDDP tribofilm resists indentation by increasing hardness
and elastic modulus with the indentation depth. Therefore, they suggested that
the heterogeneity of the mechanical properties of the tribofilm along its depth is
due to work hardening but not a real intrinsic property. However, in contrast to
these results, the loading-unloading experiments of Warren et al. [248] using AFM
indicated that the tribofilm ridges have two layers of which the one that is more
compliant lay beneath the stiffer surface layer. The base layer seemed to exhibit
a significant tenacity, which was manifested in the apparent adhesion during the
retraction of the AFM tip from the sample. These features were neither observed
in the troughs of the tribofilm nor in the thermal film. The mechanical properties
of the trough region of the tribofilm seemed identical to the ones of the thermal
film. Based on these results, Warren et al. [248] suggested that the thermal
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Table 3.3 Elastic modulus and hardness of the ZDDP thermal and tribo-film.

Material Elastic Method Lubricant Test Ref.
modulus conditions
(GPa)

5 min Tribofilm 88.5±23.7 nanoindentation 1.49 wt% Plint [167]
10 min Tribofilm 92.8±18.6 ZDDP 100 C
40 min Tribofilm 88.6 ± 29.9 in MCT-10. 225 N

1 hr Tribofilm 88.9 ± 12.1 25 Hz
2 hr Tribofilm 96.1 ± 25.7

3 hr thermal film 34.8 ± 9.7
1 hr tribofilm 87.8 ± 3.9 nanoindentation 1.2 wt.% Plint [177]
edge of pad ZDDP 100 C

1 hr tribofilm 119.5 ± 5.8 in MCT-10. 220 N
centre of pad 25 Hz

Sulphide oxide 90 SFA Amsler [36]
t ≤ 80 nm 100 C

Polyphosphate 15 400 N
20 < t < 30 nm 5 hr
Polyphosphate 27 − 30

70 < t < 100 nm
Polyphosphate 40
t > 140 nm

6 hr tribofilm 25 IFM 1.2 wt.% Plint [248]
trough ZDDP 100 C

6 hr tribofilm 81 in paraffinic 220 N
ridge base oil 25 Hz

1 hr thermal 36 ± 9 200 C
film

Large pads 209 ± 38 IFM 5 mM/kg Plint [249]
ridges ZDDP 100 C

Large pads 87 ± 23 in paraffinic 225 N
troughs base oil 25 Hz

Small pads 74 ± 20
Off pads 37 ± 7.3

1 hr tribofilm 85.1 ± 11.1 Nanoindentation 1.2 wt.% Plint [258]
and IFM ZDDP 100 C

in MCT-10. 220 N
25 Hz

1 hr tribofilm 80.5 ± 4.5 Nanoindentation 1.2 wt.% Plint [177]
ridges ZDDP 100 C

1 hr tribofilm 30 in MCT-10. 220 N
troughs 25 Hz

10 min tribofilm 78 − 110 ± 8 Nanoindentation 1.2 wt.% Plint [29]
and IFM ZDDP 60 C

1 hr tribofilm 97 − 110 ± 8 in MCT-10. 60 N
25 Hz

1 hr tribofilm 80 − 215 nanoindentation Pin-on- [253]
depends on ZDDP in disc

contact 5W-30 SG 490 N
depth engine oil 0.03 m/s
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film is formed first as a precursor to the tribofilm. In line with these results,
Kim et al. [124] showed that the surface layer of the ZDDP tribofilms, away
from the substrate, is harder than the bulk layers. In contrast, DDP tribofilms
showed a more compliant tribofilm without the presence of a hard surface layer.
They suggested that the hard crust protects against wear while the compliant
bulk helps dissipate energy. This is despite the fact that they observed that the
more compliant but thicker DDP tribofilm showed a much better tribological
performance than the one of ZDDP. To resolve this discrepancy, they suggested
that the effective coverage of the DDP tribofilm is higher than the ZDDP one
leading to better protection against wear.

Based on the discussion above, it can be concluded that the ZDDP and
DDP antiwear films have rich mechanical properties. These properties can be
affected by the decomposition mechanism, load and temperature. In addition, the
mechanical properties might also be affected by the rheological properties of the
tribofilm. For instance, in case of the tribofilm is viscoelastic then its mechanical
response can look similar to the plastic behaviour of a compliant material [85].
Moreover, a viscoelastic tribofilm may suggest that its mechanical properties are
rate dependent. Hence, the history and rate of measurement can play a major
role in the measured properties. Therefore, studying the rheological properties
of the antiwear tribofilm is necessary to give insight into its mechanical as well
as tribological properties. These rheological properties will be discussed in detail
in the subsequent section after the tenacity and durability of the tribofilm is
reviewed.

3.5.3 Tenacity and durability

In order to study the tenacity and durability of ZDDP tribofilms, Bancroft et
al. [119] examined the effect of the ZDDP concentration in oil on the tribofilm
that has already been formed. After the formation of the tribofilm, the base oil
containing ZDDP was replaced with oil without ZDDP and then the rubbing
continued for extended periods of 6 to 24 hr. The tribofilm showed a great thermal
and mechanical stability even after rubbing for periods as long as 24 hr. In
addition, the results showed that rubbing the tribofilm in base oil has two main
effects. The first one is that the tribofilm maintains a certain thickness above
30 nm without being completely removed by rubbing. The second effect is that
the polyphosphate chains become shorter in the form of orthophosphate and
pyrophosphate. Ancillary experiments of Suominen Fuller et al. [176] showed
that when the oil of mature ZDDP tribofilm was replaced by base oil without
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ZDDP, no change occurred in the tribofilm thickness with further rubbing in the
base oil. However, Parsaeian et al. [259] found that rubbing premature tribofilm
(after 25 min rubbing: before reaching steady state thickness) in base oil without
ZDDP causes an initial sharp decrease in the tribofilm thickness after the first few
minutes of rubbing. The reduction was about 20-70 nm depending on load and
temperature, i.e. the higher the load or temperature the higher the removal. The
sharp decrease in the tribofilm thickness was followed by a steady state period
during which the tribofilms maintained its thickness without any further removal.
Adding fresh oil containing ZDDP again after 60 min of total rubbing time (35 min
of rubbing in base oil) results in a fast growth of the tribofilm thickness similar
to the initial growth rate before replacing the oil with base oil. On the other
hand, rubbing mature tribofilm in base oil (after 180 min rubbing: after reaching
steady state thickness) results in just a small decrease in the tribofilm thickness.
As indicated before, increasing temperature or load after replacing oil with base
oil resulted in more immediate removal of the tribofilm. However, temperature
and load did not show any monotonic trend on the steady state thickness. The
drop in the tribofilm thickness was investigated using XPS, which showed that
before replacing the oil with base oil the top layer of the tribofilm contains longer
phosphate chains. This layer seems to be the one removed after replacing the oil,
which suggests that it is softer and less tenacious than the layers underneath it.
It was also found using XPS analysis that if rubbing is continued again by adding
fresh oil containing ZDDP, the removed long phosphate chains can be formed
again.

3.6 Rheological properties of antiwear films

The friction, lubrication and adhesion properties of any tribological surface are
greatly affected by the rheological properties of the interface [37]. These properties
can undergo changes when using additives such as ZDDP or DDP, which can
form a protective tribofilm of transient thickness covering the interface. In order
to quantify these changes, the rheological properties of the thin antiwear film
should be measured. This can be mainly achieved using two methods. The first
one is by generating a thick tribo- or thermal film that can be scratched and
removed for ex-situ analysis using the bulk or interfacial rheometry. The second
possible method is by measuring these properties in-situ. The in-situ rheological
measurements of the antiwear tribo- or thermal films or generally speaking any
thin film on a substrate are performed, in essence, in the same way as the bulk
rheological measurements, e.g. creep and shear, but using different experimental
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Fig. 3.12 Comparison between the measured and predicted damping coefficient of the
basic and neutral ZDDP. Reprinted from Georges et al. [260].

techniques such as SFA and AFM. For instance, Georges et al. [260] used SFA to
measure the rheological and mechanical properties of the ZDDP physisorbed films
by imposing an oscillatory motion in three different directions, i.e. x, y and z
axes. This enabled them to measure the damping coefficient, normal stiffness and
lateral stiffness at different separation distances between the ball and disc. They
could then relate the measured damping coefficient (Aω) at a certain oscillatory
frequency (ω) and a separation distance (D) to viscosity (η) using the following
relation:

Aω = 6πηR2ω

D − 2Lh

(3.30)

where R is the ball radius and Lh is the total thickness of any adsorbed layers on
each surface. Good agreement between the experimental data and the damping
coefficient given by the previous equation was found as shown in Fig. 3.12. One
interesting result is the approximately exponential increase in the viscosity at
small separation distances, which has the effect of increasing the viscous resistance
to sliding. Another important finding is that the elastic compressive and shear
moduli appeared to increase with reducing the separation distance. The authors
related this observation to a possible compaction of the heterogeneous physisorbed
layers. In agreement with these results, Bec et al. [36] suggested that the contact
pressure could compact the loose layers of the ZDDP tribofilm and transfer them
into a solid polyphosphate.

Bec et al. [36] used SFA to measure the mechanical and rheological properties
of the ZDDP tribofilm. The results showed that the sulphide and phosphate
layers exhibit elastoplastic properties. This suggests that the ZDDP tribofilm
can be polymeric in nature [151] and its rheological properties, similar to the
mechanical properties, vary along the depth of the tribofilm [17]. This was
confirmed by Pidduck and Smith [48] and Bec et al. [36] who reported that the
base layer of sulphide resists flow significantly whereas the top layer of alkyl
phosphate precipitates behaves as a viscous polymer, which does not resist flow



3.7 Tribological properties of antiwear films 71

and could be easily removed. Similarly, the bulk layers of polyphosphates forming
the ridges of the tribofilm can also be removed easily leaving trough regions of
bare sulphide/oxide layers. This suggested that the polyphosphate layers in the
trough originated from the ridges material, i.e. alkyl phosphate precipitates and
polyphosphates, that flowed into trough regions by shear flow. Bec et al. [36]
reported a viscosity of 5 × 104 - 3 × 105 Pa.s for the alkyl phosphate layer and 108

Pa.s for the polyphosphate layer.

Based on the aforementioned discussion, it can be concluded that the P-based
antiwear films have rich rheological properties. However, no elaborate study was
conducted so far to unravel all these properties and to provide conclusive insights
into the relation between the rheological, mechanical and tribological properties
of the ZDDP or DDP tribo- and thermal films.

3.7 Tribological properties of antiwear films

3.7.1 Friction mechanism

Many studies aimed at understanding the genesis of friction of the P-based
tribofilms using different techniques. For example, Ye et al. [254] used the
nanoscratch method combined with AFM imaging and observed that the tribofilm
exhibits different friction coefficients depending on the contact depth, which
indicated that different levels of shear strength exist within the tribofilm. The
lowest friction coefficient found was at few nanometres beneath the surface, which
was attributed to the presence of an ultra-low friction inner skin layer that can
act as a type of solid lubricant to reduce friction. In another study, Ye et al. [255]
showed that the inner skin layer exhibits a low shear modulus and can yield easily,
which can explain the capability of this layer to reduce friction. The heterogeneous
friction behaviour along the depth is also accompanied by a heterogeneity along
the surface as reported by Neitzel et al. [261] who observed that friction is different
at different length scales. For instance, within a material exhibiting a high friction
coefficient, areas of low friction at the nano- or microscopic scale might exist.
These small domains of low friction force can affect the macroscopic friction or
induce slip.

Taylor et al. [250] reported that ZDDP forms a thick solid-like film on the
wear scar that produces an effective surface roughening. This increased roughness
can inhibit the entrainment of the fluid film between the contacting surfaces and
thus results in a higher friction than in the case of surfaces not covered with
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the ZDDP tribofilm, as shown in Fig. 3.13. However, the results of Taylor and
Spikes [262] showed that even smooth ZDDP tribofilms can increase friction. This
suggested that whether the ZDDP tribofilm is rough or smooth, it can inhibit
the entrainment of the lubricating film between the rubbing contacts and hence
increases friction. This apparent increase in friction was also suggested to represent
a shift in the Stribeck curve to a higher speed, which means that the tribofilm is
capable of maintaining the boundary lubrication condition up to a higher speed
than in the case of bare contacts without a tribofilm.

A different explanation for the increase in friction force when the ZDDP
tribofilm is present on the steel surface was provided by Suarez et al. [232].
Assuming that the friction force can be given by the following equation:

Ff = τZDDPAZDDP + τsteelAsteel (3.31)

where τZDDP and τsteel are the mean shear strength of the ZDDP tribofilm and
steel surface, respectively, and AZDDP and Asteel are the real contact area of the
ZDDP tribofilm and steel surface, respectively. Therefore, increasing the tribofilm
thickness increases the contact area (AZDDP) and thus increases the friction force.

The increased friction of the antiwear tribofilms over time can also be explained
based on the observations of Mazuyer et al. [263] that after a certain threshold of
contact time the layers covering the rubbing surfaces can interact and hence the
mechanical properties, e.g. shear elastic modulus and interfacial shear strength,
become a function of the contact time. In the case of the ZDDP tribofilm, this
means that the longer the rubbing time, the thicker the tribofilm will be and
thus the stronger the interactions can occur between the tribofilms covering the
contacting surfaces, which leads to higher friction.

Georges et al. [264] highlighted the steric action of the adsorbed layers on
friction. When the separation distance is small, the pressure is high. In this
case, the fluid starts to have an ordered structure in the direction of shear, as
shown in Fig. 3.14. This was inferred from the observation that the stabilised
friction coefficient was found to be inversely proportional to the sliding speed. In
addition, Li et al. [265] showed that the strength of adhesion of the interfacial
layers adsorbed on a substrate has great influence on friction. In the case of a
single layer that adhered loosely, friction was maximum due to the puckering effect
of the layer when probed by the AFM tip. On the other hand, in the case of a
bulk material with strongly adhered layers, this puckering effect is suppressed and
the thickness does not have any effect on friction after a certain threshold value.
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Fig. 3.13 Effect of the ZDDP tribofilm on the Stribeck curve after different rubbing
periods. Reprinted from Taylor and Spikes [262].

Fig. 3.14 Schematic of the ordered structure of the compressed hydrodynamic layer.
Reprinted from Georges et al. [264].

Ancillary results of Lee and co-workers [266, 267] suggested the same trend for
different materials including MoS2.

The fact that sulphur might be the first to reach the metal surface is very
crucial in order to relate the mechanism of additive decomposition and tribofilm
formation to friction and wear. In the case of sulphur containing deposits are
formed initially at the metal surface, then we can infer two main points. Firstly,
during the running-in period, the sulphur rich layer is the one that predetermines
the observed friction and wear. Therefore, if the porous FeS2 is the main component
of this layer, which is suggested in the case of surfaces covered with Fe2O3 or Fe3O4

as shown in the potential diagram in Fig. 3.3, friction will be small. However, a
larger friction is expected in the case of a base layer consisting of a dense and
uniform FeS, which is likely to be formed on bare iron [203]. Furthermore, the
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existence of a sulphur rich layer as a base layer on the metal surface indicates that
the subsequently formed layers should be deposited on this layer, whether fully or
partially, rather than completely on the metal surface itself.

3.7.2 Antiwear mechanism

The ZDDP additive when decomposed under high contact pressure or heat can
form a superior antiwear tribofilm on contacting surfaces. The DDP additive can
provide better [124, 125], comparable [126] or worse [127, 128] antiwear properties
to the ones of ZDDP, which seem to depend greatly on the operating conditions,
properties of contacting surfaces and chemistries of base oil and additives.

Since the first inception of the ZDDP in the late 1930s, extensive studies on the
genesis of its antiwear mechanism have been carried out [7]. Table 3.4 summarises
the several theories and mechanisms that were proposed to explain the capability
of the formed antiwear tribofilms in protecting the contacting surfaces from severe
wear. These different mechanisms can be categorised depending on whether the
cause of protection is rheological, mechanical or chemical.

Initially, it was suggested that the antiwear mechanism of antiwear additives
is based on forming a thicker hydrodynamic film. This thick film can reduce the
stress at the contacting asperities and hence reduces wear [18]. The sulphides,
phosphorus compounds and oxides were also found to have good lubricating
properties that help mitigate wear [268]. Molina [146] suggested that the ratio
between the crystalline and amorphous regions of the antiwear film might be
important in evaluating the antiwear action of the tribofilm. Molina’s results
indicated that the amorphous pyrophosphate has better lubricating properties
that the crystalline phosphate. In line with these results, it was suggested
that the polyphosphate, which has a low melting temperature of 200-300 oC,
melts and forms a viscous glass on the contacting surfaces that helps reduce
wear [14]. In addition, the interfacial iron-oxide-sulphide eutectic system was
also proposed to form a viscous film at the contacting surfaces under extreme
conditions and hence separates the contacting surfaces and reduces wear [14, 16].
Same mechanism was also proposed for the FeS layer covering the asperity-asperity
contacts [17]. Interestingly, the amount of sulphur in the tribofilm was found to
increase with increasing load [18], which highlights the smart action of ZDDP to
reduce wear. This smart action was explored by So and Lin [247] who indicated
that the plastic deformation is responsible for increasing the temperature at the
asperities and hence the decomposition of the additive. Additionally, this plastic
deformation creates subsurface defects that enhances the mixing and reaction
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of the decomposition products, i.e. P, S, Zn and O, with the rubbing surface.
Accordingly, So et al. [145] suggested that the antiwear mechanism depends
closely on the ratio between the tribofilm formation and its removal. In addition,
Habeeb and Stover [22] reported that the ZDDP tribofilm can also reduce wear by
decomposing the peroxides. On the other hand, other studies [19–21] suggested
that the antiwear action and the absence of severe abrasive wear is due to the
digestion of the iron oxide generated during wear into the amorphous phosphate
structure of the formed interfacial tribofilm.

Bell et al. [17] suggested that a layer exists in the tribofilm with a low shear
stress that helps reduce fatigue wear and delamination processes. In addition,
they proposed that the adhesion between the different layers is expected to
be crucial for the load carrying capability of the tribofilm and other wear and
friction performance. On the other hand, Rounds [15] proposed that the P-based
additives such as ZDDP can act by a mechanism similar to the one of the fatty
acid by forming an oriented sacrificial layer covering the surface. This antiwear
capability depends on the formed hydrocarbon chain length and chain branching.
Accordingly, the hydrocarbon-rich layer at the outermost of the tribofilm seems
to play a role in reducing wear [36]. This layer seemed to have a grease- or
gel-like nature that has a low shear strength, which helps in redistributing the
concentrated loads at the asperities and therefore reduces the high shear stresses
at the asperity-asperity contacts and thus mitigates wear.

In summary, the unique antiwear properties of the ZDDP or DDP tribofilms
seem to be related not only to its adhesion, hardness and elasticity but also to
the capability of the formed tribofilm to maintain local order on the molecular
scale through the flow, rearrangement and change in composition of the interfacial
layers.

3.8 Antiwear films in humid environments

Corrosion phenomena typically involves water and oxygen [269], which are abun-
dant at any interface. This makes water one the main elements in the corrosive
environment. Water can affect the bearing performance in different ways [270].
On the one hand, it can shorten the bearing life, as shown in Fig. 3.15, due to rust,
hydrogen embrittlement and oxidation. On the other hand, water can accelerate
wear due to the oxidation of the lubricating film and the destabilisation of the
protective tribofilm. Therefore, the relative degree of saturation of water in the oil
is one of the important factors to consider. Water can enter the oil from the humid
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Fig. 3.15 Effect of water on the life of bearing based on 100% life at 0.01% water
in addition to the available techniques to detect water and their range are indicated.
Reprinted from Sheehan [272].

air or directly as a free water. The temperature of the oil determines whether
this water will mix with the oil as a dissolved water, i.e. below the saturation
temperature, or as a free water, i.e. above the saturation temperature [271].

In the following subsections, a review is provided on the effect of water on the
composition and tribological properties of the P-based antiwear film.

3.8.1 Effect of water on the composition of tribofilms

Rounds [169] showed that water accelerates the ZDDP decomposition and reduces
S, P and Zn contents in the antiwear film. These changes are additive dependent
and can be related to the formation of acidic hydrolysis products. In contrast,
the results of Nedelcu et al. [236] showed that water inhibits the growth of the
ZDDP tribofilm. This effect was manifested in the formation of shorter chains
of polyphosphates. The authors attributed these effects to the depolymerisation
reactions of the long polyphosphate chains and to the increased surface distress
in the presence of water. Ancillary experiments carried out by Cen et al. [33]
showed that water indeed inhibits the formation of the protective tribofilm. In
addition, they noticed that shorter phosphate chains are formed with increasing
the amount of water in the oil.

In line with these results, Parsaeian et al. [273] found that the smaller the
relative humidity the thicker the tribofilm and the longer the formed phosphate
chains. The trend holds true for the two tested temperatures, i.e. 80 and 98 oC.
This was explained by the difficulty of ZDDP molecules to reach and react with
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the steel surface in an oil containing higher amount of free or dissolved water. In
another study, Parsaeian et al. [241] studied the effect of water contamination
in oil, i.e. 0, 0.5, 1.5 and 3 wt.%, on wear and tribofilm thickness. The results
showed that the larger the water content is present in oil the thinner the tribofilm
thickness. Similar findings were also reported by Faut and Wheeler [274] for
tricresyl phosphate (TCP) additive.

All these results highlight the fact that the presence of water affects not
only the rate of the additive decomposition but also the final composition of the
protective film. Owing to the high affinity of phosphates to water [17], when water
contamination occurs, some water molecules will react with the phosphate and
replace ZnO, whereas some amount of water will stay unreacted. This will affect
the ratio of ZnO/P2O5 and thus the phosphate chain length. Furthermore, the
presence of unreacted water is expected to affect this ratio up or down depending
on the localisation of water, i.e. at the metal surface or in the bulk. Therefore,
to better understand the effect of water on the composition of ZDDP or DDP
antiwear film, the focus should be given to trace the composition without water
and study how water can change this morphology.

3.8.2 Effect of water on the tribological properties of tri-
bofilms

There are only few studies [33, 236, 241, 242, 273] on the effect of water on
the friction and wear performance of the P-based antiwear film, i.e. mainly of
ZDDP. These studies mainly showed that water inhibits the formation of the
protective tribofilm and increases wear. The authors attributed these effects to the
depolymerisation reactions of the long polyphosphate chains and to the increased
surface distress in the presence of water. Other reasons for the increased wear
in the presence of water in the oil can also be related to corrosion, hydrogen
embrittlement and accelerated fatigue due to the possible condensation of small
amount of water in the microcracks.

Cen et al. [33] found that the effect of water on friction is less prominent
than the case of wear. However, although their results showed that up to a
moderate amount of water, friction is not affected, the experiments conducted in a
humid atmosphere of a relative humidity 90%, showed that the friction coefficient
drops by about 40%. It should be noted that this behaviour of friction can be
related to the one of wear. Due to the larger wear in the case of large water
contamination, surface smoothing can occur during the induction period that can
lead to a reduction in friction coefficient. In addition, this reduction can also be
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related to the formation of thinner tribofilm of short polyphosphate chains when
high water concentration is present in the oil.

These scarce results highlight the importance to study the effect of water on the
decomposition of antiwear additive and the final composition. Understanding the
effect of water on these processes helps control the wear and friction performance
by just controlling the amount of water in the oil and its evaporation rate. In
addition, understanding the effect of water provides insight into the reaction
kinetics of the ZDDP or DDP tribofilm formation and its behaviour in different
environments.

3.9 Summary

3.9.1 Knowledge gaps

Throughout this chapter, an overview of the state-of-the-art of the different aspects
concerning the P-based antiwear additives such as ZDDP and DDP were presented
and discussed. The main knowledge gaps were found centring on the possible
decomposition reactions of the additives and the chemical and physical nature of
the formed antiwear films and their possible rheological properties that can enable
them to reduce wear. Furthermore, the most significant knowledge gap was found
to be related to the inability of the current experimental techniques to capture the
chemical reactions between rubbing contacts in-situ without altering the contact
condition. These gaps are summarised in more detail in the subsequent sections.

3.9.1.1 Decomposition mechanisms of antiwear additives

Over the last 70 years, different theories were proposed to explain the decom-
position reactions of P-based antiwear additives to form protective tribofilms
covering the contacting surfaces. These works were discussed in different reviews
[7, 24, 129, 130]. However, despite being studied extensively, the exact reaction
pathways of the decomposition process of these antiwear additives are still not
fully elucidated. Yin et al. [118] proposed a mechanism for the growth of ZDDP
tribofilms starting with the strong chemisorption of the ZDDP additive to the
oxide layer on the steel surface. The step is followed by the fast formation of long
polyphosphate chains and the slow formation of short phosphate chains. On the
other hand, Jones and Coy [8] proposed that the decomposition of the ZDDP
starts with the migration of the alkyl groups from oxygen to sulphur atoms, i.e.
by self-alkylation or transalkylation, followed by the formation of phosphoric acid



80 Literature review

as a result of thioalkyl (−SR) elimination. Finally, the phosphate chains P−O−P
are formed as a result of nucleophilic substitution of one phosphorus species with
another. Fuller et al. [28] combined the mechanisms of Yin et al. [118] and Jones
and Coy [8] and suggested that when the ZDDP adsorbs to the metal surface it is
transformed into a rearranged ZDDP or linkage isomer (LI-ZDDP) in which the
alkyl groups have migrated from O to S atoms. In this LI-ZDDP all the sulphur
atoms originally bound to Zn, are partially or totally replaced by oxygen. Finally,
thermal-oxidation of LI-ZDDP occurs to form long polyphosphate chains.

To validate the occurrence of these reactions, previous works presented indirect
evidence based on different surface analysis techniques, e.g. XPS and XANES, to
support the identification of certain decomposition reactions. The majority of these
studies, however, were performed mainly on mature tribofilms, i.e. after rubbing
for a long time. There are only a few studies [118, 161–164] that have attempted
to examine the decomposition process and the change in the tribofilm composition
primarily during the running-in period at short rubbing times. The lack of such
studies makes it difficult to gain insight into many of the theories proposed in
the literature regarding the reaction pathways of the decomposition process of
P-based additives. This study aims at utilising a combination of techniques, i.e.
XPS, XANES, TEM-EDX and AFM, to examine the decomposition process of
P-based additives over different rubbing times especially during the early stages of
the reaction. This should give more insight into the morphology and composition
evolution of the formed tribofilm and the possible decomposition mechanisms.

3.9.1.2 Composition of antiwear tribofilms

There is a solid consensus that under rubbing and heating, ZDDP decomposes
to form a protective tribofilm that consists mainly of Zn, P, S and O. This was
confirmed using SEM [16, 17, 34, 144, 165–167], AES [16, 34, 157, 165, 166, 168],
XRF [14, 15, 145, 169, 170], XPS [14, 17, 34, 38, 151, 157, 168, 171–174], XANES
[28, 118, 161, 163, 172, 175–177] and SIMS [14, 17, 137]. However, the exact
composition and its association with the operating conditions is still not fully
understood. For instance, it is still unclear why the short chain phosphates
are present in the bulk of the tribofilm near the metal surface as opposed to
the long ones near the tribofilm surface. Fuller et al. [28] related this to the
reaction between the long chain phosphate and water, which can depolymerise the
long chains into shorter ones. Others [275] related it to the ability of phosphate
glass to dissolve sulphides. Furthermore, several other studies [19, 20, 118, 276]
suggested that the cation exchange reaction between Fe and Zn necessitates
the depolymerisation of the long chains, which ends up forming a composite
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Fe-Zn polyphosphate matrix of short chains. However, this reaction requires a
temperature as high as 1300 K [183], which is not attainable during any normal
tribological conditions. Nonetheless, it was suggested that the local temperature,
i.e. the flash temperature, at the asperity-asperity contacts can be much higher
than the oil temperature and hence the reaction can occur. The evidence for the
formation of the Fe-Zn polyphosphate was drawn based on the observation that
iron is present in the tribofilm and its concentration increases towards the steel
surface [7, 17, 118, 277]. Most of these studies that suggested the presence of iron
in the tribofilm were based on sputtering the tribofilm with an ion gun to acquire
spectra at different depths, i.e. depth profiling. However, depth profiling using
high energy ions can induce preferential sputtering, i.e. better yield, of certain
components of the tribofilm more than the others, which can be misleading [278].
Therefore, the results from sputtering experiments should be complemented with
other methods such as Focused Ion Beam (FIB) for cross sectional analysis of
the samples using SEM-TEM that can provide excellent resolution and surface
sensitivity.

In contrast to the studies based on sputtering, several other studies [151,
157, 163, 164, 166, 168] showed that iron is absent from the formed tribofilm.
In particular, Nicholls et al. [163] showed that even after 10 s of rubbing the
phosphate has most likely Zn2+ cations rather than Fe2+.

Part of this work will aim at providing insight into the composition evolution of
ZDDP and DDP tribofilms and the polymerisation and possibly depolymerisation
reactions of the phosphate chains composing them over different rubbing times.

3.9.1.3 Reaction kinetics of the tribofilms formation

Little is known about the exact kinetics of the decomposition reactions of P-based
antiwear additives, such as ZDDP, and the formation of their protective tribofilms.
The main obstacles originate from the nature of these tribo-induced reactions that
can follow different complex pathways. In addition, the commercial oils containing
the antiwear additive may also contain some impurities, other additives, detergents
or dispersant that might alter the decomposition pathways and ultimately alter
the precursors and the final reaction products, i.e. the tribofilm composition
[137]. In addition, the decomposition kinetics are often dictated by the true
local conditions of temperature, pressure and load at the asperity contacts rather
than the calculated and imposed ones [151]. This complicates and obscures the
correlations between the operational conditions and the decomposition kinetics.
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Based on the available literature, temperature and contact pressure seem
to have the same catalytic effect on the decomposition reaction of antiwear
additives [30, 118]. However, it is still not clear whether temperature and contact
pressure have a combined additive effect, or one has a bigger effect than the
other. Furthermore, the rate of the decomposition reaction has been suggested by
Gosvami et al. [30] to initially follow a zeroth order, which after long sliding cycles
starts to follow a more complex fractional rate of about 0.3. However, previous
results suggested a first order reaction kinetics for the decomposition of materials
of similar functional groups found in ZDDP, e.g. dimethyl and diethyl disulphide
[279] and other groups under shear [280, 281]. Hence, we need to explore the
reaction kinetics of the P-based additives in more detail taking into account the
effect of various levels of temperature (25–120 oC) and contact pressure (2–7 GPa).

3.9.1.4 Effect of water on antiwear tribofilms

The wide breadth of literature concerning the P-based antiwear additive has
thus far focused on understanding the composition, tribological and mechanical
properties of their antiwear films under different levels of temperature, load and
rubbing time [7, 129, 130]. However, there are only a few studies [24, 33, 137, 169,
236], which focused on understanding the effect of impurities or contaminants
such as water in the oil. Water, in particular, is expected to alter the pathways of
the reactions associated with the decomposition of the antiwear additive and the
formation of the protective tribofilm. The different possible reaction pathways in
the presence of water in the oil led to some conflicting findings in the literature.
For instance, Rounds [169] studied the effect of free water on the decomposition
of ZDDP and showed that water accelerates the rate of ZDDP decomposition and
the formation of the tribofilm. In agreement with these findings, several studies
suggested that the ZDDP decomposition is hydrolytic in nature, i.e. catalysed
by water. For example, Spedding and Watkins [137] showed that in the absence
of water, e.g. by heating the sample up to 100-170 oC in order to evaporate all
water in addition to flooding the sample with dry nitrogen, the decomposition
reaction was suppressed. In contrast, when the sample was flooded with water-
saturated nitrogen, a rapid decomposition rate was observed. Nevertheless, when
the tests were conducted at 200 oC, at which most of the water should evaporate,
the decomposition proceeded without any significant reduction in the reaction
rate. Willermet et al. [24] argued that even a lower temperatures than 200
oC could not slow down the reaction rate, which challenges the premise of the
hydrolytic decomposition mechanism. Furthermore, this mechanism contradicts
several recent studies that showed an opposite trend in the presence of water. For
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instance, the results of Nedelcu et al. [236] showed that water inhibits the growth
of the ZDDP tribofilm. This effect manifested itself in the formation of shorter
chains of polyphosphates. Other ancillary experiments [33, 241, 242, 273] also
showed that water indeed inhibits the formation of the protective tribofilm. The
reported results suggested that the larger the amount of water present in the oil,
the shorter the formed phosphate chains. In addition, Faut and Wheeler [274]
also reported similar findings for tricresyl phosphate (TCP) additive.

Although there seems to be a wider support for the finding that the decom-
position of the ZDDP is hindered in the presence of water, which was basically
inferred from the formation of shorter phosphate chains [33, 236, 273] or thinner
tribofilms [241, 242, 273], the reason behind this suppression is not completely
known. Furthermore, the mechanism of short chains formation and its rate remain
unresolved. Fuller et al. [28] suggested that the short phosphate chains can be
formed as a product of the reaction between the initially-formed long chains and
water, which intensifies with increasing temperature. Similar conclusions were
drawn by other studies [33, 236, 273], which suggested that water can induce
a depolymerisation reaction that shortens the long polyphosphate chains. Fur-
thermore, Nedelcu et al. [236] showed that an increase in surface distress in the
presence of water, which was inferred from the high density of surface micropits,
can be responsible for the formation of the short phosphate chains.

It should be noted though that these conclusions still do not give clear answer
about the rate at which the long phosphate chains depolymerise into shorter ones.
In addition, the mechanism by which water possibly reacts with the ZDDP to
suppress or delay the decomposition reaction is not fully elucidated. Therefore,
part of this work will aim at providing insight into the reaction kinetics of the
ZDDP decomposition in the presence of water and the rate of polymerisation and
possibly depolymerisation reactions of the formed phosphate chains. This will be
achieved by following the formation of the ZDDP tribofilm over different rubbing
times, which should enable us to examine the different changes in the tribofilm
composition over time that can occur not only to the zinc polyphosphate chains
but also to the other species in the tribofilm such as sulphur.

3.9.1.5 Role of cations in tribofilms formation

The available literature still lacks the conclusive answer to the question of whether
there is a substantive requirement for the presence of metal cations, e.g. Fe, W
and Ti, for the tribofilm to be formed or such metallic cations are dispensable.
There is a definite consensus that the ZDDP molecules can adsorb to steel surfaces
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and decompose to form protective tribofilms of excellent tenacity [7, 129, 130].
Moreover, other studies showed that ZDDP tribofilms can also be formed on
surfaces other than steel. For instance, Zhang and Spikes [142] were able to
generate ZDDP tribofilms on WC substrate. The results showed that the rate
of formation ranges from 0.2 to 0.7 nm/min depending on the interfacial shear
stresses. Similarly, Gosvami et al. [30] using elaborate in-situ AFM tribotests
showed that the ZDDP additive can adsorb and decompose to form tribofilms
on both Fe-coated and uncoated Si substrates with a similar rate depending on
the temperature and contact pressure. It is not clear whether the ability to form
tribofilms in these cases was due to the presence of W and Si in particular or
due to the operating conditions. Furthermore, for other surfaces such as the ones
coated with DLC, the exact chemo-mechanical nature of the coating is expected
to play a vital role in the decomposition of ZDDP.

The wear and friction performance of DLC coatings and the properties of any
formed tribofilms on them were reviewed extensively in the literature [141, 206–
210]. Several previous studies reported that the P-based additives such as ZDDP
can react and form protective tribofilms on DLC coatings even without containing
any doped cations [31, 32, 211–215]. In contrast, other studies found that no
tribofilms can be formed on non-doped DLC coatings without metallic cations
[216–221].

The main factor behind the wide disparity between the formation and absence
of tribofilms on DLC coatings should be examined closely. In addition, part of this
study aims at investigating the role of cations in the decomposition reactions of
P-based additives using in-situ AFM tribotests. It will also shed more light on the
formation kinetics on different surfaces including DLC coatings while examining
the tenacity and durability of any formed tribofilms. Testing various types of
P-based additives, whether contain zinc or not, on different surfaces, whether
contain iron or not, is crucial in developing a mechanistic understanding of the
role of cations in the decomposition of antiwear additives and the formation of
their protective tribofilms.

3.9.1.6 Rheological properties of antiwear tribofilms

The use of the P-based additives is ubiquitous in many industries due to their
superior antiwear capability. The general consensus regarding the origin of the
antiwear mechanism is that it can be due to the i) formation of a rigid sacrificial
interface at the contacting surfaces thus preventing adhesive wear [14–18], ii)
digestion of sharp particles worn from the contacting surfaces thus mitigating
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abrasive wear [19–21], iii) decomposition of peroxy radicals thus limiting surface
oxidation [22–24], or iv) combination of the previous mechanisms. The various
proposed mechanisms are either mechanical or chemical in nature. However, few
studies suggested that the good antiwear properties of the ultra-thin tribofilms
formed on the contacting surfaces might have a rheological origin, which can
greatly influence friction, lubrication and adhesion properties of any tribological
surface [37]. For instance, it was suggested [17, 36, 48] that the layers close
to the metal surface, e.g. sulphides and phosphates, are most likely elastic or
elastoplastic solids that can be polymeric in nature [151] whereas the outer layers
are probably viscous. This indicates that there can be layers in between that
have a combination of the two and thus contribute differentially to the overall
behaviour of the tribofilm [17]. The top viscous layer can explain the patchy
pad-like structure of the tribofilm as a final solidified image of the once hot flowing
glass. The ridges of this glass are formed due to asperity-asperity contacts whereas
the troughs originate from possibly the flow of some material from the regions of
ridges to troughs [36, 248]. Other theories suggested that the pad-like structure is
formed due to local variations in contact pressure [167] or surface heterogeneity
[30]. However, previous results, e.g. see [7, 20, 36], showed that the tribofilm is
also heterogeneous vertically over its depth, which indicates that the heterogeneity
of the tribofilm is not solely due to local lateral variations in contact pressure
[174].

Based on the discussion above, it can be concluded that the P-based antiwear
films have rich mechanical and rheological properties. These properties can be
affected by the decomposition degree of the additive and previous thermal and
shear history, e.g. sliding and rolling cycles, temperature and load. In addition, the
mechanical properties might also be affected by the rheological properties of the
tribofilm. For instance, in case of the tribofilm is viscoelastic then its mechanical
response can look similar to the plastic behaviour of a compliant material [85].
In addition, its mechanical properties can be rate dependent. Hence, the way
the material is measured and how fast it is measured can play a major role in
the observed properties. Therefore, this study aims at examining the rheological
properties of P-based tribofilms in order to provide better insight into any possible
correlations between the rheological, mechanical and tribological properties of the
tribofilms and how they are linked to the composition.

3.9.1.7 In-situ evaluation of tribofilms evolution

Extensive experimental and modelling works have been carried out in order
to understand the decomposition reactions of oil additives, the formation and
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removal of their formed tribofilms and the possible synergy between them [7, 27].
Nonetheless, the complete nature of the tribochemical reactions occurring on the
surfaces under shear is still not fully understood. The rate of the decomposition
reactions of oil additives and the associated rate of their tribofilms formation under
different operating conditions and on different surfaces are still yet unexplored
areas though highly important for optimising the running-in period. Furthermore,
the role of the available cations in the oil such as iron in the tribofilm formation is
still controversial. Several studies [19, 20, 24, 28] suggested that iron is needed for
the formation of tribofilms such as the ones of ZDDPs. On the other hand, other
studies [29–32] found that these tribofilms can form on surfaces other than iron.

The major obstacle in obtaining better understanding of the transient tri-
bochemical nature at the tribological contacts is mainly due to the inability to
probe the contact area directly. Most of the previous studies were carried out
ex-situ after the tribological test is stopped and the contacting surfaces are cooled
down and separated. This alteration of the initial state of the sample brings
about several limitations. Firstly, the surface analysis will be performed under
different conditions from the test environment. This can change the composition
of the newly formed surface film by exposing it to a new environment of different
temperature and relative humidity [24, 33]. Furthermore, it can expose the surface
to adventitious entities or contaminants such as carbon [34], which can attenuate
the measured atomic concentrations depending on the electrons inelastic mean free
path through the elements under study [35]. Secondly, rinsing the surface with a
solvent to remove the excess oil, which is the typical practice before carrying out
the ex-situ analysis especially under ultra-high vacuum (UHV) conditions, can
remove part of the tribofilm layers and hence part of the information can be lost
after washing [36]. Thirdly, the fact that the surface can only be probed after
finishing the tribological test prevents capturing the early stage of the tribofilm
formation. Therefore, it can severely limit our understanding of the dynamical
tribochemical nature of oil additives and conceals the occurrence of any side
reaction and the identification of any precursors or intermediates. Nonetheless,
regardless of these limitations, several ex-situ and in-situ studies examined the
tribological contacts after different shearing times and operating conditions, which
provided significant insights into the complex tribochemistry of the additives
decomposition and the formation of functional tribofilms.

The ex-situ studies were carried out mainly using X-ray photoelectron spec-
troscopy (XPS) [34, 174], Raman spectroscopy [282, 283], Fourier transform
infrared spectroscopy (FT-IR) [251] and X-ray absorption spectroscopy (XAS)
[163, 177]. The XAS studies investigated the reactions of different oil additives
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including ZDDP [29, 128, 284], DDP [128, 180], potassium triborate [285], phos-
phate ester additives [179], and other different organosulphur additives [286].
These studies examined the composition of the formed tribofilms, whether on iron
[258], Al-Si alloys [29, 287] or other coated surfaces [258]. In addition, several
other studies [177, 288] examined the effect of detergents and dispersants on the
decomposition reactions and the synergy between the different oil additives. Some
of these XAS measurements were combined with X-ray photoelectron emission
microscopy (X-PEEM) [89, 163, 285] and Photoelectron Emission Microscope by
Synchrotron Undulator Illumination (PEMSUI) technique [289]. A review of the
different contributions of these various XAS techniques to tribology was provided
by Nicholls et al. [163], which highlighted the importance of XAS especially in
studying the reactions of oil additives and the composition of the formed tribofilms.

Although the majority of the previous studies focused on using mainly ex-situ
techniques, there is also a number of studies that attempted to probe the chemistry
and composition of various materials using in-situ techniques such as vacuum
XPS [290, 291], Raman spectroscopy [282, 292] and Attenuated Total Reflectance
(ATR)-FTIR [293, 294]. However, these techniques have some drawbacks in
addition to their advantages. For instance, despite the surface sensitivity of the
UHV-XPS technique, the need for a high vacuum environment necessitates that
the tribological experiments to be performed in dry condition without the use
of lubricants and additives. The use of Raman spectroscopy can overcome this
problem as the surface analysis can be performed under ambient atmosphere.
However, not all the vibrational modes of the tribofilms constituents are expected
to be Raman active, which depends on the spectroscopic selection rules that
requires a change in the polarizability of the molecule [295]. Furthermore, this
technique has a large sampling depth, which makes it surface insensitive [296]. In
addition, the need to use a transparent sapphire window as one of the counterparts
adds a fingerprint of this material to the acquired data. The sapphire window also
limits the usage of this technique to an inert surface slides past another surface.
The ATR-FTIR technique solves this problem by utilising the total internal
reflection through a germanium crystal that can be coated with a thin iron layer
of few nanometres. Nevertheless, there are certain difficulties associated with
this technique. Due to the ultra-thin coated layer on the crystal, the tribological
tests cannot be performed under severe conditions involving wear, which limits
the technique to mild operating conditions. Another issue with this technique is
related to the possible change in the acquired signal depending on [297]: i) the
refraction index of the germanium crystal, which can change with temperature, ii)
any local variations in the thickness of the Fe coating on the germanium crystal
and iii) the heterogeneity of the tribofilm thickness and composition, which can
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lead to variations in the penetration depth of the evanescent wave and effectively
the sampling depth. These variations can affect both the intensity and chemical
shift of the acquired signal.

In addition to these in-situ techniques, there were numerous studies that
utilised in-situ XAS to study the evolution over time of different materials such
as catalysts [298, 299], electrodes (cathode materials) of metal oxides [300, 301]
and tribofilms of oil additives [162, 238]. Morina et al. [162] and Ferrari et al.
[238] studied the evolution of ZDDP thermal films in-situ after different heating
times using a heating cell combined with XAS. In order to have a surface sensitive
signal, they performed the in-situ experiments in the total external reflectance
mode by tilting the samples to an angle less than the glancing angle.

So far, to our best knowledge, there are no reports on the in-situ evolution of
the tribofilms of oil additives under realistic conditions involving shear between
contacting surfaces using XAS technique. This study aims at developing a
technique that allows examining the composition of these tribofilms in-situ under
the same testing conditions after different shearing times. This should provide a
better understanding of the additives decomposition reactions and their kinetics
without altering the sample condition. As a case study, this newly developed
technique will be used to follow the composition of ZDDP and DDP additives after
different shearing times while keeping the sample at the same testing conditions,
i.e. same temperature and without rinsing the surface or altering its state.

3.9.2 Concluding remarks

Throughout this chapter an overview of the state-of-the-art knowledge of the dif-
ferent aspects concerning the P-based antiwear films of ZDDP and DDP additives
were presented and discussed. At first, a review was provided on the chemical and
physical nature of the antiwear film and the possible reactions during its formation.
It was shown that the P-based additives can decompose in different mechanisms,
i.e. thermally, hydrolytic or oxidative, to form a complex antiwear film consisting
mainly of Zn/Fe, P, S and O. The formation kinetics of these elements are still
not fully elucidated. All the recent studies confirmed that the formed P-based
antiwear films have a patchy layered structure of large and small pads. The large
pads exhibit a great elastic response. The elastic modulus, hardness and thickness
of these pads are not uniform but vary along the surface and depth. As these
properties change substantially from one position to another, this suggests that
they should be considered as local properties rather than averaged values.
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The P-based antiwear tribofilms help protect the contacting surfaces by dif-
ferent mechanisms including the digestion of sharp particles and formation of
sacrificial rigid layers of good mechanical properties, e.g. elasticity and hardness.
There is a lack of studies, however, focusing on the role of the rheological properties
of the P-based tribofilms on their durability and antiwear capability.

A systematic study taking into account the aforementioned factors seems to
be crucial, which should provide better insight into the origin of the superior
antiwear properties of ZDDP and DDP tribofilms in order to be able to optimise
their properties and eventually replace them with more environmentally friendly
additives.





Chapter 4

Materials and methods

This chapter discusses the materials and experimental methods used to study the
tribological, mechanical and rheological properties as well as the composition of
ZDDP and DDP tribofilms under different operating conditions of temperature,
load and rubbing time. The chapter is divided into three main sections. Section
one provides information regarding the materials used in this study and the reasons
behind choosing them. It also describes the synthesis procedure of some standard
P-based glasses that were used in the identification of the different species within
the formed P-based tribofilms. Section two discusses the tribological, mechanical
and rheological measurements utilised to probe the properties of ZDDP and DDP
antiwear tribofilms. In addition, it presents the surface analysis techniques that
were used to examine the composition of the tribofilms. Finally, section three
summarises the most important points discussed throughout the chapter.

4.1 Materials

4.1.1 Oils and additives

Mineral oils used to be the most widely used lubricants for various industrial
applications [3, 302]. However, mineral oils have many disadvantages including
high volatility under high vacuum and low thermal stability, e.g. could oxidise and
loose viscosity above 100 oC and become highly viscous below 0 oC [302]. The need
to improve these limitations to enhance the lubrication reliability pushed towards
synthesising artificial substitutes for mineral oils, which are called synthetic oils.
Amongst these synthetic alternatives, poly-α-olefins (PAOs) are the most widely
used oils [3]. PAOs are formed as a result of the polymerisation of olefins [3],
which are unsaturated hydrocarbons with a formula as depicted in Fig. 4.1.
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Fig. 4.1 Structure of PAO. Reprinted from Stachowiak and Batchelor [3].

The PAO oil used in this study has a density of 830 kg.cm−3 and a viscosity of
18.7 and 4.2 cSt at 40 and 100 oC, respectively, which corresponds to a viscosity
index of 131. Based on this oil, two different formulations were used; one contains
secondary ZDDP whereas the other contains DDP additive. The amount of
additive was added such that the concentration of P in the oil was fixed at 0.8
wt.%.

The model system of PAO with ZDDP antiwear additive has already been
studied extensively in the literature, which makes it ideal choice with good a
priori information related to different aspects of the tribological and mechanical
properties of the formed tribofilms. In addition, the chosen additives are expected
to generate thick tribofilms that possess high viscosity and various degrees of
elasticity. The large thickness of the tribofilm is very crucial to this study as it
enables us to probe the composition of the tribofilm as well as its mechanical and
rheological properties with negligible interference from the substrate.

In order to investigate the kinetics of the decomposition reaction of the P-based
antiwear additives and the early stage formation of P and S species, we needed
to slow down the decomposition reaction. This was accomplished using two
different approaches. The first one was based on using mild operating conditions
of temperature, load and speed, which can delay the thermally and mechanical
assisted decomposition process. On the other hand, the second approach was
based on adding water to the oil, which can hinder the decomposition reaction by
either forming complexes with the additive’s molecules in the oil [33] or competing
with them on the available metal surface [236]. The second approach also enabled
us to investigate the effect of water on the composition of P-based antiwear films.
For this purpose, the fresh PAO-ZDDP oil was tested and compared with oils
having mixed water of 2 wt.%. To assure the homogeneous distribution of water
in the oil, the prepared samples were shaken by hand for one minute then placed
in ultra-sonication bath for 10 minutes. After mixing, a sample of 100 ml to be
used for the tribological tests was placed under vacuum at room temperature until
all the entrapped air bubbles were removed.

The concentration of water in the oil and its evaporation rate were measured
using Mettler KF V30 Karl Fisher titrator by measuring samples of about 3 ml
taken using a syringe from the oil bath of the test after different heating times.
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4.1.2 Standard phosphate glasses

In order to quantify the decomposition species and thus the composition of the
formed P-based tribofilms, several phosphate glasses were synthesised. The glasses
consist mainly of zinc-, iron- and mixed zinc and iron phosphates of a wide range
of chain lengths. The general reaction used to synthesise the different glasses
was based on mixing ammonium dihydrogen phosphate (NH4H2PO4), zinc oxide
(ZnO) and iron(III) oxide (Fe2O3) with certain proportions, as follows:

x1(NH4H2PO4) + x2(ZnO) + x3(Fe2O3) −−→ 1.5x1(H2O) + x1(NH3)

+ 0.5x1(P2O5)x2(ZnO)x3(Fe2O3) (4.1)

where xi is the number of the moles of each reactant i, which values are sum-
marised in Table 4.1 for the different glasses.

The materials used in the synthesis of the phosphate glasses are listed in
Table 4.2 and the synthesis protocol is shown in Fig. 4.2. At first, the reactants
were mixed in alumina crucibles and then placed in high temperature furnace.
The furnace temperature was ramped to 1473 K at a rate of 1.8 K/min. After a
dwelling time of 2 hrs, the glasses were quenched in room temperature. To avoid
crack formation within the glass due to internal stresses, the glass was annealed

Table 4.1 Summary of the operational variables for the tribological tests using MTM.

Glass x1 x2 x3 O/Pa M/Pb

Zn metaphosphate 1.0 0.50 0 3.0 0.50
Zn polyphosphate 0.86 0.57 0 3.16 0.66
Zn pyrophosphate 0.66 0.67 0 3.52 1.02
Zn orthophosphate 0.50 0.75 0 4.0 1.5
Fe poly33-phosphate 1.50 0 0.25 3.0 0.33
Fe poly50-phosphate 1.43 0 0.33 3.24 0.49
Fe poly67-phosphate 1.20 0 0.40 3.50 0.67
Fe poly100-phosphate 1.0 0 0.50 4.0 1.0
Zn25Fe75-phosphate 1.06 0.40 0.07 3.08 0.51
Zn50Fe50-phosphate 1.14 0.20 0.14 3.04 0.42
Zn75Fe25-phosphate 1.24 0.15 0.23 3.18 0.49

a Thermal film with no applied contact pressure.
b Rubbing time of tribofilms. For thermal films outside the wear scar, the

acquisition time should be added.
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Fig. 4.2 Synthesis procedure of zinc-, iron- and mixed zinc-iron phosphate glasses

Table 4.2 List of the materials used in the synthesis of the different phosphate glasses.

Material Supplier Comments
Ammonium dihydrogen
phosphate (NH4H2PO4)

Fisher Scientific purity > 99.9%

Zinc oxide (ZnO) Sigma-Aldrich purity > 99.9%
Iron(III) oxide (Fe2O3) Sigma-Aldrich purity > 99.0%
High-alumina crucibles Sigma-Aldrich capacity 20 mL

Zn phosphate (Zn3(PO4)2)a Sigma-Aldrich purity > 99.99%
a Used for comparison with the synthesised glasses.

to 623 K at a rate of 1.8 K/min for a dwell time of 8 hours. The glass was then
taken out of the oven to cool down at room temperature.

4.1.3 Standard sulphur samples

In order to identify the species formed in the ZDDP or DDP tribofilms, which
apart from phosphorus contain also sulphur species, several sulphur standard
samples were studies using XPS and XANES. This will enable us to have a parallel
comparison with the ex-situ and in-situ data as well as with the available data in
the literature.

The sulphur samples, which are listed in Table 4.3, were obtained in powder
form of high purity typically > 99.9 % except for the naturally occurring minerals
of pyrite and sphalerite. Prior to the surface analysis, the powder samples were
ground and pressed into plates of diameter 5 mm and variable height above 3 mm.
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Table 4.3 List of the materials used in the synthesis of the different phosphate glasses.

Material Supplier Comments
Zinc sulphide (ZnS) Sigma-Aldrich purity > 99.9%

Iron(II) sulphide (FeS) Alfa Aesar purity > 99.9%
Iron disulphide (FeS2) Sigma-Aldrich purity > 99.8%

Pyrite (FeS2) Alfa Aesar Natural minerala
Sphalerite ((Zn,Fe)S) Alfa Aesar Natural minerala

Zinc sulphate monohydrate
ZnSO4 · H2O

Sigma-Aldrich purity > 99.9%

Iron (II) sulphate hydrate
(FeSO4 · xH2O) Sigma-Aldrich purity > 99.9%

Iron(III) sulphate hydrate
(Fe2(SO4)3 · xH2O) Sigma-Aldrich purity > 99.9%

a Purity could not be verified.

Table 4.4 Summary of the operating variables for the tribological tests using the MTM
rig.

Operational variable Value
Material PAO+ZDDP

Temperature (oC) 80
Load (N) 60

Entrainment Speed (mm/s) 35
Water (wt.%) 0, 2

Time (minutes) 2.5, 5, 10, 20, 30, 60, 120

4.2 Experimental methods

4.2.1 Tribological characterisation techniques

The tribological tests were performed in two sets; the first set was carried out
ex-situ using the mini-traction machine (MTM) rig, whereas the second one was
performed in-situ using a newly developed liquid cell coupled with the AFM and
a miniature pin-on-disc tribological rig coupled with XAS. The details of these
techniques will be discussed in the subsequent sections.

4.2.1.1 Mini-Traction Machine (MTM)

To investigate the evolution of the reaction kinetics of the ZDDP and DDP
antiwear additives and the evolution of the composition and structure of the
formed tribofilms, different tests were performed at different rubbing times using
the experimental parameters listed in Table 4.4.
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Fig. 4.3 Schematic of the mini-traction machine (MTM) used to perform all the
tribological tests. It consists of a ball and disc, which can be rotated independently to
achieve different slide-to-roll ratios.

All the tribological tests were performed at a constant realistic temperature of
80oC. The low temperature was chosen in order to slow the decomposition reaction
and to be able to detect the formation of any intermediate species. As rolling
is as important as sliding to engineering applications such as bearing elements,
the Mini-Traction Machine (MTM) rig shown in Fig. 4.3, was used to perform
the tribological tests under rolling and sliding conditions due to its capability
to rotate the ball and disc independently. The spacer-layer imaging method
(SLIM) in MTM rig, which was developed by Cann et al. [303] and is shown
schematically in Fig. 4.4, was used to measure the average tribofilm thickness
after the different rubbing times. The level of slide-to-roll ratio (SRR) for all the
tribological experiments was fixed at 5%, which corresponds to mainly rolling
conditions with a minuscule amount of sliding. Similar to the low temperature,
the low SRR was chosen in order to slow the decomposition reaction to be able
to detect the formation of any intermediate species. The SRR ratio reported in
this work is defined as the ratio of the speed difference (∆U) between the two
contacting surfaces to their average speed, i.e. the entrainment speed, (Ue), as
follows:

SRR % = ∆U
Ue

× 100%

= U1 − U2

(U1 + U2) /2
× 100% (4.2)

where the subscripts 1 and 2 refers to the disc and ball, respectively.
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Fig. 4.4 Measurement of the tribofilm thickness using SLIM accessory of the mini-
traction machine. Reprinted from Kaperick [304].

The ball and disc were made of AISI 52100 bearing steel. The ball, D = 19
mm, and disc, D = 46 mm, are polished and both have a nominal roughness of
about 13 nm. These values are based on the root mean square (RMS) roughness,
which is defined as the RMS deviation of the profile from its mean, which is given
by [305]:

Rq =
[ 1
n

∫ n

0
y2(x)dx

]1/2
(4.3)

The tribological tests using the MTM were carried out at an entrainment speed
of 35 mm/s and a normal load of 60 N, which corresponds to a contact pressure of
1.2 GPa. One way to estimate the lubrication regime under these conditions is by
calculating the λ ratio. This ratio represents the local film variation as a function
of the local surface roughness. In other words, it is the ratio of the minimum film
thickness to the composite RMS surface roughness of the two contacting surfaces,
as follows [306]:

λ = h0(
R2

q1 +R2
q2

)1/2 (4.4)

where h0 is the minimum film thickness [m] given by [307]:

h0 = 3.63
(
Ueη0

ErR′

)0.68
(αE ′)0.49

(
W

ErR′2

)−0.073 (
1 − e−0.68k

)
R′ (4.5)

where η0 is the viscosity of the lubricant at atmospheric pressure [Pa.s], R′ is the
reduced radius of curvature in the direction of rolling [m], W is the contact load
[N] and k is the ellipticity parameter, which is the ratio between the semi-axis
of the contact ellipse in the transverse direction [m] and the semi axis in the
direction of motion [m], and α is the pressure-viscosity coefficient [m2/N], which
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Fig. 4.5 Stribeck curves of PAO-ZDDP oil after different rubbing times (min). The
dashed gray line indicates the speed of 35 mm/s at which all the tribological tests were
performed.

can be estimated using the following empirical relation [3]:

α = [0.6 + 0.965 log10 (η0/1000)] × 10−8 (4.6)

Er in Eq. (4.5) is the reduced Young’s modulus [Pa], which is defined as:

1
Er

= 3
4

(
1 − ν2

1
E1

+ 1 − ν2
2

E2

)
(4.7)

where E is the Young’s modulus and ν is the Poisson ratio. The subscripts 1 and
2 refer to the ball and disc, respectively.

Based on the above relations, h0 and λ were estimated to be 1.1 nm and 0.06,
respectively. As λ ≪ 1, it is expected that the lubrication regime is boundary.
However, this is only valid in the beginning of the tribological test because surface
smearing and wear can occur during the running-in period due to the asperity
interactions, which can change the surface roughness and hence the lubrication
regime. Nevertheless, it was estimated that even if the surface roughness of the
disc and ball drops from 13 nm to 3 nm, λ is still much below 1, i.e. 0.27, and
hence the lubrication regime is still boundary. To validate this estimation, different
Stribeck curves, which are shown in Fig. 4.5, were obtained after different rubbing
times. It is evident that for the chosen speed of 35 mm/s the lubrication regime
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remains boundary during the whole period of the tribological test, i.e. 120 minutes.
Based on these curves, it is clear that the lubrication regime remains boundary
over the different rubbing times as long as the entrainment speed is less than 40
mm/s.

4.2.1.2 Development of a new AFM liquid cell

To investigate the structural and textural evolution of the P-based tribofilms at
the microscopic scale, a new setup was developed, which is shown in Fig. 4.6 for
evaluating these properties over time while performing in-situ tribotests. The setup
consists of a Dimension Icon Bruker AFM equipped with an in-house developed
liquid cell. The cell consists of an aluminium body where the sample under study,
i.e. a disc of average Rq roughness of 12 nm, can be fixed using M4 bolt in the
centre. This was enough to fix the sample and avoid any drift due to the high
contact pressures used during the in-situ tests. The liquid cell itself was mounted
on the AFM stage using four magnets. Two cartridge heaters (Watlow, UK)
were used to heat the cell, which were inserted inside at a distance 3 cm apart.
The two heaters were needed in order to avoid any microflow due to thermal
variations within the oil. This effect was also minimised by limiting the oil volume
to less than 3 ml through reducing the size of the liquid cell. The temperature
of the cartridge heaters were controlled using a PID controller (Watlow, UK)
through a closed loop algorithm with two thermocouples integrated in the heaters.
Furthermore, one external thermometer was used frequently to double check the
temperature of the oil.

The AFM cantilevers used in the in-situ tests are all of RTespa 300 type
(Bruker, USA). The cantilever is made of antimony (n) doped Si and is rectangular
in shape with length, width and thickness dimensions of 125 × 40 × 3.4 µm3. An
additional layer of 40 nm of reflective aluminium is coated on the backside of the
cantilever in order to enhance the laser signal. The cantilever has a nominal spring
constant of 40 N/m and a resonant frequency of 300 kHz. The high spring constant
was needed in order to be able to apply large contact forces that are sufficient to
form adequate volume of the tribofilm within a reasonable period of time. However,
the large stiffness can compromise the sensitivity of the cantilever, which is needed
in order to have a large deflection at small forces [83]. The cantilever sensitivity
was measured using force curves obtained on a hard substrate, i.e. a sapphire
sample, before, during and after the in-situ tests following standard procedures
described elsewhere [83, 113]. Nonetheless, a brief description is provided here for
completeness. Fig. 4.7 shows a schematic of a laser beam deflected from the AFM
cantilever and detected by a position sensitive detector (PSD). The deflection
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Fig. 4.6 The Dimension Icon AFM (Bruker, USA) and the in-house developed liquid
cell used in performing the in-situ tribotests.

of the cantilever Zc can be related to the difference between the initial and final
voltages or currents of the PSD before and after the deflection occurs ∆PSD using
the following relation:

Zc = Lc

3d∆PSD = FL3
c

3Ewctc
(4.8)

where F is the force applied to the probe, E, Lc, wc, tc are the Young’s modulus,
length, width and thickness of the cantilever, respectively, and d is the distance
between the end of the cantilever and the PSD.

The ratio Lc/3d dictates the cantilever sensitivity. However, this cannot be
determined accurately as there is large uncertainty related to the exact values of
Lc and d. One way to determine the cantilever sensitivity is to perform a force
curve on an infinitely hard substrate. On this hard surface, Zc should have a
linear relation with ∆PSD. This is not the case if a soft substrate is used, which is
demonstrated in the inset of Fig. 4.7.

From Eq. (4.8), the possible ways to increase the cantilever sensitivity are
through having: i) long and thin cantilever, ii) soft cantilever of small Young’s
modulus, iii) short distance between the end of the cantilever and the PSD, or
iv) large forces applied to the probe. Another way to increase the sensitivity is
to coat the backside of the cantilever, i.e. opposite to the tip, with a reflective
coating. As mentioned before, the cantilevers used in this study has aluminium
reflective coating that helps increase the laser signal by up to 2.5 times.

The cantilever tip, which is made of the same material as the cantilever, is a
three-sided pyramid in shape with a nominal height of 12 µm and nominal radius
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Fig. 4.7 Schematic of the light lever used to detect the deflection of the AFM cantilever.
The inset shows the difference in response between soft and hard samples. Adapted
from Butt et al. [83].

of 8 nm. It should be noted that all the numeric values noted here are based on
the manufacturer’s specification and thus certain deviation is expected in these
values.

The in-situ tests were performed using a multi-pass two-directional raster
scanning. The number of sliding cycles varies from one test to another but the
exact values are reported when the data are discussed. The rubbing speed of the
AFM during the in-situ tests was fixed at a rate of 200 µm/s scanning an area of
5 × 5 µm2. After a specific number of cycles, the tribotests were interrupted to
capture high quality AFM images of an area of 10 × 10 µm2, which is centred
around the rubbed area. These were captured at a low contact force < 100 nN, and
a speed of 40 µm/s. The scanning angle throughout the tribotests and imaging
was fixed at 90o, i.e. perpendicular to the axis of the cantilever, in order to collect
friction maps of the surface.

Smith et al. [308] suggested that probing the sample properties using large
beads, e.g. 5 µm, is better than using sharp AFM tips. The large bead makes
larger contact area than the traditional AFM tip, which reduces the contact
pressure and thus preserves the sample from wear. In addition, using a spherical
bead gives a well-defined contact area, which in the case of the AFM tip is hard to
determine. The main limitations of using beads are related to the lengthy waiting
period before any tribofilm is detected in addition to the reduction in the lateral
resolution. As we aim at studying the morphology evolution of the tribofilms,
a high lateral resolution is required, which deems the option of using colloidal
cantilevers with beads inadequate for the purpose.
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To examine the role of the chemo-mechanical nature of the substrate in
the adsorption and decomposition of the P-based antiwear additives, the same
procedure discussed above was repeated for different surfaces including AISI 52100
bearing steel, non-doped (a-C:H) DLC coating and different glasses of zinc-, iron-
and mixed zinc-iron phosphates. This along with the different additives used,
i.e. ZDDP and DDP, will also enable us to study the role of cations in the
decomposition of the antiwear additives and the formation of their tribofilms.

The Cr:WC:a-C:H DLC coating consisted of a Cr base layer and an a-C:H top
layer. In between these two layers, a graded interlayer of WC was deposited in
order to improve adhesion and grading of the mechanical properties between the
two materials. The coating was prepared using a hybrid magnetron sputtering
and plasma enhanced chemical vapour deposition (PECVD). The deposition
temperature during the entire process was lower than 200 oC. At first, prior to
any layer coating, a Plasma Surface Engineering (PSE) step was used to etch and
clean the substrate using a bias etching voltage of -200 V through a W filament
plasma source for 45 min. Afterwards, the Cr coating layer was deposited using
reactive magnetron sputtering for 25 min without surface bias. Immediately
after the previous step stopped, acetylene gas was introduced to begin the a-C:H
layer deposition using PECVD for 150 min using a surface bias of -780 V. This
procedure resulted in an overall coating thickness of 2 ± 0.3µm with a hardness
of about 70 on Rockwell scale.

4.2.1.3 Development of a new in-situ XAS tribometer

The complex tribochemical nature of lubricated tribological contacts is inaccessible
in real time without altering the initial state of the contacting surfaces. To
overcome this limitation, a new design of a pin-on-disc tribological apparatus
was developed and combined with synchrotron X-ray absorption spectroscopy
(XAS). Using the newly developed rig, it is possible to study in-situ the transient
decomposition reactions of various oil additives on different surfaces under a
wide range of realistic operating conditions of contact pressure (0.5 - 3.0 GPa),
temperature (25 - 120 oC) and sliding speed (30 - 3000 rpm or 0.15 - 15 m/s).

The design of the tribotester is shown in Fig. 4.8. In this pin-on-disc apparatus
the disc is rotating and the pin is stationary. The rotation of the disc is achieved
using an Electronically Commutated (EC) flat brushless motor (Maxon Motor,
Switzerland) of 12 pole pairs. The motor has a nominal torque of 0.444 Nm, which
is larger than the calculated needed torque of 0.25 Nm at 50 N maximum load
and thus there was no need to use a gearbox. The motor has a diameter of 90 mm
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and a velocity range of 30 – 3000 rpm, or 0.15 – 15 m/s calculated at the central
diameter of a wear scar of 97.5 mm. The control of the position and speed of
the rotor was performed in a closed loop mode using a MILE digital incremental
encoder (Maxon Motor, Switzerland), which has a resolution of 6400 counts/turn.
The speed resolution at zero load condition was better than ±0.1 rpm (0.5 mm/s)
whereas at 50 N it was better than ±0.5 rpm (2.5 mm/s), which was verified by
monitoring the real speed of the motor read by the encoder at 30, 50, and 100
rpm.

The disc has a standard dimension of 1 mm thickness, 110 mm outer diameter
and 85 mm inner diameter. The large size was chosen in order to increase the
curvature of the wear scar and thus make it easier to be identified. In addition,
the large size allows a larger area of the wear scar to be scanned during the XAS
experiments and thus obtaining a more accurate averaged signal. The disc was
fitted on a lower extruded surface of 1.9 mm depth and 85 mm diameter on the
disc holder. To secure the disc, a fixture of a washer shape with a 1 mm protrusion
at its outer diameter was screwed to the disc holder and tightened on the disc.
The disc holder itself was closely fitted to the motor shaft in order to maximise
the power transfer efficiency and reduce the backlash.

The pin of the apparatus consists of a ball fixed at one face without any
allowed rotation using an M5 socket head cap screw. The standard size of the
ball that was used during the XAS experiments was 5.5 mm, although smaller
and larger sizes, i.e. 5, 6 and 6.5 mm, can be permitted as well.

The oil reservoir containing the disc and its holder was heated using two
300 W FIREROD cartridge heaters (Watlow Electric Manufacturing Co., USA)
of 1/4′′ diameter and 4′′ length. These heaters were controlled in a closed-loop
mode using an EZ-ZONE controller of two integrated PID channels (Watlow
Electric Manufacturing Co., USA). The temperature of the oil was measured
using two K-type thermocouples embedded in the middle location of the cartridge
heaters. Using two thermocouples instead of one insures the homogeneity of
temperature throughout the oil reservoir by controlling the temperature at two
different locations.

The load was applied using calibrated slotted test weights on a hanger attached
to the end of a loading arm. The alignment of this arm and the apparatus was
checked using an electronic spirit level (Magnetic DXL360S Digital Protractor
angle finder, 360° inclinometer), which has a resolution of 0.01o, accuracy of 0.05o

and measuring range of 360o for a single axis and ±40o for dual axis.
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Fig. 4.8 Schematic of a) the assembly and b) a cross-section of the tribological apparatus
used in the in-situ XAS experiments. The synchrotron X-ray incident beam and the
XRF and XAS detector are also shown in a). The detector is placed in the vertical
geometry at a right angle relative to both the incident beam and the tribological surface.
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The friction force was measured using two different load cells depending on
the estimated friction force, i.e. high load cell for forces > 1.0 N and low load
cell for forces ≤ 1.0 N. The high load cell was a compression load cell (Phidgets
Inc., Canada) of a load capacity ranging from 0 to 4.5 kg. Fig. 4.9 shows the
friction force calibration curve of the cell. In the range of the measured loads, the
output voltage appears to increase linearly with the added weights with a slope of
0.9 V/Kg, which is slightly different from the one of 1.0 V/Kg suggested by the
manufacturer. The creep of the cell was found to be ± 0.5 mV/hr, which is within
the suggested long term deviation creep of 5 mV, i.e. about 50 g, suggested by the
manufacturer. For small friction forces ≤ 1.0 N, a shear load cell (Phidgets Inc.,
Canada) was used, which has a load capacity ranging from 0 to 100 g. Fig. 4.9
shows the friction force calibration curve of this cell. In the range of the measured
loads, the output voltage was directly proportional to the added weights with
a slope of 0.517 V/g. The output voltage signal was amplified and conditioned
using a Wheatstone bridge amplifier (Phidgets Inc., Canada). The maximum
uncertainty in the measured load due to the non-linearity, hysteresis and creep
of the load cell was better than ±50 mg, as suggested by the manufacturer and
verified experimentally.

The counterbodies consisted of a ball, which is stationary and free of rolling,
and a disc, which rotates with the motor. The disc has a diameter of 110 mm
and was made of spring steel (AISI 1074 / SAE 5165) of average hardness of 47
on Rockwell scale. The ball has a diameter of 5.5 mm and was made of grade 100
hardened steel (AISI 52100) of average hardness of 64 on Rockwell scale.

The Cr:WC:a-C:H DLC coating consisted of a Cr base layer and an a-C:H top
layer, which was the same recipe discussed in section 4.2.1.2 used for the in-situ
AFM tribotests.

The experimental conditions during the in-situ XAS experiments are sum-
marised in Table 4.5. The sliding speed for all the listed tests was fixed at 50
rpm. The large contact pressure, low sliding speed and low hardness of the disc
compared to the ball suggest that a clear wear scar should appear on the disc,
as the experiments were performed in the boundary lubrication regime in which
asperity-asperity contact occurs. This was verified by the visual inspection of the
disc even after a few seconds of shearing.

The experiments were performed under helium environment. The choice of
helium is advantageous in many ways. The low atomic number helium reduces
absorption of low-energy phosphorus and sulphur fluorescence signals. In addition,
owing to its unique characteristics of being colorless, odorless, non-toxic and
non-flammable gas it can be used at ambient and high temperatures without
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Table 4.5 List of the experimental conditions during the in-situ XAS measurements.

# Counter surfaces Additive T (oC) P (GPa) Duration
1 Steel ball/Steel disc ZDDP 80 -a 2.5, 5, 10, 20, 30,

60 minb2 Steel ball/Steel disc ZDDP 80 2.2
3 Steel ball/Steel disc ZDDP 80 1.0
4 Steel ball/Steel disc DDP1 80 1.0 6s, 30s, 1 min,

2.5 min, 5 min,
10 min, 20 min

5 Steel ball/Steel disc DDP2 80 1.0
6 Steel ball/Steel disc ZDDP 25 1.0
7 DLC ball/Steel disc ZDDP 80 1.0
a Thermal film with no applied contact pressure.
b Rubbing time of tribofilms. For thermal films outside the wear scar, the

acquisition time should be added.

health risks. Furthermore, helium is an inert gas and thus it is not expected to
interact or react with the metal surface or the oil and its additives. The helium
environment also helps exclude water contamination, which originates from the
humidity carried by the ambient air, from affecting the chemical reactions under
study. Although this is different from the real testing conditions that are affected
by the presence of oxygen and water, it helps understanding the fundamental
reactions with less complexity by excluding these factors. The initial theory
regarding the decomposition mechanisms of ZDDP suggests that they can be
thermal [137, 144], thermo-oxidative [28, 118], hydrolytic [137] or hybrid. Focusing
our attention on one mechanism only, i.e. thermal, helps understanding the extent
of contribution of the other mechanisms by comparing our results with the ones
reported in the literature under more realistic conditions.

During the acquisition of the XANES spectra, shearing was stopped but the
temperature control was maintained. Although for real in-situ experiments the test
conditions should not be altered, stopping shearing during the spectra acquisition
was performed in order to obtain time-resolved information both inside and outside
the wear scar. This is a first step towards a complete in-situ technique by acquiring
the signal while the disc is rotating, which is planned for the next beam time.

The location of the wear scar on the disc was identified by elemental mapping
of P and S using scanning micro-X-ray fluorescence (XRF) mapping, as shown
in Fig. 4.11 plotted using PyMca Application (version 5.1.1). The maps were
acquired from an area of 1.75 mm x 0.40 mm by moving the tribotester in the
lateral direction (x), in the horizontal plane perpendicular to the incident beam,
from −0.40 mm to 1.35 mm with a step size of 0.01 mm and changing its height
along the y-axis, in the vertical plane, from −0.80 mm to −1.20 mm with a step
size of 0.02 mm. The mapping was performed using an excitation energy of 2600
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Fig. 4.11 XRF maps (1.75 x 0.40 mm2) of the distributions of P (left) and S (right)
elements found on the disc after 10 minutes of shearing time. The maps were captured
by scanning the disc surface in the lateral direction along lines of 1.75 mm and in the
vertical direction at different heights of 0.4 mm relative to the incident beam. The
schematic of the right-angled triangle abc (not to scale) was used to identify the size of
the areas considered inside and outside wear scar.

eV, which is sufficient to observe the K shell peaks for both P and S elements of
interest as it is about 300 eV higher than the maximum kα emission energy of P
(2010 eV) and S (2309 eV). The energy window for the kα P peak was defined
between 1880 eV and 2100 eV whereas for the kα S peaks was defined between
2200 eV and 2400 eV. During acquisition, the data were analysed online through
the GDA (Generic Data Acquisition) software (version 8.34) associated with beam
I18 by fitting the spectra with Gaussian peaks at the regions of interest and
subtracting the background using a linear fit.

The regions considered inside and outside the wear scar as specified in Fig. 4.11
were determined based on the diameter of the wear scar and footprint of the beam.
As the rig is designed such that the ball shears the disc in the middle region
between its internal and external diameters, this results in a wear scar diameter
of 97.5 mm measured from the centre of the disc. Taking into account that the
rig was at a glancing angle of 2o, and the width and length of the incident beam
were 50 µm and 200 µm, respectively, this produced a beam footprint of 50 µm x
2800 µm on the disc. Due to the large diameter of the wear scar, the region inside
the wear scar can accommodate a beam footprint up to 6.2 mm. To insure that
the signal is within the wear scar without overlapping with regions from outside,
the beam was centred on the middle point of the wear scar at the brightest and
furthest spot to the left of the disc, as shown in Fig. 4.11. The region outside
the wear scar was selected to be at the same y-coordinate of the region inside the
wear scar, i.e. same sample height, but with an x-coordinate greater than 0.5 mm.

After the XFR maps acquisition and sample positioning, the XAS spectra of
P and S k-edges were acquired in two locations, i.e. one inside and one outside
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the wear scar, which took typically about 15 minutes per scan. The scans were
repeated 3 times to obtain a better signal to noise ratio, although a good ratio was
also obtained using a single scan only. The scanning parameters of the pre-edge,
edge and post-edge regions of S and P k-edges were as follows. The pre-edge
energy step was fixed to 3 eV with a time step of 0.5 s. The edge energy step was
fixed at 1 eV with a time step of 0.5 s. Finally, the EXAFS step was set to a high
resolution of 0.1 eV with a long time step of 3 s in order to obtain a better signal
for data fitting and analysis. Finally, Athena software (version 0.9.24) was used
to correct the background and normalise the acquired data following standard
procedures suggested by Ravel and Newville [309].

4.2.2 Mechanical characterisation

The mechanical properties of the tribofilm, which are related to its durability
and tenacity, were quantified by following the evolution of the structure of the
tribofilm over different levels of contact pressure. However, in order to avoid any
contribution from the tribofilm growth under the applied high contact pressure,
these experiments were performed by shearing mature tribofilms at ambient
temperature of 25 oC using fresh base oil that does not contain any antiwear
additive. The applied contact pressures ranged from 2.0 to 7.0 GPa following the
same procedure described earlier for generating the tribofilms.

Another set of experiments was also used to quantify the adhesion, dissipation,
deformation and elasticity of the tribofilm using the AFM force-distance curves,
as shown schematically in Fig. 4.12. These data were collected in-situ during
different stages of the tribofilm formation. The procedure itself is considered
the least destructive to the AFM probe and tribofilms of all the AFM modes
[310]. This can be easily demonstrated by examining the way this mode works.
Following Fig. 4.12, at point A the AFM tip is still away and not touching the
surface. When the tip approaches the surface, the attractive forces, e.g. van der
Waals, electrostatics and capillary forces, grow until they overcome the stiffness of
the cantilever and pull the tip down towards the surface at point B, which is called
the snap-in point. At this point, the tip stays on the surface accompanied by a
rise in the normal force and deformation until the Z-position of the modulation,
represented by a dashed line in Fig. 4.12, reaches its lowest position at point C.
This is the position at which the peak force occurs. After reaching the peak force,
the cantilever starts to retract while the tip is still attracted to the surface due to
adhesion and other short range forces. At point D, which is called the pull-off
point, the cantilever’s pulling force overcomes the short range forces and the tip
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Fig. 4.12 Force curves using PeakForce QNM mode and the procedure to calculate
deformation, dissipation and elastic modulus. Reprinted from Pittenger et al. [310].

is released from the surface. Fig. 4.12(iii) illustrates how the different mechanical
properties, i.e. adhesion, dissipation, deformation and elasticity of the sample,
are extracted from force-separation curves analysed in real time. Young et al.
[110] compared the capability of this method to measure the Young’s modulus of
different materials as compared to nanoindentation. The study showed that the
two methods give in essence similar results for most of the tested samples.

4.2.3 Rheological characterisation

The rheological properties of the P-based antiwear tribofilms were mainly quanti-
fied using the AFM. In order to obtain these properties, several considerations
were taken into account. First, the geometry of the tip-substrate counterbodies
was simplified to a plate-plate geometry without a direct contact between them
but separated by the tribofilm, as depicted in Fig. 4.13. This is especially true for
worn tips and for tribofilms of thickness larger than the substrate roughness, i.e.
> 10 nm. It follows from the previous point that the gap between the upper and
lower plates can be taken as the tribofilm thickness. At the limiting case of small
gaps, viscosity is not affected by the shear rate but by the shear stress despite the
apparent increase in the measured viscosity with the gap [311]. The interfacial
shear stress was estimated to be only dependent on the friction coefficient and
contact pressure, i.e. σ = µP .

Taking into account the above considerations, the rheological properties of the
ultra-thin P-based tribofilms were quantified using creep experiments in which
a fixed stress is applied and the resulting deformation is observed. This was
discussed in detail in section 2.2.2. In the creep experiments performed in this
study, the AFM tip applies a constant stress via contact pressure on a certain
initial area of the formed tribofilm, which undergoes deformation and flowability
in the lateral direction. Therefore, following the area evolution of the tribofilm
as compared to its initial area under the AFM tip would result in obtaining the
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Fig. 4.13 Schematic of the squeeze flow between two parallel plates assuming constant
volume just before applying the constant load (left) and after a certain squeeze time
(right). In case of constant area, the starting geometry is similar to the image on the
right.

strain evolution. The creep compliance can then be found by dividing the strain
by the applied stress given by the contact pressure multiplied by the friction
coefficient, assuming the two are constant. In the limit of linear viscoelasticity,
the creep compliance J(t), can be defined as:

J(t) = J0 + JRψ(t) + 1
η0
t (4.9)

where J0 is the instantaneous creep compliance, JR is the total recoverable
compliance and ψ(t) is the delayed elasticity function, which is zero at time zero
and one for t −→ ∞.

Another independent method based on squeeze flow analysis was also used
to estimate the viscosity of the P-based tribofilms. This analysis is based on
squeezing the formed tribofilm between two parallel plates, e.g. AFM tip and
substrate, using a fixed volume or area assumption, as depicted in Fig. 4.13. The
fixed area formulation estimates the Newtonian viscosity µ by following the gap
evolution H(t), i.e. the tribofilm thickness, between the two plates as follows
[312]:

H(t) = H0

(
1 + 4H2

0F0t

3πµR4

)−1/2

(4.10)

whereas the fixed volume assumption predicts the change in the film thickness to
evolve over time as follows:

H(t) = H0

(
1 + 8H2

0F0t

3πµR4
0

)−1/4

(4.11)
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where H0 is the initial tribofilm thickness just before applying load F0, H(t) is the
tribofilm thickness over time, R0 is the initial radius of the squeezed film, which for
the fixed area method can be taken as the tip radius, and R(t) = R0(H0/H(t))1/2.
In the case the area between the AFM tip and substrate can be assumed to
be always covered with the tribofilm, the constant area method can be applied
otherwise the fixed volume method can be more appropriate.

4.2.4 Surface analysis techniques

Each surface analysis technique can provide complementary information regarding
the composition and structure of the different products in the formed tribofilms
[157]. Thus, in order to probe the different properties of the antiwear films
completely, there is a need to combine the results of multiple surface analysis
techniques, e.g. Raman, XAS and XPS [157, 166]. Therefore, the surface analysis
performed in this study used a combinatorial approach utilising a wide range of
experimental techniques, which are discussed in detail in the subsequent sections.

4.2.4.1 Raman spectroscopy

Raman spectra were performed using a Renishaw InVia Raman microscope, as
illustrated in Fig. 4.14. The excitation laser used has a wavelength of 485 nm. The
laser spot has high spatial resolution < 1 µm. The acquisition range was in the
200–2000 cm−1 region where all the tested antiwear films showed relevant features
in their Raman spectra. The acquisition time was fixed at 400 s using 5 and
10% laser power. The low laser power was chosen to avoid sample degradation.
The temperature of the measurements was controlled at 25 oC and the relative
humidity was about 35% in uncontrolled humid atmosphere. Before performing
the experiments a quick calibration using a Si(100) target was performed to check
the Si peak is at 520 cm−1. Different types of spectra were acquired. This included
single scans of points of interest. In addition, map scanning was also performed
on regions of interest. One of these regions was across the wear scar to check the
heterogeneity of the tribofilm composition.

After acquiring Raman spectra, several pre-processing techniques were imple-
mented on the acquired spectra. The first one was baseline subtraction using
smooth spline that kept all the data points above zero. Certain degree of smooth-
ing was required, which was performed using Savitzky–Golay smoothing filter
based on the least-squares fitting of polynomials to segments of the data. After
smoothing the data, the spectrum was fitted with different Gaussian peaks using
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Fig. 4.14 Schematic illustration of the basics of Raman spectroscopy.

WiRE 3.4 software from Renishaw. Assignments to these peaks were done based
on the available literature. For P-based additives such as ZDDP, a recent study
summarised these assignments [283]. We also used the synthesised samples of
zinc, iron and mixed zinc and iron phosphate glasses to determine the peaks
assignments.

After these steps, the data can be presented in different ways, e.g. maps of
intensity, full width at half maximum (FWHM) or Raman shift of a certain peak.
Another way of getting meaningful information is to plot the Raman shift of a
certain peak of interest versus its FWHM [313].

4.2.4.2 X-ray Photoelectron Spectroscopy (XPS)

The XPS surface analysis was performed using a PHI (Model 5000) Versa Probe
spectrometer (ULVAC-PHI, Chanhassen, MN, USA), as illustrated in Fig. 4.15.
The X-ray source used to collect all the spectra is a monochromatic Al Kα (23.7
W, 1486.6 eV), which has a beam diameter of 100 µm. The source analyser angle
at which the photoelectrons were collected was fixed at 45o. A survey scan and
high resolution scans of six regions of interest, i.e. C1s, O1s, Fe2p, P2p, Zn2p
and S2p, were acquired simultaneously for all the samples at four locations, i.e.
three inside and one outside the wear scar. Zn 3s signal was acquired within the
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Fig. 4.15 Schematic illustration of the basics of XPS.

Table 4.6 The acquisition parameters used during the XPS high resolution scans.

Element Lower end (eV) Width (eV) No. sweeps Step size (eV)a

C1s 277 20 30 0.05
Fe2p 702 20 20 0.05
Fe3s

b 82 29 30 0.05
O1s 525 16 10 0.05
P2p

c 126 20 30 0.05
Zn2p 1015 16 10 0.05

ZnLMM 480 35 15 0.05
V alenceb -5 40 30 0.05

a For the standard Fe- and mixed Zn-Fe phosphate glasses, the step size was
increased to 0.1 eV to avoid degradation.

b Acquired only in the case of standard phosphate glasses.
c The same scan includes Zn3s.

same region of P 2p. For the standard phosphate glasses, Fe 3s and the valence
band regions were also scanned. A summary of the acquisition parameters used
during the XPS high resolution scans is presented in Table 4.6. The survey scans
were carried out in a fixed analyser transmission (FAT) mode using a pass energy
of 187.85 eV and an energy step size of 0.5 eV. The high resolution spectra were
also acquired in FAT mode but using a pass energy of 46.95 eV and an energy
step size of 0.05 eV. The energy step size was increased to 0.1 eV in the case of
Fe- and mixed Fe-Zn-phosphate glasses in order to avoid degradation. During the
different signal acquisitions, the pressure of the main ultra-high vacuum chamber
was below 1.0 × 10−7 Pa.

Depth profiles were obtained by sputtering the samples using Ar source. The
sputter energy was fixed at 2.0 keV. During the sputtering procedure, an electron



4.2 Experimental methods 115

Table 4.7 The fitting parameters used in the analysis of the high resolution XPS
spectra.

Element Assignment B.E. (eV) FWHM (eV) Line shape

C1s

Aliphatic 285 1.2–1.4 GL(60)
C−O 286–287 1.2–1.4 GL(60)
C−−O 288–289 1.2–1.4 GL(60)

Fe2p

Fe metal 706–707 0.9–1.1 GL(60)T(0.8)
FeO 709–710 2.4–2.8 GL(60)T(0.8)

Fe2O3 712–713 2.4–2.8 GL(60)T(0.8)

O1s

FeO 529–530 1.4–1.6 GL(30)
NBO 531–532 1.4–1.6 GL(30)
BO 532–533 1.4–1.6 GL(30)

P2p
Phosphate 133–134 1.6–1.8 GL(30)
Phosphate 134–135 1.6–1.8 GL(30)

Zn2p Phosphate 1022-1023 1.6–1.8 GL(65)
Zn3s Phosphate 140–141 2.2–2.6 GL(60)

ZnLMM

1G 498–500 2.5–3.0 GL(30)
3F 495–496 2.5–3.0 GL(30)

neutraliser was active in order to compensate for any charge accumulation on the
surface of the sample.

The analysis of the spectra was performed using CasaXPS software (v2.3.17).
The background baseline of all the signals was subtracted using a standard Shirley
background line type. As Fe2p, P2p, S2p and Zn2p have a spin-orbit splitting,
which means that the total signal is formed of a doublet of 2p 3/2 and 2p 1/2,
only the prominent signal of 2p 3/2 was reported in this study.

The deconvolution of the different components within all the signals was
performed by fitting them with peaks having Gaussian/Lorentzian product formula
line shape. The different parameters and constraints used for fitting the spectra
and the assignments to these peaks are listed in Table 4.7, which were obtained
based on the available literature [183, 190, 192, 194, 314, 315] and our synthesised
standard phosphate glass samples of similar composition to the P-based tribofilms
as listed in appendix B. As a quick calibration procedure to compensate any
charging during data acquisition, the difference between the measured binding
energy of the aliphatic component (C–C, C–H) of C1s signal and its expected value
at 285.0 eV was used to shift the binding energy of the other signals. Furthermore,
an additional calibration was performed, using the method proposed by Smith
[35], to account for the effect of the adventitious hydrocarbon contamination layer
on the surface of the samples on the intensity of the signals of interest.
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It should be noted that Raman and XPS were used after cleaning the sample
with heptane. Several studies [36, 199] investigated the effect of rinsing on the
physisorbed and chemisorbed layers of antiwear films. For instance, Dacre and
Bovington [199] found that certain types of solvents, e.g. hexadecane, did not affect
these layers whereas other solvents, e.g. methanol, removed only the physisorbed
layers but not the chemisorbed ones. This suggests that in the worst-case scenario
only the physisorbed layers will be removed but the rest of the tribofilm will stay
intact, which was also concluded by Bec et al. [36]. Therefore, it can be stated
that rinsing is expected to have some effect on Raman or XPS spectra especially
in the case of studying the coverage of the tribofilm. However, this effect is not
expected to be significant.

4.2.4.3 X-ray Absorption Spectroscopy (XAS)

The XAS experiments were performed using the I18 microfocus spectroscopy
beamline at the Diamond Light Source – Oxford (UK). The technical details of
this beamline were discussed in detail by Mosselman et al. [316]. The I18 has an
X-ray beam of a high spatial resolution of 2 µm x 2 µm and energy range between
2.05 keV and 20.5 keV. The high spatial resolution of this beamline allows the
analysis of heterogeneous samples such as ZDDP tribofilms by providing insight
into the local variations in composition. The P and S k-edges were acquired
using the fluorescence yield (FY) mode. The fluorescence detector (Hitachi, USA),
which was positioned vertically at a distance 20 cm above the sample, was a four-
element Vortex-ME4 silicon drift detector with Xspress3 electronics processing
(Quantum Detectors, UK). It should be noted that the vertical geometry of the
detector relative to the surface can have a detrimental effect on the acquired signal
especially for thick and concentrated samples. It can increase the elastic and
Compton scattering by at least one order of magnitude, which can result in an
overall decrease in the signal-to-noise ratio and deterioration of the peaks heights
[317]. However, although the vertical geometry worsens the inevitable attenuation
of the signal amplitude, it has a negligible effect on the energy shifts. Thus, for
comparing the positions of different peaks under the same conditions, the vertical
measurement geometry is sufficient.

As in the FY mode, X-ray beam can easily penetrate the formed tribofilm,
which has a few tens of nanometres thickness, the technique is mostly considered
surface insensitive. However, the surface sensitivity can be largely increased by
aligning the sample below the critical glancing angle relative to the incident beam.
This results in a total external reflection with an evanescent wave interacting with
only a few nanometres, i.e. less than 10 nm, of the surface layers and decaying
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Fig. 4.16 Penetration depth as a function of the glancing angle for smooth and rough
surfaces calculated at the k-edge of S and P. The vertical dotted line marks the average
critical angle for total external reflection for both P and S.

exponentially with the penetration depth. The critical angle θc can be given by
[318]:

θc =
√
NAρreλ2f 0

1 (λ)
Aπ

(4.12)

where NA is Avrogado’s number (6.022×1023 atoms/mol), ρ is the density (g/cm3),
A is the atomic mass (g/mol) of the probed element, re is the classical electron
radius (2.818 × 10−13 cm), λ is the wavelength (cm) of the incident beam and
f 0

1 (λ) is the real part of the complex atomic scattering factor, which for primary
X-rays can be approximated to the first order by the atomic number Z of the
target. Using a simplistic assumption that the tribofilm consists mainly of sulphur
(ρ = 2.1 g/cm3) or phosphorus (ρ = 1.8 g/cm3), equation (Eq. (4.12)) suggests
that the average critical glancing angle is less than 0.73o, as shown in Fig. 4.16,
for both P and S at their average k-edge of 2150 eV and 2473 eV, respectively.
A more realistic assumption that the ZDDP tribofilm consists mainly of zinc
polyphosphate [7] (ρ = 3.3 g/cm3 [319]) suggests a critical glancing angle of 0.80o.

Another parameter that is as important as the glancing angle is the penetration
depth of the incident beam into the probed sample. The probed penetration depth
z at any angle α1 around the critical glancing angle is given by [318]:
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z = λ

4
√

2π
1[√

(α2
1 − θ2

c )2 + 4β2 − [α2
1 − θ2

c ]
]1/2 (4.13)

where β is the imaginary part of the refractive index, which is related to the
mass attenuation coefficient, µ/ρ (g/cm4) reported for different materials [320],
as follows:

β = λ

4π

(
µ

ρ

)
ρ (4.14)

where µ is the linear attenuation coefficient (cm−1) and ρ is the density of the
probed element (g/cm3). A simpler formula for the penetration depth z at an
angle much less than this critical angle, e.g. 0.1o, can be given by:

z = λ

4πθc

(4.15)

Figure Fig. 4.16 shows the change in the penetration depth with the glancing angle
calculated for P and S at their k-edge photon energy. For an angle much below
the critical angle, it is possible to achieve a surface sensitivity of approximately 3
nm for both S and P. However, this is only true in the case of a mirror smooth
surface at which the specular reflection can result in a total external reflection.
On the other hand, for rough surfaces, diffuse reflection causes the loss of the total
external reflection and therefore the penetration depth becomes a linear function
of the glancing angle.

As the disc surface has a 0.1 µm root-mean square (RMS) roughness and
similarly the patchy tribofilm formed on the surface, this condition does not favour
the total external reflection. Therefore, the disc was held at an incident angle of
2o relative to the incident beam, which should give penetration depths greater
than 100 nm and 1 µm for P and S, respectively. This should allow us to probe
the whole thickness of the tribofilm and track its overall compositional changes as
a function of time instead of the top surface layers only.

4.2.4.4 Focused Ion Beam (FIB)

In order to study the layers of the formed tribofilm on the metal surface, thin
sections across the wear scar were prepared using a precise high resolution Focused
Ion Beam (FIB) microscope (FEI Nova 200 NanoLab) equipped with a Field
Emission Gun - Scanning Electron Microscope (FEG-SEM). The tilt of the sample
was precisely controlled using an automated positioning stage fitted inside the FIB
microscope. Fig. 4.17 shows a cross-section across the wear scar prepared using
FIB. In order to minimise the tribofilm damage, initially a Pt-based protection
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Fig. 4.17 Schematic of the light lever used to detect the deflection of the AFM cantilever.
The inset shows the difference in response between soft and hard samples.

layer of a thickness about 70 nm was sputtered and deposited on the tribofilm
using electron-beam induced deposition (EBID) using metal carbonyls of Me(CO)x
as a precursor. The low energy electron impact typically does not result in any
significant damage to the substrate, as indicated in the clean interface between
the tribofilm and the EBID layer. However, it causes carbon contamination from
the carbon-based precursor throughout the deposited layers.

A second thick Pt layer of about 500 nm, which is sputtered using ion beam-
induced deposition (IBID) through a 30 keV Ga+ focused ion beam, was deposited
on the initial layer. The high energy Ga+ ions cause damage to the initially
deposited sacrificial protection layer of Pt/C, which is manifested in the appearance
of a third layer between the first base layer of Pt/C and the second top layer of
Pt/Ga/C.

4.2.4.5 Transmission Electron Microscope (TEM)/Energy-Dispersive
X-ray spectroscopy (EDX)

The prepared FIB thin sections were imaged using a 200 kV Transmission Electron
Microscope (TEM) (FEI Tecnai TF20), which is fitted with a high angle annular
dark field (HAADF) detector. The composition across the prepared section was
examined by acquiring Energy-dispersive X-ray (EDX) spectra at different points
across the sample using Oxford Instruments INCA 350 EDX system with X-Max
SDD detector, which is fitted to the TEM.
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Fig. 4.18 Schematic illustration of the basics of white light interferometry.

4.2.4.6 White light interferometry

NPLEX white light interferometer (Bruker, USA) was used to obtain 3D images
of the worn samples in order to quantify the wear volume. Fig. 4.18 illustrates the
basics of using interferometry to map worn surfaces. Initially, a white light source
shines through a beam splitter that directs light to the sample and an internal
reference mirror (flat surface). The phase difference between the images of the
worn sample and reference flat surface results in a constructive and destructive
interference. The interference pattern, which is collected by a camera, is analysed
in this work using Vision64 software (Bruker, USA). The wear volume is then
calculated by measuring the width and depth of the wear scar at different locations.
All the reported wear measurement in this work are based on the disc countersurface
after rinsing in heptane and then removing part of the tribofilm using a droplet
of 0.05 M EthyleneDiamineTetraAcetic acid (EDTA) solution in distilled water
placed on the wear scar for 60 s [321, 322].

4.3 Summary

This chapter discusses the materials and experimental methods used to study
the composition of ZDDP and DDP antiwear films as well as their tribological,
mechanical and rheological properties. The summary of these methods is described
schematically in Fig. 4.19.
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Fig. 4.19 Schematic of the interplay between the composition of the tribofilm and its
tribological, mechanical and rheological properties. The different techniques used to
probe these properties are indicated.

The MTM-SLIM and newly developed pin-on-disc rig were used to study
ex-situ the tribological properties of P-based tribofilms. AFM will be used to
perform in-situ tribological measurements at the microscopic scale using a newly
developed high temperature liquid cell. Comparisons with the macroscopic ex-situ
measurements can provide insights into the mechanisms of which the P-based
tribofilms used to enhance antiwear performance. AFM will also be used to probe
the mechanical and rheological properties of the formed tribofilms in-situ. The
mechanical properties will be probed by studying the durability and tenacity of
the tribofilm at different temperature and contact pressure. On the other hand,
the rheological properties will be probed using a newly developed methodology
utilising creep and squeeze flow analysis. Finally, surface analysis techniques, i.e.
Raman, XAS and XPS, will be used to probe the composition of the tribofilm
in-situ and ex-situ. The ultimate goal of using these different techniques is to
obtain compositional and structural information of the decomposition products of
ZDDP and DDP tribo- and thermal films.

In the next chapters, the ex-situ results will be discussed first followed by the
discussion of the in-situ results.





Chapter 5

Reaction kinetics of ZDDP
tribofilms using ex-situ
techniques

This chapter investigates the evolution over time of the decomposition reaction of
the zinc dialkyldithiophosphate (ZDDP) additive in poly-α-olefin (PAO) synthetic
oil in the presence and absence of water contamination in the oil. The study also
follows the evolution of the composition of the formed ZDDP protective antiwear
tribofilms and the changes in reaction kinetics after different rubbing times.
The chapter is divided into four sections. Section one discusses the tribological
results of friction, wear and tribofilm thickness. Section two discusses the surface
analysis results using a combinatorial experimental techniques including XPS and
TEM/EDX. Section three presents the evolution of the reaction kinetics of the
ZDDP additive and the composition of the formed tribofilm over time. Finally,
section four summarises the main points discussed throughout the chapter.

5.1 Tribological tests

The progression of the friction coefficient over 120 minutes of rubbing time and
the effect of water on this evolution are shown in Fig. 5.1. The presence of water
in the oil appears to have a potent effect on friction, which is more prominent
during the early stage of the tribotest than in the later stages in which the friction
coefficient reaches steady state. This small effect of water on the steady state
friction is in agreement with the findings of previous studies [33, 323], which
related it to the evaporation of water from the oil. As more water is present in
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Fig. 5.1 Effect of water on the evolution of the friction coefficient of PAO-ZDDP oil
over rubbing time. Error bars where calculated based on at least 3 repetitions.

the oil during the running-in period than in the later stages, as shown in Fig. 5.2,
friction is expected to be more affected.

The friction coefficient seems to follow three different stages, whether water
is present in or absent from the oil. The first stage occurs during the running-in
period, i.e. t < 20 minutes, in which the friction coefficient in the absence of water
from the oil increases from 0.05 to 0.092. Similarly, the presence of water appears
to increase the friction coefficient but to a slightly lower value of 0.085, which is
reached after a longer running-in period extending to 50 minutes instead of 20
minutes. Following this increase, the friction coefficient decreases until reaching a
steady state value of 0.077 in the absence of water and 0.072 in the presence of
water in the oil.

The transient behaviour of friction can be related to the tribofilm thickness
as suggested by Taylor and Spikes [262], i.e. the thicker the tribofilm the higher
the friction. This relation can be examined by following the evolution of the
tribofilm thickness over rubbing time, which is shown in Fig. 5.3. The thickness
evolution seems to resemble the one of the coefficient of friction, which is clear
from the general trend of the initial increase in thickness then decrease followed
by steady state. The effect of water on this evolution, which is shown in the
same Fig. 5.3, does not appear to be uniform throughout the test but follows
three different phases instead. The first one occurs during the running-in period,
i.e. at t < 20 min, in which water does not seem to affect the thickness. This is
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Fig. 5.2 Effect of water on the evolution of the friction coefficient of PAO-ZDDP oil
over rubbing time.

followed by a second phase, which extends up to t < 50 min, in which water has
an adverse effect, i.e. reduces the thickness of the tribofilm. Lastly, at t > 50 min
water appears to have a beneficial effect that leads to the formation of a thicker
tribofilm than in the case of no added water. However, it should be noted that
the last phase ends with a tribofilm thickness that is similar whether water is
absent from or present in of the oil. In addition, although these three phases
resemble the coefficient of friction evolution, the timing is not exactly matched.
This indicates that the transient changes in the friction coefficient are not only a
function of the tribofilm thickness but also the composition as well.

The initial continuous increase in the friction coefficient during the running-in
period can be related to the smearing and wear of the asperities and to the
continuous increase in the length of the phosphate chains composing the tribofilm.
These chains covering the contacting surfaces can interact with each other and
thus increase friction. On the other hand, when water is present in the oil, shorter
phosphate chains are formed [236], which have shorter relaxation time than the
one required for any significant interactions to occur between the extended chains
across the contact. This can explain the slower growth in the friction coefficient
and the reduced maxima reached after 60 minutes of rubbing as compared to the
case after 20 minutes when water is absent from the oil. The results thus seem
to suggest that the increased friction in the beginning of the test is related to
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the interactions between the phosphate chains covering the contacting surfaces
rather than the tribofilm thickness. The longer the phosphate chains, the larger
the interactions and thus the larger the friction.

The decline in the friction coefficient after reaching a maxima can be related
to two different mechanisms. Firstly, the long phosphate chains can align in the
direction of shear and thus reduce the interfacial shear stress and friction [324].
Secondly, the long phosphate chains, which have lower packing density than the
shorter ones [325], can form less compact layers and thus less puckering occurs at
the asperity contacts. This is in line with several previous studies [265–267], which
showed that in the case of a single layer adhering loosely to the substrate, friction
was maximum as compared to the case of a bulk material with strongly adhered
layers. Therefore, the drop occurring between 20 and 60 minutes of rubbing can
be related to the enhanced packing density of the arranged chains in the direction
of shear.

Wear is not reported in this work as it was insignificant in all the tribological
tests. This is evident from the different profiles across the wear scar shown in
Fig. 5.4 after 120 minutes of rubbing in the presence and absence of water in
the oil. The negligible wear is a result of the mild operating conditions of nearly
rolling (SRR = 5%). In addition, it can indicate that even after 120 minutes of
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Fig. 5.4 Wear scar images and depth profiles of MTM discs as measured by white-light
interferometry after 120 minutes of rubbing times in (a) the presence and (b) absence of
water in the oil. The images show part of the tribofilm on the wear scar was removed
by EDTA. (c-d) depth profiles as indicated on (a) and (b).

rubbing, the tribofilm was largely durable to the extent that it provided a full
protection to the steel surface underneath.

5.2 Surface analysis

The identification of the different components composing the signals of O1s, P2p,
Zn2p, S2p, C1s, and Fe2p was carried out by fitting each signal with a specific
number of peaks, as shown in Fig. 5.5. The full analysis is summarised in Table 5.1,
which lists the binding energies of these components over rubbing time in the
absence and presence of water in the oil.

O1s signal was fitted with three main peaks as shown in 5.5a. The first one
was attributed to the bridging oxygen (BO), which represents the oxygen bridging
the phosphorus atoms in the phosphate chains ( P−O−P). The second peak
was attributed to the non-bridging oxygen (NBO), which represents mainly the
oxygen within a terminating phosphate group (−POx) such as −P−−O, P−O−Zn
and P−O−Fe(III) [189]. Finally, the third peak was attributed to the metal
oxide, e.g. Fe2O3 and FeO. In all the tribotests, the BO, NBO and MO were
identified at 533.06 ± 0.2 eV [20, 183, 186, 190, 192–194, 314, 326–331], 531.76 ±
0.2 eV [20, 183, 186, 190, 192–194, 294, 314, 326–331], and 530.36 ± 0.3 eV
[20, 186, 190, 192, 193, 294, 314, 328, 332, 333], respectively. The presence of
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Fig. 5.5 Peak fitting of the different components composing the signals of a.) O1s, b.)
P2p and Zn3s, c.) Fe2p and d.) C1s after different rubbing times in the presence and
absence of water in the oil.
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Table 5.1 XPS component analysis of the tribofilms formed in the case of 0%, and 2%
(shown in parenthesis) added water in the oil.

Time (min) 2.5 5 10 20 30 60 120
Component Binding energy (±0.05 eV)

O1s: BO 533.05 532.25 533.09 532.76 533.06 533.13 533.15
- (533.37) (533.08) (533.82) (532.73) (533.08) (533.14)

O1s: NBO 532.79 531.92 531.82 531.21 531.73 531.70 531.72
- (531.65) (531.68) (531.68) (531.57) (531.65) (531.77)

O1s: MO 530.25 530.60 530.65 530.73 - - -
- (530.00) (530.21) (530.58) - - -

Zn3s - 140.36 140.47 140.42 140.42 140.40 140.31
- (140.43) (140.37) (140.32) (140.28) (140.41) (140.46)

P2p 3/2 133.55 133.57 133.64 133.64 133.53 133.64 133.66
- (133.55) (133.49) (133.41) (133.44) (133.55) (133.44)

S2p 3/2 162.13 162.22 162.33 162.27 162.23 162.37 162.31
- (162.29) (162.23) (162.11) (162.09) (162.18) (162.24)

(Zn3s-P2p) - 6.79 6.82 6.78 6.89 6.76 6.65
- (6.88) (6.88) (6.91) (6.84) (6.86) (7.01)

Ratio
BO/NBO 0.24 0.31 0.31 0.25 0.37 0.32 0.38

- (0.26) (0.23) (0.25) (0.26) (0.26) (0.15)
P/Zn 0.1 0.99 0.92 1.25 1.02 1.23 1.30

- (0.53) (0.54) (0.52) (0.61) (0.65) (0.41)

water does not appear to have a clear trend on these binding energies as the effect
is small whether during the running-in period in which water concentration is
highest or during the later stages where water evaporates.

Zn3s signal appeared at 140.5 ± 0.05 eV as shown in 5.5b, which can be
attributed to zinc phosphate [183, 191, 192].

Zn2p signal appeared at 1022.5 ± 0.1 eV, which can be equally assigned to
ZnS, Zn(SO4) and ZnO [314, 333] or zinc phosphate [183, 191, 192, 328, 329].

P2p appeared at 133.55 ± 0.1 as shown in 5.5b, which can be ascribed to zinc
phosphate [186, 190, 192, 194] or possibly Fe(PO4) [190, 277, 314]. The shift to
higher binding energy indicates that the short phosphate chains are polymerised
into longer ones [183, 186, 190–192, 194]. The presence of water seems to reduce
this the binding energy with the continued rubbing, which implies that shorter
chains were formed.

S2p signal appeared at 162.23 ± 0.1 eV, which can be assigned to sulphide
[186, 314, 334, 335] or equally to thiophosphate or organosulphur [314]. Sulphate
signal at 168.5 ± 0.1 eV was detected at the beginning of the test, i.e. after 2.5
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minutes, which can be assigned to FeSO4 [336] or Fe2(SO4)3 [334]. In the case of
water is present in the oil, no measurements at the early stages of the test, i.e. 2.5
minutes, were possible, therefore, the presence of sulphate cannot be confirmed
in this case. Nevertheless, similar to P2p, in general water reduced the binding
energy of the sulphide signal with rubbing.

Fe2p signal, which was detected only during the running-in period, was not
affected by the presence of water. This signal was broad as shown in 5.5c, which
suggests that a mixture of FeO and Fe2O3 is present on the surface [337]. Three
main peaks were identified at 710.1±0.2 eV, 711.2±0.2 eV, and 713.0±0.2 eV. The
peak at 710.1±0.5 eV can be assigned to Fe(II) oxide [186, 190, 333, 335, 338, 339]
whereas the one at 711.2 ± 0.5 eV to Fe(III) oxides [186, 190, 333, 334, 338–340],
or FeSO4 [186, 333, 339]. The third peak, which appeared at 713.0 ± 0.5 eV, can
be ascribed to Fe2(SO4)3 [333, 334, 339] or possibly iron phosphate [186, 190, 314].
During the first 2.5 minutes of rubbing an additional peak was identified at
707.1 ± 0.2 eV, which can be assigned to metallic iron [314, 328, 334, 338, 339], or
FeS2 [334].

C1s was mainly fitted to a single peak at 285.0 eV as shown in 5.5d, which
was ascribed to aliphatic carbon (C-C, C-H). However, near the steel surface, i.e.
at rubbing times < 10 minutes, three more peaks were identified at 283.0 ± 0.1,
286.5±0.1 and 288.6±0.1 eV. These peaks were ascribed to iron carbide, hydroxyl
(COH) and carboxyl (COOH) groups, respectively [341, 342]. The presence of
water appeared to enhance the intensity of these groups.

5.2.1 TEM/EDX cross-section analysis

To confirm the change in the composition of the ZDDP tribofilm over time, a
post-mortem cross section was prepared using FIB and analysed using TEM/EDX
technique, which has high spatial resolution comparable to the beam diameter
of about 2-5 nm [343]. Figs. 5.6 and 5.7(a) show a section across the tribofilms
formed in the last stage of the tribotest after 120 minutes of rubbing in the
presence and absence of water in the oil, respectively. The tribofilms were found
to have average thicknesses of 75 ± 5 and 60 ± 5 nm, in the presence and absence
of water in oil, respectively, which match the ones measured by MTM-SLIM as
reported in Fig. 5.3. Furthermore, the tribofilms show two distinctive features.
The first one consists of dark hollow regions across the tribofilm that are mainly
rich in carbon. The second feature composes the majority of the tribofilm, which
extends between the steel surface and the tribofilm’s top layer. A comparison
between the EDX spectra of the steel substrate and tribofilm’s base and bulk
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Fig. 5.6 TEM-EDX analysis, which includes (a) cross-section of the wear scar after
120 min of rubbing in the absence of water. EDX analysis is also shown for the atomic
concentrations of the main tribofilm components, i.e. O, S, P and Zn. (b) EDX spectra
of the three main regions, i.e. the steel surface and the bottom base and bulk layers of
the tribofilm. (c)-(f) EDX maps across the tribofilm shown in (a) for O, S, P and Zn,
respectively.

layers is shown in Figs. 5.6 and 5.7(b) in the presence and absence of water in
the oil, respectively. The results show that the base layer and bulk layers consist
mainly of P, O, S, Zn and Fe. The concentration of Fe seems to decrease sharply
from the base layer to the bulk ones. This can possibly be due to two reasons.
First, wear and mechanical mixing occurring near the steel surface can cause
iron particles and cations to be digested in the tribofilm’s layers. Second, as the
thickness of the base layer is small, i.e. < 10 nm, a small misalignment of the
cross-section can cause the EDX to pick a signal from the steel surface.

The changes in the atomic concentrations of the main elements forming the
tribofilm calculated from several EDX spectra across the tribofilm are overlaid on
Figs. 5.6 and 5.7(a) and replotted in Figs. 5.8 and 5.9. The results show that in
the absence or presence of water in oil, the atomic concentrations of P, S and Zn
monotonically increase along the tribofilm thickness until reaching steady state
value towards the tribofilm surface. In contrast, the concentration of oxygen
monotonically decreases until reaching steady-state.

Another distinctive feature in the EDX results is the one related to the evolution
of P and Zn. In the absence of water, the layers near the steel substrate seem
to have larger concentration of P in comparison to Zn. Away from the base
layer, the trend reverses with the progressive increase in the concentration of
Zn and nearly constant concentration of P. On the other hand, the presence of
water seems to result in larger concentration of Zn near the steel surface, which
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Fig. 5.7 TEM-EDX analysis, which includes (a) cross-section of the wear scar after
120 min of rubbing in the presence of 2% water in the oil. EDX analysis is also shown
for the atomic concentrations of the main tribofilm components, i.e. O, S, P and Zn.
(b) EDX spectra of the three main regions, i.e. the steel surface and the bottom base
and bulk layers of the tribofilm. (c)-(f) EDX maps across the tribofilm shown in (a) for
O, S, P and Zn, respectively.

progressively increases along the tribofilm thickness and overall stays higher than
the P concentration.

5.2.2 XPS concentration evolution

To obtain a better insight into the composition evolution over time, the atomic
concentrations of the different elements found after various rubbing times in the
top 5–7 nm of the tribofilm were plotted in Figs. 5.8 and 5.9 in the absence
and presence of water in oil, respectively. The concentrations obtained by the
TEM-EDX analysis were also plotted for comparison. The rubbing times for these
EDX points were obtained by a direct conversion between thickness and rubbing
time. This was performed by matching the thickness at which the EDX point
was measured with the one measured by MTM-SLIM after a certain rubbing time
(Fig. 5.3). A good agreement between the concentrations measured by EDX and
XPS was found for O, P and S. However, the EDX analysis largely underestimated
the concentration of Zn by more than 50%. Nonetheless, similar to the EDX
results, the XPS analysis indicates that during the running-in period, i.e. < 20
minutes, the concentrations of Zn, P and S increased substantially whereas the
concentration of O decreased abruptly. However, after the running-in period, these
concentrations seem to approach an equilibrium state with no significant change.
The good agreement between the EDX and XPS results is evident especially in
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Fig. 5.8 Evolution of the atomic concentrations of the elements inside the wear scar in
the absence of added water to the oil. Solid symbols are based on XPS analysis and
open symbols are based on TEM-EDX analysis. Solid lines are the fits of the model
described in Eq.5.4.
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Fig. 5.9 Evolution of the atomic concentrations of the elements inside the wear scar in
the presence of 2% added water to the oil. Solid symbols are based on XPS analysis
and open symbols are based on TEM-EDX analysis. Solid lines are the fits of the model
described in Eq.5.4.
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Fig. 5.10 Evolution of BO/NBO, P/O and P/Zn ratio inside the wear scar in the
absence of added water to the oil. Solid lines are the fits of the model described in
Eq.5.4.

this steady state region. In the bulk thick layers of the tribofilm, it was possible
to acquire EDX spectra at five points. In contrast, it was not possible to capture
more than one point in the base layer, i.e. less than 20 minutes of rubbing, as the
tribofilm thickness was less than 10 nm. Nevertheless, in general, EDX captured
a similar trend to the one of XPS at least in the steady state region in which the
concentrations of O, P, S and Zn generally do not change over rubbing time.

The evolution of BO/NBO, P/O and P/Zn ratios obtained from the XPS
analysis is shown in Figs. 5.10 and 5.11 in the absence and presence of water in oil,
respectively. The results indicate that in the absence of water the ratios of P/O
and P/Zn of the immature tribofilms formed at the beginning of the tribotest, i.e.
≤ 5 minutes of rubbing, appear to arise from virtually nothing after 2.5 minutes
of rubbing to a value of 0.35 and 0.99, respectively, just after another further 2.5
minutes of rubbing. This suggests the formation of short chains ZnPO4. In line
with these results, BO/NBO and S/Zn ratios were 0.24 and 0.48, respectively,
even in the first 2.5 minutes, suggesting that initially sulphide species such as ZnS
might be formed as a precursor of the short chain phosphate.

In the more mature tribofilms formed between 5 and 120 minutes of rubbing,
the XPS analysis revealed a general trend that the ratios of BO/NOB, P/O,
P/Zn and S/Zn increase over rubbing time. The increase in the P/O and P/Zn
ratios (31.4%, 31.3%, respectively) was half the increase in the S/Zn ratio (72.9%)
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Fig. 5.11 Evolution of BO/NBO, P/O and P/Zn ratio inside the wear scar in the
presence of 2% added water to the oil. Solid lines are the fits of the model described in
Eq.5.4.

despite the large initial ratio of the latter. This highlights that the formation of
the sulphur species in the beginning of the tribotest is faster than the one in the
later stages.

The trend of these ratios generally matches the one in the presence of water
(Fig. 5.11). However, in this case water seems to impede the growth of the
ratios to levels much lower than the ones in the absence of water. For instance,
BO/NBO ratio did not change at all over the rubbing time and stayed around
0.25 corresponding to short chains ZnPO4.

5.2.3 XPS depth analysis

Figs. 5.12 and 5.13 show the depth profiles of the elements found in the ZDDP
tribofilms formed after 120 minutes of rubbing in the absence and presence of water
in the oil, respectively. The results indicate that water lowers the concentration of
phosphorus whereas it generally enhances the formation of more zinc and sulphur
species. Furthermore, near the steel surface, the concentration of oxygen was
high, which indicates the presence of metal oxide layer. On the top of this layer,
sulphur appears at high concentration especially in the presence of water. This
is in agreement with several previous studies [151, 200–202], which suggest that
the amount of sulphur chemisorption products are higher on the steel surface. In
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Fig. 5.12 XPS depth profile of the main elements found in the tribofilm after 120
minutes of rubbing formed in the case of no added water to the oil.

addition, several other studies [17, 164, 190, 277] proposed that Fe/Zn sulphides
and oxides as well as Fe/Zn sulphate [277] can be present at the metal surface.
On the other hand, other studies, [20, 189] showed using XPS that no oxide or
sulphide is present at the interface.

It should be noted that as the previous studies and the results reported here are
based on sputtering the tribofilm with ion gun, this process can significantly affect
the interpretation of the results. Many studies found that apart from changing
the electronic configurations of light elements such as N and O [344], the high
energy ions can lead to preferential sputtering and chemical reduction of elements
like S [345–348]. This preferential sputtering can be misleading as the detected
signal will be proportional to the sputtering yield rather than the concentration
of the atoms in the bulk [278].

5.3 Kinetics of ZDDP decomposition reaction

The tribofilm’s main components, i.e. P, Zn, S and O, appear to undergo two
distinctive reaction phases over rubbing time, as indicated in the evolution of
their atomic concentrations shown in Figs. 5.14 to 5.17. The first phase, which
occurs during the running-in period, is characterised by a fast transient burst
stage in which the atomic concentrations of the elements forming the tribofilm
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Fig. 5.13 XPS depth profile of the main elements found in the tribofilm after 120
minutes of rubbing formed in the case of 2% added water to the oil.

grow exponentially despite the small increase in the tribofilm thickness. On the
other hand, the second phase, which occurs at rubbing times > 20 minutes, is
characterised by an intangible growth in the atomic concentrations that appear as
asymptotically approaching steady state despite the fast growth in the tribofilm
thickness over the same period. These two different phases indicate that the
formation rate of the different species composing the tribofilm is not uniform
throughout the tribological test. This observation is in agreement with the
tribofilm thickness results discussed in Fig. 5.3 and the results of Gosvami et al.
[30], which suggested that during the early stage of rubbing, the tribofilm growth
of ZDDP is slow and follows a linear trend but as rubbing continues the growth
starts to exhibit a much faster logarithmic trend. Similar trend can also be seen
in the results of Zhang et al. [142] for the ZDDP thermal film.

Gosvami et al. [30] suggested that the ZDDP additive decomposes initially
with a zero reaction rate n=0.12±0.11, which as rubbing continues increases to
about 0.22±0.02. However, based on the observed growth trend of the ZDDP
decomposition components, the polymerisation reaction of the phosphate chains
seems to follow a first-order reaction kinetics. Assuming that the polymerisation
of every chain starts with an initial concentration Co of short chain phosphate
and over time is polymerised into long polyphosphate chain with a concentration
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Cp, the following overall simplified reaction can be proposed:

Co
T,P,γ̇−−−→ Cp (5.1)

As this is assumed to be a non-reversible reaction, the increase in the concentration
of the formed chains over time can be expressed as:

d
dt
(
Cp

)
= k (Co) (5.2)

where k is the reaction rate coefficient. To simplify the integration of this equation,
Co can be expressed in terms of the equilibrium concentration Ce at t → ∞, as
follows:

d
dt
(
Cp

)
= k

(
Ce−Cp

)
(5.3)

Upon integration and few arrangements, the solution to the above equation forms
the first order rate law, which gives the concentration at any time t as:

Cp(t) = Ce

[
1 +

(
C0 − Ce

Ce

)
exp (−kt)

]
(5.4)

The growth rate of the ZDDP composition products can also be viewed using the
concept of the boundary layer solution, which encompasses two solutions. The
first one can be used to describe the fast exponential reaction kinetics near the
surface, which occurs at short rubbing times and can be expressed as follows:

Cp(t) = C0exp (kt) = C0

(
1 + r

100

)t/p

(5.5)

where k is growth constant representing the frequency at which the concentration
change by a factor e ≈ 2.7, r is the percent increase of the concentration over a
time period p.

The second solution for the boundary layer reaction, which can be used to
describe the slow kinetics away from the surface occurring at long rubbing times,
can be modelled by a constant concentration C0, as follows:

Cp(t) = C0 (5.6)

Therefore the final solution can be formed by adding the two solutions, as follows:

Cp(t) = C0 (1 ± exp (kt)) = C0

[
1 ±

(
1 + r

100

)t/p
]

(5.7)
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Table 5.2 Fitting parameters based on Eq. (5.4) for the different components of the
top 5–7 nm of the ZDDP tribofilm.

Element O P Zn S
0% 2% 0% 2% 0% 2% 0% 2%

Ce 46.2 46.4 21.0 13.2 17.6 24.4 17.2 16.0
C0 100 100 0 0 0 0 0 0
k 0.19 0.23 0.16 0.23 0.27 0.23 0.08 0.22

The plus or minus sign corresponds to exponential growth or decay, respectively.
The reaction rate described by this equation, which is based on the boundary
layer solution, and the one described in Eq. (5.4) are identical in the case of the
initial concentration (C0) of element of interest is zero.

The model described in Eq. (5.4) is suitable in the case of a single growth or
a single degradation of a component. However, in the case of phosphate chains
in a tribofilm, they are expected to have a multimode mechanism of growth
and cessation. To account for this more complicated system, a model with two
reaction rates can be used by adding the outcome of two models similar to the one
described earlier in Eq. (5.4). The first model accounts for the growth whereas the
second one accounts for the cessation of the phosphate chains. In this case, the
two are assumed to occur simultaneously and are mutually exclusive and hence
the addition can been used. However, in the more complex tribological contact a
strong synergy is more plausible as the longer the phosphate chains are formed
the more the cessation is expected. Nevertheless, for simplicity, the chains growth
and cessation will be assumed to occur independently and non-contemporarily,
and thus the single mode model described in Eq. (5.4) will be used to fit the data.

Using the fitting parameters listed in Table 5.2, Figs. 5.14 to 5.17 show the
results of fitting the proposed growth model to the XPS data of O, P, S and Zn
whereas the previous Figs. 5.10 and 5.11 show the fitting results for BO/NBO,
P/O and P/Zn in the presence and absence of water in the oil. The model appears
to fit the data extremely well using two fitting parameters only, i.e. Ce and k.
The use of only two fitting parameters was justified by considering that initially
no P, Zn or S exists on the surface, i.e. their initial concentration C0 = 0, but
only O exits initially with C0 = 100.

The fitting shows that in the absence of water in the oil the reaction rate
coefficients k for the main components forming the phosphate chains, i.e. O and
P, fall in a similar range, i.e. k ≈ 0.16 − 0.19, which is similar to one of P/O and
P/Zn ratios. The reaction rate of Zn appears to be much higher, i.e. k ≈ 0.27,



142 Reaction kinetics of ZDDP tribofilms using ex-situ techniques

which suggests that zinc undergoes multiple transformations during the early stage
of the reaction. This is supported by another evidence that Zn initially forms
sulphide and sulphate species on the metal surface, which is followed by forming
short and ultimately long zinc phosphate chains. The growth of the phosphate
chains is clear from the high reaction constant, k = 0.57 of BO/NBO, which
suggests a very fast growth.

The growth rates of the atomic concentrations of Zn, P and O appear to be at
least as twice as the rate of S, which has a rate coefficient k = 0.08. These different
kinetics suggest that the sulphide species keeps forming even away from the metal
surface at later stages of rubbing. This is evident from the high concentration of
sulphur found in all the layers forming the tribofilm.

In the presence of water in the oil, the fitting results show that the equilibrium
concentrations of O and S are nearly unchanged. However, water decreases
the equilibrium concentration of P and increases the one of Zn by about 38%.
Furthermore, for all the components of the tribofilm, water appears to increase
the reaction rate k substantially between 15–175%, which suggests that the
decomposition reaction is faster.

5.4 Summary and concluding remarks

Throughout this chapter, the evolution of the decomposition reaction of the ZDDP
additive and the composition of the formed ZDDP protective antiwear tribofilms
were followed over time in the presence and absence of water contamination in
the oil. In addition, the changes in the reaction kinetics after different rubbing
times were examined. The main results are summarised below:

1. The different kinetics that govern the evolution of friction and tribofilm
growth indicate that the changes in the friction force are not only a function
of the tribofilm thickness but also the composition.

2. Before the formation of the zinc phosphates, the decomposition of ZDDP
has an important precursor, namely, the formation of a sulphur-rich layer.
This seems to suggest the necessity to form a mixed oxide-sulphide base
layer on the metal surface to promote the tribofilm growth.

3. The precursors’ reaction kinetics seem to evolve nearly instantly, however the
formation of zinc phosphate has a transient burst phase near the metal surface
followed by a slow phase until asymptotically approaching steady state.
Based on the observed growth trend of the ZDDP decomposition components,
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the polymerisation reaction of the phosphate chains was suggested to follow
a first-order reaction kinetics.

4. The formation of the zinc phosphate starts initially with short phosphate
chains, which are apparently formed due to the excess concentration of metal
oxides on the surface. As the oxides concentration decreases away from the
surface, this leads to the polymerisation of the short chains into long ones.

5. Water accelerates the decomposition of ZDDP, which follows first-order
reaction kinetics as in the absence of water in the oil, and results in early
growth termination.

6. The effect of water on the concentrations of the decomposition products
can vary between a small short-term effect limited to the running-in period,
such as in the case of O and S, and a large long-term effect such as in the
case of P and Zn.

7. Water can hinder the polymerisation reaction in the early stages of rubbing
and hence short phosphate chains are formed.

8. The initial alteration of the tribofilm occurring due to the presence of water
during the running-in period cannot be reversed even if water is removed
from the oil in the subsequent stages by evaporation.

In the following chapter, the decomposition reaction of ZDDP and the compo-
sition of the formed tribofilms will be followed in-situ using the newly developed
synchrotron XAS methodology described in chapter 4. In order to investigate the
role of cations, ashless DDP additives without zinc and H-DLC coated substrates
without metallic cations will be studied as well.





Chapter 6

Morphology of ZDDP and DDP
tribofilms using in-situ XAS

The complex tribochemical nature of lubricated tribological contacts is inaccessible
in real time without altering their initial state. To overcome this issue, a pin-on-
disc tribological apparatus was developed and combined with synchrotron X-ray
absorption spectroscopy (XAS). Using the designed apparatus it is possible to
study in-situ the transient decomposition reactions of various oil additives on
different surfaces under a wide range of realistic operating conditions of contact
pressure (1.0 - 3.0 GPa), temperature (25 - 120 oC) and sliding speed (30 - 3000
rpm or 0.15 - 15 m/s). To follow the composition evolution of the tribo- and
thermal films antiwear additives and the changes in their reaction kinetics over
time, several tribological tests were performed at different contact pressures (1
and 2.2 GPa) and temperatures (25 and 80 oC). Furthermore, to examine the
effect of metallic cations on the tribofilms formation, ZDDP and ashless DDP
additives were considered in addition to different countersurfaces, i.e. plain steel
and non-doped hydrogenated DLC.

The first section of this chapter presents the tribological results, i.e. friction
and wear, over the wide range of tested conditions. Sections two, three and four
discuss the in-situ XAS spectra of S and P k-edges over heating and shearing
times using ZDDP, DDP-1 and DDP-2 antiwear additives, respectively. Finally,
section five summarises the main results discussed throughout the chapter.
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6.1 Friction and wear performance

The evolution of the friction coefficient over time using plain and DLC coated
countersurfaces rubbed at 25 and 80 oC are shown in Fig. 6.1. In the case of
plain hardened spring steel surfaces rubbed at high temperature, the friction
coefficient after the running-in period was maximum around 0.12. On the other
hand, in the case of the surfaces rubbed at low temperature or surfaces were
coated with H-DLC, the friction coefficient was lower at 0.09. Another interesting
feature is the difference in the running-in period between the tests. The plain steel
countersurfaces showed a relatively large change in the friction coefficient from
initially 0.10 to 0.12, whereas for the other cases, the friction coefficient changed
only slightly.

The evolution of the friction coefficient can be related to the presence or
absence of the ZDDP tribofilm on the contacting surfaces. Previous studies
[250, 262, 349] showed that the formation of ZDDP tribofilms causes an increase
in the friction coefficient. This was related to either the ability of the tribofilm to
hinder the oil entrainment between contacting surfaces or the increased roughness
of the formed tribofilm. The inability to form a tribofilm at low temperature is
expected as the formation rate under such conditions can be extremely slow [350].
This is because of the thermal decomposition nature of the ZDDP additive, which
requires high temperature to activate the reaction of the additive in the oil and
consequently the formation of a protective tribofilm on the contacting surfaces.

The friction results of the surfaces coated with non-doped H-DLC seem to
suggest that no tribofilm was formed on the surface, which is supported by the
similar friction behaviour to the case of plain countersurfaces rubbed at low
temperature. The absence of any formed tribofilm on non-doped H-DLC was
reported extensively in the literature [216–221], whereas other studies found
that some thin tribofilms can be formed [31, 32, 211–215]. The formation and
composition of such films will be investigated further using the in-situ surface
analysis of XAS P and S k-edges, which is discussed in detail in the subsequent
sections.

The friction behaviour of DDP-1 seems to be similar to the one of ZDDP on
DLC substrate, i.e. has a low stable friction coefficient lower than 0.1. The minor
changes occurring from the beginning to the end of the test could indicate that
the additive might have not decomposed completely to form a protective tribofilm.
On the other hand, the friction coefficient of the DDP-2 additive was slightly
larger around 0.11 and shows fluctuations over rubbing time. The origin of this
instability can be related to two possible causes. First, extensive wear and surface
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Fig. 6.1 Evolution of the friction force during the in-situ tests using plain steel and
DLC coated countersurfaces.

damage might have occurred to the steel substrate without the formation of a
protective antiwear tribofilm. Second, a protective tribofilm is formed but has
low tenacity and possibly undergoes several formation and removal cycles.

The wear results obtained using white light interferometry are shown in Fig. 6.2.
In the case of the ZDDP additive, the width and depth of the wear scar seem to
decrease with decreasing the load and rubbing time or increasing the temperature.
This is expected as the less harsh the operating conditions become the less the
wear would result. The beneficial effect of temperature on wear is related to the
formation of a protective tribofilm on the contacting asperities at high temperature
that helps protect the rubbing surfaces. However, at low temperature this tribofilm
cannot be formed, which results in higher wear.

In the case of DLC coated countersurfaces, no wear was detected. In addition,
no visible wear track or tribofilm was discernible.

The ashless DDPs seem to provide a similar wear protection to the one of
ZDDP under the same operating conditions. This may indicate that, similar
to the ZDDP, the ashless DDPs were decomposed to form protective tribofilms
on the rubbing surfaces. The in-situ evolution of the chemical composition of
these tribofilms and the others formed under different operating conditions will
be discussed in detail in the subsequent sections.
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Fig. 6.2 Wear scar width and depth as measured by white-light interferometry after
the in-situ tests using different operating conditions.

6.2 XAS analysis of standard samples

In the following sections, the P k-edge spectra will be characterised first followed
by the characterisation of the S k-edge spectra.

6.2.1 P k-edge spectra of synthesised phosphate glasses

The P k-edge spectra of different synthesised zinc-, iron- and mixed zinc-iron
polyphosphate glasses are shown in Figs. 6.3 and 6.4. The initial inspection of
the data indicates that the spectra of the various glasses appear to have four
main peaks, as listed in Table 6.1. The first peak, (a), was observed at the low
energy range at 2153.0±0.5 eV. As this is the main k-edge peak in the different
glasses, it can be assigned to phosphate whether of short or long phosphate chains
[162, 258, 288]. A pre-edge peak (a’) was mainly observed at 2148.0 eV in the
glasses containing iron. Thus, this peak can be assigned to iron- or mixed iron-zinc
phosphate of short or long chains.

The second peak (b) appeared at 2156.2 eV as a shoulder to peak (a) only in
the case of iron ortho-phosphate. Additional two peaks, (c) and (d), appeared
around 2161.5±1.0 eV and 2170.0±1.0 eV, respectively, in the high energy post-
edge region. The presence or absence of these two peaks can be related to the
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Table 6.1 Peak positions of P k-edge (FY) spectra of different synthesised inorganic
phosphate glasses.

Compound P k-edge peak positions (±0.1 eV)
a b c d

Zn metaphosphate 2152.8 – 2161.4 2169.9
Zn polyphosphate 2153.1 – 2161.3 2170.3
Zn pyrophosphate 2153.4 – 2161.7 2170.2
Zn orthophosphate 2153.5 – 2161.7 2170.1
Fe poly33-phosphate 2153.3 – 2162.6 2170.7
Fe poly50-phosphate 2153.2 – 2162.1 2169.7
Fe poly67-phosphate 2153.1 – 2161.4 2170.3
Fe poly100-phosphate 2153.1 2156.2 2161.7 2170.4
Zn25Fe75-phosphate 2152.9 – 2160.7 2169.7
Zn50Fe50-phosphate 2153.0 – 2160.8 2169.6
Zn75Fe25-phosphate 2153.1 – 2160.4 2169.3

oxidation state and arrangements of the different elements within the phosphate
structure composing the glass [351]. For instance, peak (c) was only observed as
a clear distinctive peak in the case of short chain phosphates such as zinc- and
iron orthophosphates. For the phosphates of longer chain length, peak (c) tended
to vanish while peak (d) became more visible and of wider FWHM.

6.2.2 S k-edge spectra of sulphur samples

The normalised S k-edge spectra of different standard compounds containing
sulphur is shown in Fig. 6.5. The main k-edge peaks of these samples seem to
appear at different positions. For instance, the main peak appears in the case of
elemental sulphur at 2472.1 eV, FeS at 2470.0 eV [127], FeS2 at 2472.0 eV [182],
ZnS at 2473.0 eV [285], FeSO4 and ZnSO4 at 2482.0 eV [286, 288].

Several other secondary peaks appeared in the S k-edge spectra especially at
the high energy range, e.g. at 2491.0 and 2499.0 eV, which can be mainly related
to the presence of sulphate species despite appearing in some sulphide compounds
as very weak peaks.

The fingerprints of the different species will be used to identify the elements
forming the ZDDP tribo- and thermal films after different heating and rubbing
times, as discussed in the subsequent sections.
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6.3 XAS analysis of ZDDP thermal and tribofilms

6.3.1 ZDDP thermal films formed at 80oC

In the following sections, the P k-edge spectra will be characterised first followed
by the characterisation of the S k-edge spectra.

6.3.1.1 Characterisation of P k-edge spectra

The evolution of the normalised P k-edge spectra after different heating times
is shown in Fig. 6.6. The P k-edge spectra show four main peaks, as listed in
Table 6.2. The first one, peak (a), appears in the low energy range at 2150.0 eV,
which corresponds to unreacted ZDDP adsorbed to the steel surface. The second
peak (b) appears at 2152.5 eV, which can be assigned to zinc phosphate whether
of short or long phosphate chains [162, 258, 288]. The absence of a distinctive
pre-edge peak, (a′), at 2148.0 eV indicates that iron (III) phosphate (FePO4)
of short chains is absent or of low concentration, but it does not provide any
information regarding the presence of any iron phosphates of longer chains [179]
(see also Figs. 6.3 and 6.4).

Additional two peaks, (c) and (d), appear at 2159.0 eV and 2169.5 eV, respec-
tively, in the high energy post-edge region. The presence or absence of these two
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Fig. 6.6 Evolution of the ZDDP normalised fluorescence yield spectra of P k-edge after
different heating times at 80 oC. Each curve is vertically offset for clarity by adding a
constant, as specified on each curve, relative to the first curve.

Table 6.2 Peak positions of P k-edge (FY) spectra of the tribo- and thermal films of
P-based additives.

P-based films P k-edge peak positions (±0.1 eV)
a b c d

ZDDP thermal films 2150.0 2152.5 2159.0 2169.5

ZDDP tribofilms 2150.4 2152.7 2160.0 2169.0

peaks can be related to the structure and composition of the formed phosphate
species. The post-edge peaks can provide information regarding the oxidation state
and arrangements of the different elements within the phosphate glass structure
composing the tribofilm [351].

The P k-edge spectra show different subtle changes during heating, which can
provide insight into the transient composition of the formed thermal films. The
main changes are related to the evolution of peak (a) relative to peak (b) and the
presence of the post-edge peaks (c) and (d) over heating time.

During the initial stage of heating, i.e. < 5 hours, the low energy peak
(a) corresponding to unreacted ZDDP dominates the higher energy peak (b)
corresponding to zinc phosphate. As heating continued, ZDDP was consumed
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to form phosphate glass, which is obvious from the substantial decrease in the
height of peak (a) of the unreacted ZDDP along with the simultaneous increase in
the height of peak (b) of zinc phosphate. After 20 hours, the individual peak (a)
becomes convoluted in peak (b) and appears as a shoulder. Similar conclusions
can also be drawn from the height and photon energy of the post-edge peaks (c)
and (d). After short heating times, these peaks were present as distinctive peaks.
As heating continued, the height of peak (c) decreased until it disappeared after
20 hours whereas the height of peak (d) showed opposite trend. This progressive
change over heating time suggests a gradual evolution in the composition of the
thermal film matrix and the length of the formed phosphate chains.

The qualitative changes in the XAS P k-edge spectra can be quantified by
fitting the peaks of the unreacted ZDDP, peak (a), and phosphate, peak (b). An
example of the peak fitting used to determine the area of the unreacted ZDDP
and phosphate peaks at the P k-edge is shown in Fig. 6.7 for a ZDDP thermal
film generated after 5 hours of heating. Based on the shown fitting model, Fig. 6.8
presents the evolution of the areas of these peaks after different heating times. It
can be clearly observed that during the initial stage of heating, i.e. stage I: during
the first 5 hours, the area of the unreacted ZDDP peak appeared to increase over
time. In contrast, the area of the phosphate peak was negligible indicating that
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no phosphate species were formed. After this initial phase, i.e. after the first 5
hours of heating, stage II starts in which the peak area of the unreacted ZDDP
decreased initially exponentially over heating time with a mean rate of 0.15 eV/hr
before reaching steady state. In contrast, the phosphate peak showed an opposite
trend of increasing in area exponentially, but with a similar rate, before reaching
steady state. This possibly indicates a continuous consumption of the unreacted
ZDDP to form more phosphate species. The progressive change in composition
throughout the decomposition process confirms that the ZDDP thermal films
have a dynamic chemical nature similar to the tribofilms [118, 161–164]. The
ZDDP can decompose thermally to form films of a large content of phosphate
bonds, e.g. P−O−, P−−O and P−O−P [8]. The chain length of the formed
polyphosphates is typically a complex function of the operating conditions, e.g.
load and temperature, as well as the oil additives, dispersant and contaminants
such as water [146]. In general, by increasing the heating time, longer chains
of polyphosphates are formed until they reach a uniform chain length. That is
because in the beginning of the thermal test short phosphate chains are likely
to be formed near the steel surface as a result of the depolymerisation reaction
occurring to the long phosphate chains [19, 20, 183–186]. The depolymerisation
can occur due to the reaction of the initially formed long phosphate chains with
metal oxides, e.g. ZnO, FeO or Fe2O3, near the substrate, which can cleave the
long chains into shorter ones of mixed Fe-Zn or Fe phosphates [19, 20, 183]. As the
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concentration of the metal oxides decreases drastically as the tribofilm thickness
increases [7, 20, 36, 200, 201], the fragmentation of the long chains diminishes
leading to the formation of longer chains over heating time.

The initial changes in the adsorbed ZDDP as revealed by the XAS surface
analysis, which show a delay between the adsorption of ZDDP and the formation
of phosphate species, indicate the presence of an initial induction period. This
confirms the suggestion of few previous reports about the possible presence of this
period preceding the tribofilm formation [244]. This is also in line with the results
of Yin et al [118] regarding the decomposition species of ZDDP after different
rubbing times, i.e. 5 min, 30 min, 6 hr and 12 hr. The results indicated that the
tribofilms formed after short rubbing times exhibit different fingerprints than the
ones formed after longer rubbing times, which suggested that different species
are formed initially before the phosphate chains. They also found that initially a
large concentration of the unreacted ZDDP adsorbs to the steel surface, which
can coexist with the subsequently reacted ZDDP.

The duration of the induction period can last for hours in the case of thermal
films whereas it is shortened to only a couple of minutes in the case of tribofilms,
as discussed in the following sections. This confirms that the ZDDP decomposition
and tribofilm formation are thermally and mechanically assisted processes in which
rubbing can largely accelerate the reaction [30]. Therefore, the composition of the
thermal films can take much longer time to evolve but eventually can approach
the one of the tribofilm [172, 352].

6.3.1.2 Characterisation of S k-edge spectra

The evolution of the normalised S k-edge spectra after different heating times is
shown in Fig. 6.9. The clear change observed in the S k-edge spectra confirms
the advantage of using this in-situ technique for following the chemical changes
without interfering with the sample or the testing conditions.

The S k-edge spectra appeared to have three main and two secondary peaks, as
listed in Section 6.3.2.1. The first main peak, (a), appears at 2472.9 eV, which can
be assigned to ZnS or alkyl sulphide [285]. The second main peak, (b), appears
at 2476.2 eV, which can be related to alkyl disulphide from the adsorbed ZDDP
[288]. The third main peak, (c), appears at 2481.9 eV, which can be attributed to
ZnSO4 [288] or FeSO4 [286, 288].

Two other secondary peaks appear after different heating times. The first
peak, (a’), appears in the pre-edge region at 2469.5 eV, which can be related to
the presence of FeS [288]. On the other hand, the second secondary peak, (d),
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Fig. 6.9 Evolution of the ZDDP normalised fluorescence yield spectra of S k-edge after
different heating times at 80 oC. Each curve is vertically offset for clarity by adding a
constant, as specified on each curve, relative to the first curve.

which appears at 2498.2 eV, can be mainly related to the presence of sulphate
species. For instance, peak (d) does not appear in the unreacted ZDDP spectrum
and after short heating time during which the unreacted ZDDP dominates the
XANES spectrum. As more sulphate is formed with the progressive heating, peak
(d) starts to appear and becomes visible after long heating time, i.e. > 1 hour.

The S k-edge spectra show different subtle changes during heating, which can
provide insight into the transient composition of the formed thermal films. The
main changes are related to the evolution of peak (a) relative to peak (b) and (c)
and the presence of the pre- and post-edge peaks (a’) and (d), respectively, over
heating time.

During the initial stage of heating, i.e. < 5 hour, the low energy peaks (a) and
(b) corresponding to organic sulphides from the unreacted ZDDP dominate the
higher energy peak (c) corresponding to sulphate species. As heating continued,
ZDDP was decomposed to form initially sulphate species, which is obvious from
the substantial decrease in the heights of peaks (a) and (b) of the organic sulphide
in the unreacted ZDDP along with the simultaneous increase in the height of peak
(c) of sulphate. In agreement with these results, Kim et al. [136] observed that for
ZDDP the sulphate concentration increases with heating while sulphide decreases
possibly due to its reaction with the substrate covered with oxides leading to the
oxidation of the sulphur species into iron sulphate [182].
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Fig. 6.10 Example of the peak fitting used to determine the area of the sulphides and
sulphates peaks at the S k-edge. This example is for a ZDDP thermal film generated
after 5 hr of heating time at 80 oC.

After 5 hours, peak (a) started increasing while peak (c) decreased, which
suggests that the formed sulphate species are reduced to sulphide species. A
similar trend can also be found by following the height and photon energy of the
post-edge peak (d). After short heating times, this peak does not appear as a
distinctive peak. However, as heating continued, its height started to increase with
the height of sulphate peak (c) until it disappeared after 20 hours. This progressive
change over heating time suggests a gradual evolution in the composition of the
thermal film matrix favouring the initial formation of sulphate species, which
eventually can be reduced to more stable sulphide species. This is in line with the
results of several previous studies [19, 20, 28, 118, 160, 162, 164, 243] suggesting
that the ZDDP additive forms mainly sulphide species in the final stages of the
decomposition reaction.

The qualitative changes in the XAS S k-edge spectra can be quantified by
fitting the peaks (a) and (b) of the sulphides and peak (c) of sulphate. An example
of the peak fitting used to determine these areas at the S k-edge is shown in
Fig. 6.10 for a ZDDP thermal film generated after 5 hours of heating. Based on
this fitting model, Fig. 6.11 shows the evolution of the areas of these peaks after
different heating times. It can be clearly observed that during the initial stage of
heating, i.e. stage (I) during the first five hours, the area of sulphate, peak (c),
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Fig. 6.11 Evolution of the normalised heights of peaks (a) and (b): sulphide and peak
(c): sulphate at the S k-edge of ZDDP thermal film after different heating times at 80
oC.

appeared to increase drastically over time with a rate of 6 eV/hr. In contrast, the
areas of sulphide, peak (a), and organic sulphide, peak (b), decreased over the
same period with an average rate of 1.4 eV/hr.

With the progression of heating, the decomposition of ZDDP enters a second
phase, i.e. stage (II) after the first five hours of heating, in which the peak area of
sulphate decreased gradually over heating time with a mean rate of 0.25 eV/hr.
In contrast, the sulphide peaks showed an opposite trend of increasing in area,
but with a much slower rate of 0.04 eV/hr. This possibly indicates a continuous
consumption of the sulphate to form more stable sulphide species.

The unmatched rate of sulphate consumption with sulphide formation is
essentially an inherent limitation of the XANES technique, which does not provide
a direct measure of the amount of sulphur if the formed sulphur species differ over
time. Basically, XANES signal depends not only on the oxidation state but also
the molar mass of the various sulphur species within the probed sample. This
means that XANES would show that Zn2(SO4)3 has three times the amount of
sulphur found in Zn(SO4), despite the similarity in the oxidation state.
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Fig. 6.12 Evolution of the ZDDP normalised fluorescence yield spectra of P k-edge
after different shearing times at 1.0 GPa and 80 oC. Each curve is vertically offset for
clarity by adding a constant, as specified on each curve, relative to the first curve.

6.3.2 ZDDP tribofilms formed at 80oC and 1.0 GPa

6.3.2.1 Characterisation of P k-edge spectra

The evolution of the P k-edge spectra of the ZDDP tribofilm inside the wear
scar is shown in Fig. 6.12. The initial inspection of the data indicates that the
changes in the tribofilm spectra over rubbing time are comparable to the ones
of the thermal films discussed in the previous section, but the spectra seem to
evolve at a faster rate.

Similar to the thermal film, the P k-edge spectra of the tribofilm appeared to
have four main peaks, as listed in Table 6.2. The first one, peak (a), was observed
at the low energy range at 2150.4 eV. As this peak distinctively appeared before
shearing has started, it can be assigned to unreacted ZDDP adsorbed to the steel
surface. The second peak (b) appeared at 2152.5 eV, which can correspond to zinc
phosphate whether of short or long phosphate chains [162, 258, 288]. A pre-edge
peak (a’) was not observed at 2148.0 eV, which indicates that iron (III) phosphate
(FePO4) of short chains or any other iron phosphates of longer chains may either
be absent, has low concentration or form localised isolated patches within the
tribofilm.
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Fig. 6.13 Evolution of the normalised heights of peak (a): adsorbed ZDDP and peak
(b): phosphate at the P k-edge of ZDDP tribofilms after different shearing times at 1.0
GPa and 80 oC.

Additional two peaks, (c) and (d), appeared at 2160.0 eV and 2169.0 eV,
respectively, in the high energy post-edge region. As indicated before, The
presence or absence of these two peaks can be related to the oxidation state
and arrangements of the different elements within the phosphate glass structure
composing the tribofilm [351]. For instance, peak (c) was only observed before
shearing has begun, i.e. in the unreacted ZDDP spectrum, and after short
rubbing time during which the unreacted ZDDP dominated the XANES spectrum.
As rubbing continued, more of the unreacted ZDDP was decomposed to form
phosphate species. This caused peak (c) to vanish and peak (d) to become more
visible after long rubbing time.

Based on the fitting model described in Fig. 6.7, the quantitative changes in
the area of the peaks of the unreacted ZDDP and phosphate at the P k-edge are
shown in Fig. 6.13 after different shearing times. Contrary to the slowly evolving
thermal film discussed in the previous section, the tribofilm does not appear to
have an initial induction period in which the unreacted ZDDP molecules just
adsorb to the surface without any phosphate formation. Shearing the interface
between the contacting surfaces seems to vastly shorten the induction period, which
confirms the findings of the previous reports [30] that the ZDDP decomposition
and tribofilm formation are thermally and mechanically assisted processes in which
shear can greatly accelerate their kinetics. Hence, the first apparent phase, i.e.
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Peak positions of S k-edge (FY) spectra of the tribo- and thermal films of

P-based additives.

P-based films S k-edge peak positions (±0.1 eV)
a b c d

ZDDP thermal film 2472.9 2476.2 2481.9 2498.2

ZDDP tribofilm 2472.9 2476.1 2481.9 2498.2

stage (I) during the first few minutes of shearing, starts directly without delay
with the swift consumption of the unreacted ZDDP to form phosphate species.
The consumption of the ZDDP and the simultaneous formation of phosphates
occur at a fast average rate of 2.2 eV/min.

With the progression of rubbing, the decomposition of the unreacted ZDDP
entered a second phase, i.e. stage (II) after the first two minutes of shearing. The
main characteristics of this phase is the slow decrease in the area of the unreacted
ZDDP peak at a rate of 0.09 eV/min accompanied by the slow increase in the
area of the phosphate peak at a similar rate. The comparable rates suggest that
the unreacted ZDDP is continuously consumed to form the phosphate species
without much of replenishment. This can indicate that the ZDDP molecules
adsorb preferentially to the polar steel surface whereas it lacks this ability when
the steel is covered by the mixed organic and non-organic tribofilm.

6.3.2.2 Characterisation of S k-edge spectra

The evolution of the normalised S k-edge spectra after different shearing times is
shown in Fig. 6.14. Similar to the ZDDP thermal film, the S k-edge spectra of
the tribofilm appeared to have three main and two secondary peaks, as listed in
Section 6.3.2.1. The first main peak, (a), appeared at 2472.9 eV, which can be
assigned to ZnS or alkyl sulphide [285]. The second main peak, (b), was observed
at 2476.2 eV, which can be related to alkyl disulphide from the adsorbed ZDDP
[288]. The third main peak, (c), appeared at 2481.9 eV, which can be attributed
to ZnSO4 [288] or FeSO4 [286, 288].

Two other secondary peaks appeared in the S k-edge spectra after different
shearing times. The first peak (a’) was expected in the pre-edge region at 2469.5
eV. The absence of this peak indicates that FeS or any other iron-based sulphide or
sulphate species are either patchy, of low concentration or completely not present
in the tribofilm. The other secondary peak, (d), which appeared at 2498.2 eV, can
be mainly related to the presence of sulphate species. Peak (d) did not appear
before shearing has started, i.e. in the unreacted ZDDP spectrum, neither did it
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Fig. 6.14 Evolution of the ZDDP normalised fluorescence yield spectra of S k-edge
after different shearing times at 1.0 GPa and 80 oC. Each curve is vertically offset for
clarity by adding a constant, as specified on each curve, relative to the first curve.

appear after short shearing time during which the unreacted ZDDP dominated the
XANES spectrum. However, as more sulphate was formed with the progression of
shearing, peak (d) emerged and became more visible as shearing continued.

The evolution of the S k-edge spectra of the tribofilm inside the wear scar
showed a similar trend to the one observed in the spectra of the thermal films. As
observed in the previous cases, before shearing started the sulphur composing the
tribofilm was observed mainly in the reduced form, i.e. mainly organic disulphides.
However, after shearing for a short period of time the sulphur composing the
tribofilm started to appear in the oxidised form of sulphate, which increased in
concentration with the progressive shearing, as indicated in the change of the
heights of peak (a) and (c). These observations are in agreement with the previously
reported ex-situ XAS study of Yin et al. [118], which found that sulphate can be
formed in the tribofilm during the early stage of the test. This was related to the
high temperature at the contacting asperities during the running-in period due to
surface smearing and wear, which favours the formation of sulphate. However,
after smoothing the rough asperities, the local temperature at the asperity contacts
drops below the critical temperature for sulphate formation and thus the more
stable ZnS is formed instead.

The qualitative changes in the XAS S k-edge spectra can be quantified by
fitting the peaks of the sulphides, peaks (a) and (b), and sulphate, peak (c), using
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Fig. 6.15 Evolution of the normalised heights of peaks (a) and (b): sulphide and peak
(c): sulphate at the S k-edge of ZDDP tribofilms after different shearing times at 1.0
GPa and 80 oC.

the fitting model described in Fig. 6.10. Fig. 6.15 shows the evolution of the areas
of these peaks after different shearing times. During the initial stage of shearing,
i.e. stage (I) during the first 2.5 minutes, the area of sulphate, peak (d), appeared
to increase exponentially over time with an average rate of 2.6 eV/min. In contrast,
the areas of sulphide, peak (a), and organic sulphide, peak (b), decreased over the
same period with a rate of 0.27 eV/min and 1.2 eV/min, respectively.

With the progression of shearing, the decomposition of the unreacted ZDDP
enters stage (II), i.e. after the first 2.5 minutes of shearing. Over this period,
the change in the peak areas of sulphides and sulphate seems to be negligible.
The constant concentrations may be a result of the relatively less harsh operating
conditions as compared to the tribofilm formed at high contact pressure. In
addition, the transformation of sulphate to sulphide seems to require longer time
than the short period of the tribotest, i.e. 20 minutes.

6.3.3 ZDDP tribofilms formed at 25oC and 1.0 GPa

6.3.3.1 Characterisation of P k-edge spectra

The evolution of the P k-edge spectra inside the wear scar is shown in Fig. 6.16.
Similar to the thermal films and tribofilms formed at high temperature, discussed
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Fig. 6.16 Evolution of the ZDDP normalised fluorescence yield spectra of P k-edge
after different shearing times at 1.0 GPa and 25 oC. Each curve is vertically offset for
clarity by adding a constant, as specified on each curve, relative to the first curve.

before, the P k-edge spectra of the tribofilm at low temperature appeared to have
four main peaks. The first one, peak (a), appeared at the low energy range at
2150.4 eV, which corresponds to unreacted ZDDP adsorbed to the steel surface.
The second peak (b) started to appear at 2152.7 eV only after rubbing has begun.
Thus, this peak can be assigned to zinc phosphate whether of short or long
phosphate chains [162, 258, 288]. It is worth noting that as the pre-edge peak (a’)
at 2148.0 eV, which is a fingerprint of iron, was absent, iron phosphate species
might not be present in the tribofilm or it can be present but in localised isolated
patches or of low concentration.

Additional two peaks, (c) and (d), appeared at 2160.0 eV and 2169.0 eV,
respectively, in the high energy post-edge region, which can be related to the
oxidation state, molar mass and structure of the phosphate glass composing the
main bulk of the tribofilm [351]. Contrary to the tribo- or thermal films formed
at high temperature, peak (c) corresponding to adsorbed unreacted ZDDP did
not seem to disappear after long shearing times. This may suggest that the
decomposition of the unreacted ZDDP at low temperature to form phosphate
glass occurs slowly and immaturely. Therefore, within the time of experiments,
plenty of unreacted ZDDP molecules are still present on the surface.

The quantitative changes in the areas of the peaks of the unreacted ZDDP
and phosphate at the P k-edge were found based on the fitting model presented in
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Fig. 6.17 Evolution of the normalised heights of peak (a): adsorbed ZDDP and peak
(b): phosphate at the P k-edge of ZDDP tribofilms after different shearing times at 1.0
GPa and 25 oC.

Fig. 6.7, and are shown in Fig. 6.17 after different shearing times. Contrary to the
slowly evolving thermal film and similar to the previously studied fast evolving
tribofilms formed at high temperature, the tribofilm formed at low temperature did
not appear to have an initial induction period, which is characterised mainly by the
adsorption of the unreacted ZDDP to the steel surface without any decomposition
to form phosphate glass. The induction period seems to be hastened by shear.
Hence, the first apparent phase, i.e. stage (I) during the first 2.5 minutes, started
with the fast consumption of the unreacted ZDDP to form phosphate glass. The
consumption of ZDDP and formation of phosphates occurred at a fast rate of 0.8
eV/min. This is slower than the rate of 2.2 eV/min of the tribofilm formed at high
temperature but still much faster than the rate of 0.15 ev/hr of the thermal film.
This once more confirms that the ZDDP decomposition and tribofilm formation
are thermally and mechanically assisted processes, which can be accelerated by
both shear and heat. Therefore, the composition of the formed tribofilms at low
temperature can take much longer time to evolve but eventually can approach
the one of the tribo- or thermal films formed at high temperature [30].

As shearing continued, the decomposition of the unreacted ZDDP entered a
new phase, i.e. stage (II) after the first 2.5 minutes. During this phase, a slow
increase in the area of the unreacted ZDDP occurred at a rate of 0.05 eV/min
accompanied by the slow decrease in the area of the phosphate peak at a similar
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rate of 0.04 eV/min. This trend is in contrast to the trends observed in the case of
the tribo- and thermal films formed at high temperature. One possible explanation
for this can be related to the low tenacity of the expected minuscule amount of
the formed phosphate glass at low temperature. Therefore, the low tenacious
tribofilm can be removed easily, which exposes the steel surface underneath. The
newly available steel surface can then be covered by more adsorbed ZDDP. Thus,
the unreacted ZDDP area appears to increase as shearing continues.

6.3.3.2 Characterisation of S k-edge spectra

The evolution of the normalised S k-edge spectra after different shearing times
is shown in Fig. 6.26. The clear change in the features observed in the S k-edge
spectra indicates that the newly developed in-situ technique could successfully
avoid various detrimental effects, especially the elastic and Compton scattering,
on the acquired signal. This is evident in the overall high signal to noise ratio
and the preservation of the peaks’ heights.

The S k-edge spectra appeared to have three main and two secondary peaks,
as listed in Section 6.3.2.1. The first main peak, (a), was observed at 2472.9 eV,
which can be assigned to ZnS or alkyl sulphide [285]. The second main peak, (b),
appeared at 2476.1 eV, which can be related to alkyl disulphide from the adsorbed
unreacted ZDDP [288]. The third main peak, (c), appeared at 2481.9 eV, which
can be attributed to ZnSO4 [288] or FeSO4 [286, 288].

Two other secondary peaks appeared after different shearing times. The first
peak, (a’), was expected to appear in the pre-edge region at 2469.5 eV. The
absence of this peak can be related to the absence of FeS or other iron sulphide or
sulphate species from the tribofilm. The second secondary peak, (d), which was
observed at 2498.2 eV, can be mainly related to the presence of sulphate species.
This is evident from the absence of this peak from the unreacted ZDDP spectrum,
i.e. before the tribotest has begun, and its absence from the spectra after short
rubbing time during which plenty of the unreacted ZDDP is expected to still exist
on the steel surface. As rubbing continued, more sulphate was formed, which
resulted in the more distinctive appearance of peak (d).

The evolution of the S k-edge of the tribofilm formed at low temperature
showed a similar trend to the one observed in the spectra of the tribo- and thermal
films formed at high temperature. Initially, after shearing for a short period of
time, e.g. < 5 minutes, the sulphur composing the tribofilm appeared mainly
in the oxidised form of sulphate with only a small concentration of sulphur in
the reduced sulphide form. However, after slightly longer shearing times, the
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Fig. 6.18 Evolution of the normalised heights of peaks (a) and (b): sulphide and peak
(c): sulphate at the S k-edge after different shearing times at 1.0 GPa and 25 oC. Each
curve is vertically offset for clarity by adding a constant, as specified on each curve,
relative to the first curve.

sulphate concentration decreased whereas the sulphide concentration increased, as
indicated in the change of the heights of peaks (b) and (c). The sulphate formation
is favoured in the beginning of the tribotest due to the surface smearing and
wear during the initial running-in period, which can result in high temperature at
the contacting asperities. As rubbing continues and the running-in period ends,
the local temperature at the asperity-asperity contacts drops below the critical
temperature needed for the sulphate formation and therefore the more stable ZnS
is formed instead [118].

Using the fitting model described in Fig. 6.10, the qualitative changes in the
XAS S k-edge spectra can be quantified by fitting the peaks of the sulphides,
peaks (a) and (b), and sulphate, peak (c). Fig. 6.19 shows the evolution of the
areas of these peaks after different shearing times. It can be clearly observed that
during the initial stage of shearing, i.e. stage (I) during the first two minutes, the
area of sulphate, peak (c), appeared to increase drastically over time at a rate of
3.3 eV/min. In contrast, the areas of sulphide, peak (a), and organic sulphide,
peak (b), decreased over the same period at a rate of 2.3 eV/min and 1.3 eV/min,
respectively.

After the first two minutes of shearing, the decomposition of the unreacted
ZDDP entered a second phase, i.e. stage (II). During this phase, shearing caused
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Fig. 6.19 Evolution of the normalised heights of peak (a), (b) and (c) of S k-edge of
ZDDP tribofilms after different shearing times at 1.0 GPa and 25 oC.

the area of the sulphate peak to decrease gradually at a mean rate of 0.1 eV/hr. In
contrast, shearing seemed to have an opposite effect on the areas of the sulphide
peaks, which appeared to increase but with a smaller rate of 0.03 eV/min. Similar
to the conclusion based on the P k-edge data, the mismatched rates can possibly
indicate that at low temperature, a small volume of low tenacious tribofilm is
formed. Thus, the tribofilm can be removed easily, as indicated by the matched
signal of S k-edge after 20 minutes of shearing with the one before shearing started.

6.3.4 ZDDP tribofilms formed at 80oC and 1.0 GPa: DLC
coated counter-surfaces

6.3.4.1 Characterisation of P k-edge spectra

The evolution of the P k-edge spectra inside the wear scar formed between DLC
coated counter-surfaces is shown in Fig. 6.16. Similar to the thermal films and
tribofilms formed at low and high temperatures on bare steel surfaces, as discussed
in the previous sections, the P k-edge spectra of the tribofilm formed on DLC
coated surfaces appeared to have four main peaks. The first one, peak (a), was
observed at the low energy range at 2150.4 eV, which corresponds to unreacted
ZDDP adsorbed to the DLC surface. The second peak (b) appeared at 2152.7 eV
only after rubbing commenced. Thus, this peak can be assigned to zinc phosphate
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Fig. 6.20 Evolution of the ZDDP normalised fluorescence yield spectra of P k-edge
after different shearing times using DLC coated counter-surfaces at 1.0 GPa and 80
oC. Each curve is vertically offset for clarity by adding a constant, as specified on each
curve, relative to the first curve.

whether of short or long phosphate chains [162, 258, 288]. It is worth noting that
the pre-edge peak (a’) at 2148.0 eV, which is a fingerprint of iron, was absent as
these are DLC coated counter-surfaces and no wear of the coating surface was
observed during the tribotest. Thus, iron phosphate species cannot be formed in
the tribofilm due to the absence of iron cations.

Additional two peaks, (c) and (d), appeared at 2160.0 eV and 2169.0 eV,
respectively, in the high energy post-edge region, which can be related to the
oxidation state and arrangements of the different elements within the phosphate
glass structure composing the tribofilm [351]. Similar to the previously discussed
tribo- or thermal films formed at high temperature, peak (c) corresponding to
adsorbed unreacted ZDDP disappeared after shearing commenced. This suggests
that the unreacted ZDDP was decomposed completely to form zinc phosphate
glass covering the whole wear scar.

The quantitative changes in the areas of the peaks of the unreacted ZDDP and
phosphate at the P k-edge can be found by fitting peaks (a) and (b) based on the
fitting model described in Fig. 6.7. The fitting results are shown in Fig. 6.21 after
different shearing times. Similar to the previously studied fast evolving tribofilms
formed at high temperature on bare steel surfaces, shearing seemed to induce the
decomposition of the unreacted ZDDP to form phosphate glass immediately after
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Fig. 6.21 Evolution of the normalised heights of peak (a): adsorbed ZDDP and peak
(b): phosphate at the P k-edge of ZDDP tribofilms after different rubbing times using
DLC coated counter-surfaces at 1.0 GPa and 80 oC.

the tribotest started without any observed induction period. The first apparent
phase, i.e. stage (I) during the first few minutes of the tribotest, started with the
fast decrease in the area of the unreacted ZDDP peak, i.e. marking the outset
of the ZDDP decomposition, accompanied by the fast increase in the area of the
phosphate peak, i.e. indicating the formation of zinc phosphate, at a fast rate
of 3.2 eV/min. This is similar to the rate of 2.2 eV/min of the tribofilm formed
on bare steel surfaces at high temperature but much faster than the rate of 0.15
ev/hr of the thermal film or the rate of 0.8 eV/min of the tribofilm formed at low
temperature of 25 oC. These rates confirm that the ZDDP decomposition and
tribofilm formation are thermally and mechanically assisted processes in which
the kinetics can be greatly accelerated by either shear or heat.

After the first five minutes of shearing, the decomposition of the unreacted
ZDDP entered a second phase, i.e. stage (II). During this phase, a negligible
decrease occurred in the areas of the unreacted ZDDP and phosphate peaks. One
possible explanation for this trend can be related to the low tenacity of the formed
tribofilm on the DLC surface causing the tribofilm to be removed easily. However,
at high temperature and under shear, the ZDDP decomposition to form phosphate
glass is accelerated. Therefore, there will be a balance between the tribofilm
formation and removal in such a way that no more phosphate glass is formed and
the tribofilm thickness is kept relatively constant, which results in no apparent
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change in the areas of the unreacted ZDDP and phosphate peaks. This is in line
with several previous studies reported that the P-based additives such as ZDDP
can react and form protective tribofilms on DLC coatings even without containing
any doped cations [31, 32, 211–215]. In contrast, other studies found that no
tribofilms can be formed on non-doped DLC coatings without metallic cations
[216–221]. The main factor behind the wide disparity between the formation
and absence of tribofilms on DLC coatings appears to be related to the tribofilm
tenacity as discussed earlier. Several studies [31, 32, 211] have already suggested
that the tribofilms formed on DLC-DLC contacting surfaces are less tenacious than
the ones formed on steel surfaces. Furthermore, no iron was present in the formed
tribofilms on DLC surfaces [211, 216], which suggests that the low tenacity to the
surface can be related to the absence of mixed oxide/sulphide base layer. This
layer seems to act as a glue joining the substrate with the subsequently formed
phosphate layers composing the main bulk of the tribofilm. It follows that any
formed tribofilms on DLC coatings, especially if non-doped, are weakly adhered
leading to their effortless removal under rubbing once formed. The presence or
absence of the sulphur-base layer will be examined in the subsequent section.

6.3.4.2 Characterisation of S k-edge spectra

The evolution of the normalised S k-edge spectra after different shearing times is
shown in Fig. 6.26. The spectra appeared to have three main and two secondary
peaks, as listed in Section 6.3.2.1.

The first main peak, (a) appeared at 2472.9 eV, which can be assigned to ZnS
or alkyl sulphide [285]. The second main peak, (b), appeared at 2476.1 eV, which
can be related to alkyl disulphide from the adsorbed ZDDP [288]. The third main
peak, (c), was observed at 2481.9 eV, which can be attributed to ZnSO4 [288] or
FeSO4 [286, 288].

Two other secondary peaks appeared at different shearing times. The first
peak, (a’), is located in the pre-edge region at 2469.5 eV. The absence of this peak
can be related to the absence of any iron-based sulphide or sulphate species. The
second secondary peak, (d), which appeared at 2498.2 eV, can be mainly related
to the presence of sulphate species. This is evident from the absence of the peak
before shearing started in the unreacted ZDDP spectrum. As more sulphate is
formed with progressive shearing, peak (d) started to appear and became visible
just after the start of shearing.

The evolution of S k-edge of the tribofilm inside the wear scar showed a similar
trend to the one observed in the spectra of the previously discussed tribo- and
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Fig. 6.22 Evolution of the ZDDP normalised fluorescence yield spectra of S k-edge
after different shearing times at 1.0 GPa and 80 oC using DLC coated counter-surfaces.
Each curve is vertically offset for clarity by adding a constant, as specified on each
curve, relative to the first curve.

thermal films. Initially, after shearing for a short period of time, i.e. < 5 minutes,
the sulphur composing the tribofilm appeared mainly in the oxidised sulphate
form in addition to the reduced sulphide form. However, after longer shearing
times, the sulphate concentration decreased whereas the sulphide concentration
increased, as indicated in the change of the heights of peaks (a), (b) and (c).

The qualitative changes in the XAS S k-edge spectra can be quantified using
the fitting model described in Fig. 6.10 to fit the peaks of the sulphides, peaks
(a) and (b), and sulphate, peak (c). Fig. 6.23 shows the evolution of the areas of
these peaks after different shearing times. During the first five minutes, i.e. stage
(I), the area of sulphate, peak (c), appeared to increase drastically over time with
a rate of 2.5 eV/min. In contrast, the areas of sulphide, peak (a), and organic
sulphide, peak (b), decreased over the same period with a relatively smaller rate
of 1.7 eV/min.

The progression of shearing, i.e. after the first five minutes, caused the
decomposition of the unreacted ZDDP, adsorbed to the DLC surface, to enter a
second phase, i.e. stage (II). During this phase, the area of the sulphate peak
decreased gradually over shearing time with a mean rate of 0.36 eV/min. In
contrast, the sulphide peaks showed an opposite trend of increasing in area, but
with a much smaller rate of about 0.035 eV/min. The mismatch rates suggest
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Fig. 6.23 Evolution of the normalised heights of peaks (a) and (b): sulphide and peak
(c): sulphate at the S k-edge of ZDDP tribofilms after different shearing times at 1.0
GPa and 80 oC using DLC coated counter-surfaces

that the formed tribofilm on the DLC surface is of low tenacity, which results
in the removal of the tribofilm instead of the consumption of the sulphate to
form sulphide species. This added to the absence of iron confirms the observation
discussed in the previous section that the low tenacity to the surface is related
to the absence of mixed oxide/sulphide base layer that help bridge the substrate
with the subsequently formed phosphate layers composing the main bulk of the
tribofilm. The absence of this layer was also suggested by several previous studies
[32, 211, 216].

6.3.5 ZDDP tribofilms formed at 80oC and 2.2 GPa

6.3.5.1 Characterisation of P k-edge spectra

The evolution of the P k-edge spectra of the tribofilm formed at high temperature
and large contact pressure is shown in Fig. 6.24. The spectra appeared to have
four main peaks, as listed in Table 6.2. The first one, peak (a), was observed at
2150.4 eV, which corresponds to unreacted ZDDP. The second peak (b) appeared
at 2152.7 eV only after rubbing started, which can be assigned to zinc phosphate
whether of short or long phosphate chains [162, 258, 288]. No pre-edge peak (a’)
appeared at 2148.0 eV, which suggests that iron-based phosphate glass might not
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Fig. 6.24 Evolution of the ZDDP normalised fluorescence yield spectra of P k-edge
after different shearing times at 2.2 GPa and 80 oC. Each curve is vertically offset for
clarity by adding a constant, as specified on each curve, relative to the first curve.

be present in the tribofilm. Additional two peaks, (c) and (d), appeared at 2160.0
eV and 2169.0 eV, respectively. As stated before, these high energy post-edge
peaks can be related to the oxidation state and arrangements of the different
elements within the phosphate glass structure composing the tribofilm [351].

The evolution of the P k-edge spectra inside the wear scar suggests inconspic-
uous common changes over time as compared to the ones of the thermal films and
tribofilms generated at low contact pressure of 1.0 GPa. For instance, from the
inception of shearing, peak (a) appeared to be convoluted in peak (b) and existed
as a shoulder, as compared to the case of the thermal film when this started
to occur after 30 minutes of heating. In addition, peak (c) is absent and only
peak (d) appears in the post-edge EXAFS region. The main reason behind this
invariant trend can be explained as follows. As these experiments were not carried
out at the critical glancing angle, the acquired XAS signal originates from not
only the surface layer but also the bulk layers. Therefore, the common features
of the spectra over shearing time indicate that the average composition of the
tribofilm is unchanged. This can be mainly related to the nature of the ZDDP
decomposition inside the wear scar under severe conditions of shear and heat. As
the decomposition of the ZDDP additive is thermally activated and mechanically
assisted process [30], this indicates that the ZDDP decomposition under harsh
operating conditions will be faster as it will be accelerated by shear. For instance,
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Fig. 6.25 Evolution of the normalised heights of peak (a): adsorbed ZDDP and peak
(b): phosphate at the P k-edge of ZDDP tribofilms after different rubbing times at 2.2
GPa and 80 oC.

the steady-state composition of the tribofilm can be reached as early as shearing
commences. However, the slowly evolving thermal film discussed before in section
6.3.1, took a much longer period, i.e. about 20 hours of heating, to reach the
steady-state composition and to match the spectrum of the tribofilm after 2.5
minutes of shearing.

To get a better quantitative analysis, the fitting model described in Fig. 6.7
was used to find the areas of the unreacted ZDDP and phosphate peaks over
shearing time. The results of this fitting are presented in Fig. 6.25. The areas
of the peaks appear to undergo two distinctive phases. During the first phase,
(I), the area of the unreacted ZDDP peak decreased sharply with a rate of about
5.5 eV/min whereas the area of the phosphate peak increased sharply with a
similar rate. The results confirm that the contact pressure can accelerate the
decomposition reaction of the ZDDP to a great extent, which is evident from
the big jump in the area of the phosphate peak in the first couple of minutes
after shearing started. Furthermore, the results suggest that the ZDDP molecules
adsorb preferentially to the steel surface during the heating time and is ready to
form the tribofilm immediately once shearing commences.

During the second phase, (II), after 5 minutes of rubbing, the area of the
unreacted ZDDP peak appeared to be around 0.5 eV throughout the tribotest
with a negligible decrease over time. Similarly, the area of the phosphate peak
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Fig. 6.26 Evolution of the ZDDP normalised fluorescence yield spectra of S k-edge
after different shearing times at 2.2 GPa and 80 oC. Each curve is vertically offset for
clarity by adding a constant, as specified on each curve, relative to the first curve.

appeared to be around 5.0 eV throughout the test with a mild decrease of 0.02
eV/min over shearing time. This decrease in the area of the phosphate peak
can be related to the scission of long phosphate chains into shorter ones under
the large contact pressure and to severe surface wear that can remove the long
phosphate chains from the surface [186].

6.3.5.2 Characterisation of S k-edge spectra

The evolution of the normalised S k-edge spectra after different shearing times is
shown in Fig. 6.26. The S k-edge spectra appeared to have three main and two
secondary peaks, as listed in Section 6.3.2.1.

The first main peak, (a), appeared at 2472.9 eV, which can be assigned to ZnS
or alkyl sulphide [285]. The second main peak, (b), appeared at 2476.1 eV, which
can be related to alkyl disulphide from the adsorbed ZDDP [288]. The third main
peak, (c), was observed at 2481.9 eV, which can be attributed to ZnSO4 [288] or
FeSO4 [286, 288].

Two other secondary peaks appeared after different shearing times. The first
peak, (a’), was expected in the pre-edge region at 2469.5 eV. The absence of this
peak suggests the absence of iron-based sulphide or sulphate species from the
tribofilm [288]. The second secondary peak, (d), which was observed at 2498.2
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Fig. 6.27 Evolution of the normalised heights of peaks (a) and (b): sulphide and peak
(c): sulphate at the S k-edge of ZDDP thermal film after different shearing times at 2.2
GPa and 80 oC.

eV, can be mainly related to the presence of sulphate species. The peak did not
appear in the unreacted ZDDP or after short shearing time during which plenty of
unreacted ZDDP molecules still adsorbed to steel surface. As more sulphate was
formed during the progression of shearing, peak (d) emerged and became more
visible. The link between the height of the sulphate peak (c) and the height of the
high energy post-edge peak (d) can be clearly observed in the spectra evolution
over shearing time.

In general, the evolution of the S k-edge spectra of the tribofilm inside the
wear scar showed a similar trend to the one observed in the spectra of the tribo-
and thermal films discussed before. Initially, after shearing for a short period of
time, e.g. < 5 minutes, the sulphur composing the tribofilm appeared mainly in
the sulphate form along with the sulphide form. However, after longer shearing
times, the sulphate concentration decreased whereas the sulphide concentration
increased, as indicated in the change of the heights of peak (a) and (c).

The qualitative changes in the XAS S k-edge spectra can be quantified by
fitting the peaks of the sulphides, peaks (a) and (b), and sulphate, peak (c) using
the fitting model presented in Fig. 6.10. Fig. 6.27 shows the evolution of the
areas of these peaks after different shearing times. It can be clearly observed that
during the initial stage of shearing, i.e. stage (I) during the first 5 minutes, the
area of sulphate, peak (d), appeared to increase over time with a fast rate of 0.4
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eV/min. In contrast, the areas of sulphide, peak (b), and organic sulphide, peak
(c), appeared to decrease over the same period with a relatively similar rate of 0.3
eV/min.

As rubbing continued, i.e. after the first 5 minutes of shearing, the decomposi-
tion of the unreacted ZDDP adsorbed to the steel surface entered a second phase,
i.e. stage (II). During this phase, the area of the sulphate peak (c) decreased
gradually over shearing time with a mean rate of 0.055 eV/min. In contrast, the
sulphide peaks (a) and (b) showed an opposite trend of increasing in area, but
with a relatively similar rate of 0.035 eV/min. The comparable rates can possibly
indicate a continuous consumption of the sulphate to form more stable sulphide
species.

6.4 Overall comparison between ZDDP tribo-
and thermal films

In the previous sections, each tribo- or thermal test was discussed individually.
These tests were performed under different operating conditions of temperature,
contact pressure and countersurfaces. To understand the effect of these conditions
on the formed tribo- and thermal films, it is necessary to compare between the
formed P- and S-species across the different tests.

Fig. 6.28 compares the normalised areas of the adsorbed ZDDP and phosphate
peaks at the P k-edge of the ZDDP trio- and thermal films at the end of each
test. The available data exhibit three distinctive features. First, as the operating
conditions become harsher, i.e. higher temperature and contact pressure or just
longer heating or shearing time, the area of peak (a) of adsorbed ZDDP decreases
accompanied by a decrease in the area of the phosphate peak (b). Interestingly,
this trend is similar to the evolution of the areas of the adsorbed ZDDP and
phosphate peaks in any tribo- or thermal test. The significance of this observation
is that it confirms that heat and shear role is just to accelerate the reaction kinetics
of the additive decomposition but they do not affect the type of the formed species.
For instance, observing the areas of the adsorbed ZDDP and phosphate peaks of
the tribofilm formed under 2.2 GPa at 80 oC after 60 min and the ones of the
thermal film formed under heating for 24 hours at 80 oC confirms that despite of
the different kinetics governing the formation of these tribo- and thermal films,
their final compositions appear to be similar.

Second, there is an upper limit for the area of the phosphate peak, which
is reached after long rubbing or heating time. Beyond this point, either the
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Fig. 6.28 Comparison between the normalised areas of the adsorbed additive and
phosphate peaks at the P k-edge of the ZDDP tribo- and thermal films at the end of
each test.

phosphate area reaches steady state or starts to decrease. This is in agreement
with the findings of each test individually. The formed phosphate chains seem to
reach a certain length, which can be shortened with the progression of heating or
rubbing.

Third, there seems to be a trend that the larger the area of the phosphate
peak, the smaller the area of the adsorbed ZDDP peak. As discussed before, this
can be related to the availability of the substrate, whether bare or DLC coated
steel surface. As more tribofilm volume is formed under shearing or heating,
less substrate becomes available for the additive adsorption. This may indicate
that the ZDDP molecules do not adsorb preferentially to the tribofilm and thus
the detected signal comes mainly from the entrapped additive within the formed
tribofilm itself and to a less extent from its upper surface.

Examining the sulphur-based species formed under the various tested operating
conditions can provide a better understanding of the composition evolution of
the ZDDP tribo- and thermal films. Fig. 6.29 compares the normalised areas
of the sulphide and sulphate peaks at the S k-edge of the ZDDP films at the
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Fig. 6.29 Comparison between the normalised areas of the sulphide and sulphate peaks
at the S k-edge of the ZDDP tribo- and thermal films at the end of each test.

end of each test. Similar to the P k-edge data, the available S data exhibit
few distinctive features. First, as the temperature and contact pressure increase
or just the heating or shearing time gets longer, the area of the sulphide peak
initially decreased whereas the area of the sulphate peak increased. However,
as the conditions become harsher the trend eventually reverses, i.e. sulphide
increased and sulphate decreased. The overall trend across the various tribo-
and thermal films is strikingly similar to the one observed in the evolution of
the individual tribo- and thermal films, which confirms that the observed trend
across the various tests is just related to the difference in the reaction kinetics.
As throughout the ZDDP decomposition sulphur starts from unreacted ZDDP
and ends with sulphide species, the apparent decrease and then increase in the
sulphide area can be in part related to the fact that the initial sulphide area
consists mainly of adsorbed ZDDP whereas the final area consists primarily of
zinc sulphide and a small concentration of adsorbed ZDDP embedded within the
tribofilm.

The second feature in the data is related to the transformation of sulphate as
the operating conditions gets harsher. Under mild conditions, sulphate area starts
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to increase, which reaches a peak value before starts to decrease to a minuscule
value under harsher conditions or longer tests. These changes are mainly related
to the potent effect of shear and heat, which can accelerate the decomposition of
the adsorbed ZDDP.

6.5 XAS analysis of DDP-1 tribofilms

6.5.1 DDP-1 tribofilms formed at 80oC and 1 GPa

In the following sections, the P k-edge spectra will be characterised first followed
by the characterisation of the S k-edge spectra.

6.5.1.1 Characterisation of P k-edge spectra

The evolution of the P k-edge spectra inside the wear scar is shown in Fig. 6.30.
Similar to the ZDDP trio- and thermal films discussed before, the P k-edge spectra
of the DDP tribofilm have four main peaks. The first one, peak (a), was observed
at 2150.2 eV, which corresponds to unreacted DDP adsorbed to the steel surface.
This is evident from its distinctive appearance before shearing started. The second
peak (b) started to appear at 2152.8 eV only after shearing commenced. This
peak can be assigned to iron or zinc phosphate whether of short or long phosphate
chains [162, 258, 288]. The presence of the pre-edge peak (a’) at 2148.0 eV, which
is a fingerprint of iron, cannot be confirmed for this dataset due to the convoluted
noise in the spectra.

Additional two peaks, (c) and (d), were observed at 2160.0 eV and 2171.0 eV,
respectively, in the post-edge region, which can be related to the oxidation state
and arrangements of the different elements within the phosphate glass structure
composing the tribofilm [351]. Similar to the previously discussed ZDDP tribo-
and thermal films, peak (c) corresponding to adsorbed unreacted DDP disappeared
shortly after shearing started.

The changes in the areas of the unreacted DDP and phosphate peaks at the P
k-edge can be quantified by fitting these peaks using the fitting model presented in
Fig. 6.7. The evolution of the areas of the fitted peaks is shown in Fig. 6.31 after
different shearing times. Similar to the previously studied fast evolving ZDDP
tribofilms formed at high temperature, the DDP tribofilm does not appear to have
an initial induction period characterised by the adsorption of the unreacted DDP
to the steel surface without the formation of phosphate glass. During the first
minute of shearing, the first apparent phase, i.e. stage (I), started directly with
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Fig. 6.30 Evolution of the DDP-1 normalised fluorescence yield spectra of P k-edge
after different shearing times at 1.0 GPa and 80 oC. Each curve is vertically offset for
clarity by adding a constant, as specified on each curve, relative to the first curve.
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Fig. 6.31 Evolution of the normalised peak heights of unreacted DDP-1 and phosphate
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the fast decomposition of the unreacted DDP to form phosphate species. This is
clear from the decrease in the area of the unreacted DDP peak at a rate of 0.9
eV/min accompanied by the fast increase in the area of the phosphate peak at a
much faster rate of 7.5 eV/min.

After the first minute of shearing, a second phase, i.e. stage (II), of the
decomposition of the DDP started. In this phase, a negligible change occurred in
the areas of the unreacted DDP and phosphate peaks. One possible explanation for
this observed trend can be related to the balance between the tribofilm formation
and removal that keeps the phosphate glass composition and tribofilm thickness
relatively constant during the tribotest period. Furthermore, this can also be
related to the fact that contrary to the progressively evolving ZDDP tribofilms
over rubbing time, the DDP tribofilms, in general, consist of short chains of iron
polyphosphate undergoing minor changes over time [127, 136, 164, 179, 180]. This
is primarily related to the rapid reaction of the DDP additive with the substrate
covered with metal oxides, which induces a significant depolymerisation effect on
the formed iron phosphate chains that ultimately limits their growth considerably
[181].

6.5.1.2 Characterisation of S k-edge spectra

The evolution of the normalised S k-edge spectra after different shearing times is
shown in Fig. 6.32. The spectra appeared to have three main and two secondary
peaks.

The first main peak, (a), was observed at 2472.8 eV, which can be assigned to
ZnS or alkyl sulphide [285]. The second main peak, (b), appeared at 2476.0 eV,
which can be related to alkyl disulphide from the adsorbed DDP [288]. The third
main peak, (c), appeared at 2481.9 eV, which can be attributed to ZnSO4 [288]
or FeSO4 [286, 288].

The two other secondary peaks were observed after different shearing times.
The first peak, (a’), was expected in the pre-edge region at 2469.5 eV. This peak is
absent, which can be related to the absence of FeS or other iron-based sulphide or
sulphate species in the formed tribofilm. The second secondary peak, (d), which
appeared at 2498.2 eV, can be mainly related to the presence of sulphate species.
This peak did not appear after short shearing times during which the sulphate
peak was not very prominent as compared to the sulphide peak. As more sulphate
was formed with progressive shearing, peak (e) started to appear more clearly.

The evolution of the S k-edge spectra of the tribofilm inside the wear scar
showed a different trend from the one observed in the spectra of the ZDDP tribo-
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Fig. 6.32 Evolution of the DDP-1 normalised fluorescence yield spectra of S k-edge
after different shearing times at 1.0 GPa and 80 oC. Each curve is vertically offset for
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and thermal films. Initially, during phase (I) after shearing for a short period of
time, the sulphate concentration decreased whereas the sulphide concentration
increased, as indicated in the change of the heights of peaks (a), (b) and (c). With
the progression of shearing, i.e. > 0.1 minutes, the height of the sulphate peak
started to increase whereas the height of the sulphide peaks decreased. Opposite
trends were observed after long rubbing times, i.e. > 7.5 minutes.

The qualitative changes in the XAS S k-edge spectra can be quantified using
the fitting model presented in Fig. 6.10 to fit the peaks of the sulphides, peaks
(a) and (b), and sulphate, peak (c). Fig. 6.33 shows the evolution of the areas of
these peaks after different shearing times. It can be clearly observed that during
the initial stage of shearing, i.e. stage (I) during the first minute, the area of
sulphate, peak (d), appeared to decrease drastically over time with a rate of 1.9
eV/min. In contrast, the areas of sulphide, peak (b), and organic sulphide, peak
(c), increased over the same period with a relatively similar rate of 1.7 eV/min.

With the progression of rubbing, the decomposition of the DDP entered a
second phase, i.e. stage (II) after the first minute of shearing, in which the area
of the sulphate peak increased gradually over heating time with a mean rate of
0.16 eV/min. In contrast, the sulphide peaks, (b) and (c), showed an opposite
trend of decreasing in area, but with a smaller rate of 0.16 eV/min and 0.08
eV/min, respectively. The opposite trends can possibly indicate a continuous
decomposition of the adsorbed unreacted DDP to form sulphate species. This is in
agreement with the results of Kim et al. [136], which examined the decomposition
of two different types of DDP additives. For one of the tested additives, both
sulphides and sulphates were detected whereas for the other no sulphides were
observed but only sulphates. The formation of sulphates species was related to the
rapid reaction of the DDP with the substrate covered with oxides, which leads to
the oxidation of the sulphur species into iron sulphate [182]. This was confirmed
for both neutral and acidic DDPs [198].

As shearing continued, the decomposition of the DDP entered a third phase,
i.e. stage (III) after the first 7.5 minutes of shearing. During this phase, the
area of the sulphate peak decreased gradually over heating time with a mean
rate of 0.1 eV/min. In contrast, the sulphide peaks showed an opposite trend
of increasing in area, but with a relatively smaller rate of 0.06 eV/min. The
comparable rates can possibly indicate a continuous consumption of the sulphate
to form more stable sulphide species. This is in line with the results of Zhang
et al. [164] suggesting that the DDP additive forms mainly FeS. The observed
sulphides in the case of DDP, which is in contrast to the previously discussed
studies suggesting the formation of final sulphates species, can be related to the
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different operating conditions applied while generating the various tribofilms. For
instance, previous studies [127, 181] showed that under high contact pressure,
DDP tribo- or thermal films contain Fe sulphate near the steel surface whereas
under less harsh conditions initially mixed iron sulphide, as FeS and FeS2, and
sulphate, as FeSO4, are formed where the sulphides can oxidise over rubbing time
yielding primarily sulphates at the end.

6.6 XAS analysis of DDP-2 tribofilms

6.6.1 DDP-2 tribofilms formed at 80oC and 1 GPa

In the following sections, the P k-edge spectra will be characterised first followed
by the characterisation of the S k-edge spectra.

6.6.1.1 Characterisation of P k-edge spectra

The evolution of the P k-edge spectra inside the wear scar is shown in Fig. 6.34.
The P k-edge spectra of the DDP tribofilm have three main peaks. The first one,
peak (a), appeared at the low energy range at 2150.0 eV, which corresponds to
unreacted DDP adsorbed to the steel surface. The second peak (b) was observed
at 2152.8 eV, which existed even before shearing commenced. Similar to the case
of ZDDP and DDP-1 discussed before, this peak will be assigned to phosphate
glass. Additional peak, (d), appears at 2169.5 eV in the high energy post-edge
region. As this peak can be related to the oxidation state and arrangements of
the different elements within the tribofilm [351], its unchanged energy indicates
that no major changes occur to the phosphate species from the beginning to the
end of the tribotest.

The previous observations can be confirmed by using the fitting model depicted
in Fig. 6.7 to follow the changes in the areas of peaks (a) and (b) of the unreacted
DDP and phosphate, respectively, at the P k-edge. The evolution of these areas is
shown in Fig. 6.35 after different shearing times. The results indicate that in the
very early stage, (I), of the tribotest, the phosphate peak (b) seems to increase
swiftly over rubbing time. During the next stage (II), shearing seems to cause a
negligible change in the areas of the unreacted DDP and phosphate peaks, which
is followed by a mild decrease in the area of the phosphate peak during stage (III).
The apparent quiescent nature of the spectra might be speculated to be a result
of possibly ineffective decomposition nature of the additive under the applied
operating conditions to form a protective tribofilm. However, as the additive
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Fig. 6.34 Evolution of the DDP-2 normalised fluorescence yield spectra of P k-edge
after different shearing times at 1.0 GPa and 80 oC. Each curve is vertically offset for
clarity by adding a constant, as specified on each curve, relative to the first curve.

Shearing time (min)
0 5 10 15 20

Pe
ak

 a
re

a 
(e

V
)

0

1

2

3

4

5

6

7

8

Peak (a)
Peak (b)

I II III

Fig. 6.35 Evolution of the normalised peak heights of unreacted DDP-2 and phosphate
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provided a similar antiwear protection to the ZDDP additive, this possibility can
be excluded. The other more plausible explanation to the observed trend can be
related to the high reactivity of the additive, as suggested by the manufacturer,
leading to the formation of ultra-thin protective P-rich film by just heating the
oil even before any rubbing commences. This is supported based on the large
similarity between the spectrum before rubbing, i.e. at 0 min, and the ones after
rubbing.

6.6.1.2 Characterisation of S k-edge spectra

The evolution of the normalised S k-edge spectra after different shearing times
is shown in Fig. 6.36. Similar to the previously discussed spectra of the ZDDP
and DDP-1 tribofilms, the spectra of the DDP-2 tribofilm appeared to have three
main and two secondary peaks.

The first main peak, (a), appeared at 2473.0 eV, which can be assigned to ZnS
or alkyl sulphide [285]. The second main peak, (b), appeared at 2476.0 eV, which
can be related to alkyl disulphide from the adsorbed ZDDP [288]. The third main
peak, (c), was observed at 2481.5 eV, which can be attributed to ZnSO4 [288] or
FeSO4 [286, 288].

Two other secondary peaks appeared after different shearing times. The first
peak, (a’), was expected in the pre-edge region at 2469.5 eV. The absence of this
peak suggests the absence of iron-based sulphide or sulphate species from the
tribofilm [288]. The second secondary peak, (d), which was observed at 2498.2
eV, can be mainly related to the presence of sulphate species.

The evolution of S k-edge of the tribofilm inside the wear scar showed a different
trend from the ones observed in the spectra of the ZDDP and DDP-1 tribofilms.
Initially, after shearing for a short period of time, e.g. < 0.5 minutes, the sulphur
composing the tribofilm appeared unchanged with rubbing and consisted of sulphur
in the oxidised sulphate form and the reduced sulphide form. However, after
slightly longer shearing times, the area of the sulphate peak (c) decreased whereas
the areas of the sulphide peaks (a) and (b) were found to be invariant.

The qualitative changes in the XAS S k-edge spectra can be quantified by
fitting the peaks of the sulphides, peaks (a) and (b), and sulphate, peak (c) using
the fitting model described in Fig. 6.7. Fig. 6.37 shows the evolution of the areas
of these peaks after different shearing times. During the first minute of shearing,
i.e. stage (I), the area of sulphate, peak (d), appeared to decrease drastically
over time with a rate of 3.3 eV/min. In contrast, the areas of sulphide, peak (b),
and organic sulphide, peak (c), increased over the same period with a relatively
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Fig. 6.36 Evolution of the DDP-2 normalised fluorescence yield spectra of S k-edge
after different shearing times at 1.0 GPa and 80 oC. Each curve is vertically offset for
clarity by adding a constant, as specified on each curve, relative to the first curve.
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Fig. 6.37 Evolution of the normalised heights of peak (a), (b) and (c) of S k-edge of
DDP-2 tribofilms after different shearing times at 1.0 GPa and 80 oC.
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lower rate of 1.0 eV/min. With the progression of rubbing, the decomposition
of the DDP entered a second phase, i.e. stage (II) during which the area of the
sulphate peak increased gradually over time with a mean rate of 0.09 eV/min.
Similarly, the sulphide peaks, (b) and (c), showed a similar trend of increasing
in area, but with a rate of 0.14 and 0.05 eV/min, respectively. The similar low
rates can possibly indicate a continuous adsorption of the unreacted DDP on the
steel surface. After the first 7.5 minutes of shearing, the decomposition of the
DDP additive entered a third phase, i.e. stage (III), during which the area of the
sulphate peak decreased gradually over heating time with a mean rate of 0.07
eV/min. In contrast, the sulphide peaks showed a different trend of not changing
in area over shearing time.

These results combined with the observations in the P k-edge spectra suggest
that the complete decomposition of the DDP-2 additive occurred to form sulphate,
sulphide and phosphate species even before shearing started. The initial changes
in the sulphur, i.e. formation of sulphate and sulphide, are comparable to the
evolution observed in the ZDDP tribo- and thermal films after long rubbing or
heating times. This confirms the fast reactivity of the additive to form ultrathin
protective tribofilms.

6.7 Summary and concluding remarks

A mini pin-on-disc tribotester was designed, which can be coupled with XAS
to perform in-situ tribological tests at different contact pressures, temperatures
and sliding speeds. Using this apparatus, it was possible to follow and examine
the composition evolution over time of the tribo- and thermal films of different
phosphorus based additives through the measurements of the P and S k-edge
XAS spectra. The unique feature of this apparatus is that, for the first time, the
composition of the tribo- and thermal films of various oil additives can be studied
at ambient pressure in-situ without altering the sample condition.

The main in-situ XAS results can be summarised as follows:

• At the beginning of the tribo- or thermal test, the formed tribo- or thermal
film consists of sulphur mainly in the form of sulphate with some disul-
phide, which progressively changes into mainly sulphide. Following this,
the adsorbed additive starts to decompose completely to form phosphate
species.

• The ZDDP decomposition process occurs as follows:
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i. The unreacted ZDDP adsorbs to the substrate, whether a bare steel or
DLC coated surface.

ii. The adsorbed molecules decompose partially by losing sulphur to form
sulphate species. The sulphate formation is favoured in the beginning
of the tribotest due to surface smearing and wear during the initial
running-in period, which result in high temperature at the contacting
asperities.

iii. The formed sulphate species are reduced to form sulphides. As rubbing
continues and the running-in period ends, the local temperature at the
asperity-asperity contacts drops below the critical temperature needed
for the sulphate formation and therefore the more stable sulphide is
formed instead.

iv. The adsorbed molecules decompose completely to form phosphate
species in the form of layers of chains progressively increasing in length.

v. Any harsh conditions of high temperature and large contact pressure or
even just long shearing or heating time can cleave the long phosphate
chains into shorter ones.

vi. Once the phosphate-based tribofilm covers the substrate completely,
the ZDDP molecules cannot adsorb preferentially to the tribo- or
thermal film covering the substrate. The origin of the detected adsorbed
molecules in the late stages of the test is mainly the trapped additive
within the formed film, which occurs during the early stages of the test
without any further replenishment.

• The DDP decomposition process is similar to the one of the ZDDP. This
suggests that the zinc and iron cations can replace each other without much
changes in the composition of the formed tribofilm except the chain length.

• The formed tribofilm on the DLC coated surfaces or at low temperature,
i.e. 25 oC, is of small volume and low tenacity. The low tenacious tribofilm
was related to the absence of mixed oxide/sulphide base layer. This layer
seems to act as a glue joining the substrate with the subsequently formed
phosphate layers composing the main bulk of the tribofilm.

The findings of this study widen the scope of the future investigations to study
the reaction kinetics of different materials under shear and realistic test conditions.
It also opens opportunities to study the evolution over time of various additives
on different surfaces and their interaction under heat and shear.
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To complement the work discussed in this chapter, the subsequent chapter will
examine in-situ the reaction kinetics of the ZDDP, DDP-1 and DDP-2 additives
on bare steel, DLC coated surfaces and various zinc and iron phosphate glasses
using a newly developed high temperature AFM liquid cell. Furthermore, the
evolution over time of the structure of the formed tribofilms will be studied in
detail using the AFM under different operating conditions of temperature, contact
pressure and sliding speed.



Chapter 7

Structure and rheology of ZDDP
and DDP tribofilms using in-situ
AFM

The ultra-thin protective tribofilms (< 200 nm) generated from P-based antiwear
additives such as ZDDP and DDP long have been considered as rigid interfaces
that act as a mechanical barrier [15], which helps protect the metal surface from
severe wear. However, it was speculated that these films might also behave as
molten glass [14] or viscous polymeric interface [36]. To better understand the
origin of the superior antiwear properties of these films, a high temperature AFM
liquid cell was designed and coupled with the atomic force microscope (AFM) to
perform in-situ single asperity tribological and rheological tests at different contact
pressures (2–7 GPa), temperatures (25–120 oC) and sliding speeds (50–450 µm/s).
The chapter is divided into two main sections discussing the results of ZDDP
and DDP additives, respectively. Each section presents and discusses different
aspects related to the rheological and textural properties of the formed tribofilms
including the local occupancy, durability, tenacity, flowability, growth hysteresis
and formation kinetics.

7.1 Results of ZDDP tribofilms

7.1.1 Local occupancy of the tribofilm’s pads

The origin of the patchy pad-like structure of the ZDDP tribofilms is still not
well-understood. Various theories were proposed to explain the formation of such
as a structure, which includes:
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Fig. 7.1 Schematic of the different scan lines used to raster scanning a 5 × 5 µm2 area
using the AFM tip during the in-situ tests to generate tribofilms.

• Glass flow and solidification [36, 248].

• Nucleation-growth due to load instability [167].

• Nucleation-growth due to surface defects [30].

A unique set of experiments are designed to examine the flowability and the
nucleation-growth hypotheses of the ZDDP tribofilms pads as they are being
formed. Fig. 7.1 shows a representation of this set in which the AFM tip is raster
scanning across an area of 5µm × 5µm at the same speed but following a different
number of scanning lines, i.e. 128, 64, 32, 16, 8, 4 and 1 line.

7.1.1.1 Case I: 128 scanning lines

The evolution of the ZDDP tribofilm over sliding cycles using 128 scanning lines
is shown in Fig. 7.2. It is evident that as the maximum space separating any two
lines is less than 39 nm, which is less than the estimated diameter of the tip, i.e.
150 nm as discussed in appendix A, the formed tribofilm appeared as a continuous
film without any distinctive lines. During the first stage of the in-situ tribotest,
i.e. < 2000 sliding cycles, two features appear in the structure of the formed
tribofilm. The first feature is the accumulated tribofilm formed near the edges,
which has larger thickness, i.e. nearly twice, than the one formed away from the
edges. The reason for this enlarged thickness is related to the larger number of
sliding cycles experienced near the edges due to the narrower gap between the
adjacent scanning lines, as shown in 7.2a. Another possible reason can be related
to the flowability of the tribofilm as the tip rasters the surface and pushes the
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Fig. 7.2 In-situ ZDDP tribotest using the AFM liquid cell, where a) schematic of the
128 scan lines used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm
after different scanning cycles at 80 oC and 7.3 GPa. The scale bar is in nm.

tribofilm’s pads to the sides. The second interesting feature during the first 2000
cycles of the tribofilm’s formation is the distinctive arranged pads that are formed
initially under the scanning lines of the tip. As rubbing continued, the size of the
pads increased and they became less uniform than the ones formed during the
beginning of the test. For instance, a comparison between the formed tribofilm
after 800 and 2000 cycles confirms this observation.

The areas of small thickness away from the edges seem to increase in thickness
until approaching the ones near the edges. This is an interesting observation
because it is counterintuitive to what is generally expected to be a uniform
formation as long as the initial conditions did not change. The abstruse behaviour
might originate from the intrinsic limiting thickness of the tribofilm. This was
related to the cushion effect of the thick tribofilm, which deforms easily leading to
larger contact area and thus results in lower contact pressure and consequently low
formation rate [30]. Another explanation is related to what appears as removal
cycles followed the initial formation once the tribofilm reached a certain thickness.
The removal cycles seem to be induced by the progressive shearing of the interface
causing the weakly adhered top layers of the tribofilm to be removed or be
reallocated within the central area of the evolving tribofilm. Following the changes
between 2600, 3000 and 4000 cycles, reveals that the removal of the tribofilm
occurs as follows. First, the tribofilm reaches a certain thickness. Second, a big
part of the tribofilm having a large thickness is removed, as indicated in the gap
after the 3000 cycle. Finally, a new cycle of formation starts, as indicated by
the evolved structure of the tribofilm after the 4000 cycle as compared to its
previously recorded state. These formation-removal cycles seem to be repetitive
in nature.
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Fig. 7.3 In-situ ZDDP tribotest using the AFM liquid cell, where a) schematic of the
64 scan lines used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm
after different scanning cycles at 80 oC and 7.3 GPa. The scale bar is in nm.

7.1.1.2 Case II: 64 scanning lines

The evolution of the ZDDP tribofilm over sliding cycles using 64 scanning lines is
shown in Fig. 7.3. In this case, the maximum space separating any two adjacent
lines is less than 78 nm, which is less than the estimated diameter of the tip, i.e.
150 nm. Therefore, the formed tribofilm appeared as a continuous film without
any distinctive lines. Similar to the case of the 128 lines, the tribofilm formed
during the early stages of the tribotest has larger thickness near the edges than
in the central areas. In these middle areas, the tribofilm is more uniform and
consists of small thin pads elongated in the direction of rubbing. As rubbing
cycles progressed, the pads thickness increased and the central areas appeared to
have larger thickness than the ones near the edges. Following this, further rubbing
seemed to cause severe mixing and distortion of the individual pads leading to
wear and removal of parts of the tribofilm. All these features are akin to the ones
observed previously in the case of 128 lines, which confirms that the tribofilm
formation follows the same deterministic trend especially in the early stages of
the tribotest but differences might arise as sliding cycles increase.

7.1.1.3 Case III: 32 scanning lines

In general, the evolution of the ZDDP tribofilm over sliding cycles for the case
of 32 lines, as shown in Fig. 7.4, is similar to the cases of 128 and 64 scanning
lines. The only difference occurs during the first 500 sliding cycles, which shows
an apparent distinctive lines in the formed tribofilm. This can be related to the
small tip diameter, i.e. less than 150 nm, compared to the maximum separation
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Fig. 7.4 In-situ ZDDP tribotest using the AFM liquid cell, where a) schematic of the
32 scan lines used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm
after different scanning cycles at 80 oC and 7.3 GPa. The scale bar is in nm.

distance between any two adjacent scanning lines, which is about 156 nm. Thus,
it is expected to observe distinctive lines within the formed tribofilm following
the scanning lines. As rubbing continued, these lines became less apparent and a
continuous tribofilm was formed. The tribotest was stopped after 2000 cycles, but
based on the available data and the previous discussion it is expected that the
tribofilm will follow a similar trend to the ones in the case of 128 and 64 scanning
lines.

7.1.1.4 Case VI: 16 scanning lines

The evolution of the structure of the ZDDP tribofilm during using 16 lines raster
scanning an area of 5 × 5µm2 is shown in Fig. 7.5. Unlike the case of scanning
lines more than 32, the separation distance between any two adjacent lines in the
case of 16 lines is about 312 nm, which is nearly twice the estimated diameter
of the AFM tip. This is the reason of the appearance of clear distinctive lines
during the early stages of the tribotest. However, similar to the previous cases
of larger number of scanning lines, several common features appear in the case
of 16 lines. The first feature is related to the thicker tribofilm formed near the
edges as compared to the middle areas, which as discussed before can be related
to the double rubbing action at these regions as the scanning lines get closer to
each other and finally overlap when moving towards the edges.

The second feature is related to the uniform structure of the formed tribofilm
during the early stages as compared to the final stages, which can be attributed to
the wear action and the intrinsic deterministic nature of the tribofilm formation. As
rubbing continues deviations and less uniform tribofilm are increasingly expected
because of wear and smearing of the thicker areas of the tribofilm under shear.
This is evident from the worn areas near the edges where the tribofilm was initially
thicker. This is in line with the conclusions of Aktary et al. [167] that the ZDDP
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Fig. 7.5 In-situ ZDDP tribotest using the AFM liquid cell, where a) schematic of the
16 scan lines used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm
after different scanning cycles at 80 oC and 7.3 GPa. The scale bar is in nm.

tribofilm exhibits high plasticity suggesting a sacrificial nature of the tribofilm,
which is continuously formed and removed at the interface. Conversely, Warren
et al. [248] showed that the ridges of the tribofilm have great capacity of elastic
deformation, which was also confirmed by the results of Graham et al. [249]
and Ye et al. [253] that the ridges of ZDDP tribofilms can greatly resist plastic
deformation. However, the high elastic modulus does not warrant high toughness
and ductility for the large pads. The contrary might just be the case, i.e. the
larger the thickness of the tribofilm the more its brittleness, as suggested by our
results.

Another interesting feature is evident in the fact that the scanning lines
become less visible as the tribofilm grows. Two factors can cause this behaviour to
occur. First, rubbing might have pushed the worn parts of the tribofilm into the
areas between the scanning lines. Second, the tribofilm itself might be soft and
deformable. Thus, it is plausible that the interfacial shear stress and large contact
pressure caused the thick soft areas of the tribofilm to flow and consequently cover
the gaps between the adjacent scanning lines. This is in line with various previous
reports [17, 36, 48] suggesting that the outer layers of the tribofilm are easily
flowing viscous as opposed to the layers close to the metal surface, e.g. sulphides
and phosphates, which are most likely elastic or elastoplastic solids of polymeric
nature [151]. These bottom layers near the metal surface were suggested to have
a viscosity around 108 Pa.s as opposed to 5.104 – 3.105 Pa.s for the top layer of
alkyl phosphate [36].

To test the previous theories regarding the effect of the tribofilm’s worn parts
and flowability on the final structure of the tribofilm, it is necessary to vary
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Fig. 7.6 In-situ ZDDP tribotest using the AFM liquid cell, where a) schematic of the
8 scan lines used to raster scanning a 5 × 5 µm2 area, b) the generated tribofilm after
different scanning cycles at 80 oC and 7.3 GPa, and c) a repetition of the same test.
The scale bar is in nm.

the local occupancy of the formed pads by decreasing the distance between the
adjacent scanning lines. This will be discussed in detail in the subsequent sections.

7.1.1.5 Case V: 8 scanning lines

Fig. 7.6 shows the evolution of the structure of the ZDDP tribofilm during the
in-situ tribotest using 8 scanning lines raster scanning an area of 5×5µm2. In this
case, the distance between the adjacent lines is about 625 nm, which is fourfold
the diameter of the used AFM tip. This relation is confirmed by measuring the
diameter of one line of the formed tribofilm after short rubbing cycles as compared
to the distance between the lines.

The formed tribofilm showed similar features to the previously discussed cases
of larger number of scanning lines. Initially, the edges of the formed tribofilm
appears to be thicker than the areas in the middle. This continues to be the case
until the end of test as shown in Fig. 7.6b. However, rubbing for larger number
of cycles, as shown in Fig. 7.6c, shows that the tribofilm thickness becomes more
uniform whether near or away from the edges. The findings also confirm that the
gap between any two adjacent lines, nearly 625 nm, is completely filled with a
tribofilm, despite the absence of any shearing occurring in these regions. Due to
the large gap and the early coverage of these areas even before any significant
wear occurs to the formed areas nearby, it is highly likely that the tribofilm in
these un-sheared regions originates from the flow of the tribofilm from the sheared
areas nearby.
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Fig. 7.7 In-situ ZDDP tribotest using the AFM liquid cell, where a) schematic of the 4
scan lines used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm after
different scanning cycles at 80 oC and 7.3 GPa. The scale bar is in nm.

7.1.1.6 Case VI: 4 scanning lines

To confirm the previous finding that the tribofilm can flow to cover wider areas
than the sheared ones, the distance between any two adjacent scanning lines
was further increased to about 1.25 µm. This was possible using 4 lines raster
scanning an area of 5 × 5µm2. Fig. 7.7 shows the evolution of the structure of the
ZDDP tribofilm during the in-situ tribotest. The results reiterate the previous
findings discussed in the previous section, that initially the tribofilm is formed
under the scanning lines where the interface between the steel surface and the
AFM tip experiences large shear stress and contact pressure. However, as shearing
continued, the tribofilm starts to gradually fill the nearby areas. The structure
of the tribofilm appears as if it flows from the areas of high contact pressure to
spread to any available gap.

The finding confirms that contrary to the generally perceived conception that
the tribofilm is rigid [14–18], the formed tribofilm behaves as a highly viscous
material, which can deform and flow under shear. The significant implication of
this finding is that for the first time it provides a novel mechanistic understanding
for the excellent anti-wear properties of the ZDDP tribofilms. In addition of
forming a mechanical barrier, the tribofilm can also deform and flow and thus
mitigates the shear stress at the contacting asperities leading to less wear. Similar
conclusion can also be inferred from the results of Pereira et al. [243] who showed
that up to 200 oC the modulus of a mature tribofilm was nearly constant at
around 100 GPa but dropped to about 70 GPa at 200 oC. The decrease in the
modulus can indicate a compliant tribofilm that can be easily deformed especially
at high temperature.
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Fig. 7.8 In-situ ZDDP tribotest using the AFM liquid cell, where a) schematic of the
single scan line used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm
after different scanning cycles at 80 oC and 7.3 GPa. The scale bar is in nm.

Apart from this, the thick areas within the tribofilm structure appears to be the
first areas to be worn away. This is evident from observing that in the beginning
of the test the edges of the lines are thicker than the ones in the middle. However,
these areas are worn away quickly. Afterwards, the areas in the middle of the
formed tribofilm start to grow in thickness before reaching a certain threshold after
which removal occurs and then followed by another cycle of formation followed by
removal and so forth.

7.1.1.7 Case VII: 1 scanning line

The flowability of the ZDDP tribofilm can be further confirmed by observing the
evolution of the structure of the ZDDP tribofilm during the in-situ tribotest using
a single scanning line of length of 5 µm, as shown in Fig. 7.8.

It is evident that the line thickness increases rapidly as rubbing cycles increase.
This confirms that the tribofilm does not only form under the AFM tip but can
also flow to the sides. Another observation is related to the uniformity of the
formed line. The formed tribofilm appears less uniform along its length. One
explanation for this behaviour can be related to the disruption caused by the
reciprocating motion of the AFM tip over a very short period of time while the
film is susceptible to deformation. This can also be related to load instability [167]
as the AFM tip changes direction as well as to any surface heterogeneity [30].

7.1.2 Tribofilm durability and tenacity

Another way to examine the flowability of the tribofilm is by following the evolution
of its structure over different levels of contact pressure. The idea behind this is that
if the tribofilm truly flows then it should deform largely once under high contact
pressure. To limit this effect to genuine flowability and avoid any formation during
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Fig. 7.9 Durability of mature ZDDP tribofilms measured by following the evolution
of the tribofilm thickness after different sliding cycles at 25 oC under different contact
pressures ranging from 2.1 to 4.5 GPa.

the process, these experiments were carried out at ambient temperature and in
base oil without ZDDP additive. These same experiments will also be used to
study the durability and tenacity of the ZDDP tribofilms.

Fig. 7.9 shows the evolution of the structure of a mature ZDDP tribofilm, i.e.
formed initially at 80 oC and 4.5 GPa, when subjected to different levels of contact
pressure while the AFM tip is raster scanning the surface. The data show that,
initially when the tribofilm was subjected to a relatively small contact pressure of
2.1 GPa, a small decrease in the tribofilm thickness of about 5 nm was observed.
This indicates that the mature tribofilm is largely tenacious and durable.

Once the contact pressure was increased to 2.7 GPa, a small recovery of 15
nm in the tribofilm thickness was observed. The exact source or mechanism of
this recovery is not completely understood. We speculate that it could originate
from the irreversible disruption of the local compactness of the interfacial layers
of the tribofilm leading to an increase in the free volume within the phosphate
glass. This necessary makes the tribofilm loose and more susceptible to wear,
which is confirmed by the subsequent decrease in the tribofilm thickness over
the sliding cycles until reaching a steady-state thickness of about 85 nm. Thus,
the decompressing effect of contact pressure on mature tribofilms appears to be
counter-productive compared to the case of immature tribofilms in which contact
pressure acts to compact the loose top layers of the ZDDP decomposition products
into solid polyphosphates [36].
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As the contact pressure was increased to 3.7 GPa, a big drop in the tribofilm
thickness was observed until it reached a steady-state thickness of 50 nm. When
the contact pressure was further increased to 4.5 GPa, a large sudden decrease
in the tribofilm thickness of more than 50 nm was observed until it reached
steady-state thickness of 10 nm. Under this large contact pressure, a big part of
the tribofilm was completely removed, which is unlike the layer-by-layer removal
observed in the case of smaller contact pressures. The overall decrease in the
tribofilm thickness is generally consistent with the statement that the larger the
contact pressure the larger the removal rate of the tribofilm.

Another interesting observation in the evolution of the tribofilm structure is
related to the increased flowability observed under the increasing contact pressures.
For instance, when a small contact pressure was applied the tribofilm initially
covered an area of 5 × 5µm2. However, when the contact pressure was increased
to 2.7 GPa, the covered area increased to about 6 × 6µm2. The covered area
increased further to 8 × 8µm2 when the contact pressure was increased to 3.7
GPa. This tribofilm area stayed the same when the contact pressure increased
further to 4.5 GPa.

The origin of this behaviour can be attributed to the squeezed flow effect of
large contact pressures. The large pressures can deform the soft tribofilm between
the contacting surfaces and squeeze it such that the film moves from the areas of
high contact pressure towards the areas near the edges of low contact pressure in
order to minimise the experienced shear stresses.

7.1.3 Tribofilm growth hysteresis

In the subsequent sections, the tribofilm growth hysteresis, i.e. repetitive behaviour
of formation and removal, will be discussed in detail considering tribofilms formed
under three different contact pressures, i.e. 2.7, 4.5 and 5.7 GPa.

7.1.3.1 Case I: growth at 2.7 GPa

Fig. 7.10 shows two repetitions of the thickness and topography evolution of the
ZDDP tribofilm over sliding cycles. The tribofilm was formed at 80 oC and 2.7
GPa. The results indicate that below 10000 sliding cycles, the tribofilm thickness
increased linearly. However, after this threshold, the thickness started to increase
sharply with much faster kinetics. This is followed by a certain trend of tribofilm
removal, which is evident from the decrease in the tribofilm thickness around 12000
sliding cycles. Following this removal phase, the tribofilm growth was minimal
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Fig. 7.10 Evolution of the ZDDP tribofilm thickness over time after two repetitions
formed at 80 oC and 2.7 GPa.

in one repetition followed by a gradual decrease in thickness. However, in the
second repetition, the tribofilm thickness started to increase sharply just after the
precedent removal phase.

The data suggest that just before any growth phase of fast kinetics the structure
of the tribofilm has a relatively high roughness. The rough surface contains various
sharp protrusions, which might behave as seeds for the succeeding tribofilm layers
to grow. Interestingly, after the first removal phase, the tribofilm surface also
appears to be very rough, which helps accelerate the next fast formation phase.
The fast growth can be a result of extra energy aroused from the dangling bonds
from the preceding removal cycle. Every removal cycle seems to create more active
sites with more energy available for the next succeeding growth cycle.

The above discussion indicates that the formation and removal cycles are
repetitive in nature, i.e. the more the tribofilm removal, the rougher the surface
and the more the energy available for the next formation phase and consequently
the faster the tribofilm formation.
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Fig. 7.11 Evolution of the ZDDP tribofilm thickness over time after two repetitions
formed at 80 oC and 4.5 GPa.

7.1.3.2 Case II: growth at 4.5 GPa

Fig. 7.11 shows two repetitions of the evolution of the thickness and morphology
of ZDDP tribofilms over sliding cycles formed at 80 oC and 4.5 GPa.

The first repetition (shown in red) indicates that the tribofilm formation was
steady and relatively linear over the different sliding cycles. On the other hand, the
second repetition (shown in blue) indicates that the tribofilm undergoes changes
in its structure as it evolves over the sliding cycles. The first 5000 cycles appear
to be similar to the first repetition as the thickness evolves linearly. After that,
the thickness starts to increase with a much faster rate until reaching a maximum
value of about 70 nm just before the 8000 cycle. As rubbing continued, layers of
the tribofilm were worn away as indicated by the decrease in thickness. This is
followed by an outburst of formation cycle in which the tribofilm thickness was
doubled from 60 to 120 nm in less than 2000 cycles. This fast growth phase was
followed by another removal phase of similar rate during which several layers of
the tribofilm were worn away.

In order to understand the difference in behaviour between the two repetitions,
one should examine the topography images showing the structure evolution of the
tribofilm over the sliding cycles. The topography of the first repetition indicates
that the formed tribofilm is smoother and more compact than the one formed
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during the second repetition. It can be argued that the high roughness of the
tribofilm in the second repetition is the main player inducing the fast formation
and removal cycles. The rough peaks on the shearing surfaces can cleave some
of the surface bonds and thus create more active sites and provide more energy
for the succeeding formation outburst. The hastened formation produces thicker
but less compact tribofilm layers that can be removed easily under shear. This is
evident by noticing the striking similarity between the topography of the tribofilm
just before and after the second fast formation cycle.

7.1.3.3 Case III: growth at 5.7 GPa

Fig. 7.12 shows two repetitions of the evolution the tribofilm thickness and
topography formed at 80 oC and 5.7 GPa over sliding cycles.

The first repetition (shown in red) indicates that the tribofilm grows steadily
following approximately a linear rate. However, the second repetition (shown in
blue) indicates that the tribofilm grows linearly only during the first 4000 sliding
cycles. After that, the tribofilm starts to grow logarithmically for 500 cycles.
Following this, the growth of the tribofilm resumes to progress linearly for about
1000 cycles before a removal phase begins during which the thickness decreased
logarithmically from 100 to 60 nm in less than 500 cycles. The removal phase was
followed by another formation phase, which is characterised by a linear growth
with a rate similar to the two preceding formation phases.

The difference in growth between the two repetitions is better understood
by examining the topography evolution of the formed tribofilms. Around 4000
sliding cycles just before the logarithmic growth phase in the second repetition
begins, the structure of the tribofilm of the second repetition seems to be rougher
than the one of the first repetition. This confirms the observation of the previous
tests at lower contact pressure, that the surface roughness can affect the growth
kinetics by creating more surface energy and more active sites for the subsequent
growth cycles.

On the other hand, the tribofilm formed in the first repetition appears to grow
linearly for exceeding large sliding cycles, as shown in Fig. 7.13. The tribofilm
formed in this case is argued to be more compact as it took more time to grow and
thus steady local reconfigurations were available leading to better accommodation
of the newly formed layers and thus high compactness. This is evident by observing
that the tribofilm thickness reached about 320 nm without any apparent and
distinctive removal phase.
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Fig. 7.12 Evolution of the ZDDP tribofilm thickness over time after two repetitions
formed at 80 oC and 5.7 GPa.

Fig. 7.13 Evolution of the ZDDP tribofilm thickness over time after two repetitions
formed at 80 oC and 5.7 GPa.
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Fig. 7.14 Evolution of the ZDDP tribofilm thickness over sliding cycles at 80 oC while
ramping the contact pressure from 4.0 to 7.2 GPa.

7.1.3.4 Comparison: growth at different contact pressures

The effect of contact pressure can be further examined by studying its effect on
the same tribofilm as it forms. This gives a better understanding of the effect of
not only the contact pressure but also the substrate and its hardness and elastic
modulus on the tribofilm formation. Fig. 7.14 shows the evolution of the tribofilm
thickness over different contact pressures ramped in the same in-situ tribotest.
The data shows clearly the increase in the formation rate as the contact pressure
increased. The growth rate over sliding cycles was the same whether the contact
pressure was applied to steel surface directly or to a surface covered by a thin
layer of tribofilm. The data provide several important conclusions.

The first important conclusion is that the substrate effective hardness and
elastic modulus felt by the AFM tip are not altered due to the presence of the
ultra-thin tribofilms of < 100 nm thickness. If this was not the case, the tribofilm
growth rate should have been reduced as the tribofilm grows because the increased
deformation should have increased the contact area and thus decreased the effective
contact pressure.

The second important conclusion is related to the pseudo steady-state thickness
reached under 7.2 GPa of contact pressure. Under this pressure, it was expected
that the tribofilm should grow in thickness but instead it reached a limited thickness
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Fig. 7.15 Effect of contact pressure on the sliding cycles at which the tribofilm growth
changes from linear to exponential.

after which no apparent growth was observed. The reason behind this steady-state
condition can be related to the combined effect of the tribofilm flowability and
the equilibrium between the tribofilm formation and removal. If removal was
the only dominant process, then a sharp decrease in the tribofilm thickness, as
observed in the previously discussed sections, should prevail. However, as the
contact pressure is extremely severe, i.e. enough to wear the steel surface, the
soft tribofilm can flow and be removed but at the same time the high stresses are
enough to accelerate the decomposition process to a great extent as to counteract
the thickness-reducing processes of flowability and wear.

The third important conclusion is related to the ability of the applied operating
conditions to decompose the adsorbed ZDDP. It can be argued that the observed
inability of the final contact pressure, i.e. 5.0 GPa applied at the end, to promote
significant growth is related to the lack of adsorbed ZDDP molecules on the outer
layers of the tribofilm as compared to the ones entrapped within the tribofilm.
This implies that the ZDDP molecules cannot adsorb preferentially to the tribofilm
surface as opposed to the steel surface. This is in line with the XANES results
discussed in the previous chapter.

The contact pressure seems to affect the formation rate of the ZDDP tribofilm
significantly. Fig. 7.15 provides a comparison between the numbers of sliding
cycles required before the growth rate of the tribofilms, formed under different
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contact pressures, to switch from slow to fast growth kinetics. The results showed
that the increase in contact pressure reduces the needed cycles exponentially. For
instance, at 2.7 GPa, 9000 cycles would be required as opposed to only 4000 cycles
at 5.7 GPa. This indicates that the larger the contact pressure the faster the
reaction kinetics of the ZDDP decomposition reactions.

The potent effect of contact pressure as well as temperature on the growth
rate and reaction kinetics of the ZDDP tribofilms will be discussed in detail in
the subsequent sections.

7.1.4 Tribofilm reaction kinetics

In this section, the effect of temperature, contact pressure and the synergy between
them on the tribofilm formation kinetics will be studied in detail. This is important
in order to develop a mechanistic understanding of the extent to which these
operating conditions can affect the growth kinetics and thus the decomposition
mechanism of the ZDDP.

7.1.4.1 Effect of contact pressure

Fig. 7.16 shows the evolution of the growth rate of the ZDDP tribofilm over
different contact pressures at 80 oC. The data indicate that within the tested
range of contact pressures, the tribofilm growth rate increases linearly with a rate
of 0.027 nm/GPa.s. The only available data similar to this work are the ones of
Gosvami et al. [30], which are plotted on the same Fig. 7.16 for comparison. The
vertical shift is mainly related to the uncertainty in contact pressure, which can
lead to a shift of the whole curve to the right or left. In agreement with our data,
the previously reported data seem to follow a linear trend with a similar rate of
0.033 nm/GPa.s. It is worth mentioning that Gosvami et al. [30] suggested that
their data follow three different phases, i.e. i) initial slow growth below 3.5 GPa,
ii) exponential growth from about 3.5 to 5 GPa and iii) steady-state of formation
and removal equilibrium at high contact pressures above 5.0 GPa.

To verify whether the tribofilm growth follows a linear or exponential growth, a
wider range of contact pressures up to 7.0 GPa was tested at 80 oC and the results
are shown in Fig. 7.17. The whole set of data appears to follow an exponential
growth without any apparent phase during which steady-state thickness can be
reached. This is contrary to the results of Gosvami et al. [30]. If their steady-state
argument can be neglected then their whole set of data can also be fitted with a
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Fig. 7.16 Evolution of the growth rate of the ZDDP tribofilm formed at 80 oC
over different contact pressures. The results of Gosvami et al. [30] were plotted for
comparison.
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Fig. 7.18 Evolution of the growth rate of the ZDDP tribofilm over contact pressure
formed at different temperatures.

single exponential growth model without the need to divide it into three phases
as discussed before.

To confirm the validity of the single exponential fit, the data were repeated at
various temperatures ranging from 70 to 120 oC. The evolution of the growth rate
over contact pressure at the different tested temperatures is shown in Fig. 7.18.
The results suggest that even at higher temperatures as high as 120 oC, the whole
dataset can be fitted with one exponential fit. Furthermore, the data suggest that
the higher the temperature the higher the increase in the growth rate which seems
to follow exponential rate. The effect of temperature will be discussed in detail in
the subsequent section.

7.1.4.2 Effect of temperature

Fig. 7.19 shows the evolution of the growth rate of ZDDP tribofilms over a wide
range of temperatures, i.e. 70 to 120 oC, and contact pressures, i.e. 2.7 to 7.3
GPa. Similar to the growth rate evolution over contact pressure discussed in
the previous section, the evolution over temperature appears to follow the same
exponential trend.

The similar effect of temperature and contact pressure on the growth rate of
the ZDDP tribofilms confirms their potent effect on the additive decomposition
process [118, 350]. For instance, noticing the effect of increasing the contact
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Fig. 7.19 Evolution of the growth rate of the ZDDP tribofilm over temperature formed
under different contact pressures.

pressure or temperature on the formation rate suggests that the decomposition
process of the ZDDP is thermally and mechanically assisted process, which can
be activated by the availability of either shear or heat.

7.1.4.3 Combined effect of temperature and contact pressure

As discussed in the previous section, the decomposition reaction of ZDDP can be
activated using heat and/or shear by means of contact pressure. The synergy of
these two factors on the growth rate of the ZDDP tribofilm is demonstrated in
Fig. 7.20. The exponential model described in Eq. (8.16), appears to fit the date
extremely well.

The potent effect of either heat or shear on the decomposition reaction, can
be confirmed by noticing that the growth rate can be increased tenfold from
0.002 nm/s, at 70 oC and 2.7 GPa, to about 0.02 nm/s by increasing either the
temperature to 120 oC or the contact pressure to 7.0 GPa. Interestingly, the effect
of temperature and contact pressure seems to be an additive effect as can be
seen by the imaginary diagonal line in Fig. 7.20 between temperature and contact
pressure manifested by the maximum growth rate when temperature and contact
pressure are both maximum.
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Fig. 7.20 Evolution of the growth rate of the ZDDP tribofilm formed under different
contact pressures and temperatures. The 3D surface was generated using the chemo-
mechanical Arrhenius-type model suggested by Gotsmann and Lantz [71].

7.1.5 Effect of substrate (H-DLC)

To study the effect of the substrate on the ZDDP tribofilm formation, in-situ
tribotests were performed on non-doped (a-C:H) DLC coating and compared with
the ones obtained using AISI 52100 bearing steel. This will help study the role of
cations in the decomposition of the P-based antiwear additives and the formation
of their tribofilms.

As expected, it was possible to form ZDDP tribofilms on bare steel surface
under different operating conditions, which was discussed in detail in the previous
sections. However, no apparent tribofilm formation was observed on the a-C:H
coated steel surface, as shown in Fig. 7.21. This is in contrast with several previous
studies reported that the P-based additives such as ZDDP or DDP can react
and form protective tribofilms on DLC coatings even without containing any
doped cations [31, 32, 211–215]. However, other studies, in line with our results,
found that no tribofilms can be formed on non-doped DLC coatings without
metallic cations [216–221]. The main factor behind the wide disparity between
the formation and absence of tribofilms on DLC coatings appears to be related
to the tribofilm tenacity. Several studies [31, 32, 211] showed that the tribofilms
formed on DLC-DLC contacting surfaces are less tenacious than the ones formed
on metal surfaces. Furthermore, no iron was present in the formed tribofilms on
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Fig. 7.21 In-situ ZDDP tribotest using the AFM liquid cell on H-DLC substrate, where
a) schematic of the 64 scan lines used to raster scanning a 5 × 5 µm2 area, b) the
substrate topography after different scanning cycles at 80 oC and 7.3 GPa, and c) the
substrate topography after scanning at 120 oC and 7.3 GPa. The scale bar is in nm.

DLC surfaces [211, 216], which suggests that the low tenacity to the surface can
be related to the absence of mixed oxide/sulphide base layer. This layer seems
to act as a glue joining the substrate with the subsequently formed phosphate
layers composing the main bulk of the tribofilm [36]. It follows that any formed
tribofilms on DLC coatings, especially if non-doped, are weakly adhered leading
to their effortless removal under rubbing once formed. Another explanation for
the absence of formed tribofilms on DLC coatings was provided by Kalin and
Vižintin [224] who suggested that the additive reaction with the substrate has
different energy activation barriers depending on the surface whether doped or
non-doped DLC or steel substrate. The difference in the activation barrier was
attributed to the low thermal conductivity of the non-doped DLC (0.3 to 3.5
W/mK [353]) in comparison to steel (>50 W/mK [354]) or metal doped-DLC. The
low conductivity of the non-doped DLC can lead to lower contact temperature
that impedes or slows the additive decomposition and the tribofilm formation.

7.2 Results of DDP tribofilms

This section presents and discusses the main findings related to the DDP tribofilms
including the local occupancy, durability, tenacity, flowability, growth hysteresis
and formation kinetics.

7.2.1 Local occupancy of the tribofilm pads

In order to study the effect of the local occupancy of the neighbouring pads on
the final structure of the tribofilm, several tribofilms were formed at varying
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Fig. 7.22 In-situ DDP-1 tribotest using the AFM liquid cell, where a) schematic of the
64 scan lines used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm
after different scanning cycles at 80 oC and 4.8 GPa. The scale bar is in nm.

specific locations and their interaction was examined when the separation distance
decreases or increases. For this purpose, five cases will be discussed, which are
related to number of lines, i.e. 64, 16, 8, 4 and 1, used to raster scanning an area
of 5µm × 5µm on the steel surface at different contact pressures but at the same
sliding speed, as depicted in Fig. 7.1. These are discussed in detail in the following
sections.

7.2.1.1 Case I: 64 scanning lines

Fig. 7.22 shows the evolution of the structure of the DDP tribofilm formed using
64 lines raster scanning an area of 5×5µm2 at 80 oC and 4.8 GPa. The maximum
space separating any two adjacent scanning lines was less than 78 nm, which is
less than the estimated diameter of the tip, i.e. 150 nm. Therefore, from the
beginning of the tribotest, the formed tribofilm appeared as a continuous film
without any distinctive lines. Contrary to the case of the ZDDP tribofilm, the
DDP tribofilm formed during the early stage of the tribotest does not appear
to have larger thickness near the edges as compared to the central region. In
contrast, it appeared as a uniform film consisting of small thin pads elongated in
the direction of shear.

As rubbing cycles progressed, further shearing does not seem to cause severe
mixing and distortion to the individual pads, which leads to the preservation of
the initial structure of the tribofilm despite the increase in thickness. All these
features are different from the ones observed previously in the case of the ZDDP
tribofilms. The reason behind this can be related to the type of the phosphate
forming the main bulk of the tribofilm. In the case of the ZDDP, zinc phosphate
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Fig. 7.23 In-situ DDP-1 tribotest using the AFM liquid cell, where a) schematic of the
64 scan lines used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm
after different scanning cycles at 80 oC and 5.6 GPa. The scale bar is in nm.

tribofilm is mainly formed as compared to the iron phosphate tribofilm in the
case of DDP. Thus, the type of cations available during the decomposition of
the additive seems to affect not only the composition but also the structure of
the formed tribofilm. Furthermore, the reported DDP tribofilms were formed at
smaller contact pressure than the ones of ZDDP, so this might have also affected
the observed evolution in the structure.

To examine the effect of contact pressure, Fig. 7.23 shows the evolution of the
DDP structure at 80 oC and 5.6 GPa. At this high contact pressure, the structure
appears to be different from the previously discussed one at 4.8 GPa. Three main
differences can be observed. First, the tribofilm grows at much faster rate, i.e. at
least sixfold. Second, the tribofilm thickness is not uniform but depends mainly
on the initially formed regions, which keep growing more than the rest of the
tribofilm. These regions appear mainly in the middle of the tribofilm. Third,
contrary to the thin largely elongated pads in the direction of shear formed at low
contact pressure, high pressure caused the pads to be of wider breadth and less
elongated. This can be related to the fast formation rate of the tribofilm at large
contact pressure. In this case, the pads have neither enough time nor space to
elongate over a large area. The local occupancy of the neighbouring pads appear
to impede the growth of the pads laterally and thus forces them to immaturely
grow vertically in thickness.

7.2.1.2 Case II: 16 scanning lines

Fig. 7.24 shows the evolution of the structure of the ZDDP tribofilm during the
in-situ tribotest using 16 lines raster scanning an area of 5×5µm2. The separation
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Fig. 7.24 In-situ DDP-1 tribotest using the AFM liquid cell, where a) schematic of the
16 scan lines used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm
after different scanning cycles at 80 oC and 4.8 GPa. The scale bar is in nm.

distance between any two adjacent lines is less than 312 nm, which is nearly twice
the estimated diameter of the AFM tip. This resulted in the appearance of clear
distinctive lines in the formed tribofilm during the early stages of the tribotest.

Several features appear in the formed DDP tribofilm. The first one is related
to the thicker tribofilm formed near the edges as compared to the middle areas.
The double rubbing action at these regions due to the overlapping scanning lines
as they get closer to the edges is the main reason behind this phenomenon.

The second feature is related to the uniform structure of the formed tribofilm
during the final stages. As rubbing continued, the areas in the middle of the
tribofilm starts to form thicker tribofilm. However, contrary to the expected
behaviour as in the case of ZDDP, the areas near the edges did not grow larger
than the one in the middle despite being thicker in the beginning of the test.
Wear and smearing of these thick areas of the tribofilm under shear might be
responsible for this although there is a lack of evidence to support it. Another
possible cause can be the flowability of the areas near the edges to the area in
the middle, which is supported by the continuous elongation of these areas until
they fill the whole region of the tribofilm. Finally, as shear progressed, the big
elongated pads disintegrated into smaller ones.

Another interesting feature appears after long rubbing cycles, which is mani-
fested in the disappearance of the scanning lines as the tribofilm grows resulting
in a more uniform tribofilm similar to the one formed using larger number of
scanning lines. Two factors can cause this behaviour. First, as indicated earlier
the disintegration of the big elongated pads helps uniform the structure. Second,
akin to the ZDDP, the DDP seems to form a highly viscous soft and deformable
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Fig. 7.25 In-situ DDP-1 tribotest using the AFM liquid cell, where a) schematic of the
8 scan lines used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm
after different scanning cycles at 80 oC and 4.8 GPa. The scale bar is in nm.

tribofilm that under shear or contact pressure can flow to cover the gaps between
the adjacent scanning lines resulting in a more homogeneous tribofilm. This
conjecture will be tested further by examining the tribofilm behaviour when the
local occupancy of the scanning lines is increased to a larger separation distance.

7.2.1.3 Case III: 8 scanning lines

To test the previous theories regarding the tribofilm’s flowability and its effect
on the final structure, it is necessary to vary the local occupancy of the formed
tribofilm’s pads by increasing the distance between the adjacent scanning lines.
Fig. 7.25 shows the evolution of the structure of the DDP tribofilm during the
in-situ tribotest using 8 lines raster scanning an area of 5 × 5µm2 at 80 oC and
4.8 GPa. In this case, the distance between the adjacent lines is about 625 nm,
which is fourfold the estimated diameter of the used AFM tip. This relation can
be confirmed by measuring the diameter of one of the lines of the formed tribofilm
after short rubbing cycles and the distance between the lines.

Several features appear in the formed tribofilm, which are similar to the
previously discussed tribofilms using larger number of scanning lines. Initially, the
edges of the formed tribofilm appears to be thicker than the areas in the middle.
However, as rubbing continued, the tribofilm thickness became more uniform near
and away from the edges.

After 12000 cycles, the gap between any two adjacent lines, nearly 625 nm,
appeared to be completely filled with a tribofilm. This is despite the absence of
any shearing occurring in these regions. It is highly possible that the tribofilm
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Fig. 7.26 In-situ DDP-1 tribotest using the AFM liquid cell, where a) schematic of the
8 scan lines used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm
after different scanning cycles at 80 oC and 5.6 GPa. The scale bar is in nm.

appearing in these un-sheared regions originated from the flow of the tribofilm of
the sheared areas nearby. Similar conclusion can be observed when examining the
evolution of the structure of DDP formed at higher contact pressure of 5.6 GPa,
as shown in Fig. 7.26. These findings are also similar to the previous observations
of the ZDDP tribofilms. Therefore, it can be argued that the P-based additives,
whether ZDDP or DDP, can form soft deformable tribofilms, which can flow
under the action of shear. The flowability of these tribofilms is expected to play a
significant role in reducing the shear stresses between the shearing interfaces and
thus mitigating wear.

7.2.1.4 Case IV: 4 scanning lines

To confirm the previous finding that the tribofilm can flow to cover wider areas
than the sheared ones, the distance between any two adjacent scanning lines was
further increased to about 1.25 µm. This was possible using 4 lines raster scanning
an area of 5 × 5µm2 at 80 oC and 4.8 GPa as shown in Fig. 7.27 and at 80 oC
and 5.6 GPa as shown in Fig. 7.28. The results confirm the previously discussed
observation that initially the tribofilm is only formed under the scanning lines
where the interface between the steel surface and the AFM tip experiences large
shear stress and contact pressure. However, as shearing continued, the tribofilm
starts to fill the nearby areas gradually. The structure of the tribofilm appears as
if it flows from the areas of high contact pressure to spread to any available gap,
which is more evident in the long test carried out at the high contact pressure of
5.6 GPa shown in Fig. 7.28.



7.2 Results of DDP tribofilms 221

Fig. 7.27 In-situ DDP-1 tribotest using the AFM liquid cell, where a) schematic of the
4 scan lines used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm
after different scanning cycles at 80 oC and 4.8 GPa. The scale bar is in nm.

Fig. 7.28 In-situ DDP-1 tribotest using the AFM liquid cell, where a) schematic of the
4 scan lines used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm
after different scanning cycles at 80 oC and 5.6 GPa. The scale bar is in nm.
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Similar to the case of ZDDP, the results of DDP confirm that contrary to the
generally perceived conception that the P-based tribofilms are rigid interfaces
acting as a mechanical barrier to protect against wear [14–18], the formed tribofilms
appear to behave as a highly viscous material, which can deform and flow under
shear. The significant importance of this finding is that for the first time it
provides a new explanation for the excellent anti-wear properties of the P-based
tribofilms. In addition to forming a mechanical barrier, the tribofilm can also
deform and flow and thus mitigates the shear stress at the rubbing interfaces
leading to less wear.

One difference between the DDP and ZDDP tribofilms is that in the case of
the former, the thick areas formed near the edges due to the overlapping between
the scanning lines do not appear to be worn away easily. This is evident from
observing that in the beginning of the test the edges of the lines are thicker than
the ones in the middle, which continue to be so for as long as the tribotest lasted.
This suggests that the available cations during the additive decomposition can
largely affect the structure, mechanical and rheological properties of the formed
tribofilm. The results thus far indicate that the DDP tribofilm formed of mainly
short iron phosphate is more tenacious and less flowable than the ZDDP tribofilm
formed mainly of relatively long zinc phosphate chains.

7.2.1.5 Case V: 1 scanning line

The flowability of the ZDDP tribofilm can be further confirmed by observing the
evolution of the structure of the DDP tribofilm during the in-situ tribotest using
a single scanning line of length of 5 µm, as shown in Fig. 7.29 at 80 oC and 4.8
GPa.

The thickness and width of the formed tribofilm appears to increase rapidly
as rubbing cycles increased. This confirms that the tribofilm does not only form
under the AFM tip but can also flow to the sides. Another observation is related
to the uniformity of the formed line. Similar to the ZDDP case, the formed
DDP tribofilm appeared less uniform along its length. One explanation for this
behaviour can be related to the disruption caused by the reciprocating motion of
the AFM time over a very short period of time while the film is susceptible to
deformation. Furthermore, this can also be related to load instability [167] as the
AFM tip changes direction as well as to any surface heterogeneity [30].
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Fig. 7.29 In-situ DDP-1 tribotest using the AFM liquid cell, where a) schematic of the
single scan line used to raster scanning a 5 × 5 µm2 area, and b) the generated tribofilm
after different scanning cycles at 80 oC and 4.8 GPa. The scale bar is in nm.

7.2.2 Tribofilm durability and tenacity

To test the durability and tenacity of the DDP tribofilms, a mature tribofilm
was subjected to different contact pressures and the evolution of its thickness
was observed over the different sliding cycles as shown in Fig. 7.30. To avoid any
formation in the process, the AFM tip was raster scanning the tribofilm at ambient
temperature and in base oil without DDP additive. These same experiments can
also be used to study the flowability of the tribofilm as the large applied shear
stresses and pressures are expected to cause the tribofilm to flow.

The results show that initially when a relatively small contact pressure of
2.1 GPa was applied, a negligible change in the tribofilm thickness occurs. This
indicates that under mild operating conditions the DDP tribofilm is largely
tenacious and durable.

As the contact pressure was increased to 2.7 GPa, an instantaneous recovery
of about 17 nm of the tribofilm thickness was observed. A similar behaviour
was also observed in the case of the ZDDP. The source of this recovery might
be related to the decompressing effect of contact pressure on mature tribofilms
resulting from the irreversible disruption of the local compactness of the interfacial
layers under pressure. Therefore, the free volume within the phosphate glass
forming the tribofilm increases to a certain extent. These reconfigurations make
the upper layers loose and more susceptible to wear. This can be confirmed by
the subsequent decrease in the tribofilm thickness over the sliding cycles until
reaching a steady-state thickness of about 118 nm.

As the contact pressure was subsequently increased to 3.7 GPa, a large in-
stantaneous decrease in the thickness of more than 40 nm was observed. This
is followed by a gradual decrease in the tribofilm thickness until it reached a
steady-state thickness of 50 nm. Under this large contact pressure, a big part of
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Fig. 7.30 Durability of mature DDP tribofilms measured by following the evolution
of the tribofilm thickness after different sliding cycles at 25 oC under different contact
pressures ranging from 2.1 to 5.2 GPa.

the tribofilm was completely removed, which is unlike the layer-by-layer removal
observed in the case of smaller pressures.

When the contact pressure was further increased to 4.5 GPa, a small decrease
in the tribofilm thickness of less than 8 nm was observed until it reached steady-
state thickness of 42 nm. Another increase in the pressure to 5.2 GPa, did not
cause any more removal of the tribofilm, which confirms the large tenacity and
durability of the DDP tribofilm.

Another interesting observation in the structure evolution of the tribofilm
is related to the flowability observed under the different contact pressures. For
instance, when a small pressure was applied, the initial tribofilm area of 5 × 5µm2

was preserved. However, when the contact pressure was increased to 2.7 GPa, the
covered area increased to about 6×6µm2. This area increased further to 7×7µm2

when the pressure was increased to 3.7 GPa, which stayed the same when the
pressure increased further to 4.5 and 5.2 GPa. The origin of this behaviour can
be attributed to the large contact pressure that can deform the highly viscous
and soft tribofilm and squeeze it such that the film moves from the areas of high
contact pressure and large shear stresses towards the areas near the edges of
low contact pressure in order to minimise the experienced shear stresses. The
limited area reached at high contact pressures seemed to be related to two possible
causes. First, the high tenacity of the more elastic than viscous sulphur-base
layers [17, 36, 48] reduces the overall flowability. Second, the increased effect
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of the hard substrate increases the effective viscosity of the remaining ultrathin
tribofilm layers.

7.2.3 Effect of substrate

To study the effect of the substrate on the DDP tribofilm formation, in-situ
tribotests were performed on various substrates including AISI 52100 bearing steel
and different glasses of zinc-, iron- and mixed zinc-iron phosphates. This along
with the different additives used, i.e. ZDDP and DDP, will also enable us to study
the role of cations in the decomposition of the P-based antiwear additives and the
formation of their tribofilms.

As expected, it was possible to form DDP tribofilms on a bare steel surface
under different operating conditions, which was discussed in detail in the previous
sections. It was also possible to form a tribofilm on the iron phosphate glass
as shown in Fig. 7.31b using 64 lines raster scanning an area of 2 × 2µm2 at
80 oC and 4.8 GPa. The structure of the formed tribofilm was similar to the
ones generated on bare steel surfaces. This indicates that the availability of iron
from the substrate, whether steel or iron phosphate, was enough to form a DDP
tribofilm consisting mainly of iron phosphate. As the thermal conductivity of the
phosphate bulk ranges from 0.2 to 2.3 W/mK [355] whereas for steel is about 50
W/mK [354], the ability to form a tribofilm on the phosphate glass contradicts
the hypothesis of Kalin and Vižintin [224] that a substrate with a high thermal
conductivity is required for the formation of P-based tribofilms. They based
this argument on the observation that non-doped DLC coatings, which have low
thermal conductivity, lacks the ability to form protective tribofilms in comparison
to steel. This indicates that the other plausible reason is mainly related to the
difference in tenacity as discussed earlier.

No tribofilm formation was possible on zinc and mixed zinc and iron phosphate
glasses as shown in Figs. 7.31c and 7.31d. The inability to form a DDP tribofilm
on these phosphate glasses is peculiar. The available zinc or zinc and iron cations
were expected to be sufficient to induce the formation a tribofilm of zinc or iron
phosphate. One possible explanation for this is related to our previous conclusion
that the iron phosphate-based tribofilm is more tenacious than the zinc phosphate-
based tribofilm. It follows that any formed phosphate-based tribofilm on the
zinc or mixed zinc and iron glass could be too weakly adsorbed to withstand the
applied shear stresses and thus is worn away at the moment being formed.
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Fig. 7.31 Effect of substrate on the in-situ DDP-1 tribotest using the AFM liquid cell,
where a) schematic of the 64 scan lines used to raster scanning a 2 × 2 µm2 area, b)
the generated tribofilm on iron polyphosphate substrate, c) the generated tribofilm on
zinc polyphosphate substrate, and d) the generated tribofilm on mixed zinc and iron
polyphosphate substrate, after different scanning cycles. The scale bar is in nm.

7.2.4 Tribofilm growth hysteresis

Fig. 7.32 shows three repetitions of the thickness evolution over sliding cycles
for DDP tribofilms formed at 80 oC and various contact pressures, i.e. 3.9, 4.3
and 5.2 GPa. The results show the clear potent effect of the contact pressure
on increasing the growth rate. During the first 500 cycles, the formation rate
increased from 0.005 nm/s at 3.9 GPa to about 0.018 nm/s at 5.2 GPa. For the
following 1500 cycles, the latter increased to 0.043 nm/s until reaching steady
state. This steady state was not observed at lower contact pressures as it seems
to take longer sliding cycles than the ones reported in this work.

The exponential growth rate is in agreement our results of ZDDP tribofilm.
However, they are in contrast with the results of Gosvami et al. [30] of the ZDDP
tribofilm formation, which suggested a transition from linear to exponential growth
rate over the sliding cycles.

It should be noted that in the case of DDP, the formed tribofilm did not show
any removal as opposed to the case of ZDDP where the tribofilm formation was
continuously interrupted by removal cycles. This can indicate that either the DDP
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Fig. 7.32 Evolution of the tribofilm thickness over sliding cycles for DDP-1 tribofilms
formed at 80 oC and different contact pressures.

tribofilm is more durable and tenacious than the ZDDP tribofilm or the removal
cycles occurs primarily after the tribofilm reaches a certain large thickness.

7.2.5 Tribofilm reaction kinetics

In this section, the effect of temperature, contact pressure and the synergy between
them on the reaction kinetics of DDP will be studied in detail. This is important
to better understand the extent to which these operating conditions affect the
decomposition mechanism of the DDP and the rate of formation of the generated
tribofilm.

7.2.5.1 Effect of contact pressure

The evolution of the growth rate of the DDP tribofilm over different contact
pressures is shown in Fig. 7.33. The data indicate that within the tested range
of contact pressures, the tribofilm growth rate increases following a pattern of
exponential growth. There are no data available in the literature regarding the
change in growth rate of the DDP tribofilm over the contact pressure. However,
the only similar data based on the ZDDP tribofilm were reported by Gosvami et
al. [30], which in agreement with our data indicate an exponential change.
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Fig. 7.33 Evolution of the growth rate of the DDP tribofilm over contact pressure
formed at different temperatures.

To verify the exponential growth of the tribofilm, the tribotests were repeated at
different temperatures ranging from 80 to 120 oC as shown in the same Fig. 7.33.
The whole dataset appears to follow an exponential growth at all the tested
temperatures. It is worth mentioning that no apparent phase indicates that the
growth rate approaches a steady-state plateau. Furthermore, the data suggest
that the higher the temperature, the higher the increase in the growth rate, which
seems to follow exponential rate. This will be discussed in detail in the subsequent
section.

7.2.5.2 Effect of temperature

The evolution of the growth rate of DDP tribofilms over a wide range of temper-
atures from 80 to 120 oC, and contact pressures from 3.9 to 5.6 GPa is shown
in Fig. 7.34. Similar to the case of the evolution of the growth rate over contact
pressure discussed in the previous section, the evolution over temperature appears
to follow the same exponential model. However, it can be equally fitted using a
linear growth model. The similar effect of temperature and contact pressure on
the growth rate of the DDP tribofilm suggests, similar to ZDDP case, that they
have a potent effect on increasing the additive decomposition process, which can
be activated by the availability of either shear or heat.
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Fig. 7.34 Evolution of the growth rate of the ZDDP tribofilm over temperature formed
under different contact pressures.

It is worth noting that the data seem to suggest that within the range of
the tested conditions, the growth rate of the DDP tribofilm increases over the
contact pressure more prominently than temperature. This implies that, above a
certain threshold of temperature, shear stress alone is enough to cause a complete
decomposition of the DDP additive to form a protective tribofilm. Increasing the
temperature further does not have a potent effect as opposed to the case of ZDDP,
which suggests different reaction pathways with different energy barriers.

7.2.5.3 Combined effect of temperature and contact pressure

As discussed in the previous section, the decomposition reaction of the DDP can
be activated using heat and/or shear by means of contact pressure. The synergy
of these two factors on the growth rate of the DDP tribofilms is demonstrated in
Fig. 7.35. The exponential model described in Eq. (8.16) was used to fit the data.

Contrary to the case of the ZDDP additive, the effect of temperature and
contact pressure does not appear to be additive. This is evident from the large
increase in the growth rate with the contact pressure as compared to the mild
increase with temperature. As discussed in the previous section, this indicates that
above a certain threshold of temperature, shear stress alone is enough to cause
a complete decomposition of the DDP additive to form a protective tribofilm.
Beyond this threshold, temperature seems to have a mild effect on the growth rate.
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Fig. 7.35 Evolution of the growth rate of the DDP-1 tribofilm formed under different
contact pressures and temperatures. The 3D surface was generated using the chemo-
mechanical Arrhenius-type model suggested by Gotsmann and Lantz [71].

This indicates that the energy barrier of the DDP decomposition reactions can be
lowered primarily using the effect of the contact pressure rather than temperature.

7.3 Summary

An AFM liquid cell was designed and coupled with the AFM to perform in-situ
tribological tests at different contact pressures, temperatures and sliding speeds.
Using this liquid cell, it was possible to follow and examine the evolution over
time of the textural and rheological properties of the ZDDP and DDP tribofilms.
Furthermore, it enabled us to study the formation kinetics of these P-based
antiwear additives in-situ without altering the sample condition.

The main in-situ AFM results can be summarised as follows:

• Throughout the tribotests, formation-removal hysteresis behaviour is evident.
This seems to be induced by the progressive shearing of the interface causing
the weakly adhered top layers of the tribofilm to be removed or be reallocated
within the central area of the evolving tribofilm.

• The tribofilm formation follows the same deterministic trend especially in
the early stages of the tribotest but differences might arise as sliding cycles
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increase due to severe mixing and distortion of the individual pads leading
to wear and removal of parts of the tribofilm.

• The formed tribofilm during the early stages has a uniform structure as
compared to the final stages, which can be attributed to the wear action
and the intrinsic deterministic nature of the tribofilm formation.

• Contrary to the generally perceived conception that the P-based tribofilms
are rigid, they were found to behave as a viscous polymer, which can deform
and flow under shear. The origin of the this behaviour can be attributed to
the large contact pressure that can deform the soft tribofilm and squeeze it
such that the film moves from the areas of high contact pressure towards
the areas near the edges of low contact pressure in order to minimise the
experienced shear stresses. The significant implication of this finding is that
for the first time it provides a new explanation for the excellent anti-wear
properties of the P-based tribofilms. In addition of forming a mechanical
barrier, these tribofilms can also deform and flow and thus help mitigate
the shear stress at the contacting asperities leading to less wear.

• Once the mature tribofilm was subjected to shear in base oil under mild
contact pressure, a small increase of the tribofilm thickness was observed
instead of wear despite the low ambient temperature and absence of additive
in the base oil. The source of this recovery is hypothesised to originate
from the irreversible disruption of the local compactness of the interfacial
layers of the tribofilm leading to an increase in the free volume within the
phosphate glass forming the tribofilm. This necessary makes the tribofilm
loose and more susceptible to wear, which is confirmed by the subsequent
decrease in the tribofilm thickness over the sliding cycles until reaching a
steady-state thickness.

• The formation and removal cycles appear to be repetitive in nature, i.e. the
more the tribofilm is removed, the rougher surface is created, the more the
energy available for the next formation phase and the more the tribofilm
grows exponentially in the subsequent cycles.

• The high roughness of the tribofilm is the main player inducing the log-
arithmic formation and removal cycles. The rough peaks on the rubbing
surfaces can cleave some of the interface bonds and thus creating more active
sites and providing more energy for the succeeding formation outburst. The
hastened formation produces thicker but less compact tribofilm layers that
can be removed easily under shear.
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• The P-based additives cannot adsorb preferentially to the formed tribofilm
surface as opposed to the steel surface.

• The data suggest that temperature and contact pressure have a similar
effect on the reaction kinetics of the P-based additives, i.e. the higher the
temperature or pressure the higher the increase in the growth rate, which
follows exponential rate. The similar effect of temperature and contact
pressure on the growth rate confirms their potent effect on increasing the
additive decomposition process, which can be activated by the availability
of either shear or heat.

• For the ZDDP, the effect of temperature and contact pressure seems to have
additive effect, e.g. the maximum growth rate occurs when temperature
and contact pressure are both maximum. However, the formation rate of
the DDP tribofilm increases over contact pressure more prominently than
temperature. This implies that within the range of the tested conditions,
above a certain threshold of temperature, shear stress alone is enough to
cause a complete decomposition of the DDP additive to form a protective
tribofilm. Increasing the temperature further does not have a potent effect
as opposed to the case of ZDDP, which suggests different reaction pathways
with different energy barriers.

• The iron phosphate-based tribofilm is more tenacious than the zinc phosphate-
based tribofilm.

• The structure of the tribofilm formed on iron phosphate glass is similar to
the one formed on bare steel surface. This indicates that the availability of
iron from the substrate, whether steel or iron phosphate, is enough to form
a DDP tribofilm consisting mainly of iron phosphate.

In the next chapter, the observations reported in the previous results chapters
will be discussed in detail and compared with the available literature in order
to develop a mechanistic understanding of the P-based additives’ decomposition
mechanisms and tribofilms formation.



Chapter 8

Overall discussion

This chapter summarises and discusses the most important findings presented
throughout the thesis. The discussion will be centred on the data obtained using a
combinatorial approach that aggregates evidence from multiple ex-situ and in-situ
experimental techniques. The chapter is divided into ten sections. The first two
discuss the decomposition mechanisms of ZDDP and DDP additives, respectively,
and the composition of the formed antiwear tribofilms. Section three discusses
the formation and removal mechanisms of the formed P-based triboreactive
films. Section four to six discuss the effect of the sliding speed, temperature
and counterbodies’ material on the additives’ decomposition mechanisms and
formation of the antiwear films. Section seven and eight analyse the reaction
kinetics, i.e. activation energy and reaction order, of the ZDDP and DDP additives,
respectively. Section nine examines the flowability of the P-based tribofilms and
their viscosity quantification. Finally, section ten summarises the main points
discussed throughout the chapter.

8.1 ZDDP decomposition mechanisms

8.1.1 Induction period and base layer composition

The initial changes in the adsorbed ZDDP as revealed by XPS (Fig. 5.5) and
XAS (Figs. 6.6 and 6.9) surface analyses and MTM-SLIM (Fig. 5.3), which show
that sulphur species are formed first followed by phosphate species, suggest the
presence of an initial induction period. The duration of this period can last for
hours in the case of thermal films whereas it is shortened to only a couple of
minutes in the case of tribofilms. This confirms the previous reports [30] that the
ZDDP decomposition and tribofilm formation are thermally and mechanically
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assisted processes, which can be largely accelerated by rubbing. Therefore, the
composition of the thermal films can take much longer time to evolve but eventually
can approach the one of the tribofilm [172].

The presence of the induction period has great implications. It has been long
suggested that the ZDDP decomposition reaction is multistage, which involves
initially the migration of the soft acid alkyl from the hard base oxygen atoms to
the soft base sulphur atoms of thiophosphoryl (P=S) according to the following
reaction [8]:
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This reaction was also proposed to be followed by the formation of intermediate
species before the formation of a phosphorus-rich film on the metal surface [7, 8].
Our results clearly support this hypothesis. The formation of sulphide and
sulphate species before the formation of the phosphate-rich film indicates that
these sulphur-based species are the main products of the intermediate reactions.
These reactions appear to involve primarily the sulphur atoms in the adsorbed
ZDDP molecules on the metal surface. This is in agreement with different previous
studies [144, 202], which suggested that the formation of the tribofilm starts, even
at low temperature, in the solution by forming a sulphur-rich layer deposited
on the metal surface. In addition, several other studies proposed that Fe/Zn
sulphides [17, 164, 190, 200, 277] and Fe/Zn sulphates [277] can be present at the
metal surface. The formation of these species can be a result of the reaction of
the adsorbed ZDDP with the hydroxyl (C-OH) and carboxyl (COOH) groups on
the steel surface [118], which were identified in the XPS C1s signal (Fig. 5.5) and
confirmed by other researchers [236]. The reaction of the adsorbed ZDDP with
these groups on the surface can lead to the formation of zinc mercaptide Zn(SR)2

and dithiophosphate PS2O2 tetrahedra fragments as intermediates according to
the following reaction, which was initially proposed by Yin et al. [118]:
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Originally this step was proposed to occur as a possible reaction with peroxides
or oxygen. However, as our XAS experiments were conducted under a continuous
helium environment, this excludes any role of oxygen originating from the ambient
environment in this initial reaction. Nonetheless, dissolved oxygen in the oil can
still be involved.

The XPS (Fig. 5.5) and XAS (Fig. 6.11) results indicate that initially sulphate
and sulphides, linked to iron and zinc, are formed followed by the reduction of
sulphate to sulphide. The results were not conclusive regarding whether these
sulphur species are linked to iron or zinc. However, as iron fingerprint appeared
in all XPS (Fig. 5.5) and TEM-EDX (Figs. 5.6 and 5.7) spectra of the layer near
the steel surface but only in some of the XAS spectra, this indicates that the
formed species most likely form patches rather than a continuous layer. In light
of this, it is possible that the formed sulphide species originate from the loss of
the alkyl groups and the elimination of sulphur from the initially formed zinc
mercaptide under heat and chemical reaction with the nascent surface, according
to the following reaction:

Zn
S R

S
R

Zn2+ + Zn S + S Zn S
(8.3)

Subsequently, the ligand exchange between Zn2+ and Fe2+ cations can form FeS
and possibly FeS2 near the metal surface.

A redox reaction between the formed iron sulphides, oxygen and water near
the substrate can lead to the generation of atomic hydrogen and the formation of
iron(III) hydroxide and sulphate, according to the following reaction:
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The formed sulphate can combine with the released Zn2+ cations from the ZDDP
additive to form ZnSO4, as follows:
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Ultimately, Zn(SO)4 can be reduced into the more stable ZnS, according to the
following reaction:

S
O

O
O−

O−

Zn2+
Zn S + 2O2 (8.6)

and the formed iron(III) hydroxide can decompose under high temperature and
rubbing to form iron(III) oxide and water, as follows:
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The formation of sulphide or sulphate species in the above reactions seems
to be predetermined by the competition between the oxidation and sulphidation
processes [356]. In the beginning of the tribotest, oxidation dominates due to the
abundance of oxygen in the oil and the easy access to the unprotected oxidised
steel surface. This leads to the formation of sulphate species. However, as heating
and rubbing continue, sulphidation dominates and forms sulphides only. The
formation of sulphides and the reduction of sulphates to sulphides continue until
a patchy oxide-sulphide mixed base layer is formed, which is in line with our XAS,
TEM-EDX and XPS results discussed before. The formation of this layer was also
reported by several previous studies [19, 357–361].

The formed patchy base layer of isolated clusters of mainly sulphides, e.g.
ZnS and FeS, on the metal surface, as schematically depicted in Fig. 8.1, can
play different vital roles in the decomposition of ZDDP and its adsorption to the
surface. Firstly, owing to their higher hardness than the metal oxides [357, 358],
they can form a barrier to protect the steel surface from adhesive wear. Secondly,
the clusters can act as a bridge or a binder between the subsequent decomposition
products, e.g. zinc-polyphosphate, and the metal surface. FeS clusters can also
transfer electrons, i.e. accepting and denoting. The ability to transfer electrons
and their wide range of reduction potential, i.e. -0.6 V to +0.45 V [362], highlight
their utility in the environment where redox reaction can take place. This means
that although the metal surface can be covered completely by the tribofilm, redox
reaction might continue even at a faster rate. The redox reaction can occur between
different areas on the metal surface even if they are far apart through the electron



8.1 ZDDP decomposition mechanisms 237

Fig. 8.1 Schematic of the formation of FeS clusters on the metal surface and the
diffusion of S into steel, which induces stress corrosion cracking.

exchange via the FeS clusters. This mechanism can explain the increased rate of
surface micropitting in rolling contacts lubricated with oils containing sulphur-
based additives like ZDDP [236]. A fatigue initiated micropitting promoted by a
localised micropitting corrosion on the steel surface seems plausible. Evidence for
this mechanism can be found based on the observations of Jahanmir [357] that no
sulphur is present in the centre of the pits whereas Martin [19] found that sulphur
is present in the wear particles. This indicates that delamination removed the
centre of the pit where sulphur is concentrated. The high concentration of sulphur
in the centre indicates that sulphur is concentrated in the tip of the subsurface
crack where fatigue starts. This suggests that delamination can also be assisted by
a possible diffusion of sulphur into the iron grain boundaries and thus promoting
fatigue [359].

8.1.2 Tribofilm composition

The XPS results (Fig. 5.5) indicate that iron is absent from the formed polyphos-
phates layers above the base layer, which agree with different previous studies
[151, 157, 163, 164, 166, 168]. The only cation observed was Zn, which was
assigned to ZnS and zinc phosphate throughout the bulk layers. The absence
of FeS except possibly on the metal surface is in agreement with the results of
Zhang et al. [164]. The authors observed the formation of both FeS and ZnS only
in the beginning of the tribotest, i.e. after 10 s of rubbing, and ZnS only after
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longer rubbing times. They related this behavior to the more favourable reaction
to form ZnS. This was also explained by Martin [19] on the basis of the hard and
soft acids and bases (HSAB) principle and suggested that FeS can be formed only
under severe conditions. On the other hand, our TEM-EDX results (Figs. 5.6
and 5.7) indicate the presence of a minuscule amount of iron in the bulk layers,
which is much smaller in concentration than the one found in the base layer near
the steel surface. The presence of iron along with zinc in the bulk layers can
indicate the presence of mixed Fe-Zn phosphate. This is in agreement with some
previous studies [118, 183, 190], which proposed that a mixed Fe-Zn phosphate
can form in the bulk. Nonetheless, Yin et al. [118] and later on Crobu et al. [183]
have already indicated that the formation of these mixed phosphates of different
cations requires much higher temperatures, i.e. above 1300 K, than the one of
the oil, i.e. < 400 K, encountered during typical tribotests. Nonetheless, they
suggested that the local flash temperature at the contacting sheared asperities can
be higher and thus favours such a reaction. The maximum contact temperature
Tc can be given using the following formula:

Tc = Tb + Tf (8.8)

where Tb is the bulk temperature of the oil and Tf is the maximum flash tempera-
ture, which for circular contact with Peclet number of about 0.2 can be given as
[3]:

Tf = 0.222µU
K

(pyW )0.5 (8.9)

where µ is the friction coefficient, U is the speed of the moving body in m/s, K
is the thermal diffusivity in W/mK, py is the yield stress of the moving body in
Pa, and W is the normal load in N. Tf can also be estimated using the simplified
empirical model of Rabinowicz [363], as follows:

Tf ≈ 100U(1 ± 3) (8.10)

Under the operating conditions of our tests where the sliding and rolling speeds
are small, the two previous models are expected to give similar results [364]. It
was found that the flash temperature using Eq. (8.9) is about 4.5 oC, whereas
using Eq. (8.10) is about 3.5±10 oC. Using the upper estimated value of Tf = 13.5
oC, the contact temperature will be less than 93.5 oC. This suggests that it is
likely that no mixed Fe-Zn phosphate can be formed at this low temperature.
Nevertheless, it is worth mentioning that the nascent surface due to wear might
promote such a reaction. This can be demonstrated based on the observation that
the reaction of the nascent surface with sulphur is 1000 times faster than in the
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case of surface covered with oxide [361]. Furthermore, even if no mixed Fe-Zn
phosphate are formed, the small Fe concentration detected by EDX but not XPS
could mean than a small concentration of localised wear fragments is digested
within the bulk layers. The digestion of such sharp wear particles is one of the
known antiwear mechanisms of ZDDP to reduce abrasive wear [19, 21, 365]. This
is further supported by the TEM-EDX results of Ito et al. [200], which similar
to our results show that iron is mainly present near the metal surface and its
concentration declines sharply just above the base layer where the main bulk of
the tribofilm consisting of phosphate glass exists.

The XPS results indicate that initially short chain phosphates are formed
followed by longer chains, which is evident from the evolution of BO/NBO, P/O
and P/Zn ratios (Table 5.1 and Figs. 5.10 and 5.11). After few minutes of rubbing,
the average ratio of Zn:P:O was 1:1:4, which suggests the formation of short chain
phosphate of ZnPO4. This can occur as a result of the reaction between the
dissolved oxygen in the oil, the newly formed phosphate fragments, Eq. (8.2), and
zinc cations, Eq. (8.3), as follows:

Zn2+ + O2 + P
O

O
Zn O + Zn P

O

O
O (8.11)

Subsequently, after long rubbing time, i.e. > 20 min, the average ratio of Zn:P:O
reached 4:5:10, which suggests the formation of long chain phosphates with a
general formula ZnPnO2n+1. This can originate from the nucleophilic reaction of
one hard acid tetravalent phosphorus O−P in one short phosphate segment with
a hard base oxygen bonded to another phosphate segment O−P, as follows:
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The formation of short chains in the base layer near the metal surface as
compared to the long chains in the bulk is in agreement with several previous
studies [194–197]. The trend can be related to the excess of metal oxides such as
ZnO near the metal surface as compared to the bulk layers, which was verified
experimentally using XPS (Figs. 5.8, 5.9, 5.12 and 5.13) and TEM-EDX (Figs. 5.6
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and 5.7). Increasing the ZnO content hastens the fragmentation of any formed
long phosphate chains, i.e. P−O−P, into shorter chains of P−O− and P−−O.
Subsequently, ZnO can compensate the negatively charged fragments by forming
weak electrostatic interactions with their terminals [366], such as:

P−O−P + ZnO −−→ P−O− · · · Zn2+ · · · −O−P (8.13)

Other studies [186] attributed the reduced chain length near the metal surface
to the shear stress between the contacting surfaces possibly cleaving the long
phosphate chains into shorter ones and to severe surface wear that can remove
the long phosphate chains from the surface. However, as our experiments were
performed under nearly rolling conditions, i.e. 5% SRR, during which wear was
insignificant (Fig. 5.4), this indicates that other factors than the shear stress
could play a role. Apart from ZnO, various studies [19, 20, 183] suggested that
in the presence of iron oxide or water any formed long phosphate chains are
depolymerised into short ones of Fe-Zn phosphates. This can explain the short
phosphate chains and large concentration of iron detected in the base layer near the
metal surface compared to the long phosphate chains and small iron concentration
in the bulk layer.

8.1.3 Effect of water

Water seems to affect the decomposition reaction of the ZDDP additive and its
formed tribofilm selectively. For instance, in the presence of water in the oil, the
XPS results indicate that the equilibrium concentrations of O (Fig. 5.14) and
S (Fig. 5.15) are nearly unchanged. However, water decreases the equilibrium
concentration of P (Fig. 5.16) and increases the one of Zn (Fig. 5.17) by about
38%. Furthermore, for all the components of the tribofilm, water appears to
increase the reaction rate k substantially between 15–175%, which suggests that
the decomposition reaction is faster. This is in line with the results of Rounds
[169], which showed that water accelerates the rate of ZDDP decomposition and
the formation of the tribofilm. In agreement with these findings, few studies
suggested that the ZDDP decomposition is hydrolytic in nature, i.e. accelerated
by water. For example, Spedding and Watkins [137] showed that in the absence of
water, e.g. by heating the sample up to 100-170 oC in order to evaporate all water
in addition to flooding the sample with dry nitrogen, the decomposition reaction
was suppressed. In contrast, when the sample was flooded with water-saturated
nitrogen, a rapid decomposition rate was observed. Nevertheless, it should be
noted that when the tests were conducted at 200 oC, at which most of the water
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should evaporate, the decomposition proceeded without any significant reduction
in the reaction rate. Willermet et al. [24] argued that even a lower temperatures
than 200 oC could not slow down the reaction rate, which challenges the premise
of the hydrolytic decomposition mechanism.

The increased ZDDP decomposition rate in the oil containing water contradicts
the widely perceived idea that water competes with the ZDDP molecules on the
steel surface and thus decreases the decomposition rate [33, 236]. It also contradicts
the observed delay in the growth of the tribofilm thickness shown in Fig. 5.3. To
resolve this discrepancy, the effect of water on not only the tribofilm composition
but also its thickness should be examined collectively rather than individually.
Although Fig. 5.3 showed that water delays the growth of the tribofilm, the
atomic concentration of O shown in Fig. 5.14, which initially consists of mainly
metal oxides, decreases in the presence of water particularly during the running-in
period. This may suggest that in the presence of water either less metal oxides
are present on the steel surface, or a slightly thicker tribofilm is initially formed
that masks the signal of the metal oxides. The latter seems more plausible as no
change in the metal oxide concentration was observed in the absence or presence
of water, whereas a decrease in the oxygen concentration by 5–7% was observed
in the presence of water. In addition, the evolution of the tribofilm thickness
shown in Fig. 5.3 indicates that in the early stage of the tribotest and in the
presence of water the tribofilm is slightly thicker. Hence, it can be concluded
that in the beginning of the running-in period, i.e. near the steel surface, water
accelerates the decomposition of ZDDP and thus increases the thickness of its
tribofilm, however, slightly.

The fast decomposition reaction in the presence of water leads to a faster
reduction in the concentration of the decomposition products. This in turn leads to
an early termination of the reactions forming the subsequent layers of the tribofilm,
which is evident from the early approach to the steady state concentrations as
indicated by the larger reaction rate k. Hence, water does not seem to hinder
the formation of the early base layers on the steel surface nor the adsorption of
ZDDP molecules. However, it can impede the formation of the subsequent layers
possibly due to the lack of the available reactants.

8.1.3.1 Composition of base sulphur layer

The enhanced decomposition reaction in the presence of water discussed in the
previous section can be related to possible changes on the steel surface induced
by water. In the beginning of the tribotest, the steel surface was found to be
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covered with hydroxyl (C−OH) and carboxyl (C−−OOH) groups whether water
was absent from or present in the oil (Fig. 5.5). Nevertheless, the presence of
water was found to increase the abundance of these groups on the surface, which
can affect the decomposition of ZDDP and its reaction with the steel surface.
This is in accordance with the ZDDP decomposition reaction proposed by Yin et
al. [118], which suggested that the COOH groups and possibly O2 can react with
the adsorbed ZDDP to form zinc phosphate and other sulphur species. Amongst
the different sulphur species that can be formed on the steel surface, FeSO4 was
found to be formed initially. This is in agreement with several previous studies
[33, 236, 367], which identified FeSO4 after short rubbing time. However, these
studies detected sulphate only in the presence of water whereas our results suggest
that FeSO4 can also be formed in the absence of water, which is in agreement
with the results of Yin et al. [118]. Therefore, it seems that water can enhance
the formation of sulphate as a result of the increased concentration of surface
groups such as COOH.

The increased concentration of the sulphur species on the steel surface in
the presence of water can explain the increased density of the surface micropits
observed on the surface, which was also observed by Nedelcu et al. [236]. This can
be due to a fatigue initiated micropitting promoted by a localised micropitting
corrosion by sulphur on the steel surface.

8.1.3.2 Composition of phosphate bulk layers

Water appears to largely affect the concentrations of the P and Zn as shown in
Figs. 5.16 and 5.17, which are the main elements forming the tribofilm’s layers
of zinc phosphate. In the presence of water, the formation of Zn was accelerated
whereas P was decelerated. These changes can be explained by examining the
progression of ∆, which is the difference in binding energy of Zn3s and P2p,
over rubbing time as shown in Fig. 8.2. As Zn3s is largely insensitive to changes
in the chain length of zinc phosphate [183, 191, 192], ∆ can help determine
the chemical changes associated with P while avoiding any uncertainties related
to the calibration of the spectra [192]. In the absence of water, the binding
energy increases in general with the continued rubbing. This indicates that a
transformation occurs to the P species such as the polymerisation of the short
phosphate chains to longer ones. However, in the presence of water, the binding
energy during the running-in period appears to be constant. With the continued
rubbing, a decline in the binding energy occurs suggesting that a depolymerisation
reaction of the phosphate chains seemed to occur. This decrease in the binding
energy in the presence of water appears to be the general trend over the different
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Fig. 8.2 Effect of water on the difference in binding energy between Zn3s and P2p of
the top 5–7 nm of the tribofilm over rubbing time.

rubbing times. However, these results are in contrast with the results of Cen et
al. [33] and Nedelcu et al. [236] who observed that the binding energy of P2p
does not change in the presence of water, which suggested that water hinders the
polymerisation of the short phosphate chains.

The transient behaviour observed in our results can be related to a combined
effect of changes occurring in the tribofilm composition as well as to changes in
the water concentration in the oil. Water initially hinders the transformation of P
species during the running-in period. However, as water evaporates continuously
from the oil (Fig. 5.2), polymerisation starts to occur. Nevertheless, the polymeri-
sation reaction appears to terminate earlier than the case in which water in absent,
as shown in Figs. 5.16 and 5.17. Furthermore, the presence of water seems to
induce defects in the formed phosphate chains that make them more susceptible to
breakage, i.e. water accelerates chains scission. This is evident from the fact that
in the presence of water, the concentration of P never reaches the same terminal
value as in the absence of water and nor does its binding energy. This indicates
that water does not only retard the polymerisation reaction while it is present in
the oil but it also changes the formed tribofilm even after it evaporates from the
oil. Thus, the results suggest that the initial alteration of the tribofilm occurring
due to the presence of water during the running-in period cannot be reversed even
if water is removed from the oil in the subsequent stages. The most probable
explanation for this could be related to the formation of a single or multiple bridges
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Fig. 8.3 Schematic of the caging effect of water on the initially formed phosphate
species and the subsequent formation of a single and multiple bridges of hydrogen bonds
between water molecules and PO2

− groups of the decomposed ZDDP.

between water molecules and PO2
− groups of the decomposed ZDDP, as shown

in Fig. 8.3. This caging of the PO2
− groups hinders their chemical reactivity

greatly, which leads to the formation of short orthophosphate PO4 segments. The
short segments can be terminated easily by the available ZnO, which has higher
concentration than if water is absent. The evaporation of water from the oil
reduces the number of bridges between water molecules, PO2

− groups and PO4

segments, which results in the formation of longer phosphate chains. However,
the increased concentration of Zn seems to oppose this effect by forming weak
electrostatic interactions with the terminals of the short phosphate fragments to
compensate their negative charge.

8.1.3.3 Length of phosphate chains

The polymerisation number n can be estimated by assuming that the zinc phos-
phate has the general formula Znn+2[PnO3n+1]2 for odd n and Zn(n+2)/2PnO3n+1 for
even n [19]. In this case, n can be related to the ratio of bridging to non-bridging
oxygen (BO/NBO) as follows [368]:

BO/NBO = 1
2
n− 1
n+ 1 (8.14)

However, as water can be present in the oil especially during the early stage of
the tribotest, this ratio is likely to be prone to error. One way to check this is by
calculating the BO/NBO ratio based on the difference in the binding energy ∆
between XPS signals of Zn3s and P2p [192], as follows:

∆ = ∆0 − 3
2

BO
NBO (8.15)
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Fig. 8.4 Comparison between the measured and calculated polymerisation number n
in the absence of water in the oil.

where ∆0 is the binding energy difference in the case of short orthophosphate
chains, i.e. at the limit of BO/NBO approaches zero, which can be taken as a free
fitting parameter. Figs. 8.4 and 8.5 compares the BO/NBO estimated from direct
fitting of O1s signal and using Eq. (8.15). The ratios estimated based on these
methods appear to follow the same trend over time. Therefore, it is possible to
use the latter method to check the accuracy of the O1s signal fitting. This should
reduce the uncertainty associated with the fitting and thus improves the accuracy
of the chain length identification.

More insight into the changes in the chain length due to the presence of
water can be found by following the evolution of the BO/NBO ratio, ∆ and n

simultaneously over rubbing time. The effect of water on this evolution is shown
in Fig. 8.6. The small range of ∆ and its small values due to the presence of
water confirm that water significantly hinders the growth of the phosphate chains.
This also confirms the previously discussed two effects of water on the phosphate
growth. Firstly, water can terminate the polymerisation reaction in the early
stages of rubbing and hence the chain length does not grow. Secondly, water can
result in weaker long chains that can be easily depolymerised into shorter ones.
The trend of the chain length evolution suggests that the two mechanisms occur
simultaneously.
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Fig. 8.5 Comparison between the measured and calculated polymerisation number n
in the presence of water in the oil.
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8.2 DDP decomposition mechanisms

The DDP additive decomposition process was found, in general, to be similar to
the one of the ZDDP additive. The XAS results indicate that in the case of DDP-I
(Figs. 6.32 and 6.33) or DDP-II (Figs. 6.36 and 6.37) additive a large formation
of sulphates species occurs initially. This can be related to the rapid reaction of
the DDP with the substrate covered with oxides, which leads to the oxidation
of the sulphur species into iron sulphate [182]. This was confirmed previously
for both neutral and acidic DDPs [198]. As rubbing progresses, a continuous
consumption of the sulphate occurs to form more stable sulphide species. The
formation of sulphides is in line with the results of Zhang et al. [164] suggesting
that the DDP additive forms mainly FeS. The observed sulphides in the case of
DDP, which is in contrast to the previously discussed studies suggesting final
sulphates species, can be related to the different operating conditions used while
generating the various tribofilms. For instance, previous studies [127, 181] showed
that under high contact pressure, DDP tribo- or thermal films contain Fe sulphate
near the steel surface whereas under less harsh conditions initially mixed iron
sulphide, such as FeS and FeS2, and sulphate, such as FeSO4, are formed where
the sulphides can oxidise over rubbing time yielding primarily sulphates at the
end.

After the formation of the oxide-sulphide mixed layer, phosphate starts to
form whether in the case of DDP-I (Figs. 6.30 and 6.31) or DDP-II (Figs. 6.34
and 6.35) additive. Over rubbing time, the composition of the DDP tribofilms
shows minor changes, which seems to consist mainly of short chains of iron
polyphosphate [127, 136, 164, 179, 180]. This is unlike the progressively evolving
ZDDP tribofilms consisting of longer zinc polyphosphate chains. The short chains
formed in the case of DDP can be primarily related to the rapid reaction of
the DDP molecules with the substrate covered with iron oxides, which induces
a significant depolymerisation effect on the formed iron phosphate chains that
ultimately limits their growth considerably [181].

In summary, for the case of the DDP additive rubbed between uncoated bare
steel surfaces, the results suggest that its decomposition reaction is similar to
one of ZDDP and consists of multiple steps including the formation of several
intermediates, as follows:

i. Prior to any tribofilm formation, the unreacted DDP adsorbs to the steel
surface. The maximum adsorption occurs when the two sulphur atoms of
every molecule are near the substrate.
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ii. The adsorbed molecules decompose partially by losing sulphur, which is
oxidised at once into sulphates due to its reaction with the oxides on the
substrate or the dissolved oxygen and water in the oil. The sulphate formation
is favoured in the beginning of the tribotest due to surface smearing and
wear during the initial running-in period, which result in a sufficiently high
temperature at the contacting asperities for the reaction to occur.

iii. As rubbing continues and the running-in period ends, the local temperature
at the asperity-asperity contacts drops below the critical temperature needed
for the sulphate formation and therefore the more stable sulphide is formed
instead.

iv. The adsorbed molecules decompose completely to form phosphate species
in the form of a two-dimensional network of short chain iron phosphate
undergoing minor changes over time [127, 136, 164, 179, 180].

After this, a balance seems to occur between the tribofilm formation and
removal that keeps the phosphate glass composition and tribofilm thickness
relatively constant during the tribotest period.

8.3 Tribofilm formation/removal cycles

The formation of the main bulk of the P-based tribofilms, consisting of zinc-, iron-,
or mixed zinc-iron-polyphosphates, was found to undergo several growth and
removal cycles whether in the case of ZDDP (Figs. 7.10 to 7.12) or DDP additives
(Figs. 7.22 to 7.28). Every removal cycle seems to leave a rough tribofilm surface.
The rough surface contains various sharp protrusions, which might behave as
seeds for the succeeding tribofilm layers to grow with much faster kinetics. The
extra energy for this fast growth becomes available from the broken dangling
bonds of undercoordinated atoms [369] and the creation of nascent surface of
high reactivity from the preceding removal cycle [370]. If the tribofilm is always
smooth, no hastened formation would occur and thus no removal (Fig. 7.13). That
is because the hastened formation produces thicker but less compact tribofilm
layers that can be removed easily under shear. However, steady formation results
in a more compact tribofilm as it takes more time to grow and thus steady local
reconfigurations are possible leading to better accommodation of the newly formed
layers and thus high compactness. This was evidenced from the recovery of the
tribofilm thickness when rubbed under high contact pressure in base oil without
ZDDP (Fig. 7.9) or DDP additive (Fig. 7.30). The recovery can originate from
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the irreversible disruption of the local compactness of the interfacial layers of the
tribofilm leading to an increase in the free volume within the phosphate glass.
This necessary makes the tribofilm loose and more susceptible to wear. Thus,
the decompressing effect of contact pressure on mature tribofilms appears to be
counter-productive compared to the case of immature tribofilms in which contact
pressure acts to compact the loose top layers of the ZDDP or DDP decomposition
products into solid polyphosphates [36].

8.4 Effect of countersurfaces

To study the effect of the substrate on the formation of ZDDP and DDP tribofilms,
in-situ tribotests were performed on various substrates including AISI 52100
bearing steel, H-DLC coated surfaces and different glasses of zinc-, iron- and mixed
zinc-iron phosphates. This along with the different additives used, i.e. ZDDP and
DDP, will also enable us to study the role of cations in the decomposition of the
P-based antiwear additives and the formation of their tribofilms.

8.4.1 ZDDP additive

The ZDDP additive can decompose easily to form tribofilms on bare steel surface
under different operating conditions (Figs. 7.18 and 7.19). Similarly, in the case of
the ZDDP additive being rubbed between counter-bodies coated with non-doped
H-DLC, the XAS results (Figs. 6.20 and 6.21) showed that the additive seems to
react with the coating to form a protective tribofilm. However, the in-situ AFM
results (Fig. 7.21) showed that no apparent tribofilm was observed on the DLC
coated steel surface.

The formation of a tribofilm on DLC coatings even without containing any
doped cations as suggested by the XAS results is in line with several previous
studies [31, 32, 211–215]. However, other studies found that no tribofilms can be
formed on non-doped DLC coatings without metallic cations [216–221], which is
in line with the in-situ AFM results. The main factor behind the wide disparity
between the formation and absence of tribofilms on DLC coatings appears to
be related to the tribofilm tenacity. In agreement with several previous studies
[31, 32, 211], our XAS results suggest that the tribofilms formed on DLC-DLC
contacting surfaces are less tenacious than the ones formed on steel surfaces. Such
low tenacity causes the tribofilm to be removed easily. Furthermore, the absence
of iron oxide in the formed tribofilms on DLC surfaces appears to greatly retard
the consumption of the sulphate to form sulphide species (Figs. 6.22 and 6.23).
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Fig. 8.7 Schematic of the tribofilms formed on bare steel (left) and DLC coated surfaces
(right).

This suggests that the low tenacity to the surface can be related to the absence of
a mixed oxide/sulphide base layer. This layer seems to act as a glue joining the
substrate with the subsequently formed phosphate layers composing the main bulk
of the tribofilm. It follows that any formed tribofilm on DLC coatings, especially
if non-doped, is likely to be weakly adhered leading to its effortless removal under
rubbing once formed. The structure of the formed tribofilm on the DLC coating
in comparison to the one formed on bare steel surfaces is shown in Fig. 8.7.

Another explanation for the absence of formed tribofilms on DLC coatings was
provided by Kalin and Vižintin [224] who suggested that the additive reaction
with the substrate has different energy activation barriers depending on the
surface whether doped or non-doped DLC or steel substrate. The difference in the
activation barrier was attributed to the low thermal conductivity of the non-doped
DLC (0.3 to 3.5 W/mK [353]) in comparison to steel (>50 W/mK [354]) or metal
doped-DLC. The low conductivity of the non-doped DLC can lead to lower contact
temperature that impedes or slows the additive decomposition and the tribofilm
formation.

8.4.2 DDP additive

As expected, it was possible to form DDP tribofilms on bare steel surface under
different operating conditions (Figs. 7.33 and 7.34). It was also possible to form
a tribofilm on the iron phosphate glass (Fig. 7.31b) at high temperature and
contact pressure. The structure of the formed tribofilm was similar to the ones
generated on bare steel surfaces. This indicates that the availability of iron
from the substrate, whether steel or iron phosphate, was enough to form a DDP
tribofilm consisting mainly of iron phosphate. As the thermal conductivity of the
phosphate bulk ranges from 0.2 to 2.3 W/mK [355] whereas for steel is about 50
W/mK [354], the ability to form a tribofilm on the phosphate glass contradicts
the hypothesis of Kalin and Vižintin [224] that a substrate with a high thermal
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conductivity is required for the formation of P-based tribofilms. They based
this argument on the observation that non-doped DLC coatings, which have low
thermal conductivity, lacks the ability to form protective tribofilms in comparison
to steel. This indicates that the other plausible reason is mainly related to the
difference in tenacity as discussed earlier.

No tribofilm formation was possible on zinc and mixed zinc and iron phosphate
glasses (Figs. 7.31c and 7.31d). The inability to form a DDP tribofilm on these
glasses is peculiar. The available zinc or zinc and iron cations were expected
to be sufficient to induce the formation a tribofilm of zinc or iron phosphate.
One possible explanation for this is related to our previous conclusion that the
iron phosphate-based tribofilm is more tenacious than the zinc phosphate-based
tribofilm. It follows that any formed phosphate-based tribofilm on the zinc or
mixed zinc and iron glass could be too weakly adsorbed to withstand the applied
shear stresses and thus is worn away at the moment being formed.

8.5 Effect of sliding speed

The changes in the growth rate of the ZDDP at 80 oC and 7.2 GPa as a function
of the scanning speed and sliding time per cycle are shown in Fig. 8.8 during
the in-situ AFM tribotests. The results show that the speed does impact the
reaction kinetics. However, the apparent increase in the formation rate over speed
is primarily related to the decreased sliding time per cycle, as shown on the same
Fig. 8.8 rather than a genuine effect of the speed or shear rate. This is further
confirmed in the inset of Fig. 8.8, which shows that if the growth rate is measured
per cycle instead of per time, the speed has a negligible effect on the kinetics.
This is somewhat expected as Clasen et al. [311] using the micro-gap rheometer
showed that the shear stress in the boundary lubrication regime is independent
of the shear rate and depends only on the friction coefficient, which is constant
in this regime, and the applied normal force on the contacting asperities, which
was constant during the in-situ tribotests at the various tested speeds. This is
also in line with the results of Shimizu and Spikes [245] that in the mixed sliding
and rolling condition, the formation rate of the ZDDP tribofilm is less sensitive
to the exact SRR, which indicates that shear stress rather than the rate is the
controlling parameter. However, they interpreted the data as the rubbing time is
far more important than the sliding distance.

Our data seem to suggest that in the boundary lubrication regime the growth
rate is less sensitive to the sliding speed and is only dependent on the sliding cycles.
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Fig. 8.8 Evolution of the growth rate of the ZDDP tribofilm formed at 80 oC and 7.2
GPa over different sliding speeds.

This is an interesting result as it indicates that the growth occurs accumulatively
in a layer-by-layer fashion, i.e. every rubbing cycle regardless of its timing adds
one layer of a certain thickness depending on the other operating conditions of
temperature and contact pressure.

Similar conclusion can also be drawn for the case of DDP additive based on
the growth pattern of its tribofilm (Figs. 7.25 to 7.28) that initially the edges
of the formed tribofilm appears to be thicker than the areas in the middle. The
thick areas near the edges appear to be formed due to the overlapping between
the scanning lines, which results in larger effective sliding cycles than the case
away from the edges.

8.6 Effect of temperature and contact pressure

The decomposition reaction of ZDDP was found to be activated using heat and/or
shear at high contact pressure (Fig. 8.9a). The synergy between these two factors
appears to have an additive effect on the growth rate of the ZDDP tribofilm, i.e.
the growth rate increases equally with temperature or contact pressure.
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Fig. 8.9 Evolution of the growth rate of (a) ZDDP and (b) DDP-1 tribofilms formed
under different contact pressures and temperatures. The 3D surfaces were generated
using the chemo-mechanical Arrhenius-type model suggested by Gotsmann and Lantz
[71].

However, for the case of the DDP additive, contact pressure causes much
larger increase in the growth rate in comparison with the mild increase caused
by temperature (Fig. 8.9b). Thus, it appears that above a certain threshold of
temperature, shear stress alone is enough to cause a complete decomposition of the
DDP additive to form a protective tribofilm. Beyond this threshold, temperature
seems to have a minor effect on the growth rate. The trend indicates that the
energy barrier of the DDP decomposition reactions can be lowered primarily using
the potent effect of the contact pressure rather than temperature.

The reaction kinetics and activation energies of the decomposition reactions
of the ZDDP and DDP additives will be discussed in detail in the subsequent
section.

8.7 Reaction kinetics of ZDDP tribofilms

8.7.1 Activation energy

Based on how the decomposition reaction of the ZDDP additive behaves under
temperature and contact pressure (Figs. 7.20 and 8.9a), it can be considered to
follow the chemo-mechanical Arrhenius-type model suggested by Gotsmann and
Lantz [71] and discussed in detail in section 2.1.2: Eqs. (2.9) and (2.10), which
reads:

k (T, P ) = A

[
exp

(
−Ea (P )

kBT

)]
(8.16)
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where A is the pre-exponential constant in the Arrhenius equation depending on
the attempt frequency that is of the same order as the atomic vibration and the
lattice parameter, kB is the Boltzmann constant, T is the absolute temperature
and Ea is the activation energy, which considering the second-order effects of the
shear stress on the shape of the energy profile, can be given by [143]:

Ea (P ) = E0 − µPAr∆x+ µ2P 2A2
r

2 (ξI − ξT) (8.17)

where E0 is the nominal activation energy at no applied contact pressure, P, µ
is the friction coefficient, Ar is the reactant area at which the contact pressure
is applied, ∆x is the activation length from the reactant state at x = 0 to the
transition state along the reaction coordinate, ξI and ξT are the curvature values
of the initial and transition states along the reaction coordinate, which can be
given as follows:

ξI = 2∆x2

E0π2

(1 + r

1 − r

)2
(8.18)

and

ξT = −2∆x2

E0π2

(1 − r

1 + r

)2
(8.19)

where |r| ≤ 1 is the potential shape parameter, e.g. r = 0 represents a gradual
transition from the reactant to the transition state whereas r = 1 represents
a sharp step like transition [371]. This parameter is not known although a
priori assumptions can be made. For instance, previous experimental results
[30, 142] suggested that the contact pressure reduces the nominal activation
energy of the ZDDP decomposition reaction linearly, which indicates that within
the experimental certainties: r < 0.7 [143]. It follows that the higher order
quadratic term of Eq. (8.17), which consists of small quantities multiplied and all
raised to the power of two, is likely to be negligible.

To fit Eqs. (8.16) and (8.17) to the experimental data, we need to make few
assumptions. First, the pre-exponential factor, A, can be assumed to represent
the frequency at which the reactant molecules cross the energy barrier into the
transition state along the reaction coordinate. Considering that the distance from
the reactant to the transition state is ∆x and the molecules speed to be equally
given by:
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ν =
√

8kBT

πµ
(8.20)

where µ is the effective mass, then the molecule frequency can be given by:

fa = α
ν

∆x = α

√
8kBT

πµ
/∆x (8.21)

where α is a correction factor for the uncertainties related to the determination of
both ν and ∆x, which can be limited to ±10% of the nominal frequency value.
The above relation is consistent with the oscillation frequency of the bond that is
broken from the reactant, which is of the order:

fa ≈ kBT

h
≈ 1013 s−1 (8.22)

where h is the Plank constant.

The second assumption is related to the adsorption of the ZDDP molecules
to the metal surface. This can be assumed to occur with a maximum coverage
when the ZDDP molecule is flat on the surface, which means that the four sulphur
atoms lay near the surface. Thus, considering the standard structure of the
ZDDP with average bond length of 2 Å [372, 373], it follows that the effective
area Ar can be taken as 0.94 nm2 per ZDDP molecule [199]. A similar value of 1
nm2 was suggested by Zhang and Spikes [142] and also supported by our ex-situ
surface analysis and the results of several previous studies [200–202, 238], which
indicated that the concentration of sulphur chemisorption products are higher on
the steel surface as compared to the bulk of the tribofilm. This suggests that the
ZDDP decomposition starts with the four sulphur atoms near the surface, which
is consistent with our proposed assumption.

The third assumption is related to the friction coefficient µ, which can be
taken as 0.1 such that it matches the average in-situ and ex-situ values obtained
of ZDDP tribofilms.

The fit of Eqs. (8.16) and (8.17) to the experimental data starts with three
fitting parameters, i.e. α, E0 and ∆x while ignoring the second quadratic term
of Eq. (8.16). This is necessary for two reasons. First, in order to accurately
estimate ∆x and second, to be able to assess the significance of the quadratic term
when compared to the results without including it. The fitting results are shown
in Fig. 7.20. Same fit was obtained with and without the quadratic term, which
indicates that the ZDDP decomposition reaction has the familiar Sine-Gordon
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Fig. 8.10 Evolution of activation energy Ea of the growth of the ZDDP tribofilms over
contact pressure.

(SG) potential rather than a step-like potential. This is confirmed by noticing the
linear decrease of the activation energy E0 over the contact pressure even when
extrapolated to zero pressure, as shown in Fig. 8.10. Such a behaviour suggests a
small r → 0, which is also suggested by the numerical results of Tysoe, e.g. see
Fig. 5 in [143].

The correction factor α for the uncertainties related to the determination of
the attempt frequency, fa, was found to be unity for all the rate results over the
entire tested range of pressure and temperature. The results showed that the
attempt frequency fa = 1013 s−1, which as suggested before is consistent with the
oscillation frequency of the bond that is broken from the reactant. The value is
also in agreement with the previously reported data related to ZDDP [30].

The activation energy values ranging from 43 to 35 kJ/mol are consistent with
the recent results of Gosvami et al. [30] of similar in-situ AFM tribotests and the
results of Zhang and Spikes [142] of the ZDDP additive decomposing in viscous
fluids using shear only and assuming no direct asperity-asperity contacts.

The activation length was found to be about 0.2 Å, which is consistent with
the ZDDP results of Gosvami et al. [30] of 0.35 Å and other previously reported
data in the literature for other materials but using a similar model [374, 375].
The reported values are feasible for the fitted atom-by-atom decomposition model
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that implies the activation lengths to be less than the length of the bond to be
broken. On the other hand, the ZDDP results of Zhang and Spikes [142] suggested
activation length of about 1.8 Å, which is of a relative order to the average bond
length of 2 Å found in the ZDDP molecule [372, 373].

Several factors might have contributed to this discrepancy. First, the different
operating conditions between our single asperity AFM tribotests in the boundary
lubrication regime and the conventional experiments of Zhang and Spikes in the
elasto-hydrodynamic lubrication (EHL) regime.

Second, the limited range of contact pressures used to fit the data of Zhang
and Spikes, which can result in misleading results by not capturing the complete
but part of the formation trend.

Third, the original chemo-mechanical Arrhenius-type model suggested by
Gotsmann and Lantz [71] is typically applied when the shear stress is taken to act
on the bonds directly. However, the way the model implemented here is by taking
the average shear stress to be equal to the applied contact pressure multiplied
by the friction coefficient. The oversimplification of the complex flow within the
contact can bring large errors in estimating the activation energy and its length.
It is worth noting that Zhang and Spikes assumed that no direct contact exists
between the sliding counterbodies as their experiments were conducted in the
EHL regime. However, they considered the shear stress in a similar way to our
treatment. Again, this is an overestimation rather than actual consideration.

Fourth, for the used Arrhenius kinetics model, the applied force is expected
to weaken the bonds more as the force quiescent time increases due to the sharp
decrease in the lifetime of the bond τ by several orders of magnitude [374], i.e.
F ∝ 1/τ . This indicates that the applied force has a time dependent effect, which
can induce outburst of bonds’ rupture and therefore making the formation/removal
rate constant k time dependent. However, despite its potential large impact, this
effect has not been taken into account in the available experimental data related
to the ZDDP additive. Nonetheless, it is worth noting that Tysoe [143] proposed a
model to account for the velocity effect on the tribochemical reaction. The model
was based on assuming that the energy barrier is time dependent and convoluted
in the sliding velocity, thus the reaction rate can be found as follows:

ln k (ν) = ln k0 + ∆x
kBT

[
2F ∗

π
+ 2kBT

a
ln
(
ν

aP

)
− 2
a

∆E ln
(
tcν

a

)]
(8.23)
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where k0 is the thermal reaction rate, ν is the sliding velocity, tc is some characteris-
tic time such that tcν/a ≫ 1, P is a factor related to the sliding transition over the
energy barrier, ∆E is the change in the initial potential minimum due to sliding,
F ∗ = πE0/a ≫ F is the maximum force that can cause spontaneous sliding, E0

and a are the height and periodicity of the energy potential. The terms inside the
square brackets represent the applied force. Therefore, the model requires two
fitting steps; one for the force to find the unknown parameters: F ∗, a, P, and tc

and the other is for the whole rate equation in order to find the unknown ∆x.
As the applied force does not appear explicitly, the model is of less use due to
the convoluted effect of the force and sliding velocity. Furthermore, in the case
the change in the energy minimum, ∆E, is smaller than the thermal energy, kBT ,
which is expected to be almost always the case, the model predicts that increasing
the sliding velocity would result in increasing the reaction rate. This is because
the original formulation was designed to accommodate the observation that at
small sliding speeds, where slip-stick friction occurs, increasing the speed results
in a logarithmic increase in the atomic lateral force, i.e. atomic friction, leading
to lower activation energy barrier [62, 376–378]. However, this does not hold true
for micro- and macroscopic friction at high sliding speeds like the one used during
the in-situ AFM tribotests. Furthermore, Eq. (8.23) is in contrast with the above
discussion that the longer the force is applied the weaker the bonds and thus
the larger the reaction rate. A more appropriate treatment would rely on the
reduction caused on the activation energy as the force is applied, which can be
assumed a monotonically increasing time dependent effect. Thus, the external
force terms in Eq. (8.17) can be modified, as follows:

Ea (P ) = E0 +
[
µPAr∆x+ µ2P 2A2

r

2 (ξI − ξT)
]1 +

√
∆x
νtc

 (8.24)

Fitting this equation is straightforward and based on the speed of 400 µm/s, it
yields insignificant contribution of speed to the applied force, i.e the last term
≪ 1. This is consistent with our results discussed in section 8.5 that the scanning
speed per se does not impact the growth rate.

Fifth, under certain harsh conditions of high temperature and contact pressure,
the severity at the contacting interface causes distortion to the structure of
the transition state, i.e. the shape of the energy potential [62, 376, 377]. As
the decomposition reaction is endothermic, Hammond’s postulate [379], which
describes the structure of the transition state along the reaction coordinate,
suggests that the energy of the transition state would be closer to that of the
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products than that of the reactants. In this case, the harsh conditions might alter
this state such that the energy minimum in the reactants state to the transition
state along the reaction coordinate becomes smaller with possible alteration to the
relative energy difference as well [143]. Nonetheless, it is worth noting that this
effect is not probable within our in-situ tested conditions as the contact pressure
is not large enough to cause any alteration to the structure of the energy potential.
Furthermore, if any alteration occurs, the activation length is expected to be
elongated rather than shortened.

Sixth, the possible different types of the ZDDP additives, e.g. primary,
secondary or a mixture of the two among others, used in the two cases though
not expected to have any significant effect.

8.7.2 Reaction order

To find the order of the ZDDP decomposition reaction to form a protective
tribofilm on the shearing interfaces, the following equation for the nth order
reaction rate can be used [30]:

1
[V ]n−1 = 1

[V0]n−1 − (n− 1) kt (8.25)

where n is the reaction order, k is the reaction constant, V0 and V are the tribofilm
volumes at the beginning of the tribotest and at any time t, respectively. The
initial volume of the tribofilm, V0, can be taken as zero.

It should be noted that the above equation is suitable to estimate the reaction
order only in the case of considering the changes of the reactants, i.e. additive
concentration, or the products, i.e. the formed species of the tribofilm presumably
phosphate species. As this information cannot be assessed during the AFM
in-situ tribotests, the volume of the products will be considered instead of the
concentration. This is a rough estimation but still feasible under the assumption
that the thicker the tribofilm the larger the phosphate concentration, as verified
and discussed in detail in chapter 5.

As discussed in section 7.1.4.1, the tribofilm formation follows a single expo-
nential rate (Figs. 7.16 to 7.20) as opposed to the suggestion of Gosvami et al.
[30] that it undergoes two distinctive phases starting from a slow linear growth
phase followed by a fast logarithmic phase. For comparison purposes, our data
will be fitted assuming two phases in order to have a parallel comparison with the
available data in the literature. This would not affect the conclusions as the first
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linear fit can always be ignored and the second exponential fit be extended to the
whole dataset.

The reaction order was estimated by fitting Eq. (8.25) to the growth evolution
data obtained at three different contact pressures, i.e. 2.7, 4.5, and 5.7 GPa, as
shown in Figs. 7.10 to 7.12. The fitting results indicate that, regardless of the
applied contact pressure, the slow linear phase of the tribofilm formation follows
a zero reaction order with n = 0.073 ± 0.10. On the other hand, the fitting results
indicate that, regardless of the applied contact pressure, the fast logarithmic
growth phase of the tribofilm follows approximately first order reaction kinetics
with n = 0.71 ± 0.14. As mentioned earlier, the entire dataset can be fitted using
first order kinetics without the need of the initial zero order rate. This is in
line with several previous reports suggesting a first order reaction kinetics for
the decomposition of materials of similar functional groups found in ZDDP, e.g.
dimethyl and diethyl disulphide [279] and other groups under shear [280, 281].
The reaction order can be taken as a measure for the decomposition efficiency to
form the bulk of the tribofilm, i.e. sulphides and phosphates. The slightly lower
order than unity indicates that the ZDDP decomposition process include few side
and intermediate reactions that consume part of the available ZDDP molecules to
form species other than sulphides and phosphates, i.e. possibly volatile products.

The zero order of the slow initial reaction is in agreement with the in-situ
AFM results reported by Gosvami et al. [30], which suggested that the ZDDP
decomposes initially with a zero reaction rate n = 0.12 ± 0.11. Furthermore, their
results indicated that as rubbing continued the reaction rate becomes n = 0.22 ±
0.02, which suggests more complex reaction pathways during the decomposition of
the ZDDP. This is in contrast with our first order kinetics for the fast logarithmic
growth phase. It is also in contrast with our XPS ex-situ surface analysis,
which indicated that the ZDDP decomposition and the phosphate-rich tribofilm’s
formation and growth follow first order reaction kinetics.

8.8 Reaction kinetics of DDP tribofilms

8.8.1 Activation energy

Based on how the decomposition reaction of the DDP additive behaves under
temperature and contact pressure (Figs. 7.35 and 8.9b), it can be considered to
follow the chemo-mechanical Arrhenius-type model suggested by Gotsmann and
Lantz [71] and discussed in detail in section 8.7.1:Eq. (8.16) and section 2.1.2:
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Eqs. (2.9) and (2.10). The potential shape parameter, r, was found to be similar to
the case of ZDDP, i.e. r ≪ 1, representing a gradual transition from the reactants
to the transition state [371]. This indicates that the higher order quadratic term
of Eq. (8.17), which is used to correct for the shape changes of the potential energy
due to shear, is negligible.

Similar to the case of the ZDDP additive, the fit of Eqs. (8.16) and (8.17) to
the experimental data requires few assumptions, which can be briefly summarized
as follows:

• The pre-exponential factor, A, can be assumed to represent the frequency
at which the reactant molecules cross the energy barrier into the transition
state along the reaction coordinate. This will be calculated using Eq. (8.21).

• The DDP molecules adsorb to the metal in such a way that they are flat
on the surface. Therefore, considering the standard structure of DDP with
average bold length of 2 Å, it follows that the effective area Ar can be taken
0.5 nm2 per DDP molecule, i.e. half the one of the ZDDP.

• The friction coefficient, µ, can be taken as 0.1 such that it matches the
in-situ and ex-situ value obtained for DDP tribofilms.

The fit of Eqs. (8.16) and (8.17) to the experimental data starts with two
fitting parameters, which is similar to the ZDDP case achieved by assuming that
the second quadratic term of Eq. (8.16) is negligible. The fitting results are shown
in Fig. 7.20. The same fit was obtained with and without the quadratic term,
which indicates that similar to the ZDDP, the DDP decomposition reaction has
the familiar Sine-Gordon (SG) potential rather than a step-like potential. This
is confirmed by noticing the sharp linear decrease of the activation energy E0

over the contact pressure even when extrapolated to zero pressure, as shown in
Fig. 8.10. As suggested by the numerical results of Tysoe, e.g. see Fig. 5 in [143],
this suggests a small r → 0.

The correction factor α for the uncertainties related to the determination of
the attempt frequency, fa, was found to be in the range of 0.01 to 1.0 for all the
rate results over the entire tested range of pressure and temperature. The main
deviation from unity originates from the mild rate increase over temperature as
compared to contact pressure. Similar deviation was also found by Gosvami et
al. [30]. This results in an attempt frequency fa = 1010 s−1. The lower end was
adopted in order to fit the entire range of data with a single value.

The activation energy values ranges from about 10 to 25 kJ/mol, which
are nearly half the value found for the ZDDP additive discussed in section 8.7.1.
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Fig. 8.11 Evolution of activation energy Ea of the growth of the DDP tribofilms over
contact pressure.

Interestingly, the relatively small energy barrier, E0 appears to be more susceptible
to contact pressure than the larger barrier found for ZDDP. This suggests that
the lack of zinc cations within the DDP molecules results in weaker overall bonds
as opposed to the ZDDP molecules. Nonetheless, this does not warrant a faster
reaction rate as it can be significantly affected by the activation length, which
constitutes the rate-force dependency.

The activation length in the case of DDP was found to be about 0.8 Å, which
is nearly fivefold the one found in the case of ZDDP. However, the reported values
are feasible for the fitted atom-by-atom decomposition model that implies the
activation lengths to be less than the length of the bond to be broken. It is also,
in general, consistent with the available tribochemical results in the literature,
e.g. 0.35 Å for the ZDDP [30]. The larger activation length in the case of DDP
indicates that the decomposition rate is more sensitive to external force, which is
manifested in the large slope of 2.3 kJ/GPa.mol of Ea versus P shown in Fig. 8.11
as compared to the 1.12 kJ/GPa.mol of ZDDP shown in Fig. 8.11.

It is worth mentioning that as the DDP atoms are more susceptible to shear, it
follows that they might be more susceptible to shear rate as opposed to the case of
the less sensitive ZDDP. For the used Arrhenius kinetics model, the applied force
is expected to weaken the bonds more as the force quiescent time increases due to
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the sharp decrease in the lifetime of the bond τ by several orders of magnitude
[374]. This indicates that the applied force has a time dependent effect, which
makes the formation rate constant k time dependent. However, this effect cannot
be verified using the proposed Eq. (8.24) because all the DDP experiments were
performed under the same sliding speed.

8.8.2 Reaction order

The formation rate of the DDP tribofilm over time can be fitted using Eq. (8.25)
in order to find the order of the DDP decomposition reaction. Although the
tribofilm formation occurs over a single distinctive logarithmic phase (Figs. 7.33
to 7.35), Eq. (8.25) was fitted assuming two phases, i.e. initial slow linear growth
phase that accelerate into a fast logarithmic phase, in order to have a parallel
comparison with the available literature [30]. This would not affect the conclusions
as the first linear fit can always be ignored and the second exponential fit be
extended to the whole dataset.

The fitting results indicate that, regardless of the applied contact pressure,
the slow linear phase of the tribofilm formation follows a zero reaction order with
n = 0.047 ± 0.01. On the other hand, the fast logarithmic growth phase of the
tribofilm follows a more complex reaction kinetics with n = 0.52 ± 0.07.

The zero order of the slow initial reaction is in agreement with the in-situ
AFM results regarding ZDDP tribofilms as well as the previously reported data of
ZDDP [30]. However, the fractional logarithmic rate is lower than the one found
for the case of ZDDP, i.e. 0.77. The reaction order can be taken as a measure for
the decomposition efficiency to form the bulk of the tribofilm, i.e. sulphides and
phosphates. The low order indicates that the DDP decomposition process include
more side and intermediate reactions of possibly volatile products that consume
part of the available DDP molecules to form species other than sulphides and
phosphates.

8.9 Flowability of P-based tribofilms

The rheological properties of the ultra-thin P-based tribofilms, whether ZDDP
or DDP, were quantified using a set of novel creep and squeeze flow experiments.
The two methods are discussed in detail in the following sections.
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8.9.1 Viscosity quantification using creep

In the creep experiments, a fixed stress is applied and the resulting deformation is
observed. The performed AFM experiments described in Figs. 7.2 to 7.8 can be
considered as creep experiments. In those experiments, the AFM tip applies a
constant stress via contact pressure on a certain initial area of the formed film,
which undergoes deformation and flowability in the lateral direction. The shear
stress σ can be estimated to be dependent on the friction coefficient µ and contact
pressure P , i.e. σ = µP , assuming the two are constant. The strain γ(t) can be
obtained by normalising the area evolution of the film A(t) by its initial area A(0)
under the AFM tip, i.e. γ(t) = A(t)/A(0). The creep compliance J(t) can then
be found be dividing the strain by the applied stress, i.e. J(t) = γ(t)/σ. In the
limit of linear viscoelasticity, the creep compliance, can be defined as [77]:

J(t) = J0 + JRψ(t) + 1
η0
t (8.26)

where J0 is the instantaneous creep compliance, JR is the total recoverable
compliance, and ψ(t) is the delayed elasticity function which is zero at time zero
and one for t −→ ∞. Considering the ZDDP triboreactive films are viscous
instead of viscoelastic, only the last term of the above equation is of importance.

Figure 8.12 shows the evolution of the creep compliance over time for different
ZDDP films formed at 80 oC and 4.5 GPa using different scanning lines, i.e. 8,
4 and 1. In order to obtain these results several considerations were taken into
account. First, the flowability was considered to occur in the direction across
the formed film as well as in the direction along the action of shear. Second,
the film growth (formation and removal) and flowability were supposed to occur
simultaneously, which were readily decoupled as the growth occurs only in the
vertical direction whereas flowability in the lateral direction. In the case of a big
removal event occurs such that the covered area with the film decreases, this is
registered as a sharp drop in the followed film creep compliance, as identified in
Fig. 8.12. Third, the geometry of the tip-substrate counterbodies can be simplified
to a plate-plate geometry without a direct contact between them but separated by
the film. This is especially true for worn tips and for films of thickness larger than
the substrate roughness, i.e. > 10 nm. Fourth, in the limiting case of small gaps,
viscosity is not affected by the shear rate but solely by the shear stress [311].

The compliance evolution over time (Fig. 8.12) indicates two creep regimes.
Initially, the film experienced a primary fast linear creep followed by a secondary
slower linear creep. The Newtonian viscosity, i.e. the inverse slope of the compli-
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Fig. 8.12 Viscosity quantification of triboreactive ZDDP films using creep method. a,
Sample of masked images used to calculate the area evolution of the formed films. b,
Evolution of the creep compliance, J(t), over time for different ZDDP films formed
at 80 oC and 4.5 GPa using different scanning lines, i.e. 8, 4 and 1. Arrows indicate
instances of film removal.

ance versus time as suggested by Eq. (8.26), was estimated based on the two creep
regimes. The primary creep suggests a viscosity of about 4 × 1011 Pa.s as opposed
to 7 × 1012 Pa.s for the secondary regime. These results are comparable to the
bulk viscosity of various metallic glasses near and above their glassy transition
temperature, i.e. Tg > 350 oC, as reported in the literature using bulk rheometry
[380–384]. The close viscosities between the ZDDP film and metallic glasses
confirm that the final structure of the film is merely a final solidified image of
what once was hot, flowing and molten phosphate glass. For the first time, this
evidences how rubbing can accelerate the formation of a highly viscous amorphous
phosphate glass that helps protect contacting surfaces from excessive wear.

For the case of DDP, the compliance evolution over time (Figs. 8.13 and 8.14)
is similar to the one observed for ZDDP. Initially, the tribofilm seems to undergo
fast linear deformation, which is followed by an eventual slower deformation. The
initial fast flow period suggests a viscosity of about 5-7 × 1011 Pa.s as compared to
9 × 1012 Pa.s for the slow flow in the terminal period. The range of these values is
strikingly similar to the case of ZDDP tribofilms and comparable to the viscosity
of various metallic glasses near and above their glassy transition temperature, as
reported in the literature using bulk rheometry [380–384]. The close viscosities
between the DDP and ZDDP tribofilms on the one hand and the metallic glasses
around their glassy transition temperatures on the other hand confirm that the
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final structure of the tribofilm of mainly phosphates is just a final solidified image
of the once hot, flowing and molten glass.

8.9.2 Viscosity quantification using squeeze-flow

Quantifying the viscosity using squeeze flow analysis is based on squeezing the
triboreactive film between two parallel plates, as depicted in Fig. 8.15a. To limit
this effect to genuine flowability and avoid any formation, the experiments were
carried out ex-situ at ambient temperature in base oil without ZDDP reactive
additive after the film was formed (Fig. 8.15b). The results show that when a small
contact pressure was applied the film initially covered an area of 5×5µm2. However,
when the contact pressure was increased to 2.7 GPa and subsequently to 3.7 GPa,
the covered area increased to about 6 × 6µm2 and 7 × 7µm2, respectively. Further
increase of contact pressure to 4.5 GPa did not seem to have any significant effect
on the film area, which can be a result of wear that reduces the area proportionally
to the increase caused by the squeeze flow (Fig. 8.15c). The removal amount can
be readily quantified and decoupled from the true flowability by observing the
changes in the film thickness, area and volume (Fig. 8.15b-c). In case of flow
without wear, the film volume should be preserved but as its area spreads the
thickness decreases. However, in case of flow accompanied by wear, the volume
can decrease because of removal of parts of the film. This reduction can be
subtracted from the apparent film volume to obtain its evolution due to flowability
only. Counterintuitive to this behaviour, a small recovery in the film volume was
observed when the contact pressure was increased from 2.1 to 2.7 GPa. The source
of this recovery might be related to irreversible disruption of the local compactness
of the interfacial layers of the film leading to an increase in the free volume within
the phosphate glass. This makes the film loose and more susceptible to wear,
which is confirmed by the subsequent decrease in the film volume over the sliding
cycles.

The Newtonian viscosity, µ, of the triboreactive films can be quantified by
following the gap evolution H(t), i.e. the film thickness while it is squeezed, as
follows [312]:

H(t) = H0

(
1 + 8H2

0F0t

3πµR4
0

)−1/4

(8.27)

where H0 is the initial film thickness just before applying load F0, H(t) is the film
thickness over time and R0 is the initial radius of the squeezed film, which can be
taken as the tip radius. The experimental data discussed before in Fig. 7.9b-c can
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Fig. 8.15 Viscosity quantification of triboreactive ZDDP films using squeeze-flow
method. a, Schematic of the squeeze flow between two parallel plates assuming constant
volume just before applying the constant load (left) and after a certain squeeze time
(right). b, Evolution of the total film thickness (symbols) and film thickness without
wear (symbols and dashed line) after different sliding cycles at 25 oC under different
contact pressures ranging from 2.1 to 4.5 GPa. Green areas indicate increase in film
thickness whereas blue areas indicate film removal. The AFM images are 8.5 × 8.5 µm2

with colour ranges from 0-180 nm. c, Analysis of the film volume and area. d, Fit of
the thickness at 2.7 and 3.7 GPa.

be fitted using the above equation to obtain the film viscosity, which is the only
unknown. The result of this fitting is shown in Fig. 8.15d, which shows that in
average the Newtonian viscosity of the film is about 2 × 1011 Pa.s.

The viscosity values based on either creep or squeeze flow experiments are
larger than the reported values in literature [36] for ZDDP films, i.e. 108 Pa.s.
These values are two to three decades lower than the ones estimated in this
study. Several factors might be responsible for this discrepancy. First, Bec et
al. [36] did not actually measure the viscosity of the film layers but instead they
related it to the measured elastic modulus. Thus, it was more of a numerical
estimation than an experimental quantification. Second, there is a significant
difference between the experimental methods used in this study as compared to
the previous ones. The current study implemented two novel methods based on
the AFM with tip radius less than 80 nm whereas the previous study of Bec et
al. [36] used the surface-force apparatus with a sphere of radius < 2.125 mm.
The large difference in the probe size indicates that the viscosity values reported
in the previous studies were averaged over a large area of the film whereas the
current ones are of localised area within the film. As the film typically consists
of ridges and troughs of heterogeneous mechanical properties as well as varied



8.9 Flowability of P-based tribofilms 269

(a)

(b) (c)

Fig. 8.16 Viscosity quantification of triboreactive DDP-1 films using squeeze-flow
method. a, Evolution of the total film thickness (symbols) and film thickness without
wear (symbols and dashed line) after different sliding cycles at 25 oC under different
contact pressures ranging from 2.1 to 5.2 GPa. Green areas indicate increase in film
thickness whereas blue areas indicate film removal. The AFM images are 8.5 × 8.5 µm2

with colour ranges from 0-180 nm. b, Analysis of the film volume and area. c, Fit of
the thickness at 3.7 GPa.

thickness and composition (Table 3.3 and Figs. 3.10 and 3.11), it follows that the
averaged properties measured by a large probe can be different from the local
ones measured by a significantly smaller probe.

For the case of DDP additive, similar to the previously discussed creep analysis,
the squeeze flow experiments show that in average the Newtonian viscosity of the
DDP tribofilms ranges from 9 × 1010 to 6 × 1011 Pa.s (Fig. 8.16). These are similar
to the values obtained using the creep experiments discussed above. Thus, the two
independent methods, i.e. creep and squeeze flow, suggest unambiguously that
under rubbing the formed tribofilm of amorphous phosphate behaves as a molten
glass despite the relatively low temperature of the oil of 80 oC. This suggests
that one of the antiwear mechanisms of the P-based additives is to form a highly
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viscous glass on the contacting surfaces that helps reduce wear and mitigates
contact stresses.

8.10 Summary

The generation of ZDDP triboreactive films is a complex multistage process [7].
As demonstrated in Fig. 8.17, it starts with the self- and trans-alkylation of the
ZDDP additive in the oil (Fig. 8.17a), which involve the migration of alkyl groups
from the O to S atoms [8]. The additive then adsorbs to the steel substrate
as linkage isomer (LI-ZDDP) [28]. In case of shearing the countersurfaces at
high temperature and contact pressure, two phenomena are accelerated. First,
iron cations are released from the steel substrate. Second, the adsorbed ZDDP
molecules undergo a partial decomposition into zinc and iron sulphate followed by
sulphide species. Heat causes sulphur to diffuse into the steel whereas shear assists
the formation of a mixed oxide-sulphide base layer of isolated clusters (Fig. 8.17b).
The base layer acts as a glue providing excellent tenacity between the steel surface
and subsequently formed layers of amorphous iron and zinc polyphosphate chains
of increasing length towards the film’s surface (Fig. 8.17c). These layers mark the
final decomposition stage of ZDDP molecules.

The DDP decomposition process is similar to the one of the ZDDP. This
suggests that the zinc and iron cations can replace each other without much
changes in the composition of the formed tribofilm.

The resulting amorphous polyphosphate forms a unique antiwear structure of
growing thickness and patchiness over sliding cycles (Fig. 8.17d). The antiwear
protection of such evolving structure has been attributed to its rigid sacrificial
nature [14–18] and its ability to digest the sharp worn particles [19–21]. These
mechanisms are either mechanical or chemical in nature. However, our results
indicate that the good antiwear properties might have a rheological origin, which
can greatly influence friction, lubrication and adhesion properties of any tribologi-
cal surface. For instance, the outer layers were found viscous with a viscosity in
the order 1011 − 1012 Pa.s. The top viscous layer can explain the patchy pad-like
structure of the film (Fig. 8.17d) as a final solidified image of the once hot flowing
glass. The ridges of this glass are formed due to asperity-asperity contact whereas
the troughs originate from the flow of some material from the regions of ridges to
troughs. This suggests that the superior antiwear properties of P-based tribofilms
originate from their intrinsic rheological properties that allow them to flow while
formed, which was clear from their ability to maintain local order on the nanoscale
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Fig. 8.17 In-situ generation of ultrathin ZDDP triboreactive films. a, Schematic
illustration of AFM Si tip raster scanning steel substrate submersed in PAO oil containing
ZDDP additive at high temperature and contact pressure. b, Formation of mixed oxide-
sulphide base layer on the steel substrate. c, Formation of iron and zinc polyphosphate
on the sulphur-oxide base layer. d, In-situ evolution of the structure of the ZDDP film
formed at 80 oC and 7.3 GPa.

through the motion, rearrangement and local reconfiguration of single and multiple
patches of the formed tribofilm at the interface. This seems to effectively mitigate
the smearing and wearing of the contacting asperities resulting in less wear. The
findings of this study open future opportunities for quantitatively analysing the
interfacial rheology and reaction kinetics governing a broad range of additives and
substrates, which can help build mechanistic models capable of better predicting
wear.





Chapter 9

Conclusions, recommendations
and outlook

9.1 Conclusions

9.1.1 Developed techniques

• A mini pin-on-disc tribotester was designed, which can be coupled with XAS
to perform in-situ tribological tests at different levels of contact pressure
(1.0 - 3.0precursors GPa), temperature (25 - 120 oC) and sliding speed (30 -
3000 rpm or 0.15 - 15 m/s). Using this apparatus, it was possible to follow
and examine the composition evolution over time of the tribo- and thermal
films of different phosphorus based additives through the measurements of
the P and S k-edge XAS spectra. The unique feature of this apparatus
is that, for the first time, the composition of the tribo- and thermal films
of various oil additives can be studied at ambient pressure in-situ without
altering the sample condition.

• An AFM liquid cell was designed and coupled with the AFM to perform in-
situ tribological tests at different contact pressures (2–7 GPa), temperatures
(25–120 oC) and sliding speeds (50–450 µm/s). Using this liquid cell, it
was possible to follow and examine the evolution over time of the textural
and rheological properties of the ZDDP and DDP tribofilms. Furthermore,
it enabled us to study the formation kinetics of these P-based antiwear
additives in-situ without altering the sample condition.
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9.1.2 Additive decomposition and tribofilm composition

• At the beginning of the tribo- or thermal test, the formed tribo- or thermal
film consists of sulphur mainly in the form of sulphate with some disul-
phide, which progressively changes into mainly sulphide. Following this,
the adsorbed additive starts to decompose completely to form phosphate
species.

• The ZDDP decomposition process occurs as follows:

i. The unreacted ZDDP adsorbs to the substrate, whether a bare steel or
DLC coated surface.

ii. The adsorbed molecules decompose partially by losing sulphur to form
sulphate species. The sulphate formation is favoured in the beginning
of the tribotest due to surface smearing and wear during the initial
running-in period, which results in high temperature at the contacting
asperities.

iii. The formed sulphate species are reduced to form sulphides. As rubbing
continues and the running-in period ends, the local temperature at the
asperity-asperity contacts drops below the critical temperature needed
for the sulphate formation and therefore the more stable sulphide is
formed instead.

iv. The adsorbed molecules decompose completely to form phosphate
species in the form of a two-dimensional network of chains progressively
increasing in length.

v. Any harsh conditions of high temperature and large contact pressure or
even just long shearing or heating time can cleave the long phosphate
chains into shorter ones.

vi. Once the phosphate-based tribofilm covers the substrate completely,
the ZDDP molecules cannot adsorb preferentially to the tribo- or
thermal film covering the substrate. The origin of the detected adsorbed
molecules in the late stages of the test is mainly the trapped additive
within the formed film, which occurs during the early stages of the test
without any further replenishment.

• The DDP decomposition process is similar to the one of the ZDDP. This
suggests that the zinc and iron cations can replace each other without much
changes in the composition of the formed tribofilm.
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• The formed tribofilm on the DLC coated surface or at low temperature,
i.e. 25 oC, is of small volume and low tenacity. The low tenacious tribofilm
was related to the absence of mixed oxide/sulphide base layer. This layer
seems to act as a glue joining the substrate with the subsequently formed
phosphate layers composing the main bulk of the tribofilm.

• Sulphide clusters formed on the metal surface can have a vital role in the
redox reactions occurring on the surface as they work as tunnels for electron
exchange. This can explain the increase in the micropitting even after short
tribological tests in contacts lubricated with oils containing ZDDP additive.

9.1.3 Effect of water

• Water can change the composition of the different layers forming the tribofilm
depending on their proximity to the metal surface. In the base layer near the
surface, the presence of water in the oil increased the atomic concentration of
S whereas it did not affect the concentrations of P and Zn. However, in the
subsequent layers near the tribofilm surface water decreased the equilibrium
concentration of P and increased the Zn concentration by about 30%.

• The effect of water on the concentrations of the decomposition products
can vary between a small short-term effect limited to the running-in period,
such as in the case of O and S, and a large long-term effect such as in the
case of P and Zn.

• Water does not hinder the formation of the early base layers on the metal
surface nor the adsorption of ZDDP molecules. However, it was found
that water can impede the polymerisation reaction in the subsequent layers,
which resulted in the formation of short zinc phosphate chains.

• The above effect of water was related to the formation of a single or multiple
bridges between water molecules and PO−

2 groups of the decomposed ZDDP.
This caging effect can suppress the chemical reactivity of the PO−

2 groups
to a great extent, which in turn can hinder their polymerisation into long
phosphate chains.

• The initial alteration of the tribofilm occurring due to the presence of water
during the running-in period cannot be reversed even if water is removed
from the oil in the subsequent stages.
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9.1.4 Tribological properties of the formed tribofilms

• The different kinetics that govern the evolution of friction and tribofilm
growth indicate that the changes in the friction force are not only a function
of the tribofilm thickness but also the composition. By comparing the
friction coefficient and the tribofilm morphology, we have shown that the
increased friction due to the presence of ZDDP tribofilm can be related to
the interactions between the phosphate chains covering the two contacting
surfaces. The longer the rubbing time, the longer the phosphate chains and
the stronger the interactions are.

• The initial transient changes in the friction coefficient during the running-in
period was related to two possible mechanisms. The first one was related to
the local arrangements of the long phosphate chains, which after reaching a
certain threshold of length can form an ordered structure in the direction
of shear. The second mechanism was related to the changes in the local
compactness of the interfacial layers of the tribofilm during the test.

9.1.5 Reaction kinetics

• The shear stress in the boundary lubrication regime is independent of the
shear rate and depends only on the friction coefficient.

• The growth rate is independent of the sliding speed and is only dependent
on the scanning cycles. This indicates that the growth occurs accumulatively
in a layer-by-layer fashion, i.e. every rubbing cycle regardless of its timing
adding one layer of a certain thickness depending on the other operating
conditions of temperature and contact pressure.

• The formation of sulphur species first followed by phosphate species, suggests
the presence of an initial induction period. The duration of this period can
last for hours in the case of thermal films whereas it is shortened to only a
couple of minutes in the case of tribofilms.

• The precursors’ reaction kinetics of the sulphur base layer seem to evolve
nearly instantly, however the formation of zinc phosphate has a transient
burst phase near the metal surface followed by a slow phase until asymp-
totically approaching steady state. Based on the observed growth trend
of the ZDDP decomposition components, the polymerisation reaction of
the phosphate chains was suggested to follow a first-order reaction kinetics.
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However, the DDP appears to follow more complex reaction pathways with
a fractional kinetics order of 0.52 ± 0.07.

• The data suggest that temperature and contact pressure have a similar
effect on the reaction kinetics of the P-based additives, i.e. the higher the
temperature or pressure the higher the increase in the growth rate, which
follows exponential rate. The similar effect of temperature and contact
pressure on the growth rate confirms their potent effect on accelerating the
additive decomposition process, which can be activated by the availability
of either shear or heat.

• For the ZDDP, the effect of temperature and contact pressure seems to have
an additive effect, e.g. the maximum growth rate occurs when temperature
and contact pressure are both maximum. However, the formation rate of
the DDP tribofilm increases over contact pressure more prominently than
temperature. This implies that within the range of the tested conditions,
above a certain threshold of temperature, shear stress alone is enough to
cause a complete decomposition of the DDP additive to form a protective
tribofilm. Increasing the temperature further does not have a potent effect
as opposed to the case of ZDDP, which suggests different reaction pathways
with different energy barriers.

• The activation energy of the ZDDP ranges from about 35 to 43 kJ/mol,
which is nearly twice the value found for the DDP additive ranging from 10
to 25 kJ/mol. The relatively small energy barrier of the DDP decomposition
makes it more susceptible to contact pressure than the larger barrier found
for ZDDP. This suggests that the lack of zinc cations within the DDP
molecules results in weaker but more flexible overall bonds as opposed to
the ZDDP molecules.

9.1.6 Tribofilm structure and properties

• Throughout the tribotests, a general behaviour of formation-removal hys-
teresis is evident. This seems to be induced by the progressive shearing of
the interface causing the weakly adhered top layers of the tribofilm to be
removed or be reallocated within the central area of the evolving tribofilm.

• The formation and removal cycles appear to be repetitive in nature, i.e. the
more the tribofilm is removed, the rougher surface is created, the more the
energy available for the next formation phase and the more the tribofilm
grows exponentially in the subsequent cycles.
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• The high roughness of the tribofilm is the main player inducing the loga-
rithmic formation and removal cycles. The rough peaks on the shearing
surfaces can cleave some of the interface bonds and thus creating more active
sites and providing more energy for the succeeding formation outburst. The
hastened formation produces thicker but less compact tribofilm layers that
can be removed easily under shear.

• The tribofilm formation follows the same deterministic trend especially in
the early stages of the tribotest but differences might arise as sliding cycles
increase due to severe mixing and distortion of the individual pads leading
to wear and removal of parts of the tribofilm.

• The formed tribofilm during the early stages has a uniform structure as
compared to the final stages, which can be attributed to the wear action
and the intrinsic deterministic nature of the tribofilm formation. As sliding
cycles increase, differences might arise due to severe mixing and distortion
of the individual pads leading to wear and removal of parts of the tribofilm.

• Contrary to the generally perceived conception that the P-based tribofilms
are rigid, they were found to behave as a viscous polymer, which can deform
and flow under shear. The origin of this behaviour can be attributed to
the large contact pressure that can deform the soft tribofilm and squeeze it
such that the film moves from the areas of high contact pressure towards
the areas near the edges of low contact pressure in order to minimise the
experienced shear stresses. The significant implication of this finding is that
for the first time it provides a new explanation for the excellent anti-wear
properties of the P-based tribofilms. In addition of forming a mechanical
barrier, these tribofilms can also deform and flow and thus help mitigate
the shear stress at the contacting asperities leading to less wear.

• Once the mature tribofilm was subjected to shear in base oil under mild
contact pressure, a small increase of the tribofilm thickness was observed
instead of wear despite the low ambient temperature and absence of additive
in the base oil. The source of this recovery is hypothesised to originate
from the irreversible disruption of the local compactness of the interfacial
layers of the tribofilm leading to an increase in the free volume within the
phosphate glass forming the tribofilm. This necessary makes the tribofilm
loose and more susceptible to wear, which is confirmed by the subsequent
decrease in the tribofilm thickness over the sliding cycles until reaching a
steady-state thickness.
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• The P-based additives cannot adsorb preferentially to the formed tribofilm
surface as opposed to the steel surface.

• The iron phosphate-based tribofilm is more tenacious than the zinc phosphate-
based tribofilm.

• The structure of the tribofilm formed on iron phosphate glass is similar to
the one formed on bare steel surface. This indicates that the availability of
iron from the substrate, whether steel or iron phosphate, is enough to form
a DDP tribofilm consisting mainly of iron phosphate.

9.2 Limitations and recommendations

The study presented novel methodologies that enabled us to study the antiwear
tribofilms like never before. However, despite all the advantages of the newly
developed techniques, they suffer some inevitable limitations, as summarised
below:

• Interruption of shearing while acquiring the in-situ data
During the acquisition of the XAS spectra, shearing was stopped but the
temperature control was maintained. Although for real in-situ experiments
the test conditions should not be altered, stopping shearing during the
spectra acquisition was performed in order to obtain time-resolved XRF
maps both inside and outside the wear scar before collecting the XAS signal.
This is a first step towards a complete in-situ technique by acquiring the
signal while the disc is rotating, which is planned for the next beam time.

• Use of helium atmosphere during the in-situ XAS experiments
All the XAS experiment were performed under helium atmosphere instead of
ambient condition like the one typically encountered during the tribological
testing. This was needed to be able to collect the data without the need
for high vacuum. Helium was selected for many reasons. The low atomic
number helium reduces absorption of low-energy phosphorus and sulphur
fluorescence signals. In addition, owing to its unique characteristics of being
colourless, odourless, non-toxic and non-flammable gas it can be used at
ambient and high temperatures without health risks. Furthermore, helium
is an inert gas and thus it is not expected to interact or react with the metal
surface or the oil and its additives. The helium environment also helps
exclude water contamination, which originates from the humidity carried by
the ambient air, from affecting the chemical reactions under study. Although
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this is different from the real testing conditions that are affected by the
presence of oxygen and water, it helps understand the fundamental reactions
with less complexity by excluding these factors. The initial theory regarding
the decomposition mechanisms of ZDDP suggests that they can be thermal
[137, 144], thermo-oxidative [28, 118], hydrolytic [137] or hybrid. Focusing
our attention on one mechanism only, i.e. thermal, helps understanding the
extent of contribution of the other mechanisms by comparing our results
with the ones reported in the literature under more realistic conditions.

Limited signals to P and S k-edge
Because of the use of helium environment and hard x-ray incident beam, the
XAS could not detect the L-edges of various elements of interest, e.g. S, P,
Zn and Fe. The ability to acquire spectra other than P and S k-edges, would
provide us with unprecedented complete information regarding the formed
species as they evolve over time. This information can help us solve the over
70 years question concerning the different theories proposed to explain the
decomposition reactions of P-based antiwear additives to form protective
tribofilms covering the contacting surfaces. The implications of this are of
great extent as finally we will be able to replace the harmful ZDDP additive
with an environmentally friendly one that does not degrade the catalyst
performance of the catalytic converter in the vehicle’s exhaust system and
thus help reduce harmful emissions.

• Use of vertical-horizontal incident-detector geometry instead of
horizontal-horizontal one
The vertical geometry of the detector relative to the surface can have a
detrimental effect on the acquired signal especially for thick and concentrated
samples. It can increase the elastic and Compton scattering by at least
one order of magnitude, which can result in an overall decrease in the
signal to noise ratio and deterioration of the peaks heights [317]. However,
although the vertical geometry worsens the inevitable attenuation of the
signal amplitude, it has a negligible effect on the energy shifts. Thus, for
comparing the positions of different peaks under the same conditions, the
vertical measurement geometry is sufficient. The ability to observe and
distinguish different features in the P and S k-edge spectra during the tribo-
and thermal tests demonstrates the feasibility of the newly developed in-situ
technique to unravel more information than what is currently possible using
ex-situ techniques. Furthermore, the clear and strong peaks indicate that
the detrimental scattering effect due to the vertical geometry of the detector
discussed above is minimum. However, the use of vertical geometry did
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not allow the mapping of the tribofilm along its thickness as the technique
becomes surface insensitive. For the future experiments we plan to use the
horizontal geometry instead. It is more technically demanding than the
vertical one but the advantage of getting depth profiles is worth overcoming
the difficulties.

• Bulk instead of surface-sensitive information using the in-situ
XAS
In the FY mode applied during the current in-situ XAS, the x-ray beam can
easily penetrate the formed tribofilm, which has a few tens of nanometres
thickness. Thus, the technique is mostly considered surface insensitive.
However, the surface sensitivity can be largely increased by aligning the
sample below the critical glancing angle relative to the incident beam. This
results in a total external reflection with an evanescent wave interacting
with only a few nanometres, i.e. less than 10 nm, of the surface layers and
decaying exponentially with the penetration depth. The ability to obtain
the reflectance angle in routine way would enable the analysis of tribofilms
with different depth sensitivity. We currently run small angle XAS analysis
of tribofilms which is very helpful in obtaining the overall film chemical
structures, but the ability to control the depth sensitivity would enable
accessing the chemical structure of different layers of the film.

• Long acquisition time of XAS and XRF maps
This is an inherent limitation of I-18 synchrotron beam. However, an upgrade
is taking place this year and the coming ones. For instance, the new upgrade
this year have cut the deadtime in raster maps scans down from ca 10 s to 2 s
per row, and the scientist at Diamond stated that this should be 1 s in a few
months. The ability to acquire XAS spectra faster than currently possible,
would enable us to study the transient chemical reactions much closer to the
real time. This is essential in understanding the intermediate reactions and
their kinetics and their effect on the formation of the protective antiwear
tribofilms.

Large XAS beam size
The ability to use a smaller beam size with higher detection sensitivity, than
currently possible, would enable us use a smaller size in-situ rig with smaller
and more realistic wear scar while using less amount of oil.

• Uncertainty of contact pressure and other parameters of AFM
in-situ tribotests
Several experimental variables might cause propagation of uncertainty in



282 Conclusions, recommendations and outlook

any in-situ AFM measurement. These can include the temperature at the
interface between the AFM tip and substrate, which is taken as the temper-
ature of the oil that submerges the tip and substrate. Other uncertainties
might also arise from the difficulties in determining the real contact area,
the exact applied normal force and subsequently the exact contact pressure
forcing the counter-surfaces together during rubbing. The uncertainty in
any of these parameters stems from not only one but typically a couple
of experimental parameters that define them. In the current work we per-
formed a detailed analysis regarding the sources and causes of uncertainty in
the in-situ AFM measurements and the resulting effects on the measurable
parameters (Appendix A). The overall uncertainty in the contact pressure
ranges from 9.0 to 13.7%.

In order to improve the uncertainty in the future work, probing the sample
properties using large beads, e.g. 5 µm, seems better than using the sharp
AFM tip. The large bead makes larger contact area than the traditional
AFM tip, which reduces the contact pressure and thus preserves the sample
from wear. In addition, using a spherical bead gives a well-defined contact
area, which in the case of the AFM tip is hard to determine. The limitation
of using beads, however, is the lengthy waiting period before any tribofilm is
detected in addition to the reduction in the lateral resolution. As we aim at
studying the morphology evolution of the tribofilms, a high lateral resolution
is required, which might deem the option of using colloidal cantilevers with
beads inadequate for the purpose.

• Lack of mechanical information data besides the in-situ composi-
tion and textural data
The developed experimental techniques in the current work can only per-
form tribological tests while coupled to other techniques to perform surface
analysis. In order to obtain a mechanical characterisation of the formed
tribofilm an embedded or coupled nanoindentation is needed. This can be
feasible by reducing the size of the currently developed pin-on-disc further.

Nonetheless, even for the ex-situ mechanical data of P-based tribofilms
available in the literature, there is wide range of values in the reported
indentation modulus (Table 3.3). This disparity can be related to the extent
of the additive decomposition to form polyphosphates [89] in addition to the
intrinsic uncertainties associated with probing such ultra-thin heterogeneous
films using any indentation technique.

Furthermore, the ZDDP and DDP antiwear films have rich mechanical
properties, which can be affected by the decomposition mechanism, load
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and temperature. In addition, the mechanical properties might also be
affected by the rheological properties of the tribofilm. For instance, in case
of the tribofilm is viscoelastic then its mechanical response can look similar
to the plastic behaviour of a compliant material. Moreover, a viscoelastic
tribofilm may suggest that its mechanical properties are rate dependent.
Hence, the history and rate of measurement can play a major role in the
measured properties. Therefore, studying the rheological properties of the
antiwear tribofilm is necessary to give insight into its mechanical as well as
tribological properties.

• Different sliding motion during the ex-situ and in-situ experi-
ments
The developed techniques in this work perform tribotests under pure sliding
only. In order to be able to generate tribofilms under more realistic condi-
tions of sliding and rolling, the developed rigs should be minimised in size
while adding another motor to control the rotation of the ball. We are in
the process of implementing this upgrade.

9.3 Closing statement

The newly developed techniques enabled us to study the tribochemical processes
in real time and under realistic conditions using synchrotron X-ray absorption
spectroscopy (XAS) and mapping the transient tribological and rheological prop-
erties using atomic force microscopy (AFM) in a way that is currently not possible.
The novel developed techniques can provide significant insights into the reaction
kinetics of the formation and removal mechanisms of ultra-thin tribofilms. This
ultimately will improve the predictability and accuracy of the currently used fric-
tion and wear models and provide promising results to develop new mechanistic
models.
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Appendix A

AFM experimental uncertainty
analysis

A.1 Uncertainty propagation

The uncertainty in the measurement of any variable, say x, is a means to estimate
how far the measured value deviates from the true value of the variable. The
uncertainty can be expressed in various ways, which includes:

• The absolute error, which is defined as:

∆x = |x− xa| (A.1)

where x is the true value and xa is the approximated or observed value.

• The relative error, which is defined as:

∆x
x

=
∣∣∣∣x− xa

x

∣∣∣∣ (A.2)

where this definition is subjected to the conditions that x ̸= 0 and x ≫
|x − xa|, otherwise some other suitable normalizing quantity, e.g. xa or
x+ xa, should be used in the denominator instead of x.

• The percent error, which is equal to the relative error multiplied by 100%.

• The standard deviation, which is defined as:

σ =

√√√√ N∑
i=1

pi (xi − µ)2 (A.3)
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where N is the number of observations, pi is the probability of observation
xi and µ is the average value of all the observations, i.e. µ = ∑N

i=1 pixi. In
the case that all the observations have equal probability, then pi = 1/N .

The previous quantities are useful to estimate the uncertainty of a single
experimental variable. In addition, they are useful in the case of measuring
multiple variables, e.g. x, y, z,..., and calculating the error in the resulting function,
f(x, y, z, ...). However, if this function is not defined or there is experimental
difficulty in testing all the variables affecting the function f , then the error
propagation approach is the best tool to estimate uncertainty.

Assuming a function f(x, y, z, ...) consists of a combination of independent
variables, x, y, z, ..., then the standard deviation, σf , of the function can be
related to the individual standard deviations, σx, σy, σz, ..., of the variables as
follows:

σf =

√√√√(∂f
∂x

)2

σ2
x +

(
∂f

∂y

)2

σ2
y +

(
∂f

∂z

)2

σ2
z + ... (A.4)

which for the general case of a function f of multiplied or divided variables in the
form f = dxaybzc, can be further simplified to the following form:

σf = |f |

√√√√(aσx

x

)2
+
(
b
σy

y

)2

+
(
c
σz

z

)2
+ ... (A.5)

The variance of the function is defined as the square of its standard deviation,
i.e. σ2

f . Two important notes regarding the above equation are noteworthy. First,
it represents a simplified relation based on a first-order Taylor series expansion,
which indicates that the function is linearly approximated within a certain interval.
This means that it is only valid for small errors, especially as compared to the
partial derivatives. Second, it neglects any correlations between the variables and
the errors. In the case of a strong correlation between the measured variables,
the following linear approximation can be used to relate the absolute error in the
function to the ones of the individual correlated variables:

∆f =
(
∂f

∂x

)
∆x+

(
∂f

∂y

)
∆y +

(
∂f

∂z

)
∆z + ... (A.6)

This equation can be utilized as follows. First, the partial derivatives are calculated.
Second, the calculated terms are inserted and the left and right hand sides of
the equation are squared. The correlated terms, e.g. ∆x∆y, should be taken
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into account in the case of correlated variables. The variance can be taken as
σ2

f = ∆2f and the standard deviation, σf , as the square root of the equation.

A.2 Sources of uncertainty in the in-situ AFM
measurements

Several experimental variables might cause propagation of uncertainty in any
in-situ AFM measurement. These can include the temperature at the interface
between the AFM tip and substrate, which is taken as the temperature of the oil
that submerges the tip and substrate. Other uncertainties might also arise from
the difficulties in determining the real contact area, the exact applied normal force
and subsequently the exact contact pressure forcing the counter-surfaces together
during rubbing. The uncertainty in any of these parameters stems from not only
one but typically a couple of experimental parameters that define them.

In the following sections, a detailed analysis will be presented regarding the
sources and causes of uncertainty in the in-situ AFM measurements and the
resulting effects on the measurable parameters.

A.2.1 Source I: temperature

The oil submerging the AFM tip and substrate was heated using two cartridge
heaters inserted inside the liquid cell as shown in Fig. 4.6 at a distance 3 cm
apart. As discussed in section 4.2.1.2, the two heaters were needed in order to
assure the temperature homogeneity and thus avoid any microflow due to any
local thermal variations within the oil. To further minimize this effect, the oil
volume was limited to less than 3 ml.

The temperature of the cartridge heaters was controlled using a PID controller
(Watlow, UK) using a closed loop algorithm with two k-type thermocouples
integrated within the heaters. The accuracy and repetition of the system were
better than ±1.1 oC. This results in a percent error of 1.6 to 0.9% depending
on the setpoint, which ranges from 70 to 120 oC, respectively. To further check
the calibration of the cartridge heaters, their values (when soaked in oil) were
compared with the ones obtained from an external thermometer and multimeter
and the accuracy was better than 1.0 oC.

The in-situ tests were performed after the liquid cell reaches thermal equilib-
rium. The equilibrium steady-state takes typically 15 min, as shown in Fig. A.1



318 AFM experimental uncertainty analysis

Time (min)
0 2 4 6 8 10 12

T
em

pe
ra

tu
re

 (
o C

)

30

40

50

60

70

80

90

100

110

120

130

Temperature
Setpoint

Fig. A.1 Ramp of the set versus actual temperature as read from the cartridge heaters’
controller of the in-house developed AFM liquid cell.

of the evolution of temperature over time. Nevertheless, in order to assure the
thermal equilibrium, a minimum of 30 additional minutes were allowed before the
start of the in-situ tests.

A.2.2 Source II: normal force

The uncertainly of the applied force, F , can be estimated by examining the
individual parameters constituting the force, which can be associated as follows:

F = spdsk (A.7)

where sp is the setpoint of the applied force in V, ds is the deflection sensitivity of
the AFM cantilever in nm/V, and k is the spring constant of the cantilever in
N/m. The outcome of the equation is the applied force, F , in nN.

The uncertainties of all the input parameters can contribute to the uncertainty
of the output force. Therefore, the individual uncertainty of each variable will
be estimated and discussed in detail first then the error will be propagated to
estimate the uncertainty in the composed normal force.
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A.2.2.1 Source II-i: force setpoint

The uncertainty of the setpoint of the applied force is primarily limited to the
measured voltage response of the AFM’s Position Sensitive Detector (PSD). The
uncertainty of the used PSD in Bruker’s Dimension Icon AFM was estimated to
be better than 3% [385]. Therefore, the uncertainty of the setpoint of the applied
force will be taken as 3%.

A.2.2.2 Source II-ii: deflection sensitivity

As discussed in detail in section 4.2.1.2, the deflection sensitivity is mainly dictated
by the geometry of the AFM cantilever, i.e. its length and thickness. However, as
these cannot be measured accurately enough without the use of advanced electron
microscopes, the deflection sensitivity is typically determined by obtaining force
curves as shown in Fig. A.5. The method generally assumes that the cantilever is
linearly deformed if pressed on an infinitely hard substrate, and hence a linear
relation will be obtained between the measured voltage response of the AFM’s
PSD and the cantilever deflection. Therefore, similar to the uncertainty of the
setpoint, the error in the deflection sensitivity can be partly related to the accuracy
of the AFM’s PSD, which is about 3%. In addition to that, the accuracy limit of
the Z Position Sensor can add to the overall uncertainty of the cantilever deflection.
For the closed loop control system of the Bruker’s dimension icon AFM, the Z
Position Sensor has a noise level lower than 0.2 nm. Thus, for a cantilever of
a typical deflection sensitivity around 100 nm/V, the uncertainty due to the Z
positioning system is about 0.2%. Applying the uncertainty propagation approach,
the uncertainty of the deflection sensitivity can be estimated assuming that the
affecting variables, i.e. PSD and Z-sensor voltages are uncorrelated, as follows:

σds = |ds|
√(

σVPSD

VPSD

)2
+
(
σVZ

VZ

)2
+ ... (A.8)

where σVPSD/VPSD < 3.0% and σVZ/VZ < 0.2%. This results in σds/ds < 3.0%.
This good accuracy of the deflection sensitivity is also accompanied by a good
repetition achieved during its calibration procedure, which is always repeated
more than 6 times on various locations of hard sapphire standard calibration
substrate. Fig. A.2 further confirms that during the entire in-situ experiment the
value remain constant over the long rubbing cycles with a minor variation less
than 5%.
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Fig. A.2 Evolution of the deflection sensitivity of one RTespa AFM cantilever (Bruker,
USA) over sliding cycles measured at 80 oC during one of the in-situ tribotests.

It should be noted that the above analysis is valid under ambient temperature
whereas heat might affect the geometry of the cantilever and consequently its
deflection calibration. For instance, the coefficient of thermal expansion of a
standard Si cantilever is about 2.6 × 10−6 /oC, which can elongate the typically
used RTESPA-300 (Brukerr, USA) cantilever of a nominal length 125 µm by
about 12 nm over the maximum temperature of 120 oC used in the in-situ tests.
However, as the backside of the cantilever is coated with a thin layer of nominally
40 nm of reflective aluminium to improve laser signal, temperature might induce
extra deflection, i.e. bending, due to the different thermal expansions on the
coated and uncoated sides [386]. Nonetheless, we always assume zero deformation
before the start of the tribotest, so this bending effect is not expected to have any
significant impact.

On the other hand, apart from the probe geometry, temperature can affect the
mechanical properties of the cantilever, e.g. its Young’s modulus, and consequently
its deflection. The origin of this effect is the increase in the length of the bonds
during the thermal expansion. The elongated bonds are weaker causing reduction
in the microscopic holding force, which is the origin of the macroscopic elastic
modulus. Wachtman et al. followed by Anderson [105, 106] proposed that the
Young’s modulus depends on temperature according to the relation:
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E(T ) = E(0) −BT exp
(−T0

T

)
(A.9)

where E(0) is the Young’s modulus at temperature of 0 K and B is a constant
related to Grüneisen parameter γ and Debye temperature ΘD, which is given by:

ΘD = ~νD

k

(
6π2N

V0

) 1
3

(A.10)

where νD is Debye velocity, k is Boltzmann’s constant, N is Avogadro’s number,
~ is the reduced Planck constant (~ = h/2π) and V0 is the atomic volume at 0
K. The B constant depends strongly on the heat capacity of the material, which
in turn depends on the Grüneisen parameter and Debye energy. In the limit of
T ≪ ΘD, an identical expression for the change of heat capacity with temperature
can be used for the dependency of the elastic modulus on temperature, as follows
[387]:

E(T ) = E(0) − 9 (1 − 2ν) π4RΘDγ (3γ − 1)
5V0

(
T

ΘD

)4
(A.11)

were ν is the Poisson’s ratio. An additional factor of 3 (1 − 2ν) was multiplied to
the original equation in order to explicitly account for the effect of the Poisson’s
ratio on the elastic modulus [107].

Another expression for E(T ) was proposed by Varshni [388] using Einstein
oscillator expression, as follows:

E(T ) = E(0) − 3 (1 − 2ν) s(
exp

(
Θ
T

)
− 1

) (A.12)

where Θ is the effective Einstein temperature and s is a parameter related to the
contribution of zero point vibration energy to elastic stiffness, which can be given
by [389]:

s = 3Rγ (γ + 1) ΘD

V0
(A.13)

We attempted to examine the predictions of the two models of E(T ) considering
the cantilevers used in the AFM in-situ tests. As discussed before and shown in
the inset of Fig. A.3, these cantilevers consist of a composite structure of thick
silicon layer overlaid with a thin layer of aluminum. We estimated the average
of any physical property (P) of the composite structure, e.g. E, ν, γ, V0 and ΘD,
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Table A.1 Fitting parameters for the Einstein oscillator and Debye-Grüneisen models
for Si and Al [390].

Parameter Si cantilever Al coating
E (GPa) 150 70
ν (-) 0.25 0.33
γ (-) 0.5 2.0

V0 (cm3/mol) 12 10
ΘD (K) 645 428

to be a combination of the properties of the materials of the cantilever and its
coating, where their contribution is weighted by the layer thickness, as follows:

P = PSi + dAl

dSi
PAl (A.14)

The fitting parameters of the two models are listed in Table A.1. Using
these parameters, the change in the elastic modulus over temperature is shown
in Fig. A.3. The results indicate that the two models give similar prediction
at low temperature, below 300 K, but start to deviate at higher temperature.
Nonetheless, the two models, in general, predict a mild decrease in the elastic
modulus over temperature. The Einstein oscillator model predicts a decrease of
0.004 GPa/K, whereas the Debye-Grüneisen model suggests a decrease of about
0.02 GPa/K. These predictions are not far from the reported values of the change
in the elastic modulus over temperature for various metals (see ASME B31.1-1995
[391]), which ranges from 0.023 GPa/K for Al to 0.047 GPa/K for steel. It follows
that within the temperature range of the AFM in-situ tests, the decrease predicted
by the two models is insignificant, i.e. ≪ 1%, which matches the mild decrease in
the deflection sensitivity observed over temperature, as shown in Fig. A.4 for two
different Si cantilevers.

One final remark on the effect of temperature is that it could cause an extra
deformation of the piezoelectric elements of the cantilever holder. However, as our
Dimension Icon AFM implements a closed loop algorithm to control the scanning
head, this should not have any significant impact.

A.2.2.3 Source II-iii: spring constant

The uncertainty in the spring constant originates from the difficulties in accurately
determining the cantilever elastic modulus (E) and its geometry, i.e. thickness
(t), width(w) and length(L). Based on Euler-Bernoulli beam theory, the spring
constant can be approximated as follows [392]:
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Fig. A.3 Prediction of the evolution of the normalized elastic modulus of one RTespa
AFM cantilever (Bruker, USA) over temperature using both the Einstein oscillator and
Debye-Grüneisen models.
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Fig. A.4 Evolution of the deflection sensitivity of two RTespa AFM cantilevers (Bruker,
USA) over temperature. The inset of the figure shows the evolution of the deflection
sensitivity over sliding cycles measured at 80 oC during one of the in-situ tribotests.

k = Ewt3

4L3 (A.15)
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where other exact formulas are discussed in detail elsewhere [83].

For soft cantilevers, i.e. compliant and flexible of small spring constant, the
thermal noise of the cantilever at rest can be measured and modelled as a simple
harmonic oscillator to obtain the spring constant as follows:

k = kBT

⟨z2⟩
(A.16)

where kB is Boltzmann constant (1.38×10−23 J/K), T is the absolute temperature
in K and z is the vertical deflection of the cantilever in m. A correction is needed
for the above equation as the cantilever does not behave as ideal spring. This
deviation causes its oscillation modes and their energies to differ from that of a
simple harmonic oscillator. Thus, the vibration modes, αi, of the cantilever should
be taken into account in order to adjust the thermal noise in the above equation,
which can be accounted for as follows [393]:

k = 12kBT

α4
i ⟨z2⟩

(A.17)

Considering only the first fundamental and most prominent vibration mode,
α1 = 1.8751 [393], for the typically used rectangular cantilevers in our in-situ
tests, the above equation can be simplified to:

k = 0.971kBT

⟨z2⟩
(A.18)

Furthermore, the typical AFM relies on the optical lever technique, discussed
in detail in section 4.2.1.2, to measure the inclination of the cantilever, dz(L)/d(x),
rather than its deflection z(L). In this case, Butt and Jaschke [393] found that
the vibration modes, αi, of the cantilever affect the measured thermal noise and
consequently the spring constant as follows:

k = 16kBT

3α2
i ⟨z2⟩

[
sinαi sinhαi

sinαi + sinhαi

]2

(A.19)

Again, considering only the first and most prominent vibration mode, α1 = 1.8751,
for rectangular cantilevers, the above equation can be simplified to:

k = 0.817kBT

⟨z2⟩
(A.20)
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To sum up, it is worth noting that the purpose of Eqs. (A.18) and (A.20) is
to correct for the effect of the vibration modes of the cantilever on its deflection
response. The first equation is used if the cantilever’s deflection is measured
directly, e.g. using interferometer, whereas the second equation is used when
the deflection is measured indirectly, e.g. using the optical lever technique. It is
possible to combine Eqs. (A.18) and (A.20), as follows:

k = 0.971 kBT

χ2⟨z2⟩
(A.21)

where χ = 1.09 produces Eq. (A.18).

Applying the uncertainty propagation approach, the uncertainty of the spring
constant can be calculated assuming that the affecting variables, i.e. temperature
and deflection sensitivity, are uncorrelated, as follows:

σk = |k|
√(

σT

T

)2
+
(

2σds

ds

)2
+ ... (A.22)

where σT/T < 1.6% and σds/ds < 3%, as discussed earlier. This results in
σk/k < 6.2%. However, as ⟨z2⟩ in the above equation is expected to be very
minute, the thermal noise technique typically gives best results with good certainty
for soft compliant cantilevers, i.e. for k ≪ 20 N/m. On the other hand, for the
stiff cantilevers of 40 N/m used in our in-situ experiments the uncertainty of
the spring constant using the thermal noise method is expected to be at least
threefold, i.e. ∼ 20%, larger than the one predicted by the uncertainty propagation
analysis [394]. The origin of the underestimation is the exclusion of the goodness
of the fit of the thermal noise signal to the harmonic oscillator model. That is
to say, the uncertainty is mainly dominated by the signal to noise ratio of the
acquired thermal noise signal, which is required to be well above the combined
noise background from all external sources and deflection measurement itself [395].

Despite its lack of accuracy, the thermal noise method gives good repetition
better than 5%. Furthermore, in order to assure the same results across the
experiments, whenever the cantilever was changed and before performing new
in-situ experiments few repetitions of the previously performed experiments using
the previous cantilevers were made. Although this practice does not improve the
accuracy but it definitely assures the repeatability of the results.

It is worth noting that the above discussion is related to calibrating the
cantilever at ambient condition in air. If the same calibration is intended to be
made in the high viscous oil at high temperature, large variations might occur
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due to i) hydrodynamic drag changing the effective mass of the cantilever, ii)
micro-flow within the oil and iii) thermal variations in the oil larger than the
thermal noise signal, i.e. ∆T ≫ ⟨z2⟩. This variability will cautiously be considered
by taking the high end of the uncertainty of the spring constant, i.e. 20%, in the
subsequent uncertainty propagation calculations used to estimate the error in the
normal force.

A.2.2.4 Uncertainty propagation of the normal force

Based on the discussion presented in the previous sections regarding the various
variables affecting the normal force, i.e. force setpoint, deflection sensitivity, and
spring constant, and assuming they are uncorrelated, the uncertainty in the normal
force can be estimated using the uncertainty propagation approach, as follows:

σF = |F |

√√√√(σsp

sp

)2

+
(
σds

ds

)2
+
(
σk

k

)2
+ ... (A.23)

where σsp/sp = 3.0%, σds/ds = 5.0% and 5.0% < σk/k < 20.0%. This results in
an estimated relative error in the applied force, (σF/|F |), ranges from 6.5% to
20.5%, depending on the used uncertainty of the spring constant whether 5% or
20%, respectively.

It should be noted that although the previous analysis assumes uncorrelated
variables, the accurate representation would suggest otherwise. The uncertainties
of the setpoint of the applied force, deflection sensitivity and spring constant are
definitely correlated. This becomes evident by noticing that the spring constant
calculation using the thermal noise method, i.e. Eq. (A.21), relies on the cantilever
deflection, which in turn relies to the PSD response affecting the setpoint. However,
the exact relation between the three variables is not known. In addition, as no
large deviation was observed across the repeated in-situ experiments using different
cantilevers, thus, in order to simplify the calculations, a good estimate can be
achieved by assuming that the input variables are uncorrelated and considering,
as stated earlier, a wide range of uncertainty for one variable, i.e. the spring
constant, 5% < k < 20%.

A.2.3 Source III: contact area

The actual contact area is different from the nominal area calculated from the
probe geometry and indentation depth. The only feasible way to estimate the real
contact area is by using one of the available models. However, these models are



A.2 Sources of uncertainty in the in-situ AFM measurements 327

Height sensor (nm)
0 50 100 150 200 250 300

Fo
rc

e 
(n

N
)

0

100

200

300

400

500

600

Trace
Retrace

No adhesion

Fig. A.5 Force-displacement curves (trace and retrace) obtained with one RTespa
AFM cantilever (Bruker, USA) of nominal spring constant 40 N/m showing that the
tip-sample interaction lacks any adhesion force.

empirical and prone to error. Thus, the uncertainty analysis will not focus on the
goodness of the model per se but the direct error brought by the uncertainty of
the experimental input parameters of the model.

The real contact area can be estimated using one of the most used elastic
deformation models such as Hertz [86], Johnson–Kendall–Roberts (JKR) [87],
and Derjaguin–Muller–Toporov (DMT) [88], which were discussed in detail in
section 2.3. The former two models are extensions to the latter to account for the
adhesion force between the probe and substrate. However, for a Si tip probing a
steel substrate, the adhesion force was found negligible as validated based on the
force-distance curves of which one example is shown in Fig. A.5. This justifies the
use of Hertz model to estimate the contact area.

Using Hertz model, the contact radius a for the case of a spherical probe
of radius R exerting a normal force F on a flat surface that causes a sample
indentation δ, can be given as follows:

a =
(
RrF

Er

)1/3
(A.24)

where Rr is the reduced radius of curvature of the two contacting surfaces and Er

is the reduced elastic modulus, which is defined as:
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1
Er

= 3
4

(
1 − ν2

1
E1

+ 1 − ν2
2

E2

)
(A.25)

where ν is the Poisson’s ratio and the subscripts 1 and 2 refer to the sample and
indenter, respectively.

The above discussion indicates that the main uncertainties in finding the real
contact area arise from the error in determining or measuring the tip radius,
applied force and reduced elastic modulus. In the subsequent sections, the sources
of uncertainty associated with each of these parameters will be discussed in detail
first individually followed by the uncertainty propagation analysis in order to
estimate the overall uncertainty in the contact area.

A.2.3.1 Source III-i: AFM tip radius

Despite the numerous advantages of the AFM, it has some limitations as well.
One of these limitations is mainly related to the continuous wear of the AFM
tip during imaging, which could lead to changing the scanning parameters or
obtaining erroneous information about the scanned surface. For instance, Vahdat
et al. [66] showed that the wear of the tip causes larger deviations of the average
normal stress over the scanning cycles than the ones observed in the case of the
constant parabolic shape of the tip that is typically assumed. Furthermore, the
worn tip can give misleading flattened topography images. Fig. A.6 shows AFM
topography images of a Ti substrate of large roughness after different sliding
distances. The captured topography was largely affected by the normal load
applied during scanning. The flattening of the rough features under the high
contact pressure is mainly related to the large increase in the tip radius due to its
progressive wear over sliding distance. The large tip overestimates any feature of
a size below the tip diameter, as shown in Fig. A.7.

To quantify the flattening effect of the tip size on the features of the captured
images, Figs. A.8 and A.9 show the evolution of the measured surface properties
based on the arithmetic average (Ra), Root Mean Square (Rms) and maximum
(Rmax) roughness of the surface, as a function of the sliding distance. These
statistical properties appear to be affected only slightly in the case of sliding under
the adhesion force only. In contrast, when the applied load was increased to >
100 nN, a reduction by 30-40% was observed in the first 100 mm of the sliding
distance, which is in agreement with the observed increase in the tip radius shown
in Fig. A.11.
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Fig. A.6 Evolution of the AFM topography images over sliding distance of rough Ti
substrate used for tip estimation under small adhesion force versus large contact force.

Fig. A.7 Schematic of the effect of scanning using sharp versus worn tips on the
resulting AFM topography images [396].



330 AFM experimental uncertainty analysis

Sliding distance (mm)
0 50 100 150 200

R
a,

 R
q 

(n
m

)

0

5

10

15

20

25

30

Ra (adhesion force)
Rq (adhesion force)
Ra (> 150 nN)
Rq (> 150 nN)
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One possible solution to the uncertainty in the tip size is by replacing the
tip with a fresh one before every in-situ test. However, changing the tip is not
the best strategy since big variations of geometry or mechanical properties exist
between the different tips. Furthermore, this will increase the importance of the
other uncertainties related to the cantilever calibration, e.g. deflection sensitivity
and spring constant. Another solution to avoid this problem is by SEM imaging
the tip before and after the test. However, this solution is not practical in the case
of long tests that necessitate a continuous monitoring of the wear of the AFM tip
during the test.

The best solution to tackle the uncertainty of the size of the AFM tip was
discussed by Liu et al. [397] who reported a method for calculating the wear of
the AFM tip through the estimation of the tip shape as it scans sharp features.
The idea is based on the fact that the tip cannot discern features less than the
diameter of the tip as shown in Fig. A.10. Thus, by imaging extremely sharp
features using a worn tip, the obtained images will be of that of the tip diameter
itself rather than the shape of the features. The blind reconstruction of the tip
shape using this method was compared with the one using TEM imaging and
good agreement between them was found [397]. However, it is worth noting that
under few special circumstances, the method can fail to estimate the tip shape
accurately. For instance, as shown in Fig. A.10, imaging a flattened surface using
a sharp tip causes the estimated tip shape to be mistaken for that of the true
surface features. To avoid this problem, only substrates of sharp features should
be used to estimate the tip shape, which inevitably can result in more tip wear.

To test the validity of this method, Fig. A.11 shows the evolution of the tip
radius over 200 mm of sliding distance under two different loads using a standard
Ti substrate of high roughness. The first chosen load was only due to adhesion
force without any normal load applied whereas the second load was set at > 100
nN to represent a large normal force that could be applied during the in-situ
AFM experiments. The results indicate that the tip initially has a radius of about
15 nm, which is close to its nominal value of 8 nm. The slight deviation can be
related to the wear of the tip occurring during the tip engagement with the surface
and during the calibration of the cantilever deflection sensitivity. The evolution
of the tip size indicates that even after the first few millimetres of sliding, higher
normal load leads to more wear of the tip, which is expected. Furthermore, the
results indicate that the majority of wear occurs during the first 50 mm of sliding
distance. The tip wear appears to follow a logarithmic trend until the tip radius
reaches a steady state value after a sliding distance depending on the applied load,
e.g. 25 mm in the case of adhesion force and 50 mm in the case of large contact
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Fig. A.10 Schematic of the effect of scanning sharp, rounded and normal features using
sharp and worn tips on the resulting tip estimate [396].

force. This trend in agreement with the wear models described in section 2.1.2
and the results of Gotsmann and Lantz [71] and Liu et al. [397].

The uncertainty of the tip radius, R, as shown in Fig. A.11 based on the tip
estimation method, is approximately 10%. This value is further confirmed by
observing the width of the tribofilm formed under the tip using few scanning lines
after small rubbing cycles, e.g. as shown in Figs. 7.6 to 7.8.

A.2.3.2 Source III-ii: reduced elastic modulus

The elastic modulus cannot be measured accurately enough for ultra-thin tribofilms
due to the large substrate effect. Furthermore, the used probe, tribofilm and
substrate form a sandwich structure that cannot be solved without knowing the
exact thickness, modulus and Poisson’s ratio of its various elements. Therefore,
we can only rely on the scattered and sometimes controversial available data
in the literature related to the reduced elastic modulus of the ZDDP tribofilm.
For instance, a number of studies [29, 30, 174, 177, 248, 249, 253, 254] reported
that the mechanical properties of the tribofilms, e.g. modulus and hardness,
are thickness dependent, i.e. the larger the thickness the lower the hardness
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Fig. A.11 Evolution of the estimated AFM tip radius over sliding distance under small
adhesion force versus large contact force.

and modulus. On the other hand, few other studies [167] found that the elastic
modulus and hardness of the tribofilm are independent of thickness and rubbing
time. This was explained by pointing out that the majority of the bulk material of
the tribofilm at any time consists mainly of short chain polyphosphates. Therefore,
the nanomechanical properties are predetermined by the properties of this bulk
material. However, Nicolls et al. [29] reported that the large pads of the tribofilm
consist mainly of long chain polyphosphates whereas small pads and troughs
consist of short chain phosphates. Graham et al. [249] showed that the large
pads have great elastic response. The indentation modulus was about 180-250
GPa at the centre of the pad compared with 50-110 GPa at the edge. Nicolls
et al. [177] found that the indentation modulus was 120 GPa at the centre of
the pad compared with 90 GPa at the edge. In a later study, Nicolls et al. [29]
reported indentation modulus of 80 GPa for the large pads but could not measure
the modulus of small pads due to the effect of the substrate on the indentation
measurements of these thin regions. This wide range of values of the reported
indentation modulus was related to the extent of ZDDP decomposition to form
polyphosphates [89].

Considering that the tribofilm is formed of small and large pads and assuming
they are of equal proportions, the widely scattered data discussed above and
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summarized in Table 3.3 in section 3.5.2, indicate an average reduced modulus of
80 GPa with a large uncertainty < 20 %.

It is worth noting that temperature as discussed in section A.2.2.2 will have a
negligible effect on the reduced elastic modulus within the temperature range of
25-120 oC used during the in-situ tests.

A.2.3.3 Source III-iii: contact force

As discussed in detail in section A.2.2.4, the estimated relative error in the applied
force, (σF/|F |), ranges from 6.5 to 20.5%, depending on the used uncertainty in
the spring constant whether 5% or 20%, respectively.

A.2.3.4 Uncertainty propagation of the contact area

Based on the discussion in the previous sections regarding the various variables
affecting the contact area, i.e. the tip radius, applied force and reduced elastic
modulus, and assuming they are uncorrelated, the uncertainty in the contact area
can be estimated using the uncertainty propagation approach, as follows:

σa = |a|
3

√(
σRr

Rr

)2
+
(
σF

F

)2
+
(
σEr

Er

)2
+ ... (A.26)

where σRr/Rr = 10.0%, 6.5% < σF/F < 20.5% and σEr/Er < 20.0%. This results
in an estimated relative error in the contact area, (σa/|a|), ranges from 7.5 to
10.0%, depending on the used uncertainty in the contact force whether 6.5 or
20.5%, respectively.

A.2.4 Source VI: contact pressure

Assuming that the AFM end tip area is circular, the contact pressure applied
during the in-situ AFM tests can be given by:

P = F

πa2 (A.27)

where F is the applied normal force and a is the real contact area. In this case, the
uncertainty in determining the contact pressure is originated from the uncertainties
related to the measurements of F and a.

Due to the strong correlation between the contact area and contact force, the
uncertainty of the contact pressure will be estimated using Eq. (A.6) instead of
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Eq. (A.5) in order to account for the correlations between the variables. This
results in the following relation:

σP = |P |
√(

σF

F

)2
+ 4

(
σa

a

)2
− 4

(
σF

F

)(
σa

a

)
+ ... (A.28)

where we assumed that the covariance between the contact force and the contact
area can be decoupled to the multiplication of the two individual standard devia-
tions, i.e. the square root of the variance of the two. This is true given that an
increasing linear relationship, i.e. a perfect correlation, exists between the two
variables, which can be asserted from Eq. (A.24) under the condition of large F.

Plugging these uncertainties into Eq. (A.28), results in an estimated relative
error in the applied contact pressure, (σP/|P |), ranges from 9.0 to 13.7%, depending
on the used uncertainty in the contact force whether 6.5 or 20.5%, respectively.
The main reason for the low error is that the contact pressure results from a
division between the force and contact area. Therefore, there is a negative term
due to their perfect correlation resulting in a error cancellation and huge decrease
in the overall estimated error value. Gosvami et al. [30] used a flat value of 10%
for their similar in-situ AFM measurements, which is close the mean estimated
value of our uncertainty propagation analysis.

A.2.5 Source V: scanning speed

Our data seem to suggest that the growth rate is less sensitive to the sliding speed
and is only dependent on the scanning cycles. This is an interesting result as it
indicates that the growth occurs accumulatively in a layer-by-layer fashion, i.e.
every rubbing cycle regardless of its timing adds one layer of a certain thickness
depending on the other operating conditions of temperature and contact pressure.

As the scanning speed per se does not impact the growth rate, its uncertainty
will not be estimated. In all the experimental work discussed in the subsequent
sections, a single scanning speed of 200 µm/s was used throughout the in-situ
tests.
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Characterization of synthesized
polyphosphate glasses

B.1 Surface analysis of polyphosphate glasses

B.1.1 XPS degradation analysis
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Fig. B.1 XPS degradation analysis after different acquisition time of the Fe 2p signal
of iron poly (0.33) phosphate glass.
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Fig. B.2 XPS degradation analysis after different acquisition time of the O 1s signal of
iron poly (0.33) phosphate glass.
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Fig. B.3 XPS degradation analysis after different acquisition time of the P 2p signal of
iron poly (0.33) phosphate glass.
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B.1.2 XPS quantification of zinc phosphate glass

Table B.1 XPS vs batch composition for zinc phosphate glasses.

Zn Glass Method Zn [at.%] P [at.%] O [at.%] Error [%]
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Fig. B.4 XPS survey spectra of various zinc phosphate glasses.
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Fig. B.5 XPS high resolution spectra of various zinc phosphate glasses.
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B.1.3 XPS quantification of iron phosphate glass

Table B.2 XPS vs batch composition for iron phosphate glasses.

Fe Glass Method Fe [at.%] P [at.%] O [at.%] Error [%]
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Fig. B.6 XPS survey spectra of various iron phosphate glasses.
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Fig. B.7 XPS high resolution spectra of various iron phosphate glasses.
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B.1.4 XPS quantification of mixed phosphate glass

Table B.3 XPS vs batch composition for mixed zinc-iron phosphate glasses.

Zn-Fe Glass Method Zn [at.%] Fe [at.%] P [at.%] O [at.%] Error [%]
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Fig. B.8 XPS survey spectra of various mixed zinc-iron phosphate glasses.
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Fig. B.9 XPS high resolution spectra of various mixed zinc-iron phosphate glasses.
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B.1.5 Comparison between different glasses

Fig. B.10 Comparison between the XPS composition of various zinc, iron and mixed
zinc-iron phosphate glasses.
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Fig. B.13 Binding energy of O 2s signal of various zinc and iron phosphate glasses.
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