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Abstract

Due to the importance of reducing CO2 emissions and improving fuel
economy, many researchers have focused on studying the cam/follower
contact and the ways to reduce friction (improve engine efficiency) and avoid
wear (enhance engine durability). This thesis addresses aspects of tribology
and tribochemistry of a cam/follower interface with consideration of how the
surface/lubricant interaction affect the system performance.

A Mini Traction Machine (MTM) was used to evaluate different lubricant
formulations as well as to examine the tribofilm formation under pure sliding
and sliding/rolling contacts. A Single Cam Rig (SCR), taken from 1.25L FORD
Zetec (SE) engine, was also used in this work in order to investigate the
friction, wear and tribochemical performance of the camlobes/tappets as a
function of tappet clearance and type of coating. In addition, a new technique
of measuring tappet rotation using a giant magnetoresistance (GMR) sensor
coupled with a split pole ferrite disk magnet has also been developed in this
study.

Raman Spectroscopy, Scanning Electron Microscope (SEM), Energy-
Dispersive X-Ray (EDX), X-ray Photoelectron Spectroscopy (XPS), Focused
lon Beam (FIB) and Transmission Electron Microscopy (TEM) were performed
on the surfaces to understand the tribochemical interactions between oil
additives and the cam/follower interface.

Results obtained from MTM tribometer showed that the sliding/rolling ratio
affects friction, wear and tribochemistry in CI/DLC systems; pure sliding
enhances MoDTC activation. MoDTC decomposes to form MoSz2, FeMoO4
and not MoOs. In addition, it was observed that the MoS2/FeMoOas ratio
depends on test conditions and affects the friction performance.

The results obtained from SCR tribometer closely support those in the MTM
tribometer and that link between tribometer and component testing is
discussed. In addition, the chemistry of the tribofilm derived on camlobes and
tappets varies as a function of tappet clearance and cam profile. In terms of
tappet rotation, results showed that Molybdenum Dialkyl Dithiocarbamate
(MoDTC) and Diamond-Like Carbon (DLC) coating promoted the rotation of
the tappet. Furthermore, the tappet rotation is strongly dependent on oll
formulation, clearance, speed/temperature, and surface roughness of the
coating.
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Chapter 1.  Introduction

1.1. Motivation

The target set by the UK government in the 2008 climate change act was to
reduce the CO2 emissions of 1990 by at least 80% by 2050 [1]. The transport
sector is accountable for almost 24% of the UK national CO2 emissions [2].
Fuel efficiency in vehicles is considered as an indicator of the emitted levels
of COz2 (i.e. emissions reduce by improving fuel economy) [3]. Thus, engine
developers and lubricant formulators are continuously challenged to reduce

fuel consumption and emissions of automotive engines.

It is generally accepted that in order to solve emission issues in the transport
sector, alternative technologies had to be explored such as reducing vehicle
weight, reducing rolling resistance, engine downsizing with both ferrous and
non-ferrous materials, using advanced petrol and diesel, use of hybrid
powertrains and electric motors. However, most of these alternative
technologies are expensive and still limited (i.e. do not provide sufficient

emission reductions) [2].

In addition, as emissions would be reduced by improving fuel economy,
several new techniques are currently being considered. These techniques
include variable compression ratio, variable cam timing, variable valve lift,

direct injection of gasoline and advanced transmission technologies.

It is however important to note that the tribology and tribochemistry
fundamentals can also play a vital role in improving the fuel economy through
the use of new surface coating techniques, new materials and lubricant

additive chemistry.

In the transport sector, fuel energy in a typical passenger car is consumed in
three main parts (i) the mechanical power, (ii) the exhaust system and (iii) the
cooling system. The mechanical power consists of the engine, transmission
system, rolling resistance, brakes and drag. Fig. 1-1 shows that only about

21.5% of the fuel energy is used to move a passenger car [4].
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Figure 1-1 Breakdown of passenger car energy consumption [4]

In an internal combustion engine with a crankshaft rotating at 6000 rpm, the
frictional losses mostly come from three main components, namely piston
assembly, bearings and valvetrain [5, 6]. The mechanical energy consumption

from these components has been reported previously [4, 7] (see Fig. 1-2).

® Piston assembly

m Bearings

M Valvetrain

® Pumping and hydraulic
viscous losses

Figure 1-2 Mechanical losses in an internal combustion engine



The valvetrain tribological performance has practically become more
important with ever increasing trend of using lower viscosity engine oils and
novel engine technologies such as start/stop technology. The valvetrain has
the third largest energy loss and it experiences the greatest contact pressure
among these four components. Moreover, frictional loss from the valvetrain is
generally found to be lower than piston assembly and engine bearings, but at
low engine speeds (mainly under boundary lubrication regime), its relative
importance is much greater. The valvetrain is believed to be responsible for
6-10% of the total frictional loss in an engine, depending on the design [8, 9].
Thus, the valvetrain assembly has also been the focus of efforts to improve
fuel efficiency by minimising friction losses. For example, the move to over-
head camshaft (OHC) configurations was successful but resulted in high

friction and wear [6, 10].

In addition, the components of valvetrain are considered complicated in terms
of design and effective lubrication [6, 10, 11]. In terms of wear, valvetrain
components are considered the most critical factors limiting the life and
performance of automotive engines [12]. A potential reason for this is that the
valvetrain is subjected to sliding/rolling motion, different lubrication regimes,
and high acceleration speeds causing increased inertia forces and applying
high stress on the structure. Therefore, many researchers have focused on
studying the valvetrain system in order to improve engine efficiency and
durability which in return leads to improved fuel economy and reduced

emissions.

Cams and followers are considered the most important and interesting
tribological components of the automobile valvetrain [13]. They are reported
to possibly be responsible for 85-90% of the total friction losses in engine
valvetrains [14]. In addition, the camlobe is considered a critical area that
suffers from high wear which increases rapidly with time [15].

Thus, in order to support the UK to achieve their target in 2050, optimizing this
tribopair (cam and follower) is crucial and it is important to determine how
changes in design, additives, oil formulations, materials and coatings affect

wear, friction and lubrication.



Based on the literature, many gaps were identified. This research addresses

the following gaps:

Poor understanding of the effect of tribochemistry on real

cam/follower contacts.

Significant attention has been focused on the tribochemistry and

wear of the follower/tappet with little consideration of the camlobe.

No reports have been published which address the impact of
clearance on friction, wear and tribochemical responses in a

valvetrain system.

No work has been reported on the performance of tappet rotation
under the effect of different coatings, thicknesses of tappets and
formulations with Molybdenum Dialkyl Dithiocarbamate (MoDTC)
which has been found to be problematic to Diamond-Like Carbon
(DLC) wear.

Pure sliding contacts of DLC/cast iron systems have traditionally
been the focus of research; consequently less is understood about

sliding/rolling contact systems.

No studies have investigated how sliding/rolling ratios affect tribofilm
build-up and oil chemistry in a DLC/cast iron system lubricated with
MoDTC-type friction modifier.

Tribochemistry of DLC is essentially an area which needs more
systematic attention to accurately define how the characteristics of
DLC affect the interactions with the lubricant additives (especially

MoDTC) under the effect of type of contact and tappet clearance.

With the assistance of tribological and tribochemical principles, focusing on

the behaviour of cam/follower tribopair as a function of various factors (e.g.

tappet rotation, tappet clearance, type of contact, oil formulations and

additives, surface coating, camlobe wear and tribofilm across the camlobe) is

essential to provide a better understanding of engine valvetrains, which could

potentially lead to reduced emissions and fuel consumption (i.e. support the
UK to meet the target for 2050 [1]).



1.2. Objectives and Scope of Research
The key objectives of this project are:

»  To examine the friction and wear modes of the camlobes/tappets
under the effect of tappet clearance and type of coating.

»  To map the tribochemical films across the camlobes as well as the
tappets, with the tappet coating and clearance being the
parameters of focus.

»  To develop a novel technique to measure tappet rotation.

» To link the rotation of different thicknesses/coatings of tappets to
the tribological and tribochemical characteristics of cam/follower
interface when lubricated in a fully formulated oil with and without
MoDTC.

» To investigate the tribofilm formation towards changes in the
tribological system, such as changing the type of contact (i.e. pure
sliding contact and sliding/rolling contact).

» To link a bench top tribometer Mini Traction Machine (MTM) to a
component level Single Cam Rig (SCR).

1.3. Thesis Outline

The thesis is divided into ten chapters including this introduction. Chapter 2
presents the fundamentals of tribology. The literature review in the field of
cam/follower tribology and tribochemistry is presented in Chapter 3. This
chapter also addresses the nature of the tribofilm formed from known friction
modifier and anti-wear additives. Further, additive/additive and additive/DLC
interactions are also discussed in this Chapter. The development of tappet
rotation technique, materials, equipment and experimental methodology are
presented in Chapter 4. Mini traction machine (MTM) results are reported in
Chapter 5. This Chapter evaluates friction, wear and tribochemistry of
different lubricant formulations under pure sliding and sliding/rolling contacts.
Chapter 6 presents the tribological results (i.e. friction and wear results as a

function of temperature, oil formulation, tappet clearance and type of coating)



obtained from single cam rig (SCR) tribometer. Chapter 7 presents tappet
rotation results when lubricated in a fully formulated oil with and without
MoDTC-type friction modifier. Chapter 8 evaluates the tribochemistry of
tribofilms formed from single cam rig tribometer using different surface
analysis techniques. Discussions on results obtained from Chapter 5 to
Chapter 8 are presented in Chapter 9. Main conclusions from this study are
detailed in Chapter 10. In addition, recommendations for future work are also
outlined in this Chapter.



Chapter 2. Fundamentals of Tribology

2.1. Introduction

Tribology is defined as “the science and technology of two interacting surfaces
in relative motion and of related subjects and practices” [16, 17]. Tribology
comes from the Greek word fribos, which relates to rubbing or sliding.
Important aspects of tribology have been friction, wear and lubrication since
the introduction of this science. The term tribology was first used in a landmark
report by Peter Jost in 1966 as a result of a government report in England
which highlighted the importance of tribology to the UK economy by reporting
the economic impact of poor tribological principles and practices. The Jost
report provided potential savings of over £500 million annually for British
industry through better understanding of tribological application, which in

return led to improved design of lubrication procedures [17-21].

Tribology is relatively a new word but definitely is not a new field. Early
practical applications of tribology have been recognized before the initiation
of any historical records. Ignition of fire by the Palaeolithic people and
development of the wheel. The first recorded tribologist was 2400 B.C., when
Egyptians used a lubricant to transport the statue of Ti — from a tomb at
Saqqgara [22]. However, tribology science started with friction observations
issued by Leonardo Da Vinci (1452 to 1519), lubrication studies reported by
Sir Isaac Newton (1642 to 1727) and wear studies featured in the middle of
the twentieth century [16, 23].

2.2. Friction

Friction is resistance to motion encountered when one body moves
tangentially over another [16]. Different regimes of friction can be found
between interacting surfaces, such as dry friction, boundary friction, fluid film
friction and mixed friction [21]. The coefficient of friction (u) is defined by u =

% where (F) is the tangential force and (W) is the normal applied load. The

typical ranges of the coefficient of friction are from 0.03 for a lubricated surface
to 0.5 - 0.7 for a dry sliding [24].



Friction is undesirable phenomena to many applications because the
continuous friction causes energy loss, unnecessary wear, noise and heat. It
should be mentioned, however, that not all friction is undesirable. High friction

plays a vital role in particular applications (e.g. brakes, clutches. etc.).

2.3. Wear

Wear is defined as “a progressive damage, involving material loss, which
occurs on the surface of a body as a result of its motion over another” [16]. It
is considered as the major cause of loss in mechanical performance [25].
Wear occurrence is undesirable in most applications, except few cases, wear
becomes necessary either in running-in procedures [21] or in metal machining
(e.g. grinding, polishing and lapping) [16]. Volume of wear is commonly
measured by using the volume loss method (Archard wear equation) as

follows:
V =KWx 2—1

Based on Archard equation, the total wear volume is proportional to the real
contact area multiplied by the sliding distance, where V represents the worn
volume (m?3), K is the dimensional wear factor with units generally expressed
as (mm3N-'mm"), W represents the normal load and x represents the sliding
distance. The dimensional wear factor, K, is a function of the interacting

materials, the lubricant and the operating conditions.

It should be mentioned that there are more than 35 mechanisms of wear [26].
Generally, there are five basic wear mechanisms; adhesive wear, abrasive

wear, fatigue wear, corrosive wear and erosive wear.

2.3.1 Adhesive Wear

This mechanism causes plastic deformation, adhesion and sometimes
welding of the contacting asperities. The cold welding at asperity injections
leads to material transfer from one surface to another. Adhesive wear is

considered the most common and least preventable form of wear. There are



three general steps leading to adhesive wear (see Fig. 2-1). It should be noted
that any severe adhesive wear can lead to produce two phenomena, galling
and scuffing. In lubricated components, it is called scuffing and in systems
without lubrication, it is called galling [16, 22]. These phenomena result in a

catastrophic damage and roughened surface.

(a) (b) (©)
—> —>

Hard

Plastic zone  Soft
(microweld)

Metal
transfer
(possible

wear
fragment)

Figure 2-1 Steps leading to adhesive wear [26]

2.3.2 Abrasive Wear

This form of wear is called also cutting wear and can be defined as wear due
to hard particles or hard protuberances forced against and moving along a
solid surface. Abrasive wear is typically caused by non-metallic materials. The
most common reason to produce the mechanisms of abrasive wear is the
Micro-cutting (i.e. sharp particle or hard asperity cuts the softer surface). Other
reasons are micro-fracture, micro-fatigue and removal of material grains [24,
26].

There are two main mechanisms of abrasive wear; two-body abrasion and
three-body abrasion. Two-body abrasion is the mechanism that happens
between two interacting surfaces, one of these surfaces is harder than the
other. Three-body abrasion is the mechanism that happens between three
bodies, two interacting surfaces with a piece removed from softer surface by

hard particles.

Scoring or sometimes called scratching is a phenomenon which occurs due
to abrasive wear. From Fig. 2-2, it can be seen that the harder surface
scratches the softer surface. As a result, this produces a pattern of scratches
on the surface which can lead to severe failure in some cases. Polishing is

another phenomenon which caused by mild abrasive wear. It is worth
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mentioning that the polished surface is unable to keep enough lubricant and
will be starved of sufficient lubricant; this in turn could lead to a catastrophic

failure in lubricated components [16].

Figure 2-2 Abrasive wear, scratching [22]

2.3.3 Fatigue Wear

This mechanism causes the removal of material from the contacting surfaces
by fatigue due to cyclic stress changes over a long period of time [16]. Fatigue
wear occurs in many applications (e.g. cam/follower system, rolling bearings
and gears) due to cyclic loading [26]. Pitting is a phenomenon which results
from a consequence of fatigue wear; this can lead to produce pits on the
surface. It is considered a common phenomenon in rolling bearings that run

under high vibration and noise [16] (see Fig. 2-3).

N - W . -
3 § -
. - : i
3 -
- X e ot
- -
et o

Figure 2-3 Fatigue wear in a roller bearing [26]
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2.3.4 Corrosive Wear

Corrosive wear is caused by a combination of chemical reaction and
mechanical action (rubbing) [16]. The chemical reaction occurs between the
material and a corroding medium (e.g. a chemical reagent, reactive lubricant
or air) [26]. Corrosive wear is a common damage in couplings used for
connecting shaft and motor (see Fig. 2-4). Fretting is a phenomenon that
results from a synergy between corrosive, adhesive and abrasive wear [16].
In addition, fretting typically occurs in metal surfaces where the degree of

relative motion is small (e.g. splined flanges).

Figure 2-4 Corrosive wear, coupling [26]

2.3.5 Erosive Wear

This mechanism is caused by the impact of hard solid particles carried by a
fluid and can lead to a damage to the surface. This type of wear has three
basic mechanisms, (i) fluid erosion caused when small droplets of fluid hit the
surface under high speeds, (ii) cavitation erosion caused from the collapse of
vapour bubbles in the fluid and (iii) spark erosion caused from an electrical

spark between two surfaces and can lead to the removal of material [16, 26].

2.4. Lubrication

Lubrication can be defined as effective interposition of a material between two

bodies with the purpose of reducing/preventing both wear and the lost energy
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due to friction. The material is called a lubricant which contains a wide range
of materials including mineral oil, synthetic oil, vegetable oil, grease, process
fluid, water, air, solid, etc. Likewise, the lubricant is any substance used to
reduce friction and wear. Accordingly, this would lead to smooth running and

longer life of tribological components [27].

The form of lubrication is dependent on materials of the surfaces, lubricant
properties, operating conditions (e.g. speed, load, temperature, environment
and etc.), surface conformity and texture. Four lubrication regimes can be
identified depending on the thickness of the tribofilm and the geometric
conformity of the surfaces. These four regimes allow the performance analysis

of a tribological system usually in terms of friction and wear.

2.4.1 Lubrication Regimes

The lubrication regimes are hydrodynamic lubrication, boundary lubrication,
mixed lubrication and elastohydrodynamic lubrication. Table 2-1 represents

the definitions of these regimes.

Table 2-1 The definitions of lubrication regimes [28]

Regime of Lubrication Characteristics

Hydrodynamic Full fluid film lubrication in which the surfaces are completely
separated. The dynamic viscosity of the lubricant is its most

important property

Elastohydrodynamic Nominally also full fluid film lubrication with surface separation, but
a more concentrated mechanism where elastic deformation of the

surfaces and the effect of pressure on viscosity are important

Mixed There is surface asperity interaction to some degree and the
characteristics of both Elastohydrodynamic and Boundary

Lubrication are influential

Boundary The surfaces are in normal contact with behaviour characterized by
the chemical (and physical) actions of thin films of molecular

proportions
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Early in the 20th century, an original research presented by Stribeck explained
the relationship between the coefficient of friction and lubrication regime for
engine components. Figure 2-5 shows a modified Stribeck diagram where the
lambda ratio (A) is defined as the ratio between minimum film thickness and

the composite surface roughness (see Equation 2-2).

1= hmin _ hmin _ hmin

Orms B ZRq - ’Rzl +R22
q q

Where hy;,, is the minimum film thickness, R, is the Root Mean Square (RMS)

roughness of the two surfaces in contact. The minimum film thickness

(hmin) for a point contact is numerically defined as [29]:

—-0.073

homin Uno 0.68 ~0.49 [ W
= 3.63|—— E - 1 — 068k 2—3
R (E R) (aE) (E R2> (1 =€)

Where R is the reduced radius of curvature, U is the entraining surface
velocity, n, is the dynamic viscosity of the lubricant at atmospheric pressure,
a is the viscosity-pressure coefficient, W is the normal load, E is the reduced
Young’s modulus, K is the ellipticity parameter defined as: K = a/b, where ‘a’
is the semiaxis of the contact ellipse in the transverse direction (m) and ‘b’ is

the semiaxis in the direction of motion (m), for point contact K=1.

A
Boundary Mixed

Elastohydrodynamic Hydrodynamic
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2 1
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e ' Bearings
5| : ! 5
Bl i : :
S i : 3 '
% L : Piston-Rings .
Q ; H H
8 \—/

¢ Cam '

R

1 Follower |
1 ]

A 4

. . . effective film thickness
Film Thickness Ratio A = —— Ivp ST FIRATeee

surface roughness

Figure 2-5 The modified Stribeck diagram [30]
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For a line contact, the minimum film thickness can be calculated from the

Dowson and Higginson equation [31].

Minimum film thickness formula o= 2—4
Re w
Dimensionless material parameter G=aFE 2—5
. . NoXUu
Dimensionless speed parameter U= xR 2—6
e
. . w
Dimensionless load parameter W = xR 2—7
e

Where n is the dynamic viscosity, w is the load per unit length (N/m), E"is the
equivalent elastic modulus (N/m?), « is the entrainment velocity (m/s) and A.

is the equivalent radius (m).

2.4.1.1 Boundary Lubrication

Under boundary lubrication (BL) (A<1) (see Fig. 2-6), extensive interactions
occur in this region and these interactions become more severe with low
speed and high load. Density and viscosity and all other physical properties
of the bulk lubricant are not as important as the chemical properties of the

lubricant and the properties of the surfaces in contact [16, 30, 32].

Surface 1

-
-._-
-
-----

-
-------
______

Surface 2

Figure 2-6 Boundary lubrication [16]
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In Fig. 2-6, the dashed lines are the centre lines of the two surface profiles

and

x: is the horizontal coordinate

Z1: is the vertical displacement of surface 1 from the centre line at any x
Z>: is the vertical displacement of surface 2 from the centre line at any x
h: is the vertical separation of the centre lines of surface 1 and 2 at any x
ht: is the vertical separation of surface 1 and 2 at any x

U. is the relative sliding velocity between surface 1 and surface 2

2.4.1.2 Mixed Lubrication

In mixed lubrication (ML) (1<A<5) (see Fig. 2-7), the full film lubrication
becomes relatively difficult to maintain if the speed is further decreasing and
if the load is high. In this regime, the lubricant film provides partial separation
whereas the contact load is shared between the contacting asperities and the

film resulted in some mechanical interactions [16, 30].

Surface 1

Surface 2

Figure 2-7 Mixed lubrication [16]

2.41.3 Elastohydrodynamic Lubrication

Elastohydrodynamic lubrication (EHL) (4/5<A<10) (see Fig. 2-8), is an

extension of hydrodynamic lubrication. In other words, in EHL, the two
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surfaces are also separated with a lubricant film, although the film is thinner
(typically 0.5-5 ym) than that in the hydrodynamic lubrication regime, but with
high local pressure causes increase in viscosity and elastic deformation of the
contacting bodies [16, 32-34].

Surface 1

Surface 2

Figure 2-8 Elastohydrodynamic lubrication [16]

2.4.1.4 Hydrodynamic Lubrication

Hydrodynamic lubrication regime (HL) (A>6) (see Fig. 2-9), is the most
desirable form of lubrication because the contacting surfaces are completely
separated by the lubricant fluid film (i.e. the film is sufficiently thick, typically
5-500 ym) and there is no wear should occur. Therefore, friction is the main
concern in this regime. To reduce friction, oils with low viscosities are usually

preferred.

Surface 1

Surface 2

Figure 2-9 Hydrodynamic lubrication [16]
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2.4.2 Lubricants

Lubricants are used between interacting surfaces in order to control friction
and wear. The appropriate selection of lubricants leads to better lubrication
(i.e. provides an assistance to improve lubricity, reduce friction and prevent

wear).

Generally speaking, until the 1930s, the engine crankcase lubricants were
mainly base oils with no additives [35]. Nowadays, a lubricant typically
consists of more than 20 additives blended with the base oil [36].

There are different types of base oils such as mineral oils, synthetic oils and
vegetable oils. According to the American Petroleum Institute (APl 1509),
base oils are grouped into five main categories (see Table 2-2) based on
certain properties of base oils, including viscosity index and the proportion of

saturates and sulphur content.
Table 2-2 Base oil categories [37, 38]

APl BASE OIL CATEGORIES

Base Oil Sulfur Viscosity
Sarurates (%)
Category (%) Index
Group | (solvent
>0.03 and/or <90 80 to 120

refined)
p—
<
e Group I
o >0.03 and >90 80 to 120
E (hydrotreated)

Group Il

<0.03 and >90 >120
(hydrocracked)

2 Group IV PAO Syenthetic Lubricants
s |
fa All other base oils not included in Groups I, Il, Il or
= Group V
> v
N

In automotive lubricants which contain base oils and additives, the proper
selection of base oils is also essential because their physical and chemical
properties would influence the effectiveness of the additives [38]. Base oils

can be mineral or synthetic oils. Mineral oils are produced in very large
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quantities from natural crude oil. They typically consist of hydrocarbons
together with nitrogen, oxygen and sulphur. However, at temperatures above
80 °C, mineral oils start to degrade and thus their oxidation stability is not as

good as synthetic oils.

Synthetic oils are hydrocarbons with a fully controlled chemical structure. They
are more expensive than mineral oils but they can offer high performance
based on their interacting properties (i.e. synthetic oils provide a better thermal
stability, oxidative stability, viscosity and flow characteristics). There are
different types of synthetic oils; Polyalphaolefins (PAO) is considered the most

common type and are derived from ethylene and esters [38, 39].

In general, base oils do not have sufficient properties such as engine
cleanliness, sufficient cooling, oxidation stability, soot handling, friction and
wear-resistant. Thus, several additives have been used to increase the
performance of the lubricants. For example, antioxidants, detergents,
dispersant, anti-wear, metal deactivators, corrosion inhibitors, rust inhibitors,

friction modifiers, extreme pressure, viscosity index improvers and others.

2.4.3 Additives

Increasing demands for improved fuel economy and reduced emissions have
led to the development of different additives. Initially, the additives are
chemicals blended with the base oil. These additives enhance the quality of
base oils through forming a complete package (fully formulated oils) which is
capable to achieve performance objectives. Fully formulated (FF) oils typically
contain friction modifiers, an antiwear agent, one or perhaps two dispersants,
one or two detergents, corrosion inhibitors, oxidation inhibitors, foam

inhibitors, pour point depressants and viscosity modifiers [39, 40].

The typical concentration range of additives used in the formulation of
automotive crankcase engine oils has been summarized in Table 2-3. Also,
Fig. 2-10 illustrates the steps of developments of the most common additives.
In 1918, oiliness additives were first discovered and used to reduce friction in
marine engine lubricants [41]. In addition, between 1930 and 1940, a wide

range of additive glasses were discovered (e.g. extreme pressure (EP), pour
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point depressants, antioxidants, viscosity modifiers, corrosion inhibitors and
detergents). Furthermore, to solve issues in aviation applications, antiwear
additives were also developed in the 1940s [42]. However, antiwear additives
shortly became an essential component of engine motor oils. In addition,
although most additive classes were identified in the 1940s, much remains to

be done in developing new chemistries.

Table 2-3 Typical ranges of composition of engine crankcase lubricants [43]

Function Component Concentration, wt%
Base oil (mineral and/or synthetic) 75-95
Friction and wear Viscosity index improver 0-6
Anti-wear additive 05-2
Friction reducer 0-2
Rust/corrosion inhibitors 0-1
Contamination and Antioxidant 0-1
cleanliness Dispersant 1-10
Detergent 2-8
Maintain fluid properties Pour point depressant 0-0.5
Anti-foam additive 0 -0.001
zooe NI
Moly FMs I:I
dispersants
antiwear |:|
detergents I
corrosion inhibitors I
antioxidants I
Vil |:|
extreme pressure I
pour point I
oiliness I:l
| | | | | | | | | | |
1900 1920 1940 1960 1980 2000

Figure 2-10 Chronology of development of main classes of lubricant additive
[44]
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Each additive has a specific function, the main functions typically are friction
reduction, corrosion protection, heat transfer, operating at extremes of
temperature, engine seals protection, suspension of crankcase oll
contaminants, ensure continued efficient performance [35]. In general,
lubricant additives can be classified into two categories. Firstly, additives that
protect metal surfaces in the engines, such as anti-wear, anti-corrosion and
anti-rust additives. Secondly, additives that reinforce base oil performance,
such as antioxidants, dispersants and viscosity modifiers. The typical additive
package range in the lubricant is about 5-25% [43]. The main additive

component families used in lubricants are summarized below:

2.4.3.1 Detergents

These additives are chemical compounds that form under high temperature
conditions or due to combustion processes in an engine. They can be neutral
or overbased and they are well-known as stabilizers or deposit control agents.
The main function is to reduce or remove deposits from forming on metal
surfaces which commonly due to oil oxidation and contamination. Thus,
detergents keep the engine clean and maintain emissions performance long-
term. In addition, they are used as organic soaps and salts. It should be
mentioned that calcium, sodium and magnesium are the most common metals
used in detergents [35, 39, 40, 45].

2.4.3.2 Dispersants

Dispersants are also chemical compounds that do not contain metal to form
ash on combustion. Thus, they are usually referred to as ashless dispersants.
Three main types of ashless dispersant are typically in use, succinimides,
succinic esters of polyols, and mannich bases. Dispersants disperse and
control insoluble contaminants and sludge deposit at relatively low
temperatures (100 °C or below). Therefore, they are generally used in engine
oil to control soot effects and to minimize harmful engine exhaust emissions,

and extend engine life. Dispersants are more effective than detergents in
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terms of some functions, such as suspending and cleaning, due to their high
molecular weight [35, 39, 40, 45].

2.4.3.3 Oxidation Inhibitors

The main purpose of oxidation inhibitors is to prevent, minimize or reduce oil
oxidation, which initially leads to the oil darkening and thickening (increase of
oil viscosity). Further oxidation contributes to build polymeric materials which

in turn cause varnish deposits in some engine components.

The important and common antioxidants classes are hindered phenols,
amines, sulfur and phosphorus compounds. Itis largely important to maximize
oxidation stability in lubricants because it will assist in preventing oll
degradation [35, 39, 45].

2.4.3.4 Pour Point Depressants

These additives keep the oil flowing at low temperatures, by lowering the pour
point. In cold climates, the formation of wax crystal structure will not permit an

oil flow.

The most common chemical types are the polyacrylates and the
polymethacrylates, their function is to inhibit the formation of interlocking
crystal networks. Accordingly, this would prevent the lubricant from solidifying

at low temperatures [35, 39, 40].

2.4.3.5 Viscosity Index Improvers

Also known as viscosity modifiers, function by providing increased viscosity
contribution at higher temperatures and minimizing viscosity at lower
temperatures. They are high molecular weight polymers. The main chemical
families are olefin copolymers, hydrogenated styrene-diene copolymers and
polyalkylmethacrylates [35, 45].
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2.4.3.6 Friction Modifiers

Friction modifiers or lubricity additives form films to reduce the frictional losses
between the moving surfaces. In an engine, it is generally proven that these
additives are essential for components that mostly operate under boundary
and mixed lubrication regimes such as the valvetrain. Friction modifiers are
closely related to anti-wear additives and extreme-pressure (EP) additives in

mode of action.

There are two types of friction modifiers, (i) metal-containing friction modifiers
(MFMs) such as molybdenum dithiocarbamate (MoDTC) or molybdenum
dithiophosphates (MoDTP) and (ii) organic friction modifiers (carbon,

hydrogen and oxygen only).

The common friction modifier types are molybdenum compounds (e.g.
MoDTC or MoDTP), Polyol esters of fatty acids (e.g. glyceryl monooleate),
and amides of fatty acids. It should be mentioned that MoDTC and MoDTP
are considered as excellent friction modifiers and antiwear agents [35, 40, 45-
47].

2.4.3.7 Anti-Wear Additives

Their mode of action is by reacting with metal surfaces and forming films that
can reduce wear under elastohydrodynamic and boundary lubrication
conditions. The most widely used in practice are organometallic (ZDDP,
MoDTP, MoDTC) organosulphur, organochlorine, organophosphorus and

organic borate compounds.

Zinc dithiophosphates (ZDDP) has been the most regularly used in engines
lubrication [39, 40, 45-47]. This additive forms sulphides and phosphates to
offer the antiwear property to the interacting surfaces [48]. ZDDP has also

been reported to be corrosion inhibitor and antioxidant [35, 44].
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2.4.3.8 Other Additives

There are many other important additive groups (e.g. antifoaming agents,
corrosion inhibitors, rust inhibitors, emulsifiers, tackiness, etc.) which play an
essential role on the lubricant performance in the tribological system. The use
of hybrid nanomaterials as nano-lubricant additives have also been reported
to reduce frictional power losses in automotive engines and can lead to an
improvement in the efficiency of engines and fuel economy [49]. Results of a
wide spectrum of nanoscale additives have been reported in the tribology
literature and a review is beyond the scope of this work. It is important to note
that the optimisation of the frictional and durability of a tribological contact
relies upon the understanding of the surface/lubricant interactions and with
replacements to conventional steel now being common place, a major priority
is to understand how some of the conventional friction modifiers (like
Molybdenum Dialkyl Dithiocarbamate (MoDTC)) interact with conventional
(steel) and less conventional (DLC) surfaces. The heavy elements can be
harmful to catalytic convertors but if some of the friction reduction can be
offered by the inherent surface properties then there is potential to optimise

formulations.

2.5. Hertzian Elastic Contact Analysis

According to Hertzian theory of elastic deformation in 1881, the contact
between two elastic solids is assumed to be non-conformal [16, 50-52].
Therefore, it will be a point contact at a small area with high pressure. Hertz
analysed the stresses at the contact of an elastic solid on a rigid plane (see
Fig. 2-11), where this case represents many tribological applications (such as
gears, ball and roller bearings, seals, cams and tappets, and wheels on rails).
There are different types of contacts depending on the shape of the rubbing

surfaces.
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Geometry 1

Figure 2-11 Equivalent elastic solid on a rigid plane [16]

The radius of the contact area (a) is given by:

1

3WR\3

az(—,> 2—8
2E

Where (W) is the normal load and (R) is the reduced radius of curvature and

is defined as:

1_1 + ! 2—-9
R R, R,
Also, (E) is the reduced Young’s modulus and is defined as:
1 1 1—v12+1—v§ 2 _ 10
E 2\ E E,

Where E1, E> are the elastic moduli and v+, v2 the Poisson’s ratios associated

with each body.
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Maximum contact pressure is defined as:

3w
Pmax = W 2—11
Average contact pressure is defined as:
2 w
Paverage =§ Brax =W 2-12
Maximum deflection is defined as:
w2 \3
5=1.0397< = ) 2—-13
E "R

However, the material of contact in some systems such as gears,
cam/followers and rolling element bearings is subjected to high cyclic stresses

and this can lead to the initiation of fatigue cracks [53].

In addition, maximum shear stress is defined as:

2—14

Tmax = § Brax

2.6. Cam/Follower Tribology Kinematics

Generally, kinematic analysis represents the calculations of displacement,
velocity and acceleration. The analysis of cam motion that involves a direct
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acting cam with a flat faced follower is crucial for the knowledge of

cam/follower tribology.
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Figure 2-12 Geometry of a direct acting cam and follower [6]

Based on Fig. 2-12, the cam is designated as component number one while
the follower (which is taken not to rotate about Y axis) is designated as
component number two. There are two velocities for both cam and follower
along the [x, y] direction. The velocity of cam along the x axis is us and along
the y axis is ws while the velocity of follower is [u2, w2] along the [X, y] direction
respectively. The cam rotates about its centre at 0 whilst 0' is the centre of
curvature of the cam surface at the instantaneous contact point (C). The
follower linear velocity along the x axis is zero [6].

u, =0 2—15
w, = ell 2-16

Where e is the lift and Q is the angular velocity. From the derivative of

Equation 2-16, the acceleration of the follower can be calculated as;

a= 2= 40 2-17
dt
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The x-velocity of the point on the cam in contact with the follower is derived
as;

u, = (R + L)1 2—-18
The velocity along the contact point on the cam surface can be calculated due
consideration to sign as;

S=u; + 6 =[(R, +L)02] + & 2 —19

The instantaneous radius of curvature of a point moving along a curve with
velocity s such that the angular velocity of the tangent to the point of contact

at y is given by;

_§ ds _ dt
Ty T dt T ay

For a flat faced follower, however, the mathematical expression is given by;

dy 0
Re == 2 —22
Re= Ry +L)+2= (Ry +1) + = 2 —23

A sufficient accuracy can be obtained from the velocity of the cam contact
point on the follower and the velocity at the corresponding points on the

instantaneous radius of curvature.

u61=u1=(Rb+L).(2=(RC—%).Q 2 — 24
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2.7. Cyclic Film Thickness and Entrainment Velocity Variations

The cam profile plays an important role on the behaviour of the breathing and
exhaust process in an engine. The typical variation of film thickness of direct-
acting mechanical type is shown in Fig. 2-13. The area of interest is from the
beginning of the opening flank through the cam nose to the end of the closing
flank (-60°, 0°, 60°). The modest film over the nose and the two critical areas
of 'zero' lubricant film-thickness is evident in Figure 2-13 (a). In addition,
Figure 2-13 (b) illustrates an alternative presentation of variation of cyclic film
thickness. It can be seen that there is a sufficient film on both flanks due to
the high entraining velocity into the contact, but the film is thin over the cam
nose due to the low entraining velocity [6]. Fig. 2-14 shows the effect of the
camlobe profile on entrainment velocity. For most cams, the lubrication regime
is expected to go through boundary at the nose, mixed and

elastohydrodynamic lubrications at the flank.

20 r Oil film thickness
g5t /
"
e10F ™
£l
£
Q1[)0 -60-40-20 0 20 4060 100
Cam Angle
(a) (b)

Figure 2-13 Typical variation of film thickness between direct acting cam
and follower: (a) as a function of cam angle (b) around the cam

circumference [6]
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Figure 2-14 Effect of camlobe profile on entrainment velocity [54]

2.8. Torque Cycle

Figure 2-15 shows a typical variation in the input torque for a cam/follower
contact which is based on one full revolution of the camshaft. The torque
varies with each cycle and normally has both positive and negative pulses.
Generally, positive pulses of torque represent energy delivered by the driver
(the motor) and stored from moving of the follower as kinetic energy. The
negative pulses as kinetic energy trying to return from the follower to the

camshaft.

342,

+
{

Input Torque 0 - \ / \_|

Ib-in ! V, |

-3420

Figure 2-15 Input torque curve for a cam/follower mechanism [55]

2.9. Fuel Economy

To meet the emissions legislations, concerns in vehicle fuel economy have
increased dramatically in the last few years. It is largely accepted that there is
a direct correlation between fuel economy and friction losses (i.e., reducing
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friction losses lead to increasing automotive engine fuel efficiency). As engine
components (mainly piston assembly, bearings and valvetrain) experience
different lubrication regimes, the simplest way to create a fuel-efficient
lubricant is to reduce the viscosity (to give benefits in pistons and bearings)
while at the same time adding an effective friction modifier (which gives
benefits in the valvetrain) [56]. Fig. 2-16 illustrates the correlation between
power loss and speed/load at different location regimes. Fig. 2-16 clearly
shows that if the lubricant viscosity is reduced, the total engine power loss will
reduce immediately. Additionally, MoDTC is necessary in the components that
operate in the boundary lubrication regime; it makes an attractive reduction of

power loss [57].

Hydrodynamic A
. . . Boundary  Mixed EHD Hydrodynamic -
* Use of low viscosity oils > —> < — >
lubrication lubrication
(OW-20, 5W-20)
. Lower viscosity oil
EHD " ’
8
* Use of base stock / - Lower power loss in hydrodynamic
additive combinations -“5’ lubrication
c1 e =
with “improved” EHD e
behavior
Boundary
* Application of effective Extended transition to mixed lubrication;
friction reducing and lower power loss, lower wear. >
antiwear additives Speed / Load

Figure 2-16 Minimising total engine power loss and wear [46]
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Chapter 3. Literature Review

3.1. Introduction

In this chapter, a comprehensive literature review will be conducted on
valvetrain systems, mainly on the cam/follower tribopair. Furthermore,
Diamond-Like Carbon (DLC) coatings and their properties will be described.
In addition, the nature of the tribofilm formed from MoDTC and ZDDP additives
will be presented. This review will also aim to cover the interactions between
MoDTC/ZDDP additives and lubricant/DLC coating. The gaps in the literature
in terms of tappet rotation, tappet clearance, tribochemistry and wear of
camlobe as well as sliding/rolling contacts will be presented and discussed.
Finally, a summary of the gaps will be reported in the last section of this

chapter.

3.2. Overview of Valvetrain Systems

Over the years, many studies and developments have been made in
valvetrain systems for the reason of reducing emissions and increasing fuel
economy. These studies and developments are followed several procedures
such as using new or modified designs, materials, surfaces coating and

additives.

The valvetrain assembly is the group of components that controls the
operation of the valves. In other words, it controls the induction and exhaust
processes of an internal combustion engine. The components of valvetrain
would vary based on the engine design. Typically, the valvetrain consists of
valves, cams, valvetrain lash compensators, seat inserts, valve guides, rocker

arms, valve springs, retainers, and other components [58].

Fig. 3-1 shows the main components of a direct acting mechanical bucket
(DAMB) type valvetrain [59]. The major function of the valvetrain system is to
transfer rotary camshaft motion into linear valve motion. The camshaft is
considered as the heart of the engine and responsible for opening the valves,
through pushing the camlobes against the valvetrain parts resulting in opening

the valves at specific times [60].
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Figure 3-1 Schematic diagram of a valvetrain system [61]
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Due to the complexity of valvetrain systems, many mechanisms of valvetrains
were developed with many unique features in terms of design, friction, wear
and lubrication (see Fig. 3-2). Each has its own features, advantages and
disadvantages. Essentially, valvetrains can be classified into either sliding
contact (direct acting mechanical/hydraulic bucket tappet) or rolling contact
(roller follower) [62]. In the direct acting mechanical tappet architecture, the
cam/tappet contact contributes about 85-90% of the frictional loss [14] due to
the sliding action between the cam and tappet/follower contact. Nevertheless,
this design is preferred and desirable in many modern engines due to offering
a lower cost and a lower height of cylinder cover [9, 62] and due to its simplicity
[63, 64]. The roller follower offers lower friction than the sliding contact but it
is more expensive and complicated [55]. However, both types require a similar
level of wear protection for durability [65].
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Figure 3-2 Classification of valvetrain architectures [13]

Cam/follower contacts are typically reported to operate in mixed and
elastohydrodynamic (EHD) lubrication regimes [66]. However, cam/follower
contact is also witnessed to operate under boundary lubrication regime
(where extensive interactions occur and behaviour is characterised by the
formation and removal of thin films of molecular proportions called tribofilms)
[28]. From boundary lubrication regime, the severe operating conditions (e.g.
low speed, high load, high temperature, and high pressure) indicate that cam
and follower experience high wear, and this in turn would lead to the failure of
cam/follower system. Typically, the failure of cams and followers (see Fig. 3-
3) is resulted from three main factors, severe contact pressure, poor quality of

material and poor lubricant formulations [67].

Typical failure of follower = - Typical failure of camlobe

Figure 3-3 Typical failures of camlobe and follower [15]
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3.3. Cams and Followers
3.3.1 Materials

A wide range of cam materials have been used such as plastics, bronze, cast
iron and steels. The material choice is basically depending on the application
[68] and factors such as weight reduction, cost, material availability and wear-
resistant [69]. Cast iron is commonly used for cams because it is readily
available, good wear-resistant, low cost, good sliding and good machinability
[68, 70, 71].

The most popular used cast irons are grey cast iron [72] and chilled hardened
alloy cast iron [69, 73]. Tappets are usually made of ferro-based powder
sintered metal with high chromium, high chromium cast iron, silicon nitride
ceramics [69, 74], 16MnCr5 steel or typically harder than the camshaft [75,
76].

The increasing demands for fuel economy and wear durability have led to use
newly developed materials for cams and followers (see Table 3-1), such as
forced steel, ceramic, titanium, high wear-resistant and composite materials
[74, 77-80]. Steel materials have been used for low volume of production
because itis causing a huge material loss in order to machine a camshaft [77].
Ceramic materials have not been widely used for valvetrain components
because of some reasons; they are less ductile and do not have enough
strength as compared to steel materials [80]. Furthermore, they cannot be
used in applications that have high stress because of their low fracture
toughness [81]. In particular, tappets made of ceramic materials have not
proven to be economically viable [72]. Nevertheless, the use of ceramic
materials probably could be one of the promising candidates in the future.
Recently, lightweight aluminium has been used as tappet materials and
showed good results in terms of reduction in friction [82]. However, it showed
poor tribological properties and several difficulties in manufacturing [72].
Titanium has great properties in terms of corrosion and wear but it is fairly
expensive. Overall, each material has certain advantages and disadvantages,

mostly depending on cost, weight, availability and performance.
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Table 3-1 Tribo-materials for valvetrain assembly

Cam Follower

Nodular iron, high Cr-
Grey Cl Containing ferro-based

Conventional powdered sintered metal

Materials Nodular CI
High chromium cast iron
Chilled hardened
Silicon nitride ceramic

Cl
Forced steel Low chromium steel
Recently used Titanium Carburized steel
Materials Powder sintered alloy

Ceramic and Composite Material
(Fe—Cr—Mo-C)

Adapted from [77]

3.3.2 Surface Coatings

It is generally believed that coatings have a huge role to play in reducing wear
and friction in a large range of applications [83]. A wide variety of coatings
have been used in cam/follower systems. Among which, Mn-Phosphate
(MnPOs4) and Diamond-Like Carbon (DLC) coatings are considered to be the
most commonly and widely used [84]. MnPO4 coating has a crystalline,
porous, soft and rougher surface finish which provides good oil wettability,
absorbance and oil retention characteristics [85, 86]. In addition, DLC coatings
have attracted attention for solving surface engineering problems as they offer
outstanding friction properties, high wear resistance, high electrical
resistance, high corrosion resistance, high optical gap, high hardness and
excellent running-in properties [87-92]. As a result, DLC coatings are
considered as good candidates for reducing friction and improving durability
of automotive engine components [93]. In terms of surface treatments,
different coatings (e.g. phosphate coatings, carbon bearing epsilon FeN
layers, oxide coatings and others) were deposited on the cam surface to
improve the wettability of the surface; this in return would offer improved

running-in performance and prevent early stage failure [52, 94]. In addition,
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different surface modification techniques (such as the chemical conversion
method that includes phosphating, oxidizing, sulfinuz and tufftriding) were
conducted to enhance the running-in properties of metallic tappets [69, 95].
Moreover, depending on the type of materials used, other methods of surface
modifications (e.g. carburizing of low carbon steel, induction hardening or
flame hardening of cast iron, induction hardening of medium carbon steel,
electroplating and depositing hard coatings) were also employed in cam and
follower surfaces [96].

3.3.3 Friction

In many applications, friction is undesirable because it causes energy losses
that lead to reductions in machine efficiency [97]. In a typical automotive
engine, the frictional loss accounts for 41% of the total energy [98] and the
valvetrain is responsible for 6-10% of the total frictional loss [8, 9]. However,
Sandoval and Heywood [99] have reported that valvetrain contributes about
25% of the total frictional loss.

In the literature, different techniques and methods have been used in order to
study friction, such as mini-traction machine (MTM) apparatus, pin-on-plate
(PoP) apparatus and a combination of valvetrain rigs. Historically, Dyson and
Naylor [100] were probably the first to investigate friction at the cam/follower
contact through using a push rod assembly. It should also be mentioned that
numerous authors have used and developed valvetrain rigs [9, 62, 63, 65, 75,
76, 85, 100-103], because rigs typically offer low cost, short test durations and
high accuracy.

It is largely accepted that the friction between two lubricated surfaces basically
depends on four main parameters: load, material, lubrication regime, and
lubricant formulations. Friction at the cam/follower contact is relatively
complicated due to film thickness variation, high contact stress/pressure,
different sliding/rolling ratios and the combination of lubrication regimes.
Therefore, efforts have been made to reduce frictional loss at this contact
through using and/or modifying surface coatings, surface engineering, design,

lubricant formulations and material selection.
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Accordingly, friction loss has been reduced by lowering the weight of
valvetrain components, such as reducing the spring load and the reciprocating
mass and/or using lightweight materials. Kotoh and Yasuda [104] reduced
valvetrain friction by 40 %, through reducing the spring load and improving the
cam/follower surface finish. Also, Fukuoka et al. [82] observed a 40%
reduction in friction, by reducing the reciprocating mass (i.e. replacing steel

tappets with thinner aluminium tappets).

Surface finishing techniques such as diamond finish, CMP finish, and ford
finish have also been reported as an attractive option [62]. In addition, surface
texturing is another essential approach for reducing friction and numerous
authors have reported a friction reduction with texturing [9, 105-107].
Gangopadhyay and Mcwatt [9] observed a 35% reduction in friction when
using parallel V-grooves on a tappet surface. Parallel V-grooves allow free
flow of lubricants among all other surface patterns, including parallel square
grooves, circular V-grooves, spiral V-grooves and shot peening. However,
shot peening may increase the surface roughness and does not offer any
reduction in friction [9]. It is worth mentioning that most authors have focused
to modify tappet surface rather than camshaft surface due to its small size and

simple geometry.

Some work has reported a significant reduction in friction loss through
reducing the surface roughness of cam/follower surfaces [101, 104, 108]. A
20-25% reduction in friction through using silicon nitride inserts with mirror-
finished surfaces has been reported with 2-3% saving in the fuel economy
[109].

Diamond-Like Carbon (DLC) coatings have also been used and developed in
order to reduce engine cam/follower friction due to their low friction and wear
resistant characteristics. In particular, Kano [110] found that DLC coatings
have super low friction properties, 45% reduction in friction was observed
when using DLC coatings as compared to common phosphate coatings. Also,
steel tappet inserts coated with DLC have been reported with encouraging
results [111]. Moreover, deposition of thin-low friction coatings has also been
considered as an active factor for friction reduction [85]. On the other hand,
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fully formulated (FF) engine oils or oils with specific additives (such as
Molybdenum Dialkyl Dithiocarbamate (MoDTC)) have been commonly
employed in order to reduce friction and wear. MoDTC is well-known as a
friction modifier and it offers low friction at the tribological contacts due to

forming MoS: low friction sheets [112, 113].

As cam/follower tribopair experience different sliding and rolling motions, the
effects of sliding/rolling ratio (SRR) (Equation 3-3) have also been reported
using a plane surface of a glass disc with steel ball in contact [114]. It was
found that the sliding/rolling ratio had an effect on the EHL friction coefficient
(i.e. higher SRR causes a rapid decline of film thickness). One method of
reducing valvetrain friction is to employ rolling element bearings at specific
location in the cam/follower interface [115].

Sliding speed =V, — V¢ 3—-1

Mean entraining speed = (@) 3-2

Slidi d 2(V. =V,
Slide roll ratio = ( tding spee ) _ < Ve f)>

Mean entraining speed) \ V. + Ve

Where V_ is the velocity of the cam and V; is the velocity of the follower.

In the literature, the link between the sliding/rolling ratio (SRR) and the
tribological/tribochemical performance was reported previously [116-123]. For
the friction performance, it has been generally shown that the increase of the
sliding/rolling ratio (SRR) causes an increase of friction. For example,
increasing SRR from 100% to 200% increases boundary friction [119]. In
addition, it was reported that elastohydrodynamic friction was increased when
increasing sliding/rolling ratio from 10% to 50% [118]. Vengudusamy et al.
[124] studied the friction behaviour of five gear oils at three different
sliding/rolling ratios, 30%, 50% and 200%. They reported that the increase of
the boundary friction was significant when SRR was 200% (i.e. pure sliding)
while it was marginal between 30% and 50%.
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3.3.4 Wear

Cam/follower wear is not a problem of the past. It is still a concern that has to
be taken into consideration during the research and the design especially with
the trends of using lower viscosity engine oils (to reduce the internal drag) and
new engine technologies (e.g. start/stop technology). Cam/follower wear is
mainly due to high contact pressure, film thickness variation, lower allowable
wear limits, lubrication difficulties, temperature effect, high soot
contamination, and other factors. Various types of wear experience in
cam/follower region and the causes of these types have been summarized in
Table 3-2 [74].

Table 3-2 Causes of cam/follower wear [74]

Swing arm
Roller, tappet Type of follower Rocker arm
Rollmg wear Pattern of wear » Sliding wear
Pitting Scuffing
Fatigue Probable causes of wear Adhesion
Excessive numbers of Breakage of lubricated oil film
contacts (poor lubrication condition)
(over 1 x 10%) Oil degradation
Excessive load (depleted ZnDTP)
Edge load <+— Interaction ——» EXxcessive load
Lower material fatigue Rough surface
strength l Contaminants at sliding
Mismatched material interface
combination (casing sand, cutting chips)
Defects in material (Design factors) Mismatched material
(blow-hole) Lubrication oil film thickness = combination
Corrosive blow-by gas = 0 umat |[Vogm| = [Vsouower| =~ EXcessive carbon soot in oil
(SOx, NOx) (opposite direction) (increased viscosity)
Water mixing into Corrosive blow-by gas
Lubrication oil Excessive sliding ratio (SOx, NOx)

In general, scuffing, polishing and pitting are the most essential and serious
types of wear occurring in cam/follower contact. These wear mechanisms
have been considered as the main forms of cam/follower failure [6, 67]. Bell
and Willemse [125] observed that scuffing can occur after an extended period
of steady wear. Kano and Tanimoto [74] suggested that adhesion is the main
reason to cause scuffing while pitting is believed to be caused by fatigue
resulting from repeated stressing under high contact loads. In addition,
boundary lubrication regime (at low speed and low oil temperature) can assist
to produce scuffing wear. On the other hand, a historically report by Dyson
and Naylor [100] suggests that scuffing and polishing wear occur at high
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engine speeds and controlled by the temperature in the contact zone. It is
important to note that the camlobe is normally designed to be more scuff

resistant while the tappet is more resistant to pitting [6].

The most critical factors affecting the wear of cam/follower are the materials
between cam/follower, speed, temperature, oil viscosity and operational
conditions [78, 126]. The link between materials and wear has been illustrated
by Taylor [6] (see Figure 3-4). This explains the trend of scuffing and putting

for several common materials.

Increasing resistance to pitting

Chilled Alloyed Hardened Hardened Flame Case
Cast Iron Chilled Alloy Iron Alloy Iron Harened Hardened
Cast Iron (Flake) (Nodular) Steel Steel

Increasing resistance to scuffing

Figure 3-4 Pitting and scuffing resistance of convention materials [6]

Several condition monitoring techniques have been used to study, measure
and/or reduce the wear of cam/follower contact. Classically, methods of wear
measurements based on a level sensor have been employed. Typically,
Surface Layer Activation technique (SLA) has been adapted to measure the
wear effectively in a real time. This method uses beam irradiations of charged
particles, like protons, accelerated on a small volume at the surface of the
metal part to create a thin active layer. The wear of this activated layer is
measured using radiation detectors as a loss of surface material. Many
authors have analysed cam wear using SLA technique [65, 127-129]. Ipek
and Selcuk [130] measured the wear as thickness loss by using a level meter
(LM) under sliding conditions. Others used electrostatic sensors focused on
the cams [10] or used a radionuclide technique (Thin Layer Activation (TLA))
[9, 131]. Ofune et al. [76] used talysurf contact with the assistance of
monitoring the tribochemistry of cam/follower surfaces based on different
techniques, such as SEM/EDX-FIB, XPS, and Raman Spectroscopy. Purmer

and Vandenberg [126] developed a technique to measure the camlobe wear.
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This technique included two electronic transducers, one to measure the cam
lift and the other to measure the angle. It was observed that the wear changes
in each location on the camlobe (i.e. there is a direct correlation between the
wear rate and the geometry of the camlobe). In addition, Roper and Bell [132]
modified a twin-disc test machine in order to evaluate the wear performance

in valvetrain components.

Engine performance is directly affected by camshaft wear. Therefore, many
efforts have been made either to study the wear mechanism or to measure
the wear amount affected by material selection [130]. It was reported that the
main mechanism on the camlobe surfaces is normally caused by fatigue and
surface deformation [71]. Akemi et al. [133] observed a cam wear mechanism
at the cam/tappet contact. A modern configuration was developed to measure
the wear mechanism and friction, by using two strain gauges mounted on a
push-rod and shaft. It was reported that there is a good correlation between
friction and wear (i.e. friction could predict the presence of wear in engine
components). However, wear results showed that the oil deterioration and
high oil supply temperature are essential factors for the cam abnormal wear.
Others tried to monitor the wear of a camlobe in different locations. Eric and
Sylvain [134] studied the relationship between camlobe wear and tribofilm
chemical composition using fully formulated oils. Seven angular locations on
the camlobe were selected (£14°, £10°, and cam nose 0° degree) to trace the
profile in order to investigate the tribofilm at each location and there effect on
camlobe wear. This was achieved by using a surface profile meter to measure
wear depths during 50 h for each camlobe test. It was shown that tribofilms
were different at each location. Various chain lengths of polyphosphate glass
were found on all camlobe tribofilms. Long chain polyphosphates tribofilms
had good antiwear characteristics than the short one. However, Camlobe
wear was reported to be the highest near the camlobe nose [3].

Material selection of cam/follower interface has an attractive impact on wear.
Therefore, several types of materials have been adopted (especially the wear-
resistant materials) [79, 135]. Kano and Tanimoto [74] developed high wear-
resistant materials, ferro-based powder metals, alloyed cast iron and silicon

nitride ceramics. Some researchers focused on the properties of different
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materials, Michalski et al. [78] recommended after using certain
concentrations, that a cam shaft made of chilled grey cast iron mating with a
follower made of toughened, surface hardened, and steel ensure small
frictional resistance and less wear. In addition, surface finishing of
cam/follower surfaces has found to be essential for preventing camshaft wear
[80]. Furthermore, Alamsyah et al. [136] investigated effects of initial surface

finish on cam wear under controlled conditions of contacts.

Zink DialkylDithioPhosphate (ZDDP) is one of the most common anti-wear
additives. Many modern engine oils have been formulated with this additive in
order to extend the life of a component by avoiding the wear. In particular, it
was reported that ZDDP additive is essential to improve the anti-wear
properties but the friction will increase in the presence of ZDDP [137].
Gangopadhyay et al. [65] observed that ZDDP offer low wear under low load
and high wear under high load. As a result, this additive (i.e. ZDDP) is basically
affected by test conditions. It should be mentioned that authors usually prefer
to use fully formulated (FF) oils because they contain detergents, dispersants,
friction modifiers and ZDDP.

In addition, fresh and aged oils have also been investigated in order to
understand their relationship with friction and wear. It was found that the film
composition of both fresh and used oils is very different; this could explain why
wear rate improved significantly and friction reduced when tested with used
oils (drained from vehicles after 12,000 miles) compared to fresh oils [65].
Similar findings were reported by Dairene et al. [138]. Alain and Thierry [131]
reported a serious wear problem in the engine components caused by soot

that contaminates the lubricants.

DLC coatings have good wear resistance and low friction; they play an
essential role at the cam/follower interface. Kosarieh et al. [113] observed the
friction and wear properties of a DLC coating (a-C: 15H) with using base oils
and four fully formulated oils with different concentrations. It was reported that
the durability of the coating is controlled by the right selection of oil additives.
Also, fully formulated oils had good wear prevention with DLC coatings but the

friction reduction was not significant.
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3.3.5 Lubrication

The lubrication mechanism of the cam/follower interaction is relatively
complex. The lubrication regime varies around the cam cycle due to various
reasons such as change in load and velocity. Although hydrodynamic
lubrication is observed on the cam flanks [66] and boundary lubrication is
witnessed around the cam nose [95], it is generally accepted that cam/follower
contacts are considered to operate in regimes of mixed and
elastohydrodynamic (EHD) lubrication [66] (especially on the cam base circle,
flank and nose) [10, 139]. However, some authors considered the mixed
lubrication is the best described of the cam/follower lubrication [6, 9]. In
general, cam/follower performance depends upon the modes of lubrication
and it may enjoy more than one form of lubrication during a single cycle.

In conclusion, to understand cam/follower friction, wear and lubrication, it is
important to appreciate the interaction among oil formulations, surface
coatings, material choice and surface topography. All these parameters are
an attractive approach to understand how is possible to ensure optimum

friction reduction with adequate wear protection.

3.4. Diamond-Like Carbon (DLC) Coatings

The first synthetic diamond was made in 1950s. This was achieved using high
pressure and high temperature techniques. Lately, in 1980s, CVD deposition
technique (under low pressure) was conducted to make diamond in the form
of polycrystalline coating [140, 141]. Diamond-Like Carbon (DLC) is a carbon
coating which displays properties similar to diamond, including mechanical,
optical, electrical and chemical properties but it is a metastable form of
amorphous carbon (do not have a crystalline lattice structure) with significant
fraction of sp? (graphite-like), sp® (diamond-like) and hydrogen bonds [113,
137].

Typically, the properties of DLC coatings (e.g. low coefficient of friction, high
wear resistance, chemical inertness, high hardness, high electrical resistance

and high optical gap) are dependent on the ratio of sp?/sp3bonds.
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3.4.1 Structure of DLC Coatings

Carbon is able to exist in three types of hybridizations, sp3, sp?, and sp' (see
Fig. 3-5). In the sp? configuration, as in diamond, the 2s orbital and three 2p
orbitals of carbon are hybridized to form four equivalent sp® hybrid orbitals of
equivalent energies. As a result, these four orbitals can form strong C-C bonds
with adjacent atoms (i.e. when the sp?® orbitals of adjacent carbon atoms
overlap), arranged in a tetrahedral structure. In the three-fold coordinated sp?
configuration as in graphite, three trigonally sp? hybrid orbitals lie in a plane,
where each carbon is bonded to three other carbon atoms with strong covalent
bonds. These carbon atoms are bonded to each other by weak Van der Waals
forces; this in return responsible for the low friction behaviour of graphite [52].
The structure of DLC coatings contain both sp® and sp? and the proportions of
them (i.e. sp®/sp?) are dependent on the technique and parameters used in

deposition.

Figure 3-5 sp?, sp? and sp' hybridised bonding [142]

DLC coatings have been generally classified into four categories, amorphous
carbon a-C, hydrogenated amorphous carbon a-C: H with a domination of sp?
bonds, tetrahedral amorphous carbon ta-C and hydrogenated tetrahedral
amorphous carbon ta-C: H with a domination of sp® bonds [91]. Each type
offers specific coatings properties like hardness, friction coefficient, wear
durability and toughness [84]. These properties, including type and structure,
depend significantly on hydrogen content and sp?/sp® ratio, accordingly,

depend on deposition process and applied parameters [143, 144]. For a
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hydrogenated DLC film (a-C: H and ta-C: H), the hydrogen in these coatings
helps to stabilize the diamond structure by maintaining the sp® hybridization
configuration [89]. Also, the hydrogen in a-C: H and ta-C: H coatings plays a
key role to gain a wide optical gap and high electrical resistivity.

The DLC forms are shown by the phase ternary diagram as in Fig. 3-6. This
diagram proposed by Ferrari and Robertson [145], has provided a concept
that helps to understand the chemical and structural properties of DLC films
using different spectroscopic techniques. The a-C coatings lie in the left side
of the diagram and the mechanical properties of a-C coatings depend on the
ratio of sp3/sp?. In addition, a-C: H coatings typically sit in the middle of the
diagram which display a varying ratio of sp%/sp? bonding and hydrogen
content. The ta-C coatings are placed at the left side of the diagram depending
on the ratio of sp3/sp?. Moreover, the sp? bonded graphitic carbon lies in the
lower left-hand corner. Lastly, the content of hydrogen lies at the lower right-
hand corner of the diagram. It is however important to note that the high
content of hydrogen is unable to form an interconnected molecular structure,
rather form gas or liquid molecules [146]. Furthermore, the higher the
hydrogen content the lower friction but the hardness of the coating is usually

lost.

Sp 3 Diamond-like

ta-C ta-C:H

HC polymers
sputtered a-C(:H)
no films

glassy carbon
graphitic C

Sp 2 A 7 H

Figure 3-6 Ternary phase diagram of bonding in amorphous carbon-

hydrogen alloys [142]
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In terms of density, hardness, sp® and H content, various forms of carbon are
shown in Table 3-3. As can be seen, DLC coatings may contain as high as
65% hydrogen (a-C: H) and as low as 1-8% hydrogen (a-C). In addition, from
Table 3-3, DLC coatings can provide high hardness. Recently, however, it was

reported that nanocomposite coatings are capable of providing super

hardness but lack lubricity or low friction was witnessed [147].

Table 3-3 Properties of various forms of carbon [146]

Density Hardness sp? H Gap

(gm cm?) (GPa) (%) (at %) (eV)
Diamond 3.515 100 100 5.5
Graphite 2.267 0 -0.04
Glassy C 1.3-1.55 2-3 -0 0.01
a-C (evaporated) 1.9-2.0 2-5 1 0.4-0.7
a-C (MSIB) 3.0 30-130 9015 <9 0.5-1.5
a-C:H (hard) 1.6-2.2 10-20 30-60 10-40 0.8-1.7
a-C:H (soft) 0.9-1.6 <5 50-80 40-65 1.6-4
Polyethylene 0.92 0.01 100 67 6

3.4.2 Deposition of DLC Coatings

A wide range of deposition systems were developed to produce DLCs.
Historically, Aisenberg and Chabot [148] were the first to prepare thin films of
DLCs using ion beam deposition. Typically, DLC coatings are formed when
ionized and decomposed hydrocarbon or carbon species hit the surface with
energies up to 200 eV [149, 150]. DLC coatings can be deposited at
temperatures between 200 °C to 325 °C [89, 151]. Likewise, this property
makes deposition of DLC coatings applicable on most engineering materials
including polymers [149]. In contrast to metallic and ceramic substrates,
carbide- and silicide-forming substrates (e.g. Si, Ti, W and Cr) can promote a
strong interfacial bonding to the substrate. However, prior to DLC deposition,
the deposition of an initial bond layer on these substrate could enhance the
adhesion of the DLC film to the substrate. These interlayers (which typically
made in the same chamber prior to the actual DLC deposition) make a

chemical reaction with the substrate and offer a strong bonding [147].
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Deposition methods of DLC coatings can be classified into two major
categories, chemical vapour deposition (CVD) techniques and physical
vapour deposition (PVD) techniques. CVD techniques include radio frequency
(RF) plasma and DC plasma methods. PVD techniques include sputter
deposition, ion-plating techniques and ion beam techniques, which can be
conducted to make DLCs containing hydrogen content [52]. However, PVD
techniques (including magnetron sputtering, mass selected ion beam (MSIB),
cathodic arc and laser plasma deposition) can also be employed to form

hydrogen-free a-C and ta-C coatings.

The Plasma Enhanced Chemical Vapour Deposition (PECVD) technique is a
combination of PVD and CVD systems, where the glow discharge of PVD
facilitates plasma creation of the reacting gases. In this technique, good
deposition rates and high quality product can be maintained even with a lower
deposition temperature compared to that of thermally driven CVD [52]. Each
method has its own advantages and disadvantages whereas the selection of
the appropriate method is depending on the coating type and coating purpose
(i.e. weather the coating is most suitable for laboratory studies or industrial
production) [142].

A schematic of various deposition systems for DLC is shown in Fig. 3-7. In a
typical ion beam deposition method, plasma sputtering of a graphite cathode
produces the carbon ions through the use of in ion source [142]. Sputtering
can be defined as “the removal of material from a solid target by the
bombardment of high energy ion particles.” [52]. The ejected atoms will then
form/deposit the desired thin film of the target material onto the substrate

surface.

DC magnetron sputtering is one of different types of sputtering which
sputtering occurs in a vacuum chamber. In other words, target material and
substrate is placed in a vacuum chamber. A voltage is applied between target
(cathode) and substrate (anode). Accordingly, a plasma is created by ionizing
a sputtering gas (heavy gas like Argon). The generated high energy plasma
hits the target and results in ejection of atoms from the target material to the
substrate.
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Figure 3-7 Schematic of various deposition systems for DLC [142]

3.4.3 The Graphitization of Hydrogenated DLC

At high temperatures, hydrogen in the hydrogenated DLC (a-C: 15H) coating
starts to diffuse out of the coating matrix. As a result, this would give rise to
collapse of the tetrahedral sp? structure to a graphite-like sp? structure. This
process (often called graphitization) typically starts at temperature between
200 °C to 300 °C but is however be more pronounced at temperature above
300 °C or 400 °C [152, 153]. The graphitization of DLC is mostly dependent

on the thermal and/or straining effects [154, 155]. The transformation process

needs high temperature (700 °C or more) to be completed [153].

For the hydrogenated DLC coating, however, a lower transition temperature
is needed. This is attributed to the high strain of hydrogenated DLC coating

[147, 152, 156].
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3.5. Zinc Dialkyldithiophosphate (ZDDP)

Zinc dialkyldithiophosphate ZDDP (sometimes referred to as ZDTP) has been
the most frequently used in engine lubricants since its discovery in 1940s.
More specifically, ZDDP was first introduced by Lubrizol in 1941 as an
antioxidant additive but its ability as anti-wear additive was noticed in 1955.
ZDDP has mostly been used to prevent excessive wear in engines (mainly in
cam and follower contact) [39, 40, 45-47, 134]. ZDDP was also known to have
other positive characteristics such as antioxidation and extreme pressure (EP)
action. The general structure of a ZDDP additive is shown in Fig. 3-8, but it

should be noted that more complex structures are detected in solution.

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

Figure 3-8 Structure of Zinc dialkyl dithiophosphate [35]

ZDDP can be subdivided into three different types, aryl ZDDP, primary ZDDP
(CH3CH2CH2CH20-) and secondary ZDDP (CHsCH2CH (CHs3) O-). Aryl
ZDDPs are used in diesel engine whereas primary and secondary ZDDPs are
extensively used in gasoline engines. It is worth mentioning that both primary
and secondary ZDDPs have more anti-wear effectiveness as compared to aryl
ZDDP. Comparing secondary ZDDP to primary ZDDP (see Table 3-4), the
secondary ZDDP experiences lower wear than the secondary ZDDP which
might be due to the difference in thermal stability of both types and also their
molecular weight [157]. However, it was reported that all types of ZDDP react
differently but the films typically consisted of Zn, P, S and O [158].
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Table 3-4 Performance parameters of ZDDP types [35]

Primary Secondary
Alkyl Alkyl
Thermal Stability Medium Low
Antiwear Protection Medium High
Hydrolytic Stability Medium High

3.5.1 Tribological Performance of ZDDP

Test conditions, such as temperature and contact pressure, play a key role to
determine the effectiveness of ZDDP in wear reduction [134]. In terms of
contact load, ZDDP was observed to reduce wear under low loads but the
wear was increased under high loads. This is due to the formation of a film at
high loads that contains the lower sulphide content [159]. Likewise, as
sulphides are harder than polyphosphates, reduction in sulphite content would
lead to lower mechanical strength and higher wear [160]. At 50 °C, ZDDP
could form a physisorbed film while ZDDP starts to form a chemisorbed film
at temperatures above 80 °C [161]. The film formation from ZDDP was also
reported to influence by sliding speed [162]. It was reported that higher sliding
speed would promote the chemisorbed film formation from ZDDP [163]. The
thickness of the tribofiim formed from ZDDP varies as a function of
temperature and the ZDDP concentration in the lubricant [164, 165]. Inside
wear track, the thickness of the tribofilm formed from ZDDP was reported in
the range of 5-50 nm [166]. Typically, more ZDDP would be detected on the

tribofilm when increasing the concentration of ZDDP in the lubricant.

In some literature, the effect of ZDDP on friction was observed to be either
neutral [158] or a decrease on friction [167]. However, in most literature,
lubricants containing ZDDP have been reported to increase friction [52, 160,
168-171], suggesting that this increase was attributed to the formation of
ZDDP film [169]. The film formation would increase the roughness in boundary
lubrication; this in turn would lead to an increase in friction [171]. It is worth

mentioning that friction change was not detected in EHL lubrication [172] while
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the increase in friction was mostly observed in mixed lubrication regime and

to some extent in boundary lubrication.

3.5.2 Tribochemical Performance of ZDDP

ZDDP tribofilm typically contains inorganic polymer materials (e.g. zinc,
phosphorus, oxygen and sulphur) [173-175]. Pereira et al. [176] showed that
the thick pads form ZDDP additives consisted mainly of medium chain
polyphosphates with sulphur present primarily as ZnS. Yin et al. [177]
revealed that increasing the test duration would enhance the long chain
polyphosphate formation on the surface. Also, ZDDP tribofiims were
suggested to be composed of iron oxide interwoven with short polyphosphate
covered by thin long chain metal phosphate [177]. Bell et al. [178] suggested
that the ZDDP tribofilm (top layer in particular) was composed of glassy
phosphate films whereas the layer near the surface was rich in iron sulphide

and iron oxides, as shown in Fig. 3-9.

Hydrocarbon-rich Layer
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Figure 3-9 ZDDP film structure [178]

The ZDDP decomposition was reported to have many mechanisms such as
surface adsorption, thermal degradation, thermal oxidation and hydrolysis
[173, 174, 179-182]. Coy and Jones [181] concluded that the decomposition
of ZDDP has a thermal nature (i.e. the higher temperature increases the
decomposition rate of ZDDP). Hydrolytic mechanism of ZDDP was proposed
by Spedding and Watkins [173, 174]. This mechanism revealed that the
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elimination of water from the reaction was found to supress the decomposition
of ZDDP. Martin et al. [183] proposed a model for ZDDP tribofilm, where the
top layer was found to be rich in long chain zinc poly(thio)phosphate polymer-
like material. Further, in the bulk containing metal sulphide precipitates, a
mixed iron and zinc short chain polyphosphate was observed. It is also
important to note that no oxide/sulphide layer was seen at the interface

between the phosphate and the steel surface [183].

The mechanisms by which ZDDP could facilitate low wear have been widely
investigated. Typically, the wear protection by ZDDP was suggested to be
attributed to two simultaneous processes, (i) the catalytic decomposition of
hydroperoxides, and (ii) the surface layer formation. The first process prevents
the direct oxidation of the metal surface and the second process provides
additional wear protection [184]. In addition, Martin [185] suggested that the
effectiveness of ZDDP in reducing wear was related to the action of ZDDP
phosphate film as a viscous lubricant in boundary lubrication. Furthermore, if
a tribofilm which containing ZDDP elements is softer than the substrate, the

formation of this tribofilm could reduce the asperities in contact [186].

3.6. Molybdenum Dialkyl Dithiocarbamate (MoDTC)

Molybdenum dialkyl dithiocarbamate (MoDTC) is the most common friction
modifier used in crankcase lubricant formulations. This additive has also other
positive characteristics, including antiwear, antioxidant and extreme pressure
(EP) properties [45, 187]. MoDTC additive contains Mo-S compounds; these
compounds provide low friction under boundary lubrication by forming MoS:2
low friction sheets on the tribological contact [112, 188-191], low wear and
high load carrying capacity [192]. The layer-lattice structure of the
molybdenum disulphide with low shear strength makes it possible to achieve
low friction between the interacting surfaces [193]. In MoS2 molecules, the
bonding between atom species are strong covalent. However, weak Van der
Waals forces were observed between the layers. These weak Van der Waals
forces maintain easy shear within the molecule, which in return would lead to

low friction [52]. The MoS2 solid state structure is shown in Fig. 3-10.
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Figure 3-10 MoS: solid state structure [193]

MoDTC compounds have been reported to possess better thermal stability
than many other organic molybdenum compounds [108]. Comparing
molybdenum  dialkyl dithiocarbamate @ (MoDTC) to  molybdenum
dithiocarbamates (MoDTP), MoDTC forms a surface film composing of MoS:2
while MoDTP forms a surface film composing mainly of MoS2 and FePO4 at
120 °C temperature and MoS2, MoOs and FePO4 at 200 °C. Thus, MoDTC
was more able to form MoS2 than MoDTP [111, 117]. Accordingly, MoDTC
has been reported to provide more reduction in friction than MoDTP.
Nevertheless, Unnikrishnan et al. [194] reported that both MoDTC and MoDTP
additives provide the same friction reduction but MoDTP was found to offer
better wear prevention characteristics than MoDTC. Their structures are
illustrated in Fig. 3-11.
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Figure 3-11 The structures of MoDTC and MoDTP [192]
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3.6.1 Tribological Performance of MoDTC

Factors, such as Mo concentration, nature of the tribological contact, load,
surface roughness, temperature and environment, play an essential role to
control the tribological performance of MoDTC. In boundary lubrication
conditions, MoDTC is able to reduce friction coefficients typically 0.06 to 0.75
[189]. Spikes [195] reported a very low friction coefficient of about 0.05 when
using MoDTC in the mixed-to-boundary lubrication regime. A typical friction
curve with MoDTC additive (obtained during test) is shown in Fig. 3-12. It can
be seen that MoDTC shows high friction at the start of the test followed by a
friction drop to low steady values after rubbing for a short period. The time
from the start of the test to the time low steady values is known as the

induction time.
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Figure 3-12 Typical friction curve obtained during tests with MoDTC additive
[189]

In order to understand and explore more about the nature of MoDTC film, a
range of friction tests have been achieved where taking into consideration the
influence of factors such as concentration, temperature, load, type of contact
and speed. Mo-FM additives are more effective in reducing friction at high
concentration (>400 ppm) and temperature (>200 °C) as these parameters
facilitate the formation of MoS:2 sheets [190]. Graham et al. [190] reported that
the minimum concentration of MoDTC for friction reduction was around 180
ppm while Sorab et al. [196] noticed that a MoDTC concentration more than

500 ppm was essential for most effective friction reduction. Yamamoto and
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Gondo [192] observed that the time required to reduce friction reduced with
increasing MoDTC concentration. Miklozic et al. [191] showed high friction
when lubricants contained 0.05 wt% MoDTC while low friction was observed
when 0.125 wt% MoDTC was used (see Fig. 3-13).

0.3
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Figure 3-13 Influence of MoDTC concentration on friction [191]

MoDTC additives were found to be most effective in reducing friction at a
combination of high additive concentrations and high temperatures (up to
0.4% wt. and 200°C) [189]. In addition, many workers have observed the
durability of MoDTCs in engine tests and all have reported friction reduction
during engine running [190]. Muraki et al. [197] suggested that a significant
friction reduction can be achieved when MoDTC additives are used in
combination with other additives, such as ZDDP. The type of contact was also
considered as an essential factor in effectiveness of MoDTC in friction
reduction. Graham et al. [189] concluded that MoS2 formation in the
sliding/rolling contact is hindered by the micro-elastohydrodynamic lubrication
whereas MoDTC was only effective in direct solid-solid contacts (i.e. in
boundary lubrication regime). As mentioned earlier, the effectiveness of
MoDTC would depend on several parameters. Therefore, it is crucial to control

these parameters which in return would provide low friction and low wear.
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3.6.2 Tribochemical Performance of MoDTC

Many analytical techniques, such as Energy-Dispersive X-ray (EDX), X-ray
Photoelectron Spectroscopy (XPS), Auger Electron Spectroscopy (AES),
Raman spectroscopy and Transmission Electron Micrograph (TEM), have
been used to investigate the chemical analysis of a tribofilm formed from
MoDTC. By using dual of the above analytical techniques, the tribofilm of
MoDTC is found to be a carbon-based composite material containing a few
per cent of individual MoS2 sheets (less than 10 nm length), these sheets have
the same crystal structure and electron binding energy as pure MoS2 [188]. In
addition, numerous tiny domains with diameter 10-25 nm and height 1-2 nm
have been observed in MoDTC films [188, 191]. They are believed to
represent the tiny, flake-like nanocrystals of MoS2.
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Figure 3-14 MoDTC decomposition: chemical model [112]

As shown in Fig 3-14, Grossiord et al. [188] reported a two-step process
towards MoS:2 formation in terms of the chemical point of view. The first step
involves electron transfer on Mo—S chemical bondings, leading to three free
radicals, one corresponding to the core of MoDTC and the other two
corresponding to the chain ends. The second step represents the
recombination of chain end radicals with the formation of thiuram disulphide,

whereas the other radical decomposes into MoS2 and MoO:x.
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The presence of MoS2 and MoOx has been reported by using different
analytical techniques such as Raman spectroscopy, X-ray Photoelectron
spectroscopy (XPS), energy-dispersive x-ray (EDX) and others. Morina et al.
[112], Bouchet et al. [90] and Haque et al. [96] have used the XPS surface
analytical technique and they reported that MoDTC additive formed MoS:2 and
MoOs compounds in the tribofilm and the Increasing of MoS2/MoQOs3 ratio
reduces the coefficient of friction. Moreover, Sun et al. [117] reported two
chemical reactions from MoDTC. The first one forms MoS2 while the second
reaction is oxidative decomposition that forms MoOs. These reactions have a
direct correlation to frictional properties (i.e. the lubricant had low reduction

friction properties in the presence of MoOs3).

It should be mentioned that XPS analysis of MoDTC tribofilms is conducted
by obtaining spectra at different binding energies. The binding energies of the

different molybdenum compounds are presented in Table 3-5.

Table 3-5 Binding energies of various molybdenum compounds [198]

Compound Binding energy (eV)
Mo 3ds2 O (1s) S (2ps12) Fe 2ps3»2
Mo (0) 227.8
MoO:; (+4) 229.2 529.9
MoS:; (+4) 229.0 161.9
MoS; (+4) 229.1 161.6
MoS, (+4) 229 163.1
MoDTC (+5) 163.5
MoS,O0y (+5) 231.1 161.7
MoO:; (+6) 232.3 530.6
FeMoO, (+6) 232.3 531.9 710.5

From previous XPS analyses, tribofilms of lubricants containing MoDTC
indicated Mo 3d peaks at 229, 232.3 and 235 eV [188, 194]. These XPS

studies showed that the tribofilms of lubricants containing MoDTC were
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composed of MoOs because of the presence of Mo 3ds2 peak at 232.3 eV.
The Mo 3ds2 peak for FeMoOs is also reported at 232.3 eV [199, 200]. As
molybdenum in MoOs and FeMoOa4 have the same oxidation state (+6), it is
impossible to distinguish the two compounds (i.e. MoOs or FeMoO4) from the
XPS analysis, due to overlapping peaks [201]. However, Raman spectroscopy
is capable of clearly distinguishing molybdenum species, even if these species
have the same oxidation state. Accordingly, MoOs or FeMoO4 peaks were
clearly distinguished from Raman analysis [202, 203]. Therefore, the iron (ll)
molybdate (FeMoOQa) is being reported as a product of MoDTC decomposition
[201]. This is new reaction pathway of MoDTC additive which was identified
by the observation of distinct Raman peaks at 335 cm™, 453 cm™" and 925
cm™" corresponding to amorphous sulphur rich compounds - MoSx (x>2) and
FeMoOa.

The schematic of the new reaction pathway of MoDTC is presented in Fig. 3-
15. Also, Miklozic et al. [110] and Graham et al. [108] used the Raman
spectroscopy technique to observe MoS2 and MoOs. It has been found that
just MoS: is detected in wear scars from MoDTC film and there was no
evidence to the presence of MoOas. In contrast, Raman spectra of MoOs was
detected from MoDTC additive [203].

Step 1 Step 2
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Figure 3-15 New reaction pathway of MoDTC additives [201]
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3.7. Additive/Additive Interactions
3.7.1 MoDTC Interaction with ZDDP

Different studies have been focused to evaluate interactions between
lubricant additives namely between MoDTC and ZDDP. As MoDTC contains
MoS:2 low friction sheets, it was found that the presence of ZDDP might
promote MoS:2 formation from MoDTC. Consequently, ZDDP was reported to
enhance the performance of MoS:2 sheets [77, 112, 137]. Likewise, MoDTC is
more effective when used together with the ZDDP [112, 197, 204, 205] and
the combination of both was reported to provide an interesting friction/wear
reduction [197]. A two-step reaction occurs in the presence of MoDTC/ZDDP.
Firstly, a reaction between phosphate and iron oxide. Secondly, a reaction
between the nascent iron surface and a sulphide species. Each additive has
a particular role, MoDTC creating MoS2 and MoO3s while ZDDP creating the
zinc phosphate glass. Also, it was suggested that the elimination of MoOs was

the reason for wear reduction [206, 207].

The effect of MoDTC on ZDDP additive is still not completely understood.
Thus, different researchers have focused on that effect. For example, Kasrai
et al. [204] reported more evidence about the chemical interactions of the
tribofilms formed from MoDTC alone and from ZDDP/MoDTC together. It was
found that the friction was higher during the use of MoDTC alone and the
reason for that was thought to be due to the presence of sulphate. Also, it was
reported that the uppermost layer of the tribofilm consists of ZnS while a dense
matrix of metal phosphate and MoS:2 sheets was seen in the bulk. Martin et
al. [206] investigated the formation of sulphates when used only MoDTC. They
reported a significant reduction in both fiction and wear when MoDTC was
blended with ZDDP compared to using ZDDP or MoDTC separately. This
suggests that the reaction of MoOs (and possible iron oxides with zinc
polyphosphate) was responsible for wear reduction. Consequently, in terms
of friction, MoS2 will be reserved from oxidation and this could enhance the
friction performance. Sogawa et al. [208] observed the source of sulphur in
the MoS: tribofilm that formed from a ZDDP/MoDTC combination. The
percentage of sulphur derived from ZDDP in MoS:2 is about 40%. This
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percentage is a proof that an interaction happened between Mo from the
MoDTC with S from ZDDP but this interaction is still unclear.

MoDTC additive has been reported to have a detrimental effect on the
structure of ZDDP film. In other words, a thick patchy pad-like tribofilm, formed
by ZDDP alone, became much thinner and the patchy structure was vanished
[209]. In addition, the tribofilm of ZDDP alone was seen to be softer than
MoDTC/ZDDP together, which could explain any relation between lower
friction observed and the transformation to elastohydrodynamic lubrication
[210].

3.7.2 ZDDP Interaction with Detergents and Dispersants

Detergents are generally accepted to offer anti-wear properties through the
forming of carbonates in the wear scar [211-213]. However, an antagonistic
effect from detergents were observed on the film formation properties (i.e.
wear performance) of ZDDP [212, 214, 215]. This effect was attributed to the
reduction in the amount of ZDDP available for film formation by forming a
complex [52], where the strength of these complexes (formed with various
dispersants and with amines) will however determine the degree of their
impact on wear. Under the presence of ZDDP, the film typically consists of
short Ca phosphate films with increased wear than ZDDP alone [214, 215].
Succinimide dispersants were reported to increase wear when added to ZDDP
solutions in valvetrain tests [216] and 4-ball wear tests [211]. In addition, the
decomposition temperature was reported to increase when using succinimide
dispersant and detergents together with ZDDP. This in turn would lead to
scuffing wear on valvetrain systems [217]. The film thickness typically
increases when both detergent and dispersant are blended with ZDDP

additive.

A schematic structure for tribofilms generated by ZDDP additive and
ZDDP/detergents/dispersant additives is shown in Fig. 3-16. The dispersants

are not contributed in the film structure and they typically form a thin layer of
nitrogen-containing material on the outer surface [218]. In addition, by
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blending different dispersants with a lubricant containing ZDDP, chemical and
association reactions were observed [219, 220]. ZDDP and the amino group
or Nitrogen from the dispersant form complexes (N=P, C=N) and affect the
P=S bonds which in turn hinder the formation of ZDDP film during rubbing on
metal surfaces [219, 220].

Zn (Fe) Phosphate

In/Fe Sulphides/Oxides . Zn0

Ferrous Substrate

(a) (b)

Figure 3-16 Schematic structure for films generated by: (a) ZDDP and (b)
ZDDP/ Detergents/Dispersant

3.8. DLC/Additive Interactions

Extensive research has been carried out to focus on the interactions between
DLC coatings and lubricant additives, namely MoDTC and ZDDP. It was
generally proven that DLC coatings offer a friction reduction due to forming
MoS:2 sheets (from MoDTC additive) on DLC surfaces [221-224]. ZDDP
typically supplies more sulphur and that could facilitate the formation of low
friction MoS2. Thus, ZDDP/MODTC solution provided lower friction (on the
DLC coating) than ZDDP alone [225]. The hydrogenated DLC films are
considered to provide the counterbody with a carbon layer. These layers are
responsible for reducing friction on DLC surfaces [96].

Wear performance between DLC coatings and MoDTC is still not fully
understood. Recently, it has been reported [221, 226-230] that DLC coatings
wear faster in the presence of MoDTC when rubbed against a ferrous
counterpart. Shinyoshi et al. [229] concluded that MoOs (which is formed from
MoDTC) reacted with DLC and promoted the wear of DLC coating. The



mechanism by which MoDTC (MoOs in particular) is promoting high wear on

DLC coating is shown in Fig. 3-17.
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Figure 3-17 Wear steps of DLC coating in oil containing MoDTC [229]

Kosarieh et al. [230] showed that high concentration of MoDTC helped to
increase wear of the DLC coating in oils without ZDDP but this wear was
reduced by the addition of ZDDP. Likewise, ZDDP stopped the MoDTC from
giving high wear to DLC in the DLC/ferrous combinations [231]. MoDTC-
induced wear of the DLC coatings was only observed when the DLC was
rubbed against a ferrous counterpart [221, 231]. That was attributed to the
formation of molybdenum-containing compounds in the presence of ferrous
counterparts leading to oxidation and accelerated wear of the DLC coating
[231]. However, the reason for this performance is not yet clear whether it is
chemical or only mechanical due to the reaction of MoOs [221]. Haque et al.
[226] also reported that the presence of MoDTC in a DLC/steel contact gives
high wear but the addition of ZDDP would limit this phenomenon. In contrast,
Tung et al. [59] found that DLC coatings are able to reduce wear in the

presence of MoDTC additive.
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More recently, a new DLC mechanism has been proposed and validated by
Feo et al. [232, 233], which suggests that the abrasion wear mechanism of
DLC is not predominant. The multi-step proposed model for DLC-coated plate
when lubricated by MoDTC-containing base oil is schematized in Fig. 3.18. It
has been proposed that MoS2xOx compounds firstly form on the steel
counterface (Molybdenum-based tribofilm). At the same time, during the
friction experiment, Si—C bonds of the Si-doped DLC break due to temperature
and mechanical stresses. As a result, the molybdenum formed on the steel
ball reacts with C dangling bond generated on the DLC surface. This in turn
generates the molybdenum carbide as a matrix of Mo-O-Fe-S compounds. In
other words, the reaction between the molybdenum formed on the steel ball
and the carbon of the DLC coating leads to the formation of molybdenum
carbide (MoxC) species. As a result, an increase in the friction and wear rate

of DLC surface can be observed.
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Figure 3-18 Multi-step of DLC coating in oil containing MoDTC [232]
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Overall, the interactions of MoDTC/ZDDP additives with DLC coatings are not
completely clear and their results of interactions in terms of friction and wear
would depend on several parameters such as the chemistry of additives and

coatings, lubrication regimes, lubrication formulations and other parameters.

3.9. Gaps in the Literature
3.9.1 Tappet Rotation

The direct acting valvetrain configuration (see Fig. 3-19) is one of the most
commonly used in internal combustion engines. In this configuration, the
camlobe is moved to provide an offset to tappet bore so as to facilitate tappet
rotation for friction reduction. Tappet rotation is consider to have a unique
effect on the durability of components (i.e. the rotation reduces wear caused
by the contact with the camlobe, improves lubrication and then increases the

lifecycle of the components) [234-237].
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Figure 3-19 2D-schematic diagram of direct acting mechanical type

valvetrain [115]

In the literature [238-240], limited models have been developed to investigate
the influence of tappet rotation. However, the validation of such models (i.e.
mathematical modelling and simulation) is still a challenge due to lack of

experimental techniques and the complex mechanism of cam/follower
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tribopair. The mechanism of this particular tribopair is complicated due to
sliding/rolling motion, large contact pressure variations, changing film

thickness, different lubrication regimes, and high acceleration speeds.

Various experimental techniques have been used to evaluate the effect of
tappet rotation [235, 241-247]. Monteil et al. [241] used radioactive markers in
the tappet surface while other investigators [242-244] used an optical fibre
and a phototransistor situated under the tappet. Historically, Bona et al. [246]
were the first researchers to monitor tappet rotation, where a pushrod was
fitted inside the tappet and the rotation was obtained by means of a variable
speed electric motor that caused the pushrod to rotate together with the
tappet. On the other hand, a light reflectance arrangement was used by
Pieprzak et al. [243] to investigate tappet rotation, where the light beam is
aligned parallel to the axis of the tappet and focused on a portion of the tappet

which is subdivided into reflective and non-reflective areas.

In recently published work, Mufti et al. [234] used a miniature magnetometer
chip to measure tappet rotation. The sensor was fitted in the tappet-bore and
detected a small slot that was machined into the tappet side. Although this
method requires more modifications on the rig, this technique is less
hazardous than using radioactive markers and is not affected by lubricants as
compared to optical systems. The results showed that the tappet rotational
speed generally increased with increase in camshaft speed and oll
temperature. In addition, they reported that the rotation of all tappets in the
engine may not behave similarly at the same speed under certain operating
conditions. Dyson et al. [100] showed that during one cam revolution, the
tappet rotational speed was not constant and will vary with the change of cam

angle.

Researchers have mainly focused on understanding the link between tappet
rotation, cam angle, oil temperature and camshaft speed. Very limited studies
can be found focusing on the behaviour of tappet rotation under different oil
formulations [235, 247]. Also, no work has been reported on the performance

of tappet rotation under the effect of different coatings, thicknesses of tappets
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and formulations with Molybdenum Dialkyl Dithiocarbamate (MoDTC) which
has been found to be problematic to DLC wear [221, 226-230].

To address these gaps, a simple and effective technique has been employed
in the Single Cam Rig (SCR) taken from a Ford engine. This technique does
not require any changes or modifications on the SCR [234] while almost all
the previous techniques are inapplicable as they required extensive
modifications. According to [234], mounting the sensor and the magnet was a
challenge due to lack of space on the single cam rig. Therefore, a new
technique was developed as well as new positions for the sensor and the
magnet were applied to overcome the limitations of the single cam rig

employed. Details of this will be presented in the Chapter 4.

3.9.2 Tappet Clearance

The clearance between the follower and the camlobe (see Fig. 3-20) plays a
considerable role in engine efficiency; incorrect clearance can negatively
affect the tribological and tribochemical responses of the system. The
incorrect tappet clearance can be defined as the clearance between the
cam/follower tribopair which could be very small or very large. Small/large
tappet clearance can cause inefficient performance of the engine valves (i.e.
the valves may stay open or may not fully open/close). This would lead to
valve leak (i.e. the leak can occur during compression and working stroke)
and therefore engine power would be declined [248]. In addition, large tappet
clearance can cause noise for the valvetrain which in turn would lead to
increased wear and possible failure of the cam/follower system. Therefore,
the clearance between the cam/follower tribopair is an important parameter
that should be strictly taken into consideration during the design of an engine
(direct acting tappet in particular) or in the process of maintenance (i.e.
adjusting process for valve clearance). Selection of the thickness of the tappet
will depend on the following factors; friction, wear, lubrication, noise, vibration
and harshness (NVH). It is also worth mentioning that engine manufactures
would consider further factors (such as the configuration/design of valvetrain,
tappet thickness, valve lift, cam lift, etc.) before selecting the
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correct/appropriate clearance. Tappet insert with variable clearance will affect
the valve lift and as such the flow of air/exhaust in the combustion chambers
of the engine. As a result, the engine power will be affected. However,
cam/follower clearance will also affect wear, friction and NVH, possibly even
leading to failure and inefficient performance of the intake/exhaust valves of
the engine. Hence, it is important for engine manufacturers to understand the
effect of the cam/follower clearance on friction, wear and tribochemical

responses.

Camlobe

Follower
\ . Clearance

»
-

T

Bucket ~_

Figure 3-20 2D-schematic diagram of camlobe and follower

Author of this work believes that no reports have been published which
address the impact of clearance on friction, wear and tribochemical responses
in a valvetrain system. In this study, the first objective was to examine the
friction and wear modes of the camlobes/tappets under the effect of tappet
clearance and type of coating. The second objective was to map the
tribochemical films across the camlobes as well as the tappets, with the tappet

coating and clearance being the parameters of focus.
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3.9.3 Tribochemistry and Wear of Camlobe

Essentially, “tribochemistry is a subject that brings together the disciplines of
tribology, chemistry, physics, surface science and surface engineering to
understand reaction processes occurring at lubricated contacts” [249]. The
tribochemistry of an engine deals with the chemical reactions caused by
different reasons, such as friction and wear, due to the interactions between
surfaces in the presence of lubricants. These chemical reactions produce

chemical tribofilms with particular characteristics.

Understanding the tribochemistry of the tribofilms, which mainly formed
across the camlobe, will definitely help to prevent or reduce wear on the
cam/follower tribopair. However, significant attention has been focused on the
tribochemistry and wear of the tappet with little consideration of the camlobe.
The reason may be from an idea that the tappet insert is always in contact
with the camlobe but not all parts of the camlobe are connected with the
tappet. Thus, the biggest wear was expected on inserts than on camlobes
[62]. In terms of camlobe wear, the measurement methods were limited and
classical. Also, the time duration of most tests was not sufficient to observe
wear on camlobe. As a result, the knowledge of camlobe wear is still limited

and unclear.

One of the objectives of this work is to study in detail the wear on camlobes
with a newly developed single cam rig. As mentioned earlier, this study will
also investigate the tribochemical films across the camlobes. Thus, by
correlating the tribochemical behaviour of the tribofilms (that formed on the
camlobes and tappets) to the wear profiles, more knowledge will be addressed
regarding the nature of tribofilms formed across the camlobe, where these
tribofilms typically has varying film thickness (i.e. different lubrication

regimes), pressure, lubricant entrainment velocities and slide/roll ratio.

3.9.4 Sliding and Rolling Contacts

Sliding and rolling contacts are widely presented in different mechanical

components such as cams, gears and roller bearings. The combination of
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sliding/rolling motion can cause lubrication difficulties, high loads/applied
stresses and film thickness variation. As a result, wear and plastic deformation
can be observed which may lead to failure of the components. In the literature,
however, most of the previous works have tended to focus mainly on pure
sliding contacts, probably due to the fact that the pure sliding contacts are
generally observed to be more severe than sliding/rolling contacts [124]. It
should be noted that pure sliding contact, in most cases, does not necessarily
simulate the actual contact in mechanical components as they mostly
experience the combination of both motions (i.e. pure sliding and
sliding/rolling). Thus, it is essential to investigate both the sliding and
sliding/rolling contacts and to compare their tribological and tribochemical

performance under mixed-boundary lubrication regimes.

The chemical composition of the tribofilms and/or tribofilm evolution is
understood to vary with changing the type of contact (e.g. pure sliding contact
+ sliding/rolling contact). However, the understanding of the tribofilm formation
towards changes in the tribological system, such as changing the type of
contact (i.e. implying different SRR values) has not been given special
attention. In the literature, the effect of sliding/rolling ratio on ZDDP tribofilm
formation was previously investigated [122]. In addition, the tribofilm
generation for a base oil and a fully formulated oil under the influence of
sliding/rolling ratio was also examined [121]. Moreover, Khaemba et al. [119]
studied the role of sliding/rolling ratio and surface roughness on the
decomposition of MoDTC in a steel/steel system. However, in a DLC/CI
system, there is still limited understanding about how sliding/rolling ratio

affects tribofilm build-up when using lubricants containing MoDTC additive.

3.10.Summary of Gaps in the Literature

e The behaviour of tappet rotation as a function of coating type, lubricant
additives (especially MoDTC) and tappet clearance has not been given

much needed attention.
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In general, the effect of tribochemistry on real cam/follower contacts
has not been fully investigated.

In particular, most studies have been focused on studying the
behaviour of wear and tribochemistry of follower/tappet with little
consideration on the camlobe.

The impact of tappet clearance on friction, wear and tribochemical
responses in a valvetrain system has not been clearly identified.
Comparing sliding/rolling contact of DLC/cast iron systems to pure
sliding contact, less focus on sliding/rolling contact has been reported.
The link between sliding/rolling contacts, tribofilm build up and oil
chemistry, in a DLC/cast iron system lubricated with MoDTC-type
friction modifier, has not been clearly addressed.

Wear performance between DLC coatings and MoDTC is still not fully
understood. It is however essential to address how DLC coatings affect
the interactions with MoDTC as a function of tappet clearance and type

of contact.
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Chapter 4. Experimental Methodology and Surface
Analysis Techniques

4.1. Introduction

This chapter describes the experimental parts of this thesis study by covering

several aspects:

The tribometers used in the experimental work are described, namely
MTM and SCR.

A detail about the test materials, coatings and test lubricants are
presented.

A novel technique to measure tappet rotation are introduced.

The methodology of the experimental work are described.

A description of surface analysis techniques are reported.

4.2. Mini Traction Machine (MTM) Tribometer

The mini traction machine (MTM) in Fig. 4-1 was used to produce tribofiims

under mixed-boundary lubrication conditions.

Traction Sensor

Standard Specimens
(Disc and 3/4” ball)

Load Sensor

Wear Sensor {

Figure 4-1 MTM tribometer (a) photograph of MTM (b) inside the test

chamber (c) 2D schematic of MTM [250]



=72 -

It consists of a 19.05 mm diameter ball rubbed against a 46 mm diameter disc
and both were driven independently to allow for any desired sliding/rolling ratio
(SRR). The tribopair (i.e. ball and disk) was submerged in the lubricant with a
temperature controller to maintain the required value within £1 °C. The
tribometer contains a load cell which attached to the ball drive to measure the
friction. Wear, load and lubricant temperature can also be measured online by

using several sensors [250, 251].

The MTM tribometer has a lid that covers the contact pair in order to keep a
stable temperature in the tribometer and to avoid lubricant leakage. In
addition, the MTM is controlled by a specific programme in a standard
computer. This program can control the speed, temperature and load of the
contact pair. It should be noted that MTM tribometer has a wide range of
applications and can be used with different options such as (i) a pin-on-disc
option (a stationary ball or pin loaded against the disc), (ii) a reciprocating
option (cam and follower is the most common example) and (iii) electrical
contact resistance (ECR) option [250, 251].

4.2.1 Test Materials and Coatings

Balls were made of alloy steel 16MnCr5 and discs were made of cast iron (Cl).
Balls were coated by commercial DLC coatings which contained 15 %
hydrogen (a-C: 15H). The coating was deposited on the steel balls (by
Oerlikon Balzers Ltd., UK.) using Plasma Enhanced Chemical Vapour
Deposition (PECVD) process. From PECVD, a gas contained the elements of
DLC coating (a-C: 15H) was supplied into the vacuum chamber and a
discharge powered by an AC voltage was ignited. As a result, free carbon and
hydrogen atoms (ions and radicals) were created and then reacted chemically
with the substrate surface. This in return led to form the DLC coating on the
steel balls. The selection of materials and coatings were based on the
simulation process between MTM and SCR tribometers, which will be
discussed in Chapter 9, with taking into account the commercial side. The
detailed physical properties of the DLC coating, balls and discs are given in
Table 4-1.
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Table 4-1 Physical properties of balls, discs and DLC coating

DLC
Balls Discs .
coating
L EN-GIL-250 Grey
Specification 16MnCr5 Steel 2 ] a-C: 156H b
castiron@
Hardness 7.453-7.846 GPa 2.256-2.354 GPa 20-25 GPa
Roughness, 0.02-0.05
0.02-0.05 ym 0.08-0.11 ym
Rq um
Reduced
160-200
Young’s 207 GPa 110 GPa
GPa
modulus
C 0.16, Si 0.20%, Mn 1.11%, P )
. ) C 3.34%, Si 2.40%,
Composition/ 0.011%, S 0.026%, Ni 0.07%, Cr
Mn 0.49%, P
coating 0.90%, Mo 0.01%, Cu 0.14%, 1.5-3 ym
. 0.081%, S 0.060%,
thickness Sn 0.10%, Al 0.022%, N
Mg 0.001%
0.0101%

a Balls and discs provided by PCS instruments, UK.
b Commercial coatings provided by Oerlikon Balzers Ltd., UK.

4.2.2 Test Lubricants

The lubricants associated with the MTM tribometer are Group Ill mineral base
oil and fully formulated oil, grade 5W30. All the oils were commercial and
supplied by Total. Initially, several concentrations of MoDTC ranging from 0.1
wt % to 0.5 wt % were blended with the lubricants used in this study. However,
considering the test duration, it was found that the effect of these low
concentrations on friction reduction was insignificant and therefore difficult to
discriminate between different oil formulations with regards to friction
performance. For this reason, 1 wt% concentration of MoDTC was used in this
work. With respect to lubricants containing ZDDP, the lubricant used was
provided by Total with 1 wt% concentration of ZDDP. The key additive
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components of each lubricant are described in Table 4-2. A representative
photograph of lubricant oil samples is shown in Fig. 4-2. The base oil is a
mixture of base oils and polymers (VI improvers and cold flow improvers). The
fully formulated oil B contains detergents, dispersants, antioxidant, antiwear,
viscosity index improvers as well as cold flow improvers. The detailed
chemistry of the fully formulated oil B (i.e. O3) is provided by Total and shown
in Table 4-3.

Table 4-2 Test lubricants

Annotations Oil formulation
BO Base oil B
o1 Base oil B + 1 wt% MoDTC
02 Fully formulated oil B (free of ZDDP/MoDTC)
o3 Fully formulated oil B (free of MoDTC) + 1 wt% ZDDP
04 Fully formulated oil B (free of ZDDP) + 1 wt % MoDTC
05 Fully formulated oil B +1 wt% ZDDP + 1 wt% MoDTC
ZDDP
BO o1 02
2.0 ml
MoDTC

Figure 4-2 Photograph showing six representative oil samples
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Table 4-3 General, physical and chemical characteristics

Fully formulated oil
Characteristics B Unit

General characteristics

SAE grade 5W30 N/A
API classification SL/CF N/A
Base oil type Group 3 N/A

Physical characteristics

Kinematic At40°C 56,2 mm?/s
viscosity At 100 °C 9,84 mm?/s
Viscosity index 163 -
Flash point 236 °C
Pour point <-45 °C

Chemical characteristics

Zn 1190 ppm
Ca 3860 ppm
Mg <10 ppm
B <10 ppm
Chemical P 1065 ppm
Elements
Mo 0 ppm
Ci <30 ppm
S of the
. 0,5 %
lubricant
S ofthe
) <0,05 %
base oil
Antiwear ZDDPII N/A

Friction modifier No N/A
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4.2.3 Test Conditions

Initially, it was required to take the range of test parameters of the MTM
tribometer into consideration because it explores the limitations of the
tribometer and gives an attractive assistance during the experimental part and
during the simulation process. The typical test parameter ranges of MTM
tribometer are represented in Table 4-4. The test conditions employed in this
study were: entrainment speed = 100 mm/s; temperature = 100 °C;
sliding/rolling ratio = 50% and 200%; running-in duration = 30 mins; test
duration = 6 hrs. Based on Hertzian contact pressure analysis and considering
the test conditions (i.e. radius of the ball, the Young’s modulus of the tribopair,
entrainment speed, etc.), the contact load of 33.85 N gives a contact pressure
of 0.75 GPa. This pressure was chosen in order to replicate a typical pressure
at the cam nose in the cam/follower system. The entrainment speed with
respect to the contacting surfaces was represented as (u» + ud¢)/2, where up is
the speed of the ball while ud is the speed of the disc. The sliding/rolling ratio
was represented as the ratio of sliding speed | ub - us| to entrainment speed.
However, SRR= 50% represents the sliding/rolling contact (this ratio is
selected as a standard slipping ratio) while SRR = 200% represents the pure
sliding contact (the ball was held stationary and the disc was allowed to
rotate). The contact pressure values were however calculated based on the

information mentioned in Table 4-5.

Table 4-4 Test parameters ranges of MTM tribometer

Parameter Range
Load Oto75N
Contact Pressures 0to 1.25 GPa
Speed -4 to 4 ms™
Slide/Roll Ratio 0 to 200 %
Temperature Range Ambient to 150 °C

Adapted from [250]



-77 -

Table 4-5 Mechanical properties of samples

Property Ball Disc
Young modulus 207GPa 110GPa
Poisson ratio 0.3 0.211

4.2.4 Experimental Methodology / MTM

Figure 4-3 illustrates the experimental outline of the MTM tribometer. The
samples were cleaned ultrasonically prior to the start of the test using acetone
for at least 15 minutes. Further, the samples were wiped with a cotton bud
soaked in isopropanol. Lastly, an airbrush with isopropanol was used to clean

the samples from dust.

BO

01

50% sliding/rolling ratio (SRR) | 02

(Sliding/rolling contact) 03

04

05

Experimental Outline
I

02

J 200% sliding/rolling ratio (SRR)

‘ (Pure sliding contact)

Figure 4-3 MTM experimental outline
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Two types of tests were carried out in the MTM tribometer, (i) durability tests
and (ii) Stribeck curve tests. Durability tests are used to observe the stability
of the DLC/cast iron system over a period of time under the boundary
lubrication regime. Stribeck curve tests are used to evaluate the friction
properties of the DLC/cast iron system under mixed-boundary lubrication
regimes. The durability test was calculated at 100 mm/s during the whole test
duration (6.5 hrs) which is in the boundary lubrication regime. The Stribeck
curve test was obtained by measuring friction over a range of entrainment
speeds ranging from low to high speeds, 5 to 2000 mm/s. Film thickness
develops with increasing entrainment speed, progressing from boundary
lubrication regime at low speed through to mixed lubrication regime at high

speed. Each test had eight steps, as described in Table 4-6.

Table 4-6 MTM test steps

STEP
NUMBER OF STEPS COMMENTS
DESCRIPTION
Test duration 30 minutes
1 Running-in
Speed 100 mm/s
Test duration 1-2 minutes
2 Stribeck test
Speed range 5-2000 mm/s
Test duration 2 hours
3 Durability test
Speed 100 mm/s
Test duration 1-2 minutes
4 Stribeck test
Speed range 5-2000 mm/s
Test duration 2 hours
5 Durability test
Speed 100 mm/s
Test duration 1-2 minutes
6 Stribeck test
Speed range 5-2000 mm/s
Test duration 2 hours
7 Durability test
Speed 100 mm/s
Test duration 1-2 minutes
8 Stribeck test

Speed range 5-2000 mm/s
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From Equation 2-2 and Equation 2-3, the calculated Lambda ratio (1) showed
that the operating regime was boundary lubrication (4 = 0.1) for the durability
test and mixed-boundary lubrication (ranging from 2=0.1 at low speed to 1 =
1.2 at high speed) for the Stribeck curve tests. For BO and O1, however, the
calculated Lambda ratio was not exceeding 0.9 at high speed implying a
boundary lubrication regime throughout the Stribeck curve tests for these

lubricants.

4.3. Single Cam Rig (SCR) Tribometer

The single cam rig tribometer in Fig. 4-4 was developed by Ofune et al. [76].
This was to simulate the real operating conditions of the cam/follower interface
in an automotive engine. The rig was constructed from a cut down 1.25L ford
Fiesta Zetec-SE engine with a double overhead camshaft (DOHC) and flat
faced removable inserts/tappets in bucket arrangement. The calibration and
development of the direct acting SCR tribometer have been described in detail
previously [76]. Basically, the camshaft was driven through a mechanical
coupling by a 2.2 kW ABB motor (i.e. non-fired mode). The system was able
to operate at high speed (up to 3000 rpm) with limited noise and vibration. A
high sensitivity torque transducer (RWT 421) was connected to the camshaft
by means of flexible coupling to obtain speed and torque measurements. The
calibration of the torque transducer has frequently been made by the
manufacturer. However, an additional calibration was done in Leeds university
[115]. A Hohner shaft encoder with a 720 pulse wheel of 25.4 mm diameter
was affixed at the end of the 20 mm camshaft for cam angle triggering. The
SCR was equipped with a heating system (HAAKE DC200) with a sensitivity
of £0.10 °C to simulate the temperature close to real engine operating
conditions. The lubricant bath consists of a 5 L reservoir which was filled with
the set amount of the lubricant for the test. The flow rate of the lubricant was
controlled by check valves connected to a 6 mm hose. The SCR tribometer
consists of a box which covers the cam/follower area in order to keep a stable
temperature in the tribometer and to avoid lubricant leakage. In addition, the
SCR is also controlled by a standard computer which gives simplicity and

accuracy during tests. The clearance/gap between the followers and base
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circle of the camlobes was maintained around 0.11-0.58 mm. This was
achieved by using standard production inserts with different thicknesses (i.e.
2.275, 2.575 and 2.75 mm). The centre of the tappet was slightly offset from
the centre of the camlobe to facilitate rotation of tappet/bucket for friction

torque reduction.

|

ABB Motor

Load Cell
“4— Controller

Alignment
Coupling

Iy

el L]
1) 8
by L]
At 11

Emergency
Stop Button

A

Single Cam Rig
Test Block

Figure 4-4 Single cam rig tribometer (SCR)

4.3.1 Test Materials and Coatings

Experiments were performed using standard production inserts made of steel.
The inserts were coated with Mn-phosphate coating (MnPOQa4) with thickness
of 0.5-2.0 ym, where MnPO4 coating is a commercial standard production
surface coating for inserts. Diamond-Like Carbon coating (DLC) with
thickness of 1.5-5.5 ym was also evaluated in the motored single cam rig.
Similar to MTM samples, the DLC coating was deposited on the steel tappets
(by Oerlikon Balzers Ltd., UK.) using Plasma Enhanced Chemical Vapour
Deposition (PECVD) process. The surface roughness values were 0.25 ym
and 0.02 ym for the MnPO4 and DLC coating respectively. The camshaft is a
standard production made from chromium chilled cast iron with Ra 0.15 pm.
The tappet insert is made of 16MnCr5 steel (with thin film surface coating of
Mn-Phosphate) with hardness of 60 — 70 HRC (typically harder than the
camshaft). The hardness of camshaft was in the range of 50 — 55 HRC. In
addition, the hardness of DLC coating was in the range of 15 — 25 GPa. For
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the engine used in this work (1.25L ford Fiesta Zetec-SE), different tappet
thicknesses ranging from 2 mm to 3.3 mm can be employed. However, as
mentioned earlier, only three thicknesses of tappets were chosen for this study
(2.275, 2.575 and 2.75 mm) which were commercially available and in line

with the methodology of this work.

4.3.2 Test Lubricants

Two lubricants were used in the SCR tests (i.e. O3 and OS5, from Table 4-2).
Both of them were fully formulated oils containing 1wt% of Zinc
DialkylDithioPhosphate (ZDDP). However, one of the fully formulated oils (i.e.
O5) was blended with 1 wt% of Molybdenum Dialkyl Dithiocarbamate
(MoDTC).

4.3.3 Test Conditions

A cam/follower design is very complex because there are many inter-related
parameters that must be taken into account. These parameters experience a
huge dynamic variation in load and applied stress at different engine operating
conditions such as low speed, high speed, high temperature, full-load, no-fuel
motoring and others [252]. Thus, it is essentially important to explore the range
of operating conditions of a cam/follower system because it helps during the
experimental work and the simulation process. Table 4-7 shows typical
tribological and performance parameters of cam/follower mechanism for IC

engines with a range of its operation conditions.

Table 4-7 Typical tribological and performance parameters for IC engines

Parameter Cam / Follower
Temperature 80 - 150°C
Speed 250 — 9000 rpm
Maximum Pressure/Loading 0.6 — 2.0 GPa
Minimum Film Thickness 0.1 -0.15 pym
Power Losses 0.04 — 0.20 KW

Composite Surface Roughness 0.02-0.3 umRa

Adopted from [28]
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The single cam rig tribometer offers a great opportunity to simulate the real
operating conditions of cam/follower contact in an automotive engine taking
into account the limitation of speed in the single cam rig (i.e. high speeds
increase the vibration and the noise of the rig). The average friction torque
was recorded at camshaft speeds of 300, 600, 1000, 1200, 1500, 1800 and
2100 rpm. The average friction torque was obtained by taking an average of
the 200 data points obtained for each camshaft cycle (i.e. this corresponds to
approximately 1 data point for every 1.8°of cam shaft rotation). The SCR has
a typical contact load (1286 N) which in return results in a mean contact

pressure of 0.75 GPa.

For MnPO4 experiments, the oil temperature was maintained at 100 °C and
130 °C, as different test conditions. For DLC experiments, however, the test
was only carried out at 100 °C due to limited availability of sensors used in

tappet rotation measurement.

To evaluate the lubrication regime at the cam/follower interface, Dowson and
Higginson equation for line contact was used [31]. For both coatings (i.e.
MnPO4 and DLC) and based on the speed range tested, the oil film thickness
lies in the range of 0.05-0.21 um. In addition, the calculated Lambda ratio (A)
was 0.21 at 300 rpm and around 3.12 at 2100 rpm (i.e. boundary/mixed
regime). The SCR was set to run for a longer duration at low speeds, which is

under predominantly boundary lubrication regime.

4.3.4 Tappet Rotation Measurement

A range of GMR sensors against magnets were investigated for sensing
rotation of the tappet. Initially, a simple test rig (see Fig. 4-5) was designed
(by ReSolve, UK) to help validate and tune the sensor-magnet setup. The test
rig was used to evaluate the different sensor board-magnet combinations
across varied geometric conditions. The relative orientation of the sensor and
magnet was investigated to determine the best signal response while
considering the machining and geometric constraints of the cam housing and

tappet respectively. The sensor signal was monitored using a data acquisition
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device (NI myDAQ, National Instruments, USA) while the speed of the motor
(918D15112/1, Como Drills, UK) was varied from 0-400 rpm. For a vertical
mounted sensor with the magnet configuration shown, a stable pulse train was
generated across the entire speed range. This configuration was therefore

selected for integration into the cam housing.

Sensor board locations
Variable position/orientation

AN

Magnet location

Bucket holder

DC Motor

Height adjustment

Figure 4-5 Tappet rotation test rig

The ADVO001-00E north-south latching bipolar digital switch sensor
(RHOPOINT components, UK) was found to give the highest sensitivity to the
magnet/tappet magnetic field within a suitable form factor for integration into
the tappet housing. The ADV001-00E was configured with a 5 V supply
(myDAQ, National Instruments, Texas, USA) and a pull up resistor to generate
a latch low (0 V) signal upon approach with a sufficient magnetic field and high

reset (5 V) on presence of an opposing field.
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Magnet

— 12.5mm

=< 0.7mm thickness

2.75mm, 2.575mm, 2.275mm

— =

Figure 4-6 Sensor and magnet information: (a) sensor position on the single
cam rig, (b) different sizes of magnets were initially tested, (c) a magnet

force fitted onto the underside of a shim (d) magnet dimensions and position

As shown in Fig. 4-6a, the sensor was installed very close to the tappet/bucket
and the wires (from the sensor) were routed out of the rig from the side.
Different sizes of magnets (see Fig. 4-6b) were initially tested in order to select
the right size magnet which has the ability to maintain a strong magnetic field
at high temperatures. Therefore, the sensor was coupled with a split pole
ferrite disc magnet (12249, RHOPOINT components, UK) which was
machined eccentrically into the underside of the tappet (see Fig. 4-6¢). A
material from the tappet was extracted and the magnet (with thickness 0.7
mm) was force fitted onto the tappet. Magnet information (i.e. dimensions and
its position on the tappet) are shown in Fig. 4-6d. The mass of tappet was
checked with and without the magnet and the difference was negligible.
Likewise, magnet position did not modify the normal rotation of the tappet.
Latching behaviour of the sensor generated a robust pulse train with one cycle
per revolution of the tappet allowing rotation count and speed determination.
Measurements of tappet rotation were obtained using a data acquisition

device and bespoke software (LabVIEW, National Instruments).
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4.3.5 Experimental Methodology / SCR

Figure 4-7 shows the experimental outline of the single cam rig (SCR)
tribometer. The test cycle included two sections: the running-in stage and the
steady state stage, as shown in Fig. 4-8. A whole test contains six cycles (i.e.
each cycle takes 12.5 hrs and the total time for each test is 75 hrs, without the
running-in time). On the other hand, tappet rotation was recorded using an
advanced data acquisition system. Accordingly, from the LabVIEW software,
the rotation was obtained by calculating the number of counts (i.e. pulse

counts) per second.
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Figure 4-7 SCR experimental outline
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Figure 4-8 Single cam rig test cycle

4.4. Surface Analysis Techniques

Different surface analysis techniques were used in this study to characterise
the topographical and chemical features of the formed tribofilm on the wear

Scar.

4.41 Optical Microscope

A Leica DM6000M Microscope was used for physical observation of DLC balls
and CI discs. High quality 2D and 3D Images can be obtained from this
microscope using LAS V3.8 software. The microscope helps to provide
information on wear mechanisms (i.e. investigate the durability of coatings) as
well as to measure the width of the wear scars formed on the ball/disc
tribopair.

4.4.2 NPFLEX White Light Interferometer (WLI)

2D and 3D images of wear tracks generated on the MTM samples (i.e. ball
and disc) and SCR samples (tappets only) were obtained by white light
interferometry using NPFLEX from Bruker, UK. The results obtained from
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NPLEX were analysed using Vision64 software. Before NPFLEX analyses, in
order to remove any physisorbed tribofilm formed on the wear scar, all
samples were cleaned in acetone in an ultrasonic bath for at least 15 minutes.
In addition, prior to the wear measurement, a droplet of
ethylenediaminetetraacetic acid (EDTA) was used (by the method described
in [253]) to remove the tribofilm from the analysed wear track. The droplet was
removed with a cotton bud and the samples were cleaned with an airbrush
filed with isopropanol. This was necessary to avoid any misleading wear
measurements due to the transparent characteristics of the formed tribofilm
[254]. Two-dimensional and three-dimensional images for the wear track were
taken, and the average wear depth of different sections inside the wear track
were calculated. The typical data of the cross sectional area of the wear scar,

obtained from the Vision64 software, is given in Figure 4-9.

X Profile: AX=0.4162 mm; AZ=-3.1300 ym

00 02 04 06 08 10 1213

00 02 04 06 08 10 1213
mm

Figure 4-9 Typical NPFLEX wear measurements of the Cl disc

4.4.3 Scanning Electron Microscope (SEM) / Energy Dispersive X-Ray
(EDX)

In this work, a Zeiss EVO MA15 variable pressure SEM was used to analyse
the worn surfaces and to investigate the durability of the coatings employed.
An Oxford instrumented EDX (probes to 1 ym depth) with scan size of 80 mm?
was incorporated into the SEM device to provide elemental composition of the
different regions on the coated inserts. Energy-Dispersive X-ray (EDX)
analyses of the inserts were obtained from inside and outside the wear tracks.
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For all samples, it was essential to examine an unworn surface for
comparison. Thus, SEM/EDX analyses were performed before and after the

test.

From SEM (see Fig. 4-10), under vacuum conditions, high resolution images
to nano-meter scales (nm) can be produced. These images were recorded at
an accelerating voltage of 20 keV corresponding to a volume fraction analysis
depth around 2-3 uym. Ideally, a beam of electrons are produced by an electron
gun. These electrons will interact with the atoms of the test surface resulting
in different signals. The radiation emitted can be collected by a detector and
the signals will be shown on the television monitor screen [255]. These signals

allow the identification of surface features and small particles present.
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Figure 4-10 Schematic of Scanning Electron Microscope [256]

4.44 Focused lon Beam (FIB) / Transmission Electron Microscopy
(TEM)

The samples were prepared using FEI Nova200 dual beam SEM/FIB fitted
with a Kleindiek micromanipulator for in situ lift-out. FIB technique is used to
quantify the exact thickness, composition and morphology of any tribofilm
formed on the worn samples. The FIB section is 15 microns by 5 microns with

a final thickness of approximately 50 nm.



-89 -

After FIB sample preparation, Transmission Electron Microscopy (TEM)
analyses were performed. A beam of electrons is transmitted through an ultra-
thin specimen and interacting with the specimen. Consequently, an image is
formed from the interaction of the electrons transmitted through the specimen.
TEM analysis was carried out using the FEI Titan Themis Cubed 300 operated
at 300kV, fitted with Super-X EDX system with windowless 4-detector design,
EDX data was analysed using Velox. TEM images were collected using the
Gatan OneView 16 Megapixel CMOS digital camera. STEM images were
collected under HAADF conditions. The TEM high resolution images were
used to provide quantitative and qualitative information about the thickness of
the tribofilmes formed after the tribotest. Fig. 4-11 shows one of the typical
FIB preparation sections for TEM.

L e
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v, | HV WD det mag O HFW
2.00 kV | 3.9 mm ETD 13 031x 31.8 pm

Figure 4-11 Typical FIB preparation section for TEM

4.4.5 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) analysis was carried out in this
study. XPS is a powerful technique extensively used for the surface analysis
of materials. This technique allows the tribofilms chemistry to a depth of
approximately 5 nm to be determined. XPS was performed at NEXUS facility
nanoLAB with a Theta Probe MK (II). XPS depth profiling experiment was
performed on worn samples using ion gun monatomic bombardment. For both

tribometers, the XPS survey scan was used to determine the type of elements
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present in the tribofilms. Typical survey and long scans obtained from the XPS
instrument are presented in Fig. 4-12. However, before using XPS analysis,
all samples were cleaned using n-heptane to remove residual oil and
contaminants. The electrons were excited with a micro focused
monochromatic aluminium K-alpha X-ray source of 1486.6eV. A handbook of
XPS was used to identify most of the chemical species at the respective
binding energies [257]. The XPS curves were processed using the CasaXPS
software. The position of the major component of the C1s peak (284.8 eV)
was considered as the reference for charge correction. The peak area ratio,
full-width at half-maximum (FWHM), and difference between binding energies
of the doublets were taken and found from literature and then applied to the
data received. A linear background approximation was used to process the

data in this study.

Survey C1s Scan

C1s

O1s

CPS
Na 1s
Zn 2p

Binding Energy (eV) Binding Energy {eV)

(a) (b)

Figure 4-12 Typical survey scan (a) and long scan (b) obtained from XPS

4.4.6 Raman Spectroscopy

Raman spectroscopy has been commonly used to determine the
structure/composition of the tribofilms generated in a tribocontact. In this
study, a Renishaw inVia Raman spectrometer with 488 nm wavelength and

10% power filter was used to examine the structural modifications inside and
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outside the wear track of all the samples. The laser power of 488 nm was
essential to detect distinct MoS2 peaks from MoDTC tribofiim [198]. For
camlobes, the structural modifications of the tribofilms took place at seven
locations using ASTM D6891 standard. This was also an attempt to map the
tribochemical films across the camlobes and correlating this to the wear.
Details of this will be discussed in the following section. Raman principle is
based on the inelastic scattering of a monochromatic light [258]. This
scattered light is split into component wavelengths or spectrum and detected
on a charged-couple device (CCD) detector (see Fig. 4-13). This light interacts
with the vibrations of the system resulting in a variable energy that shifts up

and down. This shifting provides information about the test sample.

Video | O |

monitor
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l% ?" _— 3 i
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Sample ? 1 —
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Figure 4-13 2D schematic representation of Raman spectroscopy [259]

4.4.7 Contact Profilometry

In this study, two dimensional measurements were conducted using the
Talysurf 120L from Taylor Hobson. This technique was used to observe the
depth of wear scar formed on camlobes. In addition, surface profile and
surface roughness were analysed. The data was collected using Talysurf ultra
software. In an attempt to link the wear of the camlobes with standard engine
tests, wear examination took place at seven locations on the cam profile (£14°,
1+10°, +4° and cam nose-0°) (see Fig. 4-14), in accordance with ASTM D6891
standard (sequence IVA). This method was recently used by [76, 134]. The
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cam nose (0°) was considered as the reference and other locations were
indexed with respect to this location. However, all locations were measured
with an angular digital dial and protractor which was affixed on the camlobes
with an accuracy of +0.5°. For all seven selected locations, the contact
pressure, lubricant entrainment velocity, load per unit length, cam lift profile,
velocity profile and acceleration profile were evaluated by Ofune [115] to
correlate these values to the wear mechanisms (see Table 4-8 and Fig. 4-15).
This was done to understand the nature of tribofilms formed across the cam
profile which typically, has varying pressure, film thickness, slide roll ratio and
lubricant entrainment velocities. Moreover, at all locations, several traces
were taken and the average was used as the wear scar for the camlobe. A

typical cam nose profile pre-test and post-test is presented in Fig. 4-16.

0 deg
-4 deg +4 deg
-10 deg +10 deg
-14 deg +14 deg

Figure 4-14 The seven positions of surface profilometer traces on the

camlobes [134]

Table 4-8 Contact pressure across camlobe

Angle Pressure
0° (cam nose) 0.76 GPa
$4° 0.70 GPa
+10° 0.62 GPa
+14° 0.59 GPa
180° (base circle) 0 GPa

Adapted from [115]
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Chapter 5. Mini Traction Machine (MTM): Investigation
of Friction, Wear and Tribochemistry of Different
Lubricant Formulations under Pure Sliding and
Sliding/Rolling Contacts

5.1. Introduction

Diamond-Like Carbon (DLC)/cast iron (Cl) systems have been widely
investigated due to their important applications in engine components such as
cylinders, pistons and more specifically for the cam/follower interface. In this
chapter, results obtained from the Mini Traction Machine (MTM) are
presented. The experiments address the effect of MoDTC under mixed-
boundary lubrication conditions using a fully formulated oil containing Zinc
DialkyIDithioPhosphate (ZDDP), a fully formulated oil free from ZDDP and a
Group Il mineral base oil. Optical Microscopy and White Light Interferometry
were used to observe the wear scar. In addition, Scanning Electron
Microscopy (SEM), Energy-Dispersive X-ray (EDX), Raman spectroscopy and
X-ray Photoelectron Spectroscopy (XPS) analyses were all performed on the
tribofilms to understand the effect of type of contact on the tribochemical

interactions between oil additives and the ball/disc interface.

5.2. Friction Results
5.2.1 The Correlation between SRR and Friction

The MTM durability test, which is mentioned in Chapter 4, is primarily essential
to identify the stability of the system through a particular period. Figure 5-1
shows friction coefficient values during the whole test duration at 50% SRR
and 200% SRR values. As mentioned earlier, MTM tests lasted for 6.5 hrs
and were started with 30 minutes running-in followed by a Stribeck curve test
for 1-2 minutes then a durability test for two hours. This procedure, except the
running-in period, is repeated twice. The fluctuation in the data at 1800 s, 9000
s and 16200 s is where the Stribeck (speed-scanning) tests were done. In
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general, all oils followed the same trend with time but there were quite clear
fluctuations when SRR was 200% and this resulted from the severe conditions
of the test. In other words, at 200%, the ball is stationary and that in turn
offered more instability to the system. The steady state friction, under
boundary lubrication, was presented as the average friction values of the last
hour of each test. Accordingly, Fig. 5-2 shows the average of coefficients of
friction for all oils at 50% SRR and 200% SRR. It can be seen that no
systematic trend of friction coefficient was observed for both SRR values.
However, this is found to be due to the influence of sliding/rolling ratio on

surface chemistry. Details of this will be addressed later in this chapter.
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Figure 5-1 Friction coefficients for a CI/DLC system as a function of time: (a)
at 50%SRR and (b) 200%SRR
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Figure 5-2 Average friction coefficient values for the last hour for all oils at
50% SRR and 200% SRR

5.2.2 The Correlation between SRR and Stribeck Curve Evaluation

The Stribeck curve evaluation gives an indication of the tribofilm build-up and

the time to reach steady state conditions.

Fig. 5-3 and 5-4 show Stribeck curves for each oil as a function of time and
mean speed under the sliding/rolling (50% SRR) and the pure sliding (200%
SRR) conditions. A systematic trend of friction coefficient was seen for both
SRR values over time. For example, comparing the first 30 minutes to the
following 2 hrs of the tests, friction was generally higher at 50% SRR (i.e.
sliding/rolling contact) than 200% SRR (i.e. pure sliding contact) for oils
containing MoDTC. This suggests a slower build-up of tribofilms in
sliding/rolling contacts compared to a pure sliding contact. For the lubricants
with no MoDTC (BO, 02, O3), the change in friction over time was not
significant at 200% SRR. However, at 50% SRR, for O2, a considerable
change in friction over time was seen suggesting tribofilm evolution over a

much longer timeframe.
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Figure 5-3 Stribeck curves for (a) BO, (b) O1, (c) 02, (d) O3, (e) O4 and (f)
O5 as a function of time at 50% SRR
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Figure 5-4 Stribeck curves for (a) BO, (b) O1, (c) 02, (d) O3, (e) O4 and (f)
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In order to have a better picture of the SRR effect on the tribological behaviour
of the lubricants under the boundary lubrication regime, friction coefficients for
each oil were plotted (see Fig. 5-5) at 50% SRR and 200%. The speed of 10
mm/s was chosen to be representable of the boundary lubrication regime.
From Fig. 5-5, it can be seen that SRR can play an important role in the
frictional behaviour for the lubricants containing MoDTC (i.e. O1, O4 and O5).
In particular, pure sliding contact enhanced the activation of MoDTC over time.
It is also interesting to note that the lubricant with ZDDP only (i.e. O3) was not
affected by different SRR values and the friction responses were comparable

over time.

Table 5-1 Range of surface roughness for balls and discs at the end of each

test

Roughness, Rq (um)

Oil Type 50% SRR 200% SRR
Disc Ball Disc Ball
BO 0.22-0.36 0.05-0.31 0.13-0.12  0.09-0.20
0O1: BO+MoDTC 0.11-0.29 0.10-0.15  0.15-0.20  0.09-0.31

02: FF(MODTC/ZDDP- 0.19-0.21 0.03-0.16  0.20-0.22 0.09-0.32

free)

O3: FF+ZDDP (MoDTC-  0.14-0.15 0.11-0.13  0.12-0.30 0.07-0.11

free)

O4: FF+MoDTC(ZDDP-  0.13-0.27 0.04-0.13  0.23-0.37 0.03-0.11

free)

05: FF+(MoDTC+ZDDP)  0.11-0.17 0.12-0.16  0.13-0.20 0.09-0.33

The observed reduction or difference in friction between both contacts was
expected to be influenced by change in surface roughness over time in
addition to changes in surface chemistry. The surface roughness for balls and
discs at the end of each test was investigated, as shown in Table 5-1.
Comparing the surface roughness after the test to the initial roughness (see
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Table 4-1), rougher surfaces were observed for both the discs and the balls
after the tests. Nevertheless, friction reduction was reported over time for most
oils. The tribological performance is more controlled by the contact type and
the tribofiim formed on the ball/disc tribopair rather than the surface
roughness. This means that the Lambda ratio progressively decreases as the
tests progresses and the lower friction is dominated by the action of the

tribochemistry effect.

5.2.3 Range of Friction Values in the Boundary Lubrication Regime

Table 5-2 shows how the addition of MoDTC affects steady state friction
values for the DLC/CI system when lubricated in base oll, fully formulated (FF)
oil without ZDDP and fully formulated oil with ZDDP in the boundary lubrication
regime. From Table 5-2, it is apparent that regardless of the type of contact,
the addition of MoDTC to the oil formulations always improved the frictional
properties of the DLC/Cl system. In the case of fully formulated oil B
containing ZDDP (i.e. O3 and O95), it can be seen that the positive effect of
MoDTC on reducing friction was more pronounced for the pure sliding contact
(i.e. more tangible friction reduction at 200% SRR than at 50% SRR when
lubricated with fully formulated oil B containing ZDDP).

The range of friction values (Ap) is defined as the difference between the
highest friction value (i.e. at the start of the test) for each test duration and the
lowest friction value under the boundary lubrication regime (i.e. when A<1). Apu
values for all lubricants and for different time intervals throughout the tests are
plotted in Fig. 5-6. From Fig. 5-6 (a), at 50% SRR, MoDTC offered the highest
friction reduction for the first 2 hrs for O1 and O5 while the highest friction
reduction was observed for O4 when the test ran for 4 hrs. Fig. 5-6 (b), at
200% SRR, the effect of MoDTC on friction reduction was considerable during
the running-in period (i.e. initial 30 minutes). Interestingly, the range of friction
values for the lubricant with ZDDP alone was quite constant and was not
affected over time. It is clear that friction coefficient values were observed to
vary quite considerably for most of the lubricants. This is quite an important

finding as most of the modelling works assume a constant value for (u) across
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the boundary lubrication regime [254]. In practice, however, friction values
may vary due to the changes in surface physical, chemical and mechanical
properties. In addition, surface topography experiences significant
modifications due to different surface phenomena which can lead to

fluctuations in friction.

Table 5-2 Average of steady state friction in boundary lubrication at the last

hour of each test

Average of steady state friction coefficients when A<1

50% SRR 200% SRR
Oil Type
Without With Without With
MoDTC MoDTC MoDTC MoDTC
BO 0.08 0.05 0.09 0.06
FF (free of 0.08 0.07 0.09 0.06
ZDDP)
FF + ZDDP 0.1 0.06 0.1 0.05
® 30 Minutes ::2 Hours <:4 Hours F16 Hours
(a) (b)
0.09

B i &
0.07 tI I :: T
0.06 |TH S R I
g : 3 3 N L
é&.o.os 5 3 3 § 3 3 B
oo [ R h N |l
ooz || [
oo |F 0 I
0 N N u N 3
BO o1 02 03 04 05 BO o1 02 03 04 05

Oil Formulation

Figure 5-6 Range of friction values Ay at 4 <1 for all oils: (a) at 50% SRR
and (b) at 200% SRR
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5.3. Wear Results

Post-test physical observation of Cl discs and DLC balls (under both contacts)

was initially carried out by optical microscopy.

Representative images of the wear track that formed on both the Cl disk and
the DLC coated ball are shown in Fig. 5-7 and Fig. 5-8. DLC balls however
indicated a very shallow wear scar on all balls irrespective of the oil

formulation which made the quantitative analysis of the wear scar on all DLC

balls a challenge.

Figure 5-7 Representative optical images of the wear scar formed on
uncoated cast iron discs (a) at 50%SRR (b) at 200%SRR

200 pm 200 pm

Figure 5-8 Representative optical images of the wear scar formed on DLC
coated balls (a) at 50%SRR (b) at 200%SRR, the arrows on the left side of

the images show sliding directions
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In order to quantify the wear depth of the coated balls and CI disks, White
Light Interferometer (WLI) was used. Representative images of the wear track
that formed on both the CI disk and the DLC coated ball are shown in Fig. 5-
9.

(@) (b)
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Figure 5-9 Representative interferometer images of the wear track that

formed on: (a) uncoated cast iron disc and (b) DLC coated ball
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Figure 5-10 Average of wear depths that formed on: (a) uncoated cast iron
discs and (b) DLC coated balls (note different wear depth scales)
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Furthermore, wear depths for both the discs and the balls were evaluated and
shown in Fig. 5-10. Itis important to observe that no lubricants show extremely
high wear on DLC coating. In addition, the uncoated cast iron discs exhibited
more wear than the DLC coated balls, as expected, because of the large
difference in hardness. This is in line with other published literature where they
found lower wear of the DLC coated balls as compared to the uncoated disk
[221, 260, 261].

5.4. Chemical Analysis of Tribofilm
5.4.1 SEM-EDX Results

From Fig. 5-11, SEM micrographs of the Cl discs revealed that interactions
took place among the oil formulation, type of contact, the disc surface and the
DLC ball surface. However, the DLC balls were not clearly identified by SEM
and the micrographs (not shown here) were seen to be similar under the effect

of contact type and oil formulation.

EDX semi-quantification of ClI discs and DLC balls (for Mo, Zn, P and S
elements) is presented in Fig. 5-12. Essentially, the chemical composition of
the tribofilms was found to vary with changing the type of contact and the oil
formulation. Generally, greater Mo, Zn, S and P was reported on Cl discs than
DLC balls. This reveals that the tribofilm formed on the CIl discs was thicker
than the tribofilms formed on the DLC balls. Similar findings were seen by

Raman spectroscopy and XPS.

Comparing sliding/rolling contact to pure sliding contact, the CI disk lubricated
in O1 showed similar characteristics under both contacts. Nevertheless, low
friction and good wear was observed under pure sliding contact. This clearly
confirms that the tribological performance was not only controlled by the
tribofilm formed on the surface but also by the contact type. Although quite
similar amounts of Mo were detected on the ClI discs (lubricated in O4) under
both contacts, a clear reduction in friction was reported under pure sliding
contact. For the DLC balls lubricated in O1, O4 and O5, only Mo was seen

while no other elements (i.e. Zn, S and P) were detected under both contacts.
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Contact
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Figure 5-11 SEM micrographs of Cl disks at end of test
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5.4.2 Raman Spectroscopy Results

Based on the literature, the expected shift in Raman spectroscopy for
molybdenum disulfide (MoS:2) is reported at 383-410 cm™', molybdenum
trioxide (MoOs) at 828-951 cm-', carbon (C) at 1366-1596 cm!, haematite
(Fe203) at 120-310 cm™ and magnetite (Fes0a4) at 670-680 cm™ [15, 76, 201,
262, 263]. Raman spectra obtained from the CI discs under both contacts is
shown in Fig. 5-13. Raman spectra are plotted on the same scale and have
been shifted vertically for clarification purposes. For the Cl disks lubricated
with MoDTC additive (i.e. O1, O4 and O5), the Raman spectra under
sliding/rolling contact indicated the presence of MoSz in the range of (380-413
cm-). For all lubricants containing MoDTC, MoO3 was not detected by Raman
spectroscopy. The broad peaks at 925-926 cm™ were assigned to the iron (l1)
molybdate FeMoO4 [119, 201, 202]. The iron molybdate is clearly detected
when using O1 while there was little presence of FeMoO4 when using O4 and
O5. Due to the graphite normally present in the microstructure of the cast iron,
peaks due to the formation of graphitic carbon are observed on the Cl disc
surface. The G and D peaks were around 1595 cm™” and 1367 cm’
respectively. However, carbon peaks were not clearly pronounced when using
01, O2 and O5 as compared to the CI disks lubricated in BO, O3 and O4.
Fe203 peaks (197-299 cm') were observed for BO, O1, O4 and O5. In
addition, Fe3O4 was clearly detected in the range of (671-685 cm™) when
using BO, O1, O3 and O4. In contrast, there was no presence of Fe203 and

FesOa4for all lubricants under pure sliding contact.

Fig. 5-14 shows the intensity of MoS2 and FeMoOa for all oils containing
MoDTC (i.e. O1, O4 and O5) under both contacts. Comparing pure sliding
contact to sliding/rolling contact, higher intensity of MoS2 (385-411 cm-') was
clearly observed. This is in agreement with the friction results (i.e. lower
friction was reported for O1, O4 and O5 under pure sliding contact as
compared to sliding/rolling contact). In addition, for pure sliding contact,
FeMoO4 (925 cm™') was only detected when using O1. Raman peaks due to
the presence of carbon (1595 cm'-1367 cm') were not observed when using
O4 and O5.
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For both contacts and for all lubricants used in this study, Raman spectra for
the DLC balls have shown similar characteristics or film structures (i.e. no
structural modifications have occurred), as shown in Fig. 5-15. Carbon peaks
were the only peaks on the DLC ball surface. The G and D peaks were around
1550 cm™" and 1370 cm' respectively. A broad G peak was detected due to
the laser power of 488 nm used for the analysis [115, 264]. Also, for the G
peak, under both contacts, the Raman spectra showed no difference in the
value of the full-width at half-maximum (FWHM) and the value of the ratio
Ho/He. This might suggest that no structural modification of the DLC balls has
happened after 6.5 hours test duration. However, based on EDX results, Mo
was detected in most DLC balls lubricated with MoDTC additive (i.e. O1, O4
and O5). Nevertheless, no MoS2 and/or MoOx peaks were observed on the
DLC balls. This could either be due to a low amount of tribofilm formed or the
surface sensitivity of the Raman Spectroscopy. Therefore, to confirm previous
findings, all samples were examined using X-ray photoelectron spectroscopy
(XPS). Details of this is discussed in the next section.
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Figure 5-13 Raman spectroscopy for the Cl discs under: (a) sliding/rolling
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5.4.3 X-ray Photoelectron Spectroscopy Results

From previous XPS analyses, tribofilms of lubricants containing MoDTC
showed Mo 3d peaks at 229, 232.3 and 235 eV [188, 194]. The tribofilms of
lubricants containing MoDTC were thought to be composed of MoOs because
of the presence of Mo 3ds2 peak at 232.3 eV. The Mo 3ds2 peak for FeMoO4
is also reported at 232.3 eV [199, 200]. As molybdenum in MoO3 and FeMoO4
have the same oxidation state (+6), it is impossible to distinguish the two
compounds (i.e. MoOs or FeMoO4) from XPS analysis [201]. However, Raman
spectroscopy is capable of clearly distinguishing molybdenum species, even
if these species have the same oxidation state. Thus, MoO3 or FeMoQO4 peaks
were clearly distinguished from Raman analysis [202, 203]. In this work,
Raman peaks belonging to FeMoO4 were clearly observed but MoOs peaks
were not detected at all. Therefore, for the XPS results, it was believed that

the Mo 3ds2 peaks are due to the presence of FeMoO4 and not MoOs3[201].

For both contacts, the fitted Mo 3d peaks obtained from the Cl discs lubricated
in oils containing MoDTC (i.e. O1, O4 and O5) are shown in Fig. 5-16. Unlike
Raman results, it can be seen that regardless of the contact type, FeMoO4
and MoS2 were all identified in the tribofilms formed on the CI disks. For all
lubricants, the MoS2/FeMoOa ratio was higher under pure sliding contact
compared to sliding/rolling contact. It is also evident that the quantity of Mo,
as detected by the Mo 3d peak on the CI disk under pure sliding contact was
higher for O5 compared to O1 and O4. That could explain the friction values
which were found to be the lowest when using O5. From Fig. 5-16, it is also
evident that FeMoO4 was not detected on the disc before test, this confirms
that FeMoO4 come from the tribofilm, not the original surface. For both
contacts, the XPS spectra of ZDDP derived species (Zn 2p and P 2p) formed
on the Cl disks using O3 and O5 are shown in Fig. 5-17. It can be seen that
Zn-phosphate and ZnS/ZnO species were formed on the Cl discs under both

contacts.

Unlike the Raman spectra on the DLC balls, XPS spectra showed that
FeMoOs and MoS:2 were generally observed on the tribofilms formed on the
DLC balls. For both contacts, the fitted Mo 3d peaks obtained from the DLC
balls lubricated in oils containing MoDTC (i.e. O1, O4 and O5) are shown in
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Fig. 5-18. It was evident that the intensity of FeMoO4 was higher under
sliding/rolling contact as compared with the pure sliding contact. For O5, the
amount of Mo 3d detected on the tribofilm formed on the DLC was higher
under pure sliding compared to the sliding/rolling contact. This result validates
the friction results obtained by the DLC ball under sliding/rolling contact. For
both contacts, the XPS spectra of ZDDP derived species (Zn 2p and P 2p)
formed on the DLC balls using O3 and O5 is shown in Fig. 5-19. It can be
seen that the formation of the phosphate film was not affected by the presence
of MoDTC. For O5, the amount of Zn 2p and P 2p detected on the DLC ball
was slightly higher under pure sliding contact compared to the sliding/rolling
contact. The obtained results could justify the wear performance of the DLC
ball under pure sliding contact. For both contacts, the fully formulated lubricant
(O5), which contains MoDTC and ZDDP, has shown the best tribological
performance (i.e. lower friction and wear) of all the tested lubricants. XPS
depth profiling for O5 only for both contacts was shown in Fig. 5-20. For
clarification purposes, Fig.5-20 is plotted on different scales. For both
contacts, the tribofilm formed on the CI discs was relatively thicker than the
tribofilms formed on the DLC balls.
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Figure 5-16 XPS spectra of the discs lubricated with MoDTC under: (a)

sliding/rolling contact, (b) pure sliding contact
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5.5. Effect of Oil Formulation and Contact Type on Stribeck Curve
Evaluation

For 50% SRR (sliding/rolling contact) in Fig 5-3, it is clear that most of the
lubricants showed a low friction coefficient of about 0.04 at high entrainment
speed, characteristic of the mixed lubrication regime. The lubricant film
provides partial separation; the contact load is shared between the contacting
asperities and the film as a result of some mechanical interactions [16, 265].
At low entrainment speed, however, all of the lubricants showed higher
friction, characteristic of the boundary lubrication regime, where extensive
interactions occur and behaviour is characterised by the formation and

removal of thin films of molecular proportions called tribofilms [28].

In the absence of additives, BO exhibited fluctuating friction values over
varying entrainment speeds. MoDTC has no clear effect on friction reduction
for the first 30 minutes of the tests; probably because the MoS:2 sheets need
a sufficient time in order to be completely formed, as reported by Grossiord et
al. [188] and Rai et al. [266]. BO gave the lowest friction among all other oil
formulations for speeds ranging from 5 to 330 mm/s. Friction values were
slightly reduced after 2 hrs of rubbing for all oil formulations and the reduction
in friction was particularly significant for O5, probably due to a synergy
between MoDTC and ZDDP. This is in line with the literature where MoDTC
was found to be more effective when used together with the ZDDP and the
combination of both was reported to significantly improve the tribological
performance [197]. BO still exhibited fluctuating friction values after 2 hrs of

rubbing, likely due to the absence of additives.

Early work [188, 192, 204] has shown that the MoDTC additive readily forms
MoS:2 sheets under mixed-boundary lubrication regimes offering low friction
on the tribological contacts. As a result, MoDTC played an essential role in
reducing friction after 4 hrs of rubbing; O1 and O5 showed a higher friction
reduction when compared to the rest of the oil formulations. Stable friction was
reported after 6 hrs of rubbing. O3 gave the highest friction among all other oil
formulations for speeds ranging from 5 to 530 mm/s. This is in line with the

literature where tribofiims formed by ZDDP showed higher friction
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performance [267]. In other words, ZDDP increases friction when added to the

lubricant due to the formation of pad-like tribofilm.

For pure sliding (200% SRR) contact in Fig. 5-4, it is apparent that the effect
of MoDTC and ZDDP in the first 30 minutes of rubbing is negligible. This is
mainly because tribofilms of both additives need sufficient time to form on the
surface. The lowest friction was about 0.03 which resulted from O2 and is
characteristic of the mixed lubrication regime. One similarity between base oil
and ZDDP alone was that BO and O3 gave the highest friction of about 0.1,
probably due to the absence of additives in BO and the presence of ZDDP in
03. The effect of both MoDTC and ZDDP additives was more pronounced
after 2 hrs of rubbing which led to a lower friction response. For this contact
(i.e. pure sliding) O3 still showed the highest friction which was likely due to

the presence of ZDDP additive.

5.6. Effect of MoDTC on Wear

From Fig. 5-10, cast iron (Cl) discs showed relatively high wear when
lubricated with O1 and O4 (i.e. MoDTC alone), suggesting an adverse effect
of MoDTC in increasing wear of a ferrous counterpart rubbed against a DLC
coating [221]. In line with the literature, the interaction between MoDTC and
ZDDP at O5 gave the lowest wear to the CIl disk [112]. ZDDP in O3, as
expected, played a key role in reducing wear of the CI disk. In the absence of
ZDDP (i.e. BO, O1, O2 and O4), sliding/rolling contact appears to exhibit more
wear than pure sliding contact on the CI disks, suggesting that the wear
reduction is not only controlled by the oil chemistry but also by the type of
contact. That could be attributed to a slower build-up of tribofilms for the

sliding/rolling contact compared to the pure sliding contact.

Some previous works [228-231] have reported high wear of DLC coatings in
presence of MoDTC. In contrast, very limited studies showed reduction in
wear of a DLC coating when lubricated with MoDTC additive. Vengudusamy
et al. [221] observed that MoDTC reduces wear in most of his tests in
DLC/DLC contact and a few tests in DLC/steel contacts. In this study, it is

clear that no lubricants show extremely high wear on the DLC coating. For the
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DLC balls lubricated with MoDTC additive, a ferrous surface (i.e. Cl disc) was
expected to help in increasing the wear of the DLC coating if iron oxide
particles are presented in the DLC/cast iron interface [268]. However, in the
absence of ZDDP, DLC coated balls showed quite low wear when MoDTC
was present in the oil formulation (i.e. O1 and O4). Tung et al. [269] studied
DLC/cast iron contacts and also reported that MoDTC reduces wear of a DLC
coating in a formulated engine oil. There is however no evidence whether the
formulated lubricants in Tung et al. [269] contained ZDDP or not, as this anti
wear additive could supress the effect of MoDTC on promoting wear of DLC
coatings [230]. Comparing O3 with O2, the presence of ZDDP in the oll
formulation reduced the wear of the DLC balls [261] but the wear reduction
was not considerable. Sliding/rolling contacts for all formulated lubricants
(except for BO and O1) exhibit relatively higher wear than pure sliding contact
on the DLC coated balls. This suggests that the pure sliding contact probably
facilitated the build-up of tribofilms on the interface which in return resulted in

an enhanced lubrication and thus reduced wear of the DLC balls.

5.7. Effect of Contact Type on Tribofilm Evolution

The XPS analyses showed that a tribofilm on both tribopairs is formed under
both contacts. Unlike recent work [119], it was found that the SRR values used
in this study did affect the surface chemistry (i.e. tribofilm build-up was seen
to be influenced by the change in SRR).

Table 5-3 summarises the effect of SRR on the tribofilms formed on the DLC
coated balls (mainly when lubricated with O1 and O3). As can be seen from
Table 5-3, for O1, the DLC ball under sliding/rolling contact mainly consisted
of FeMoOas. For the same oil under pure sliding contact, both MoS2 and
FeMoOs were detected on the DLC surface. This could justify the friction
results where lower friction was reported under pure sliding contact as
compared with the sliding/rolling contact. In addition, as the DLC ball under
sliding/rolling contact mainly consisted of FeMoOs4, high wear was expected
due to enhanced removal of tribofilms from the DLC ball. However, lower wear

was reported on the DLC ball under sliding/rolling contact, suggesting that the
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wear performance, in some cases, was controlled more by the type of contact

than the oil formulation.

For O3 (FF+ZDDP), both Zn 2p and P 2p were observed on the DLC ball
under pure sliding contact while no such compounds were detected on the
DLC ball under sliding/rolling contact. Therefore, higher wear rate was
reported for sliding/rolling contact than the pure sliding contact. On the other
hand, for tribofiims formed on the CIl discs, it can be seen that the
MoS2/FeMoOs ratio varies for the type of contact. In addition, it was found that
MoS2/FeMoOs ratio links to friction performance (i.e. the increasing of

MoS2/FeMoOs ratio reduces the coefficient of friction).

Table 5-3 Effect of SRR on the tribofilms detected on the DLC coated balls

using XPS
Sliding/rolling contact Pure sliding contact
o1 Mo 3d (FeMoOa only) Mo 3d (FeMoOa4 + MoSz)
03 - Zn 2p (Zn 2p1/2 + Zn2p3/2) + P 2p

Generally, for most Cl discs and DLC balls, there was a considerable variation
in the chemical composition of the tribofilm that formed under both contacts.
As a result, film thickness was seen to be influenced by the change in
sliding/rolling ratio (SRR).

From Table 5-4 and Fig. 5-20, the film formed on the CI disc lubricated in O5
(FF+ZDDP+MoDTC) showed that concentrations of elements under pure
sliding contact are significantly lower nearer to the substrate with high
concentration of iron as compared to sliding/rolling contact. However, for DLC
balls under both contacts, the depth profiles were fairly similar (i.e. both having
thinner tribofilms). In addition, it can be observed that on cast iron, the
thickness depends on sliding/rolling ratio whereas on DLC it does not.
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Table 5-4 XPS quantification of tribofilms on the Cl discs and DLC balls lubricated

in O5
Sputter time: C Fe 0] Ca Mo Zn P S
1120s 1% 2p% 1s% 2p% 3d% 2p% 2p% 2p%

Disc 50% SRR 20.7 27.2 37.7 5.9 1.0 25 27 20

200% 16.0 64.0 187 1.0 0 0 0 0
SRR

Ball 50% SRR 98.8 0 1.0 0 0 0 0 0
200% 97.7 041 1.6 0.4 0 0 0 0
SRR

5.8. Summary of Findings

The present chapter shows the tribological and tribochemical characteristics
of a DLC/cast iron system with MoDTC-type friction modifier under sliding and

rolling contacts. The main conclusions drawn from this work are:

e The sliding/rolling ratio affects friction, wear and tribochemistry in
CI/DLC systems; pure sliding enhances MoDTC activation.

e Friction coefficient values were observed to vary across the boundary
lubrication regime, unlike most modelling work which assume a
constant value for coefficient of friction.

e The main MoDTC decomposition products are MoS2 and FeMoOa4, not
MoOs. FeMoO4 was identified as the reaction species, which is possibly
responsible for the high friction.

e Tribofilm build-up is related to the sliding/rolling ratio (SRR). For
instance, the DLC ball lubricated in base oil containing MoDTC (i.e. O1)
created a film consisted of MoS2 and FeMoOa4 under pure sliding
contact while only FeMoO4 was detected under sliding/rolling contact.
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In addition, for pure sliding contact, Zn 2p and P 2p were observed on
the DLC ball lubricated in the presence of ZDDP additive (i.e. O3 and
0O5) while no such compounds were detected on the DLC ball under
sliding/rolling contact. All these variations are supported by the friction
and wear results.

MoS2/FeMoOs ratio played a key role in the tribological performance of
the CI discs. MoS2/ FeMoOg4 for CI discs lubricated in the presence of
MoDTC additive (i.e. O1, O4 and O5) was higher under pure sliding
contact as compared with sliding/rolling contact. This correlates with
the obtained friction results.

Regardless of the contact type, no lubricants showed very high wear
on the DLC coating. In addition, all DLC balls showed thinner films
compared to Cl discs, so the tribofilms were hard to detect by Raman

technique.
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Chapter 6. Single Cam Rig (SCR): Investigation of
Friction and Wear of Cam/Follower Surfaces When
Lubricated in a Fully Formulated Oil With and Without
MoDTC-Type Friction Modifier

6.1. Introduction

This chapter addresses the effect of tappet clearance on the tribological
performance of the camlobe/follower tribopair when lubricated in a fully
formulated (FF) oil with and without Molybdenum Dialkyl Dithiocarbamate
(MoDTC). White Light Interferometry and Talysurf contact profilometry were
used to characterise the wear scar on the tappets and camlobes respectively.
Torque profile, friction torque and wear data (as a function of tappet clearance,
type of coating and oil formulation) are presented in this chapter.

6.2. Torque Profile Data

Representative torque profiles of different surfaces (at 300 rpm) were shown
in Fig. 6-1. Basically, both coatings (MnPO4 and DLC) were seen to have
similar torque effect on the single cam rig system. A similar trend was also
observed for all tappet thicknesses and camshaft speeds. From Fig 6-1,
opening of the valves was presented by the higher positive profiles. In
contrast, the return of the valves was presented by the lower negative section.
It should be mentioned that if a system needs less work in order to open the
valves, this would lead to significant friction benefits on the overall system.

Regardless of tappet clearance, the torque profiles showed close comparison
between both coatings. Nevertheless, the torque profiles when using DLC
coating were relatively decreased compared to inserts coated with Mn-
phosphate. In addition, the lower thickness of tappets gave a lower torque
profile. The reasons for these particular findings were discussed and

explained later in this Chapter.

It is generally accepted that the torque benefits are directly proportional to less

energy expended in operating an engine valvetrain system (mainly during
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opening the valves). As a result, the torque benefits would then help to reduce

energy that is lost due to friction.
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Figure 6-1 Torque profile of different tappet thicknesses at 300 rpm: (a)
MnPOzs inserts and (b) DLC inserts

6.3. Repeatability of Friction Torque Data

The single cam rig has proved to have good repeatability and high sensitivity
to distinguish the frictional response of different coatings and fully formulated
lubricants [76]. Representative friction data over 80 hrs test duration is shown
in Fig. 6-2. The obtained friction data was stable and comparable for the whole

test duration. Therefore, the average friction torque was calculated based on
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all cycles (i.e. six test cycles). It is worth mentioning that this behaviour was
seen for all coatings and speeds tested in this work. Nevertheless, all tests

were performed twice at the same operating conditions with repeatable

results.
0.5
3 04
]
g 03 ®—Cycle1
T A—Cycle 2
- |
g 0.2 % Cycle 3
= =—Cycle 4
-2
= 0.1 ¢ Cycle 5
Cycle 6
0
0 500 1000 1500 2000 2500
Camshaft Speed (rpm)

Figure 6-2 Repeatability of friction torque data for MnPOg4 insert (2.75mm
tappet thickness) over 80 hrs test duration at 100 °C

6.4. First Stage and Second Stage Results

In both stages, MoDTC additive was blended with the fully formulated lubricant
(i.e. O5). The only difference between both stages is the type of coating (i.e.
the inserts of the first stage were coated with MnPOa4 coating while the inserts

of the second stage were coated with DLC coating).
6.4.1 Friction Torque

6.4.1.1 Effect of Tappet Clearance and Camshaft Speed on Friction
Torque

For Mn-phosphate tappets, the average friction torque as a function of tappet
clearance and camshaft speed is shown in Fig. 6-3. As expected, the average
friction torque generally reduced with increasing camshaft speed due to
increased lubricant entrainment velocity into the cam/follower interface region.

Similar results were reported previously [9, 75, 76, 85]. From the following
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chapter, it has been reported that tappet rotation is affected by changing the
clearance of the tappets. However, regardless of tappet rotation, the thickest
tappet offered high friction torque. The thicker tappet experiences the lowest
minimum film thickness and, as such justifies the high friction torque obtained.
Figure 6-3 also shows the effect of temperature on the average friction torque.
An increase in the average friction torque was observed with increasing
lubricant temperature which is in agreement with previous works [66, 76, 270].
This is due to decreased oil viscosity (i.e. having a lower oil film thickness)

under high temperatures leading to more asperity interactions.
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Figure 6-3 Average friction torque versus camshaft speed for MnPO4 inserts
at different thicknesses (a) at 100 °C, (b) at 130 °C

For both temperatures in Fig. 6-3, a high friction torque was observed at 300
rom (lowest speed) due to the contact being in the boundary lubrication
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regime, where more asperity-asperity interactions occur with the friction
determined by the chemical and physical actions of thin films of molecular
proportions [28]. The mixed lubrication regime is mainly represented at higher
speeds where the lubricant film provides partial separation whereas the
contact load is shared between the contacting asperities and the
elastohydrodynamic lubrication film [16, 265]. Overall, the higher thickness of
tappets gave a higher friction torque, suggesting a high asperity interaction at
the cam/follower interface along with less reactivity to lubricant additives.

Based on the configuration of the SCR (taken from Ford engine), the action
angle of cam half period is 56° (i.e. the valve lift typically occurs at 112°
revolution). Changing the thickness of tappets varies the relative point of
contact on the camlobe (see Fig. 6-4). Therefore, the highest thickness of
tappet offers the maximum relative point on the contact, which in turn provides

longer contact area between the camlobe and the follower.
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Figure 6-4 the start point of contact on the camlobe under different tappet

thicknesses

Furthermore, based on Hooke's Law, F=kx (where F: is the spring force, k: is
the spring constant and x: is the deformation of the spring), it was clear that
the thicker tappet will result in longer spring displacement and hence larger
force (see Fig. 6-5). Thus, a higher friction torque was reported for the thicker
tappet. This also confirms that the higher pressure due to use thicker tapper

did not enhance the decomposition of MoDTC.



- 127 -

— pe— T | w
T, Tappet thickness:",-"' . Tappet thickness: .~ e | A\ | $
N 2575mm s N 2.275mm [/ 4 I3
' 3 e‘ S I
Y X / \ ! Natural k E
Tappet thickness: \ o length \\h ’
2.75 mm N ~ 1 2.96mm
N : § 3
: i __ I j i
& s ¢ ’ J
5
® ® @ e =
" i ° » |3
- ® @ @ o .
) @
) == ‘A o = P
8.77 mm 9.6 mm == 9.3 mm

) \_ 5 —_— - v ( 13 Valve spring

Valve

Figure 6-5 Effect of tappet thickness on valve spring

The valve lift can be related to the cam lift and the clearance between camlobe

and follower using Equation 6-1:

Valve lift = cam lift — clearance 6-—1

The cam lift of the setup used in this work was 9.88 mm. The clearance
between the followers and base circle of the camlobes depends on the tappet
thickness. Thus, the clearance was measured, and reported around 0.11 mm
for 2.75 mm tappet thickness, 0.28 mm for 2.575 mm tappet thickness and
0.58 mm for 2.275 mm tappet thickness. As a result, from Equation 6-1,
different valve lift values were calculated and reported, as shown in Fig. 6-5.
In other words, the valve lift values for 2.275 mm, 2.575 mm and 2.75 mm
tappet thicknesses were reported around 9.3 mm, 9.6 mm and 9.77 mm
respectively. The opening/closing ramp height for the cam used in this work
was about 0.47 mm. For a real engine, however, the cam to tappet clearance
is usually controlled to be 0.1 to 0.3 mm. Also, the selected clearance is not
allowed to be bigger than the ramp height. It is also worth mentioning that the
contact load for the spring and camlobe combinations is cyclic (constant) and

is not expected to change for a particular rpom range. However, the thickness
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would potentially change the instantaneous point of contact which in turn
affects the slide-roll ratio and the tappet rotation, consequently affecting

tribological performance.

6.4.1.2 Effect of Coating on Friction Torque

For DLC tappets in stage 2, the average friction torque as a function of tappet
clearance and camshaft speed is shown in Fig. 6-6. Although the average
friction torque of DLC tappets (as a function of tappet clearance) seems to be
within the standard deviation, quite similar findings to those noticed on MnPO4
tappets were observed regarding the effect of tappet clearance on friction
performance (i.e. the tappet with higher thickness generally showed higher
friction torque). This is best described referring back to Figure 6-4 where the
percentage of the cycle (when the components are in contact) increases as
the tappet clearance decreases. From Fig. 6-6, it should also be mentioned
that no difference in the average friction torque of DLC tappets as a function
of tappet clearance was observed in boundary lubrication regime. This is

however opposite to those observed on MnPO4 tappets.
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Figure 6-6 Average friction torque versus camshaft speed for DLC inserts at
100 °C
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Furthermore, the average friction torque when using DLC coating was
decreased compared to inserts coated with MnPOas. This was expected due
to the high roughness of MnPO4 tappet (which is a commercial standard
production surface coating for inserts). The higher roughness of MnPO4
coating gave rise to asperity interactions, and thereby led to high wear and
friction [86]. Nevertheless, coating properties as well as the interactions
between the coating, the counter-body and the lubricant are crucial to the
friction/'wear and tribochemical performance. Thus, the observed friction
reduction could also be attributed to the behaviour of DLC coatings in the
presence of additives including MoDTC, where DLC coatings offer friction
reduction by forming MoDTC derived MoS2 sheets on DLC surfaces [222-
224].

6.4.2 Wear Evaluations
6.4.2.1 Tappets

Wear tracks on the tappet surface correspond to the rotation of the tappet and
the interaction points during the cam cycle. For MnPO4 inserts, the tappets
with largest thickness showed the highest wear depth, as shown in Fig. 6-7.
This suggests a higher interaction between the cam/follower tribopair with
increasing tappet thickness. Accordingly, tappets with thickness of 2.275 mm
have shown the lowest wear among the three thicknesses. However, noisy
running was observed for the thinnest tappets, which could potentially result
in higher wear of the valvetrain for longer test durations. From Fig. 6-7, the
greatest wear depth was typically observed at the centre of the insert due to
the contacts with the cam nose, flank, and shoulder and ramp regions. At the
edge of the insert, however, there was no significant wear on the surface. As
expected, and in line with previous findings [76, 271], the follower surface
indicated concentric circles of the wear scar with different widths, as shown in
Fig. 6-8. A potential reason for these concentric circles is the effect of tappet

rotation which allows circumferential rubbing action to take place on the
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surface of inserts. At higher temperature, the wear rate was mostly increased

due to the effect of high temperatures on the lubricant viscosity.
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Figure 6-7 Average wear depth versus tappet thickness for MnPOu4 inserts at
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Figure 6-8 Typical wear scar of MnPO4 tappet insert

For the second stage (i.e. tappets coated with DLC coating), Fig. 6-9 shows
the average wear depth versus tappet clearance. Similar to the first stage, the

high thickness of tappets showed the high wear rate. Thus, it is fair to conclude
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that the wear performance of tappets is also more controlled by the tappet
clearance rather than the type of coating. Further, the wear depth of the DLC
insert was relatively lower than the wear depth of the MnPOu4 insert. This is
however in contrast with the literature [226-231], where DLC coating was worn
faster in the presence of MoDTC when rubbed against a ferrous counterpart.
This discrepancy could be explained by the lubricant used in this study. As the
lubricant contains 1%wt of ZDDP, this probably hinders the MoDTC potency
in giving high wear to DLC coating in the DLC/ferrous combinations [231]. In
addition to the properties of DLC coating (a-C- 15H), the differences in surface
roughness between coatings were also believed to play a vital role on wear
performance (i.e. DLC coating experienced low wear rate due to its low
roughness). Likewise, form the following Chapter, the DLC coating was
reported to offer a high rotation of inserts, this also in return would help to

reduce wear of the DLC inserts by promoting lubricant retention in the contact.
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Figure 6-9 Average wear depth versus tappet thickness for DLC inserts at
100 °C

6.4.2.2 Camlobes

In line with standard engine tests, wear of the Cl camlobes was reported at
seven locations. However, as the cam half period (i.e. action angle) is at 56°,
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different traces were also taken in the region between 14° and 56° (both
sides). It is worth mentioning that the wear on this region was not considerable

as compared to the wear on the selected seven locations.

For the first stage, the average wear depth across the camlobe (rubbing
against Mn-phosphate inserts) at two temperatures (100 °C and 130 °C) is
shown in Fig. 6-10.
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For both temperatures, the high thickness of tappets generally showed the
high wear depth on the camlobe surface. The cam nose is found to be a region
of significant wear, especially toward the edges (i.e. sharp edges and worn
tip) [272]. This is called edge loading which occurs due to high load/pressure
on the nose (i.e. harsh conditions). For all thicknesses, a significant increase
of wear was observed at two locations (cam nose and 4°), mainly due to the
adverse effect of boundary lubrication and sliding action. Similar results
showed that the camlobe wear was the highest near the camlobe nose [3]. In
addition, camlobes mostly showed higher wear at the positive section (+14°,
+10°, +4°) than the negative section and this behaviour is basically due to
action of opening the valves [115]. A significant deformation of the Cl camlobe
surface occurred during the opening of the valve, probably due to greater
energy/work which is expended during valve opening actions. Similar findings
were reported previously [3, 76]. At higher temperature, the wear rate was
generally increased which indicates that the durability (wear) of the Mn-
phosphate coating is considerably lower at high temperature due to lower

viscosity.
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For the second stage, the average wear depth across the camlobe (rubbing
against DLC inserts) is shown in Fig. 6-11. A similar trend was observed under
the effect of tappet clearance (i.e. the low clearance of tappets relatively
showed high wear rate). It is interesting to note that regardless of the type of
counterpart, wear rate is comparable for all camlobe positions. In other words,
for both stages, wear distribution on camlobe positions was similar. Thus, it is
interesting to report that wear of the camlobe is not mainly affected by the type
of tappet. This is similar to findings by Ofune et al. [115]. Nevertheless, the
wear depth of the Cl camlobe rubbed against a DLC insert was generally
higher than the wear depth of the ClI camlobe rubbed against a MnPO4 insert.
This is mainly due to the differences in hardness and surface roughness
between coatings. Also, it is believed to be related to the tribochemistry of the

interface which will be discussed in detail in the Chapter 8 and Chapter 9.

6.5. Third Stage and Fourth Stage Results

The fully formulated (FF) lubricant in both stages is free of MoDTC (i.e. O3).
Also, as mentioned earlier in Chapter 4, the inserts of the third stage were
coated with MnPO4 coating while the inserts of the fourth stage were coated
with DLC coating.

6.5.1 Friction Torque

For both stages, the average friction torque as a function of tappet clearance
and camshaft speed is shown in Fig. 6-12. Similar to previous stages (i.e.
stage 1 and stage 2), the average friction torque generally reduced with
increasing camshaft speed due to increased lubricant entrainment velocity
into the cam/follower interface region. For both temperatures, as expected, a
high friction torque was reported at the lowest speed (300 rpm) due to the
contact being in the boundary lubrication regime. In contrast, the mixed
lubrication regime is mainly observed at higher speeds.

For both stages (i.e. in the absence of MoDTC), the higher thickness of

tappets also provided a higher friction torque, where the thicker tappet
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experiences the lowest minimum film thickness. However, for the third stage
(i.e. tappets coated with Mn-phosphate), it can be seen that the tappet with
2.575 mm thickness showed the lowest average friction torque. It was
suggested that the tappet rotation is one of the main reasons for this particular

findings. Details of this will be discussed in Chapter 9.
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Figure 6-12 Average friction torque versus camshaft speed at 100 °C: (a)
third stage (MnPOs inserts), (b) fourth stage (DLC inserts)
6.5.2 Wear Evaluations

In the absence of MoDTC, Fig. 6-13 shows the average wear depth versus
tappet clearance for the third stage and fourth stage. Unlike the previous
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stages, it can be seen that the tappets with thicknesses of 2.75 mm and 2.275
mm showed the high wear rate with close comparison of the wear that formed
on the surface. The tappet thickness of 2.575 mm for both stages, however,
showed the lowest wear rate. This was linked to the rotation of tappet with this
thickness which helped to reduce not only the friction but also the wear rate.
Details of this will be presented in the following Chapter. In addition, similar to
the previous stages (i.e. the first stage and second stage), regardless of
MoDTC additive, the wear that formed on the DLC inserts was generally seen
to have less wear as compared to the inserts coated with MnPOa4. This is
mainly due to the differences in surface roughness between coatings which

was believed to play a vital role on wear performance.
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For camlobes, the average wear depth across the camlobe (rubbing against
Mn-phosphate and DLC inserts) at 100 °C is shown in Fig. 6-14. For both
stages, when the camlobe rubbed against an insert with thickness of 2.275
mm, the cam nose is found to be a region of significant wear. For the camlobe
rubbed against inserts with thicknesses of 2.75 mm and 2.575 mm, however,
the higher wear was observed at 4°. Furthermore, similar to previous stages,
camlobes showed higher wear at the positive section (+14°, +10°, +4°) than
the negative section, which is mainly due to action of opening the valves [115].
Moreover, the wear depth of the Cl camlobe rubbed against a DLC insert was
generally higher than the wear depth of the Cl camlobe rubbed against a
MnPOs insert.

1.5
(a)
E
=
s 1 .
2 Cam Rotation
a
s m2.75mm
(-]
= = 2.575 mm
& 0.5 ¥ 2.275 mm
o ;2.
g
x
0
-14 -10 -4 0 a 10 14
Camlobe Positions
1.5 (b)
E
= ‘ ~
= 1 .
§ Cam Rotation
a
§ m2.75mm
= ® 2.575 mm
&% 0.5 i -
b A #2.275 mm
= z
: 2
: z ;
ip Z 0N Iz 1R2 L
0 L=z z z z Z “
-14 -10 -4 o a 10 14
Camlobe Positions

Figure 6-14 Average wear depth across the camlobe: (a) third stage (when
interacting with MnPOzu inserts), (b) fourth stage (when interacting with DLC

inserts)



- 138 -

6.6. The Comparison of Tribological Performance for All Stages

For all tappet thicknesses, the first stage and second stage (i.e. MnPO4 and
DLC inserts lubricated with MoDTC) showed low friction compared to the third
stage and fourth stage (i.e. MnPO4 and DLC inserts lubricated in a lubricant
free of MoDTC). This was expected as the MoDTC additive provides low
friction under boundary lubrication by forming MoS:2 low friction sheets on the
tribological contact [112, 188-191]. For the first, second and fourth stages, the
higher thickness of tappets showed a higher friction torque. However, for the
third stage, regardless of the coating type, it was found that the tappet with
2.575 mm thickness showed the lowest average friction torque. This was
correlated to the behaviour of tappet rotation when using tappets with
thickness of 2.575 mm.

In terms of wear, for camlobes under all stages, regardless of MoDTC
additive, the wear depth of the CI camlobe rubbed against a DLC insert was
generally higher than the wear depth of the Cl camlobe rubbed against a
MnPOs insert. This suggests that the DLC insert is harder than the MnPO4
insert, which in turn, the DLC insert promoted high wear on the camlobe
surface. In general, two locations (cam nose and 4°) are found to be a region
of significant wear for most stages. Furthermore, for all stages, regardless of
MoDTC additive and type of coating, camlobes showed higher wear at the
positive section (+14°, +10°, +4°) than the negative section.

For the wear detected on tappets, it can be observed that regardless of
coating type and oil formulation, the high thickness of tappets showed the high
wear rate. However, for the third stage and fourth stage, the tappet thickness
of 2.575 mm showed the lowest wear rate. In addition, the first stage and
second stage (i.e. MnPO4 and DLC inserts lubricated with MoDTC) showed
relatively high wear compared to the third stage and fourth stage (i.e. MnPO4
and DLC inserts lubricated in a lubricant free of MoDTC). Similar findings [226-
231] have reported high wear of DLC coatings in presence of MoDTC.
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6.7. Summary of Findings

The main conclusions drawn from this chapter are given below:

In both coatings, the tappet with smaller clearance in the first stage and
second stage resulted in higher friction and wear, suggesting a high
interaction between the cam/follower tribopair with increasing tappet
thickness.

Although less friction and wear was achieved using tappets with
thickness of 2.275 mm, noisy running was observed. This possibly can
cause an increase in the valvetrain wear for longer test durations.

In both coatings, the tappet with thickness of 2.575 mm in the third
stage and fourth stage resulted in lower friction and wear as compared
to other thicknesses. This will be linked to the behaviour of tappet
rotation with thickness of 2.575 mm.

The clearance between the base circle and the follower plays a key
role in engines efficiency and durability. For all stages, tappets with a
thickness of 2.575 mm (0.285 mm clearance) might be considered the
best selection among the three thicknesses. This thickness showed
less friction and wear as compared to 2.75 mm tappet thickness. Also,
it showed lower vibration, less noise and reduced wear for longer test
durations as compared to 2.275 mm tappet thickness.

Comparing DLC inserts to MnPOzs inserts, a considerable reduction in
the friction torque and wear was observed. This was expected due to
the high roughness of MnPO4 tappet (which is a commercial standard
production surface coating for inserts).

For stage 1 and stage 2, adding MoDTC to the lubricant helped in
friction reduction but it was one of the main reason to promote high
wear rate on the surface.

In terms of camlobes wear, two locations (cam nose and 4°) were found
to be regions of significant wear for most stages. In addition, comparing
the wear across the camlobe, the selected seven locations showed the
highest wear while the wear of the other locations was not

considerable.
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Chapter 7. Single Cam Rig (SCR): Investigation of
Tappet Rotation When Lubricated in a Fully Formulated
Oil With and Without MoDTC-Type Friction Modifier

7.1. Introduction

This chapter presents the tappet rotation results when lubricated in a fully
formulated (FF) oil with and without MoDTC-type friction modifier. To the best
of the authors’ knowledge, no studies have reported the rotation of tappet as
a function of different coatings, thicknesses of tappets and oil additives such
as MoDTC additive which has been reported to be detrimental to the wear of

some DLCs.

7.2. Repeatability of Tappet Rotation Data

The technique developed in this work showed good repeatability and high
sensitivity to distinguish tappet rotational speed under different temperatures,
coatings and thicknesses. Initially, the repeatability of the tappet rotation
during an 80 hr test was investigated. Fig. 7-1 compares the number of
counts/rotations (per second) at the end of the time for each cycle. In general,
it can be seen that the number of counts, for all speeds, gradually increases
with increase in the number of test cycles (i.e. longer test duration). This
believed to be due to running-in which suggests that the surface of the tappet
becomes smoother over time which could potentially lead to a better
conformity of the two surfaces in contact. This in return promotes the rotation

of the tappet over time.

To have a better picture of the effect of test duration on tappet rotation, a
representative set of data at 1200 rpm over six test cycles is shown in Fig. 7-
2. A considerable increase of the tappet rotation was observed for the first four
cycles. However, tappet rotational speed became fairly stable and
comparable for the last three cycles. Consequently, the average tappet speed
was generally calculated based on the last three cycles (i.e. steady state
rotation).
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7.3. First Stage and Second Stage Results
7.3.1 Effect of Tappet Clearance and Camshaft Speed on Tappet

Rotation

For the tappets coated with Mn-phosphate (i.e. the first stage), the effect of
tappet clearance and camshaft speed on the average tappet rotation is shown
in Fig. 7-3. In general, tappets with higher thickness showed higher rotation.
This could be due to an enhanced interaction between the cam/follower
interface when reducing the clearance between the follower and base circle

of the camlobe (i.e. increasing the tappet thickness).

200

(a)

8

g

5

B

M insert (2.75 mm)
@ Insert (2.575 mm)

=]
=

# Insert (2,275 mm)

=]
=]

Average Tappet Speed (rpm)
& g

ho
=

=

ji II;. I'; I'% - I..’g & %

300 600 1200 1500 1800 2100
Camshaft Speed (rpm)

mInsert (2.75 mm)
@ Insert (2.575 mm)
#Insert (2.275 mm)
_ 1%
1500 1800

2100

=
& 8 8 B

B

Average Tappet Speed (rpm)
£ [=1] oo 5
= (=] =

P
=

IS
RN
E'\\\\\h—'

=

Z
1 i
» UN7
30 6

00 1000 1200
Camshaft Speed (rpm)

Figure 7-3 Average tappet rotation versus camshaft speed for MnPO4
inserts at different thicknesses: (a) at 100 °C, (b) at 130 °C



- 143 -

In addition, based on the configuration of the SCR, the valve lift typically
occurs at 112° revolution (i.e. the action angle of cam half period is 56°). Using
different tappet thicknesses affects the relative point of contact on the
camlobe. In other word, this relative point of contact varies with different
variation of the tappet clearance. Therefore, the highest thickness of tappet
offers the maximum relative point on contact, which in turn provides longer
contact area between the camlobe and the follower. This would lead to a
higher tappet rotation with the thicker tappet.

Also, from Fig. 7-3a, the highest rotation of 2.75 mm insert was observed at
1200 rpm. For this thickness, the tappet speed is directly related to the
camshaft speeds of up to 1200 rpm. For speeds more than 1200 rpm, the
tappet rotation was decreased gradually and the lowest rotation was at 2100
rom. Similar results were reported in the literature [234, 241]; they found less
rotation in some tappets for camshaft speeds more than 1050 rpm [234] or
2000 rpm [241]. A potential reason for this particular behaviour could be an
increase in slip at the cam/follower interface with increase of the camshaft

speed.

For 2.575 mm thickness, the tappet speed was also increased and the highest
rotation was at 1000 rpm. However, the rotation was negligible at camshaft
speeds between 1500 and 2100 rpm. For 2.275 mm, there was no rotation at
300 rpm while the highest rotation was at 1200 rpm. Comparing all
thicknesses, it is interesting to note that the rotation of tappet was
considerable at 2100 rpm when using tappet with the thickness of 2.275 mm.
This suggests that a lower slip rate (at the tribocontact) can be achieved with

a higher clearance between the cam/follower tribopair.

Figure 7-3 also shows the effect of temperature on the average tappet
rotation. From Fig. 7-3b, it can be seen that the rise of the oil inlet temperature
to 130 °C clearly increases tappet rotation. This is due to decrease in the oll
viscosity, resulting in more mixed to boundary interaction, which lead to the
increase in friction at the cam/follower interface. This in return promotes the

rotation of the tappet.
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Similar results regarding the effect of temperature on the tappet rotation were
reported previously [234, 235, 247]. However, Monteil et al. [241] reported that
the tappet rotation is slightly dependent on the temperature while oil pressure
has the major influence on the tappet rotation.

7.3.2 Effect of Coating on Tappet Rotation

MnPO4 and DLC coatings are widely used in cam/follower systems [84]. In
particular, DLC coatings are considered as good candidates for reducing
friction and improving durability of automotive engines [93]. Therefore,
investigating the effect of both coatings on tappet rotation was one of the main
concerns in this work. Accordingly, for the second stage, the DLC coating was
applied for all tappet thicknesses, as shown in Fig. 7-4.
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Regardless of type of coating, similar findings were seen regarding the effect
of tappet clearance on tappet speed (i.e. tappet with higher thickness
generally showed higher rotation). It is apparent that regardless of the type of
the coating, the tappet speed is mainly controlled by the tappet clearance.
Generally, it was found that the tappet rotation for DLC inserts was higher than

the inserts coated with MnPOa. A representative comparison of tappet speed
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between both coatings (i.e. DLC and MnPQas) is shown in Fig. 7-5. In general,
the tappet speed for DLC insert was also increased gradually with the increase
in camshaft speed and the highest rotation was at 1500 rpm. For all
thicknesses and coatings, the highest tappet rotation was seen to vary with
different type of coating and the tappet thickness. Thus, it is fair to conclude
that the highest tappet rotation was found to be influenced not only by the
camshaft speed but also by the type of coating and the tappet clearance. From
Fig. 7-5, it can be seen that for all camshaft speeds (except for 1200 rpm and
1800 rpm), the tappet rotation for DLC insert was higher than the insert coated
with MnPOa4. Similar results were generally observed for all thicknesses of the
DLC tappets. The higher tappet rotation of DLC coated inserts is most likely
one of the main reasons that helped in reducing friction and increasing the
anti-wear properties of the DLC inserts. However, the reason for this
behaviour is understood to be mainly due to surface roughness. MnPOg is
rougher than the DLC and the polycrystalline surfaces of MnPOs resist any
motion particularly those due to tappet rotation. Another important aspect is
better running-in properties of DLC surfaces than the Mn-phosphate coating
which gives rise to increased tappet rotation at boundary/mixed lubrication
regimes [115]. Another reason, based on Newton's second law of motion, the
resist torque is high when using DLC coating and that in return assists to

promote the rotation of tappet.
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7.4. Third Stage and Fourth Stage Results

7.4.1 Effect of Tappet Clearance and Camshaft Speed on Tappet

Rotation

In the absence of MoDTC, Figure 7-6 shows the effect of tappet clearance
and camshaft speed on the average tappet rotation. In both stages (i.e. third
stage and fourth stage), tappets with thickness of 2.575 mm generally showed
higher rotation. This clearly justifies the low friction and low wear obtained

from the tappet thickness of 2.575 mm.

200 (a)

[
[:]
o

g

5

[
[
[=]

Hlinsert (2.75 mm)
80 & Insert (2.575 mm)
# Insert (2.275 mm)

Average Tappet Speed (rpm)
=
8

&

20

300 600 1000 1200 1500 1800 2100

Camshaft Speed (rpm)

200 (b)

180

8

5

120

M Insert (2.75 mm)
B Insert (2.575 mm)

-]
o

#% Insert (2.275 mm)

3

Average Tappet Speed (rpm)
=
8 8

r
=)

AR

N

o

} i
_i.i i.i I_l F.7] iI 2 - Z I
300 600 1000 1200 1500

1800 2100
Camshaft Speed (rpm)

Figure 7-6 Average tappet rotation versus camshaft speed at 100 °C: (a)
third stage (MnPOs inserts), (b) fourth stage (DLC inserts)



- 147 -

From Fig. 7-6a, the third stage, the highest rotation of 2.575 mm insert was
observed at 1800 rpm. For this thickness, the tappet speed is directly related
to the camshaft speeds of up to 1000 rpm. For speeds more than 1000 rpm,
the tappet rotation was decreased gradually and the lowest rotation was at
1500 rpm. For 2.75 mm, the tappet speed is directly related to the camshaft
speeds of up to 1200 rpm. For speeds more than 1200 rpm, the tappet rotation
was also decreased gradually and the lowest rotation was at 1800 rpm and
2100 rpm. In addition, for 2.275 mm, the rotation was negligible at all camshaft

speeds (except for 1200 rpm and 1500 rpm).

In the fourth stage (see Fig. 7-6b), for 2.575 mm and 2.75 mm, the highest
rotation was seen at 1000 rpm. For speeds more than 1000 rpm, the tappet
rotation was clearly decreased. However, for 2.575 mm, the rotation was
negligible at 1800 rpm and 2100 rpm. In addition, it should be mentioned that
the tappet rotation, for thickness of 2.275 mm, was seen to be not
considerable at low camshaft speeds (i.e. 300 rpm and 600 rpm) and the
highest rotation was reported at 1800 rpm.

7.4.2 Effect of Coating on Tappet Rotation

Figure 7-6 also shows the effect of coating type on tappet rotation under the
absence of MoDTC additive. In both coatings, similar findings were observed
regarding the effect of tappet clearance on tappet speed (i.e. tappet with
thickness of 2.575 mm generally showed higher rotation). In addition, similar
to the first stage and second stage results, it can be seen that the tappet
rotation for DLC inserts was higher than the inserts coated with MnPOa4. This
is obviously helped in reducing friction and increasing the anti-wear properties
of the DLC inserts.
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7.5. The Comparison of Tappet Rotation for All Stages

Comparing the first stage (i.e. MnPOu4 insert lubricated with MoDTC) to the
third stage (i.e. MnPOu4 insert lubricated in a lubricant free of MoDTC), it can
be noticed that regardless of tappet clearance, a higher tappet rotation was
reported with the first stage. This means that the MoDTC additive was helped
in increasing tappet rotation. As the MoDTC was reported to form MoS2 low
friction sheets on the tribological contact [112, 188-191], these sheets were
suggested to provide a better conformity of the two surfaces in contact which
in return increases the rotation of the tappet.

In addition, comparing the second stage (i.e. DLC insert lubricated with
MoDTC) to the fourth stage (i.e. DLC insert lubricated in a lubricant free of
MoDTC), it can also be observed that the tappet rotation was higher with the
second stage. This confirms the findings form the first stage and second stage
(i.e. the MoDTC additive promotes the rotation of the tappet). For the first
stage and second stage, it should be noted that tappets with higher thickness
showed higher rotation. This could be due to an improved interaction between
the cam/follower interfaces when increasing the tappet thickness. However,
for the third stage and fourth stage, tappets with thickness of 2.575 mm

generally showed higher rotation.

Furthermore, comparing MnPOa4 coating (used in the first stage and third
stage) to DLC coating (used in second stage and fourth stage), it can be seen
that the tappet rotation for MnPO4 inserts was lower than the inserts coated
with DLC. This is obviously led to increase friction and wear of the MnPO4

inserts.

It is worthwhile to mention that any ridges/grooves on the surface of the insert
can directly affect tappet rotation behaviour. Thus, a smoother surface of DLC
inserts gave higher tappet rotation than the MnPO4 inserts with a rougher

surface.
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7.6. Summary of Findings

The following conclusions are drawn based on the adaption of the single cam

rig to measure tappet rotation when lubricated with fully formulated oil
containing 1wt % MoDTC or free from MoDTC:

The technique developed in this study facilities evaluation of tappet
rotation with good repeatability and high sensitivity to distinguish tappet
rotational speed under different temperatures, coatings and
thicknesses.
Based on the findings in this chapter, we have discovered that tappet
rotation is controlled by the following factors in order of impact;

» Clearance between the camlobe and the tappet (i.e. coating

clearance).

» Temperature and speed.

» Surface roughness of the tappet or type of coating.
For the first stage and second sage, regardless of coating type, the
thickest tappets showed high rotation, suggesting that the tribological
performance is more controlled by the clearance between the follower
and the camlobe rather than the type of coating or tappet rotation.
However, for the third stage and fourth stage, tappets with thickness of
2.575 mm generally showed higher rotation.
Regardless of tappet clearance, a higher tappet rotation was reported
when lubricated with fully formulated oil containing 1wt % MoDTC,
suggesting that MoS:2 sheets was led to a better conformity of the
cam/follower surfaces which then helped in increasing the rotation of
the tappet.
The tappet rotation for DLC inserts was higher than the inserts coated
with MnPOa4. This is clearly helped in reducing friction and increasing

the anti-wear properties of the DLC inserts.
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Chapter 8. Tribochemistry Evaluation of Tribofilms

Formed from Single Cam Rig (SCR) Tribometer When

Lubricated in a Fully Formulated Oil With and Without
MoDTC-Type Friction Modifier

8.1. Introduction

This chapter reports the tribochemical performance of cam/follower surfaces
when lubricated in a fully formulated (FF) oil with and without MoDTC.
Scanning Electron Microscopy (SEM) was used on both (i.e. camlobes and
tappets) for wear assessment as well as to access the durability of coatings
used on the tappets. Energy-Dispersive X-ray (EDX), Raman spectroscopy,
X-ray Photoelectron Spectroscopy (XPS) and Focused lon Beam
(FIB)/Transmission Electron Microscopy (TEM) analyses were all performed
on the tribofilms to understand the tribochemical interactions between oil

additives and the cam/follower interface.

8.2. First Stage and Second Stage
8.2.1 SEM-EDX Results

For both stages, SEM micrographs in Fig. 8-1, revealed that interactions took
place between oil additives, the camlobe surface and the coating insert
surface. Unlike the camlobes, the wear scar of the inserts for both coatings
(i.e. MnPO4 and DLC) was clearly identified by SEM.

Figure 8-1 also shows the effect of tappet clearance on the tribofilms formed
on the cam/follower surfaces. For both coatings, confirming friction and wear
results, the thickest tappet showed high interactions with the camlobe surface
and the oil additive. EDX semi-quantification of Cl camlobes and coated steel
inserts (2.75 mm) is presented in Table 8-1. In addition, the elemental
composition of the Cl camlobes and the coated steel inserts (2.575 mm and

2.275 mm) is presented in Table 8-2.
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Figure 8-1 Scanning electron micrograph (SEM) at 100 °C: (a) Cl camlobe rubbed
against (2.75 mm) MnPOg shim, (b) MnPO4 shim with thickness 2.75 mm, (c) Cl
camlobe rubbed against (2.75 mm) DLC shim, (d) DLC shim with thickness 2.75

mm, (e) Cl camlobe rubbed against (2.575 mm) MnPQO4 shim, (f) MnPO4 shim with
thickness 2.575 mm(g) Cl camlobe rubbed against (2.575 mm) DLC shim, (h) DLC
shim with thickness 2.575 mm (i) Cl camlobe rubbed against (2.275 mm) MnPO.
shim, (j) MnPO4 shim with thickness 2.275 mm, (k) Cl camlobe rubbed against
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The Cl camlobe in Fig. 8-1a, showed the presence of phosphorus on both
regions (i.e. region 1 and 2) on the cam nose. This can be derived either from
the elements of the lubricant or the coating of the insert (i.e. due to rubbing
action from the camlobe to the MnPOs insert). At region 1, little or no changes
were observed in carbon, oxygen and iron concentrations as compared to a
pre-test Cl camlobe suggesting minimal chemical reactions took place with
the lubricant additives. Nevertheless, low levels of Mo, Zn and S were
observed in both regions, implying a heterogeneous distribution of the

lubricant derived films on the camlobe surface.

From Fig. 8-1b and Table 8-1, the iron concentration inside the wear track (i.e.
region 3) was high and the MnPO4 coating appeared to be stripped off from
the surface thereby exposing the 16MnCr5 steel substrate. This may be due
to load/pressure variations, flash temperatures and reactivity/or interaction
with the MoDTC additive on the substrate [115]. At region 4, the MnPO4
coating is partially removed, revealing that the coating was not fully affected
by the chemical reactions (thermally activated) outside the wear track.
However, lubricant additive-derived elements of Mo, Zn, S, P and Ca were
observed inside and outside the wear track with different concentrations,
implying a heterogeneous distribution of tribofilm on MnPOu insert after 80 hrs
of testing. The Cl camlobe in Fig. 8-1c, showed scoring marks with high levels
of carbon in both region 5 and region 6 as compared to a pre-test Cl camlobe.
These marks were not only seen on the cam nose but also on the cam flank
(both sides). It is also important to note that there was no detection of Zn in
these regions. In addition, at region 6, sulfur and phosphorus were not
observed on the surface. This supports the wear results where the absence
of the lubricant antiwear properties on the Cl camlobe surface led to an
abrasive wear process. Furthermore, high level of Molybdenum was observed
on the Cl camlobe rubbed against DLC shim (at region 5 and 6) when
compared to the Cl camlobe rubbed against MnPO4 shim (region 1 and 2).
Consequently, the friction torque was less when the Cl camlobe was

interacting with the DLC insert.

The DLC insert in Fig. 8-1d, showed low levels of carbon with high levels of

iron in both regions (region 7 and 8) as compared to a pre-test DLC shim. This
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could be due to thinning of DLC coating resulting from wear. In addition, high
level of Mo, S and Zn detected in the wear scar could be related to additive-
derived elements leading to low friction and wear. This is also in line with the
obtained friction and wear results.

Table 8-1 EDX semi-quantification of Cl camlobes and coated inserts (2.75mm)

Element (wt %)

Cl camlobe
Cr (6} P S Zn Mn Mo Fe (0] Others
¢  Before Test 060 857 - - . 0.96 - 8784 106 0.97
< _ Region 4543 273 047 034 036 092 031 8668 1.33 1.35
© B 1
: |_
= &
w Z Region
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g 2
©
? Element (wt %)
§ MnPO;, insert
; Cr C P S Zn Mn Mo Fe O Others
Ke)
E Before Test 068 636 1546 - - 1424 - 2196 39.61 1.69
8
o Region
- s 149 531 059 003 037 056 044 8781 298 0.42
o
3 .
g Region
4 167 650 812 009 039 6.16 022 5421 22.09 0.55
Element (wt %)
Cl camlobe
Cr (6} P S Zn Mn Mo Fe (0] Others
£ Before Test 060 857 - - . 0.96 - 8784 1.06 0.97
[
(7]
[= a
G . Region 539 4407 043 026 . 066 104 38.80 1208 227
a ¢ 5
3 .
% § Region
2 0.55 26.63 - - - 074 175 6624 333 0.76
5 6
©
S Element (wt %)
2 DLC insert
E cr c P S Zn Mn Mo Fe o Others
2
% Before Test 28.15 = 71.45 - - - - - 0.20 - 0.20
S .
S . Redgion 4500 4723 . 015 gp - 088 342 - 0.11
= )
) 7
'_
3 .
g Region
4359  53.14 - 0.12  0.29 - 0.84 1.84 - 0.18

8
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The DLC inserts were supporting a polishing wear process (i.e. the wear
produced a smooth burnished appearance on the surface) [271]. The
polishing wear process which is caused by mild abrasive wear was observed
by the White Light Interferometer, as shown in Fig. 8-2a. It should be
mentioned that this process was not observed on the DLC insert with
thickness of 2.275 mm. For all MnPO4 inserts, however, the surface appears
fairly rough (Ra is about 0.47 ym for the thinnest tappet and 1.7 ym for the
thickest tappet) compared to MnPOs insert before test (Ra 0.25 ym). The
surface was consisting of ridges/grooves on the surface of the insert. This is
equally supporting an abrasive wear process for MnPOs inserts (i.e. significant
abrasive marks on MnPOas inserts were observed by the White Light
Interferometer, as shown in Fig. 8-2b).

Table 8-2 EDX semi-quantification of Cl camlobes and coated inserts (2.575mm
and 2.275 mm)

Element (wt %)

Cl camlobe
= Cr (6} P S Zn Mn Mo Fe (0] Others
@
c 3.9
S Region 9 0.46 32.21 0.27 | 0.57 0.37 @ 0.80 1.17 | 58.61 7 1.57
o
[=
E . 3.6
I Region 13 0.41 10.54 039 061 0.77 0.53 1.02 81.08 ; 1.04
>
©
S Element (wt %)
g MnPO, insert
Z Cr C P S Zn Mn Mo Fe (0] Others
8
k) . 4.6
g Region 10 1.59 6.19 5.33 | 0.08 - 0.37 1.17 | 80.35 4 0.28
o
o
4.6
Region 14 1.81 9.51 7.06 - 0.04  0.99 1.03 74.66 9 0.21
Element (wt %)
§ Cl camlobe
£ Cr C P S Zn Mn Mo Fe O Others
(&]
a 3.1
Region 11 0.70 26.37 0.06 | 0.16 - 0.88 091 67.06 6 0.70
@
.% 5.3
©  Region 15 0.64 18.65 - - . 0.87 1.37  72.65 . 0.45
°
8
o Element (wt %)
E DLC insert
< Cr (6} P S Zn Mn Mo Fe (0] Others
E
s Region 12 45.68 51.63 0.14 | 0.04 _ - 0.10 @ 2.41 - -
o

Region 16 30.14 65.89 - - - - 0.76 = 1.78 - 1.43
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The tribofilm derived on tappet inserts was generally seen to be affected by
changing the clearance of tappet. For example, from Fig. 8-1j, inside the wear
track (see region 14), the MnPO4 with thickness of 2.275 mm showed high
levels of P, Zn and C and low levels of Fe as compared to the MnPO4 tappets
with thickness of 2.75 mm and 2.575 mm (i.e. region 3 and 10). That could
explain the lowest wear obtained by the thinnest tappets of 2.275 mm. The
results were also supported by Raman spectroscopy (presented in the next
section), where MnPO4 coating (with tappet thickness of 2.575 mm and 2.75

mm) was reported to be fully stripped off from the steel substrate.

On the other hand, from Fig. 8-1I (region 16), the DLC insert with thickness of
2.275 mm, showed the highest levels of carbon with the lowest levels of iron
as compared to the DLC tappets with thickness of 2.75 mm and 2.575 mm
(i.e. region 7, 8 and 12). This also supports the wear results (i.e. the wear rate
clearly reduced on the DLC insert with thickness of 2.275 mm). It is important
to note that detecting high levels of carbon with low levels of iron on the DLC
insert indicates that the DLC coating still exists and is not stripped off from the

steel substrate. This in return helps to reduce wear on the DLC surface.

The tribofilm derived on camlobes was also reported to be varied when the
camlobes rubbed against different tappet clearances. For example, from Fig.
8-1e and 8-1i, the Cl camlobe rubbing against MnPO4 insert with thickness of
2.575 mm and 2.275mm, showed high levels of Mo, Zn, P and S in both
regions (i.e. region 9 and 13) as compared to the Cl camlobe rubbing against
MnPOs4 insert with thickness of 2.75 mm (i.e. region 1 and 2). This reveals a
heterogeneous distribution of the lubricant derived tribofilms on the camlobe
surface when rubbing against thinnest tappets. It should be mentioned that
there was no evidence of wear on the cam nose and cam flank when CI
camlobe rubbed against MnPO4 with thickness of 2.275 mm. From Fig. 8-1k,
the Cl camlobe rubbing against DLC insert with thickness of 2.275 mm,
showed a smooth surface with low levels of carbon as compared to the ClI
camlobes rubbing against DLC inserts with thickness of 2.75 mm and 2.575
mm (i.e. region 5, 6 and 11). This smooth surface was observed on both
regions (i.e. the cam nose and the cam flank), with no evidence of wear on all

regions of the camlobe. This could validate the lower friction and wear values
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obtained by Cl camlobe rubbing against DLC insert with thickness of 2.275

mm.

(b) om

Figure 8-2 Typical wear process on tappet inserts (a) polishing process (b)
abrasive process

8.2.2 Raman Spectroscopy Results

Essentially, Raman peaks for molybdenum disulfide (MoS2) were reported at
383-410 cm", carbon (C) at 1366-1596 cm', phosphate (PO4%) at 949-970
cm-!, haematite (Fe203) at 120-310 cm™" and magnetite (Fe30a4) at 670-680
cm' [15, 76, 201, 262, 263]. For the first stage, the Raman spectra from Cl
camlobes (rubbed against MnPOa inserts with different thicknesses) are
shown in Fig. 8-3. The spectra are plotted on the same scale and have been

shifted vertically for clarification purposes.

In general, similar Raman peaks were observed for all tappet thicknesses.
The results indicate the presence of MoS2 (385-410 cm-") at all regions (+14°,
0° cam nose, -14°). In addition, as graphite flakes are normally present in the
microstructure of the cast iron, clear carbon peaks were detected on the
camlobe before the test. The G and D peaks were around 1581 cm™' and 1367
cm-' respectively. The G peak represents the graphite and D peak represents

the disorder in graphite [113].
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Figure 8-3 Raman spectroscopy for the Cl camlobes (rubbed against
MnPOzs inserts) at 100 °C: (a) before test, (b) at cam nose, (c) +14° from

cam nose, (d) -14° from cam nose

It was understood that the tribofilm derived across the camlobe (mainly at the
seven specified locations) might vary due to the differences in contact
pressure, load and lubricant entrainment velocity at the contact of the
asperities. In particular, MoS2 sheets were generally seen to be varied across
the seven specified locations on the camlobe. From Fig. 8-3, MoS2z peaks at
the cam nose (for the Cl camlobe rubbed against 2.75 mm MnPO4) were not
as pronounced as MoS2 peaks detected on the cam flanks, suggesting that
MoDTC-derived tribofilm was comparatively thin on the cam nose. That is why
the cam nose was seen to have a significant wear. Also, from Fig. 8-3, it can
be seen that carbon peaks were only observed at the cam nose (for the ClI
camlobe rubbed against 2.75 mm MnPO4) and the D and G peaks were not
found in the spectrum taken from +14° and -14° positions inside the wear scar
of the camlobe suggesting that the graphite flakes, which are normally present
in the microstructure of the cast iron, did not participate in the formation of the
transfer layer on these particular positions or the transfer layer form the
counterpart (i.e. MnPOs4 insert) developed a thick deposition film on the cam

flank (both sides), which in return made the carbon/graphite flakes peaks from
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the cam flank undetectable. Figure 8-4 shows the Raman spectra obtained

from MnPOys inserts with different thicknesses.
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Figure 8-4 Raman spectroscopy for the MnPOs inserts at 100 °C: (a) before

test, (b) inside wear track, (c) outside wear track

The Raman shift clearly indicated the presence of phosphate (956 cm')
outside the wear track for all thicknesses. However, for thickness of 2.75 mm
and 2.575 mm, no phosphate was observed inside the wear track, suggesting
that the MnPO4 coating is either stripped off from the steel substrate or that
the phosphate within the wear track is covered by deposited MoS2 from the
oil. Peaks attributed to the formation of graphitic carbon were mainly observed
outside the wear track, which confirms that there is a transfer of material from
the camlobe to the MnPOg4 insert. It is however possible that the detected
carbon could be from trapped oil (i.e. MnPO4 is a porous coating and oil could
be trapped between MnPOs crystals). For thickness of 2.275 mm, carbon
peaks were detected inside and outside the wear track. This could be related
to the low wear rate seen on the thinnest tappet. Confirming EDX results,
distinct MoS:2 peaks were observed for all thicknesses inside the wear track at

384 cm™! (E%g peak) and 411 cm™ (A,, peak), whereas little or no MoS: peaks

were observed outside the wear track, suggesting a higher amount of film
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formed inside the wear track. In addition, higher MoS:2 peak intensity was
observed inside the wear track as tappet thickness increases which could
indicate more MoS:2 film formed inside the wear track. That could be related
to higher pressure at the interface (for higher tappet thickness) resulting in an

enhanced MoDTC decomposition.
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Figure 8-5 Raman spectroscopy for the Cl camlobes (rubbed against DLC
inserts) at 100 °C: (a) before test, (b) at cam nose, (c) +14° from cam nose,

(d) -14° from cam nose

For the second stage, the results from Raman spectroscopy for the CI
camlobes (rubbed against DLC inserts with different thicknesses) are shown
in Fig. 8-5. In general, the spectra clearly indicate the presence of MoS:2 (386-
413 cm') and Fe304 (675 cm™) at all regions. Also, the additional peaks, 228
and 302 cm™ were believed to be attributed to the formation of iron oxide
(Fe203) [198]. Furthermore, carbon peaks at 1376 and 1581 cm™' assigned to
the formation of amorphous carbon were generally detected for all regions on
the camlobe (i.e. cam nose and cam flank). Figure 8-6 shows the Raman

spectra obtained from the DLC inserts with different thicknesses.
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Figure 8-6 Raman spectroscopy for the DLC inserts at 100 °C: (a) before

test, (b) inside wear track, (c) outside wear track

The presence of MoS2 (384-413 cm') is mostly evident inside and outside the
wear track. As can be seen, sharper MoS2 peaks were detected inside wear
track as compared to outside wear track. This indicates that MoDTC-derived
tribofilm was fairly thin outside wear track and that tribological contact
promotes formation of MoS2 on the wear scar. It is worth mentioning that the
presence of MoS: outside wear track could be due to the thermal
decomposition of MoDTC as opposed to tribochemical reactions. The broad
peak in the range of 140-250 cm-! inside wear track was attributed to stress-
induced disorder in MoS:2 crystal structure [201]. As expected, regardless of
tappet thickness, Raman peaks related to the presence of carbon were clearly
observed inside and outside the wear track of the DLC inserts. On the other
hand, it is worth mentioning that neither MoOx peaks nor iron (II) molybdate

(FeMoOa) peaks were observed on any surfaces of camlobes and followers.

8.2.3 X-ray Photoelectron Spectroscopy Results

XPS was used to scan different positions on each camlobe and tappet. This

surface sensitive technique can examine the very top layer of the surface (5
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nm depth). High-resolution scans for elements of interest (Mo, Zn, P, S and
O) were obtained. Figure 8-7 presents the XPS spectra of the tribofilms
formed on the Cl camlobes (mainly on the cam nose) rubbed against tappets
coated with MnPO4 and DLC coatings. It can be seen that oil additives were
decomposed and formed on the tribofilms formed on the Cl camlobes. This in
return helped to dominate the tribological behaviour of the cam/follower

tribopair.

From Fig. 8-7, the corresponding XPS spectra of S 2p peaks were clearly
detected on the camlobe that rubbed against Mn-phosphate insert while no
such peaks were observed with the camlobe rubbed against DLC insert. In
addition, the amount of Zn 2p detected on the tribofilm formed on the camlobe
was higher when rubbed against Mn-phosphate insert compared to the

camlobe rubbed against DLC insert.

As Zn 3s and P2 p binding energies own an exceptional advantage of not
been altered by severe chemical shifts, the difference in binding energy
between them was used as a complementary means for the determination of
polyphosphate chain length in tribological systems [115, 273]. Long chain
phosphate glasses was introduced by the larger binding energy differences
between Zn 3s and P 2p (i.e. A Zn 3s - P 2p). From Fig. 8-7, AZn 3s - P 2p
exposes that the tribofilms are composed of relatively long chain calcium
phosphates at the camlobe rubbed against MnPO4 insert as compared to the

camlobe rubbed against DLC insert.

From Raman analysis, as mentioned earlier, MoOx and iron (lI) molybdate
(FeMoOQOa4) peaks were not detected on the cam/follower tribopair. From XPS,
however, it was believed that the Mo 3ds2 peaks that detected on the surface
were due to the presence of MoOs and not FeMoOas. Accordingly, MoS2 and
MoOQOs peaks were clearly seen on the tribofilms formed on camlobes. Based
on the literature [90, 96, 112], the increasing of MoS2/MoOs ratio reduces the
coefficient of friction. From Fig. 8-7, it was reported that the MoS2/MoOs ratio
for the camlobe rubbed against DLC insert is higher than the MoS2/MoQOs ratio
for the camlobe rubbed against MnPOg4 insert. That could validate the friction

results obtained by the camlobe rubbed against DLC insert.
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The O1s peaks consisted of the bridging oxygen (BO), non-bridging oxygen
(NBO) and metallic oxides (MO). The corresponding binding energies of the
bridging oxygen (BO), non-bridging oxygen (NBO) and metallic oxides (MO)
are 533.04+0.25eV, 532.25+£0.5eV and 530.80 +0.3eV respectively. BO is an
oxygen atom that forms covalent bonds between two phosphate groups (i.e.
P—O-P bond). NBO is an oxygen atom that is within a terminating phosphate
(=POx). The area ratio of the BO/NBO is also used for the determination of
phosphate chain length even though the difference between the linewidth of
the peaks and the chemical shift may not be entirely distinguishable [115, 134,
273]. A greater BO/NBO is also supporting a long chain polyphosphate which
can be used to determine the polymeric number (n) by the following Equation.

BO _ (n-1)
NBO  2(n+1)

Equation 8-1

Both parameters (BO/NBO and A Zn 3s-P 2p) were be used to observe the
phosphate films formed on camlobes and tappets. Table 8-3 shows the link
among the wear performance, BO/NBO, A Zn 3s-P 2p and P 2p/Zn 3S across
the seven specified locations on the camlobe rubbed against MnPO4 insert
with thickness of 2.75 mm. It can be seen that both parameters (BO/NBO and
A Zn 3s-P 2p) were reported to be higher at the cam nose compared to the
cam flank (both sides). This suggests that the tribofilm formed on the cam
nose was composed of long chain calcium phosphates as compared to the
tribofilm formed on cam flank in both sides.
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Figure 8-7 XPS analysis of cast iron camlobes rubbed against tappets
coated with MnPO4 and DLC coatings at 100 °C: (a) S 2p peaks, (b) P 2p
peaks, (c) Zn 2p peaks, (d) Mo 3d peaks, (e) Ca 2p peaks and (f) O1 s

peaks
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Table 8-3 Wear depth, BO/NBO area ratio, A(Zn 3s- P 2p) (eV), and P 2p/Zn 3s
area ratio for the seven specified positions on Cl camlobe rubbing against MnPO.
insert with thickness of 2.75 mm at 100 °C

P
Angular
Wear Depth (um) BO/NBO A(Zn 3s—P 2p)(eV) 2p/Zn
Position (°)

3s

-14 0.04 0.15 6.49 4.75
-10 0.3 0.20 6.60 3.17
-4 0.5 0.20 6.58 2.58

0 0.7 0.24 6.72 2.31
+4 0.6 0.11 6.70 5.02
+10 0.5 0.21 6.54 2.72
+14 0.16 0.12 6.50 2.30

Table 8-4 Binding energies of XPS spectra of Zn 3s, P 2p, S 2p, MoS; and MoQs,
and spectra at two temperatures (100 °C and 130 °C) and the corresponding
species formed on top surface of camlobes rubbed against tappets with different

thicknesses

Camlobe

rubbed Binding Energies (eV)

against

T(°C)  tappets
with

different

thickness

Zn 3s P 2p S2p MoS; MoOs

275mm  139.65 133.03 161.98 229.69 232.50

100 2575 mm 137.46 132.87 - - -

2275mm 139.86 133.14 162.38 230.00 232.48

275mm  139.92 133.27 16213 229.57 232.60

130 2575 mm 140.00 132.87 162.04 229.44 232.46

2275 mm 139.79 13298 162.18 229.69 232.50
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Figure 8-8 XPS analysis of steel tappets coated with MnPO4 and DLC
coatings at 100 °C: (a) S 2p peaks, (b) P 2p peaks, (c) Zn 2p peaks, (d) Mo
3d peaks, (e) Ca 2p peaks and (f) O1 s peaks
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In addition to that, Table 8-4 shows the binding energies of XPS spectra for
the camlobes under the effect of tappet thickness and temperature. It can be
seen that regardless of tappet thickness and lubricant temperature, oil
additives were all observed on the tribofilms formed on the camlobes.
However, it was evident that the S 2p, MoS2 and MoO3s peaks were not
detected on the camlobe when rubbed against MnPO4 insert with thickness of
2.575 mm at 100 °C. Figure 8-8 shows the XPS spectra of the tribofilms
formed on the tappets coated with MnPO4 and DLC coatings. Evaluations of
A Zn 3s - P 2p showed that the tribofilms are composed of relatively long chain
calcium phosphates at the DLC insert as compared to the MnPOs insert.
Unlike Raman results, regardless of tappet coating, MoOs peaks were also
observed on the tribofilms formed on the surface.

Furthermore, it was found that the MoS2/MoOs ratio for the DLC insert is lower
than the MoS2/MoOs ratio for the MnPOs insert. Nevertheless, lower friction
was observed on DLC surfaces. This was attributed to the effect of surface
roughness and tappet rotation on friction performance (i.e. DLC inserts have
lower roughness and higher rotation as compared to MnPOg+ inserts). The O1s
peaks were also consisted of the bridging oxygen (BO), non-bridging oxygen
(NBO) and metallic oxides (MO). The ratio of bridging oxygen to non-bridging
oxygen in the polyphosphate glass was calculated by dividing the intensity of
BO and NBO peaks obtained from XPS analysis. Results for BO/NBO area
ratio, A Zn 3s-P 2p and P 2p/Zn 3S inside and outside the wear track (for the
tappets coated with MnPO4 and DLC coatings) were presented in Table 8-5.

For MnPOzs insert, no Zn 3s and P 2p were detected outside wear track. For
DLC insert, however, both peaks (i.e. Zn 3s and P 2p) were detected inside
and outside the wear track with relatively slight difference in BO/NBO and A
Zn 3s-P 2p. Inside wear track, A Zn 3s-P 2p was reported to be lower as
compared to the outside wear track, revealing that the tribofilm formed inside
wear track composed of short chain calcium phosphates as compared to the
tribofilm formed outside wear track. In addition to that, Table 8-6 presents the
binding energies of XPS spectra for the steel tappets under the effect of tappet
thickness and temperature. It was evident that regardless of tappet thickness

and type of coating, oil additives were all observed on the tribofilms formed on
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the tappets. A representative survey scan on the tribofilms formed on the

cam/follower tribopair is presented in Fig. 8-9. In general, the tribofilm is

mainly rich in oxygen. Also, it can be noticed that both ZDDP and MoDTC

were clearly observed on both tribopairs (i.e. Cl camlobe/MnPOs insert

system).

Table 8-5 BO/NBO area ratio, A (Zn 3s- P 2p) (eV), and P 2p/Zn 3s area ratio for
MnPO, and DLC inserts inside and outside the wear track at 100 °C

Insert A(Zn3s-P
Position oninsert BO/NBO P 2p/Zn 3s
coating 2p)(eV)
Inside wear track 0.36 7.11 2.78
MnPO4
Outside wear track 0.26 - -
Inside wear track 0.10 6.90 1.26
DLC
Outside wear track 0.08 7.09 3.12

Table 8-6 Binding energies of XPS spectra of Zn 3s, P 2p, S 2p, MoS; and MoOs,

and the corresponding species formed on top surface of MNPO4 and DLC inserts

inside the wear track at 100 °C

Insert Insert Binding Energies (eV)
coating thickness

Zn 3s P 2p S2p MoS; MoO3
2.75 mm 139.57 132.67 161.23 22854 232.16
MnPO4 2.575 mm 139.31 132.35 160.89 22823 231.87
2.275 mm 139.32 132.39 160.89 228.39 231.77
2.75 mm 140.86 133.76 163.47 230.76 232.63
DLC 2.575 mm 141.82 134.73 164.63 229.21 232.34
2.275 mm 141.23 133,99 163.03 230.02 233.15
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Figure 8-9 XPS survey scan for the tribofilms formed on the: (a) Cl camlobe
rubbed against (b) MnPOs insert with thickness of 2.75 mm

8.2.4 FIB-SEM Results

Figure 8-10 shows the thicknesses of tribofilms formed on cam/follower
tribopair. It can be seen that the thickness of the tribofilm formed on the
camlobe rubbed against MnPO4 (32-43 nm) insert and the MnPO4 insert (48-
49 nm) is considerably lower than those observed on the camlobe rubbed
against DLC insert (38-58 nm) and the DLC insert (51-67 nm). In addition,
regardless of type of coating, it was reported that the thickness of the tribofilm

formed on the tappets was higher than those observed on the camlobes.

The lubricant used in the first stage and second stage (i.e. O5) produced a
very thin film at the cam nose while thick tribofilm was formed at the cam flank
(both sides). Similar trend was generally observed for all tappets (i.e. thinner
film was detected at the centre of the inserts compared to several spots near
the edge of the insert). This could be correlated to the removal action due to
high pressure rubbing action (from the ramp, flank, shoulder and nose) of the
camlobe at the centre of the insert. Likewise, the observed difference in
thickness between both tribopairs could support a removal and formation
process, which is probably because of load/pressure variations, flash
temperatures and interaction with the lubricant. It is worth mentioning that

good dispersed tribofilms reduce the wear rates. Zhang et al. [274] reported
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that the film thickness appears to be one of the causes of the differences in

wear.

Figure 8-10 FIB-SEM showing tribofilm thickness for: (a) camlobe rubbed
against MnPOzs insert, (b) MnPOx insert, (¢) camlobe rubbed against DLC
insert and (d) DLC insert

8.2.5 TEM Results

For both stages, Fig. 8-11 shows the characterisation on the surfaces of the
camlobes rubbed against inserts coated with MnPO4 and DLC coatings. As
earlier supported by FIB-SEM, the thickness of the tribofilm formed on the
camlobe rubbed against MnPOu insert is noticeably lower than those observed

on the camlobe rubbed against DLC insert.

For the camlobe rubbed against MnPOz4 insert, the tribofilm was mainly made
of Fe, Zn, Mo, P and S. However, confirming XPS results, sulfur (S) was not
detected on the camlobe that rubbed against DLC insert. The tribofilm was
mainly consisted of Zn, Mo, P and C. The platinum layer is coming from the

deposition prior to cutting in the FIB-SEM.



Figure 8-11 TEM images showing tribofilm at cam nose rubbed at: (a)
MnPOs insert and (b) DLC insert

Figure 8-12 presents the characterisation on the surfaces of the MnPO4
inserts and DLC inserts. Different tribofilms were observed on both inserts.
This change in the structure of the tribofilm on the surface definitely has a
significant effect on the wear.

For MnPOs insert (i.e. stage 1), the tribofilm was mainly made of Zn, Mo, S,
Al and Fe. The Al originates from the modified cylinder head and the Fe are
from the wear of the insert surface. However, unlike XPS results, P was not
detected on the surface of MnPOs insert. Gallium is the source of the device
while copper is the grid which enable the samples to be held in place. Platinum
was also detected on top of the layers as a protective platinum layer that

deposited on the inserts by FIB.

For DLC insert (i.e. stage 2), the tribofilm was mainly consisted of Mo, Zn, S,
P and C. The coating layers from top to bottom were detected to be C, Cr and
Fe (substrate), respectively. The white region is mainly of carbon (i.e. carbon

layer) while the interlayer was made of CrC.
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Figure 8-12 TEM images showing tribofilm at: (a) MnPOa insert and (b) DLC
insert

8.3. Third Stage and Fourth Stage
8.3.1 SEM-EDX Results

Figure 8-13 shows SEM micrographs for the ClI camlobes, MnPO+ inserts and
DLC inserts under the absence of MoDTC additive. Similar to the first stage
and second stage, the wear scar on the camlobes was not detected by SEM
while the wear scar on the inserts for both coatings (i.e. MnPO4 and DLC) was
clearly identified by SEM. Regardless of type of coating, it is worth mentioning
that the thickest tappet does not necessarily shows high interactions with the
camlobe surface and the oil additive. Thus, in some cases, wear rate was
found to be low for the thickest tappet. This confirms the friction and wear
results obtained from the third stage and the fourth stage. EDX semi-
quantification of Cl camlobes and coated steel inserts (2.75 mm) is presented
in Table 8-7. Furthermore, in order to evaluate the effect of tappet thickness
on tribofilm formation, the elemental composition of the Cl camlobes and the

coated steel inserts (2.575 mm and 2.275 mm) is presented in Table 8-8.

From Fig. 8-13a, the Cl camlobe revealed the presence of P, S and Zn on
both regions (i.e. region 1 and 2) on the cam nose as they were derived from
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the elements of the lubricant, confirming a heterogeneous distribution of the
lubricant derived films on the camlobe surface. Similar composition was seen
on the cam flank (both sides). Comparing to a pre-test Cl camlobe, relatively
high changes in carbon, oxygen and iron concentrations were observed at
region 1. This confirms that chemical reactions were taking place with the
lubricant additives (mainly ZDDP). From Fig. 8-13b and Table 8-7, inside the
wear track (i.e. region 3), Fe was considerably high at region 3 compared to
region 4 (i.e. outside wear track) and a pre-test MnPOx4 insert. Nevertheless,
the coating was not stripped off from the surface. Outside the wear track, at
region 4, the MnPO4 coating was not affected by the chemical reactions that
occurred between the lubricant, the Cl camlobe and the MnPOs insert.
Nevertheless, Zn, S, and P were all seen outside the wear track with different
concentrations. From Fig. 8-13c, the Cl camlobe in both region 5 and region
6 showed similar distribution of the lubricant derived films on the cam nose
surface and even on cam flank surface (both sides). However, P was not
detected at region 6 as well as this region was reported with high levels of Zn

and S as compared to those elements at region 5.

For the fourth stage, the DLC insert in Fig. 8-13d, inside the wear track (i.e.
region 7), showed no S and Zn in the wear scar as compared to the region
outside the wear track (i.e. region 8). This is in line with the obtained friction

and wear results.

Similar to the first stage and second stage, changing the clearance of tappet
affected the tribofilm formed on the cam/follower tribopair. From Fig. 8-13j, at
region 14, the MnPO4 with thickness of 2.275 mm low levels of P and high
levels of Fe as compared to the MnPO4 tappets with thickness of 2.75 mm
and 2.575 mm (i.e. region 3 and 10). That correlates the high wear that
obtained by the tappets with the thinnest thickness. In contrast, from Fig. 8-
13! (region 16), the DLC insert with thickness of 2.275 mm, showed the
highest levels of carbon with the lowest levels of iron as compared to the DLC
tappets with thickness of 2.75 mm and 2.575 mm (i.e. region 7, 8 and 12). The
obtained findings clearly reduces the wear rate on the DLC insert with
thickness of 2.275 mm.
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Figure 8-13 Scanning Electron micrograph (SEM) at 100 °C: (a) Cl camlobe rubbed
against (2.75 mm) MnPOQO4 shim, (b) MnPO. shim with thickness 2.75 mm, (c) ClI
camlobe rubbed against (2.75 mm) DLC shim, (d) DLC shim with thickness 2.75

mm, (e) Cl camlobe rubbed against (2.575 mm) MnPOQO4 shim, (f) MnPO4 shim with
thickness 2.575 mm (g) Cl camlobe rubbed against (2.575 mm) DLC shim, (h) DLC
shim with thickness 2.575 mm (i) Cl camlobe rubbed against (2.275 mm) MnPO.
shim, (j) MnPO4 shim with thickness 2.275 mm, (k) Cl camlobe rubbed against
(2.275 mm) DLC shim, (I) DLC shim with thickness 2.275 mm
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For the camlobes, the tribofilm derived was seen to be relatively similar when
the camlobes rubbed against different tappet thicknesses. In general, the DLC
inserts, with thickness of 2.575 mm and 2.275 mm, showed no evidence of
wear. However, it should be mentioned that a polishing process was only
observed on the DLC insert with thickness of 2.75 mm. For all MnPO4 inserts,

an abrasive wear process was seen on all MnPOs inserts.

Table 8-7 EDX semi-quantification of Cl camlobes and coated inserts (2.75mm)

Element (wt %)

” Cl camlobe
g Cr C P S Zn Mn Mo Fe O Others
[=
o Before Test 0.60 8.57 - - - 0.96 - 87.84 1.06 0.97
o
§ . Region 1 0.6 23.4 0.2 0.2 0.5 0.8 - 71.8 - 2.4
i 27
= < F .
'g Region2 0.5 24.4 0.5 0.5 1.5 0.9 - 65.6 4.2 1.9
©
° Element (wt %)
g MnPO, insert
E cr c P S Zn  Mn Mo Fe o} Others
2
% Before Test 0.68 6.36 15.46 - - 14.24 - 21.96  39.61 1.69
©
o
) . . Region3 138 5.4 7.0 0.2 0.4 5.1 - 59.7 19.4 1.1
£ 7
'_
< Region4 2.0 5.7 7.4 0.2 0.7 5.6 - 56.9 20.1 1.3
Element (wt %)
Cl camlobe
e Cr (6} P S Zn Mn Mo Fe (0] Others
[
g Before Test 0.60 8.57 - - - 0.96 - 87.84 1.06 0.97
(&]
5' - Region 5 0.5 26.2 0.5 0.9 0.9 0.6 - 49.3 17.2 215
g 24
-g Region6 0.3 29.7 - 1.6 0.7 0.6 - 38.2 23.7 4.3
=)
©
s Element (wt %)
] DLC insert
2 Cr C P S Zn Mn Mo Fe O Others
2
o 28.1
g Before Test e 71.45 - - - - - 0.20 - 0.20
o
o
_ Region 7 25.1 74.4 _ 0.1 _ - - - - 0.3
2 i
<

Region8 247 75.0 0.1 0.1 0.1 - - - - -

Under the absence of MoDTC, the tribofilm formed on the cam/follower
tribopair was also found to be affected by changing the thickness of tappet
affected. From Fig. 8-13j, the MnPO4 with thickness of 2.275 mm low levels of
P and high levels of Fe at region 14 as compared to the MnPO4 tappets with
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thickness of 2.75 mm and 2.575 mm at region 3 and 10. That correlates the
high wear that obtained by the tappets with the thinnest thickness. However,
from Fig. 8-13l, the DLC insert with thickness of 2.275 mm at region 16
presented the highest levels of carbon with the lowest levels of iron as
compared to the DLC tappets with thickness of 2.75 mm and 2.575 mm at
region 7, 8 and 12. The obtained results evidently reduces the wear rate on
the DLC insert with thickness of 2.275 mm.

Table 8-8 EDX semi-quantification of Cl camlobes and coated inserts (2.575mm
and 2.275 mm) at 100 °C

Element (wt %)

O Cl camlobe
E Cr c P s Zn  Mn Mo Fe o} Others
’é Region 9 0.6 17.8 0.5 0.2 1.1 1.0 - 72.4 4.0 2.3
©
()]
g Region 13 0.3 23.7 0.3 - 0.7 0.4 - 66.7 5.5 2.1
Q
2
-g MnPO, Element (wt %)
() .
8 insert cr c P S Zn  Mn Mo Fe o) Others
E
8 Region 10 1.8 8.0 7.6 - - 8.2 - 52.8 20.8 1.0
o

Region 14 14 17.2 0.9 0.3 0.8 0.8 - 71.8 6.6 0.5

Element (wt %)

3 Cl camlobe
a Cr o] P S Zn Mn | Mo Fe o) Others
@ Region 11 0.2 64.1 0.2 0.2 0.4 0.2 - 19.5 14.1 0.9
‘®
o Region 15 0.6 25.9 0.6 0.4 10 0.7 - 58.5 10.8 1.7
2
.g Element (wt %)
; DLC insert
S Cr (6} P S Zn Mn Mo Fe (0] Others
§ Region 12 214 78.2 . - . - - 0.2 - 0.3
o

Region 16 275 72.0 0.1 - - - - 0.3 - 0.2

8.3.2 Raman Spectroscopy Results

For O3 (i.e. under the absence of MoDTC), the Raman spectra from CI
camlobes (rubbed against MnPO4 inserts with different thicknesses) are
shown in Fig. 8-14. The spectra are also plotted on the same scale and have
been shifted vertically for clarification purposes. It can be seen that for all

tappet thicknesses, similar Raman peaks were observed. As mentioned
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earlier, the carbon peaks were detected on the camlobe before the test. The
G and D peaks were around 1581 cm™' and 1376 cm™' respectively. After the
test, however, the D and G peaks were not clearly seen on the thinnest tappets
suggesting that the graphite flakes, which are normally present in the
microstructure of the cast iron, did not participate in the formation of the
transfer layer on these particular positions. In addition, from Fig. 8-14, the

peaks at 677 cm™' were attributed to the formation of iron oxide (Fe3Oa).
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Figure 8-14 Raman spectroscopy for the Cl camlobes (rubbed against
MnPOzs inserts) at 100 °C: (a) before test, (b) at cam nose, (c) +14° from

cam nose, (d) -14° from cam nose

The Raman spectra for MnPOs4 inserts with different thicknesses is shown in
Fig. 8-15. The Raman shift generally showed the presence of phosphate (956
cm-) inside and outside the wear track for all thicknesses. This confirms that
the MnPO4 coating was not stripped off from the steel substrate. After test,
carbon peaks were generally detected inside and outside the wear track. This
also confirms that there is a transfer of material from the camlobe to the
MnPOg insert.
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Figure 8-15 Raman spectroscopy for the MnPO4 inserts at 100 °C: (a)

before test, (b) inside wear track, (c) outside wear track
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Figure 8-16 Raman spectroscopy for the Cl camlobes (rubbed against DLC
inserts) at 100 °C: (a) before test, (b) at cam nose, (c) +14° from cam nose,

(d) -14° from cam nose

Fig. 8-16 shows the Raman spectroscopy for the Cl camlobes (rubbed against
DLC inserts with different thicknesses). For thickness 2.575 mm and 2.275

mm, the peaks at 681 cm™" were attributed to the formation of Fe3Os. Carbon
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peaks at 1376 and 1581 cm™' were generally detected for all regions on the
camlobe (i.e. cam nose and cam flank). The Raman spectra obtained from the
DLC inserts with different thicknesses is presented in Fig. 8-17. Regardless
of tappet thickness, it can be seen that the Raman peaks related to the
presence of carbon were the only peaks that detected inside and outside the
wear track of the DLC inserts. For the third stage and fourth stage, as the
lubricant is free of MoDTC, MoOx and iron (ll) molybdate (FeMoO4) peaks

were also not observed on any surfaces of camlobes and followers.
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Figure 8-17 Raman spectroscopy for the DLC inserts at 100 °C: (a) before

test, (b) inside wear track, (c) outside wear track

8.3.3 X-ray Photoelectron Spectroscopy Results

Under the absence of MoDTC, the XPS spectra of the tribofilms formed on the
Cl camlobes rubbed against tappets coated with MnPO4 and DLC coatings is
shown in Fig. 8-18. Regardless of coating type, the S 2p, Zn 3s, P 2p and Zn
2p peaks were clearly observed on the camlobes that rubbed against the steel
inserts. However, the amount of P 2p detected on the tribofilm formed on the
camlobe was higher when rubbed against DLC insert compared to the
camlobe rubbed against MnPOs4 insert. In addition, A Zn 3s - P 2p shows that
the tribofilms are composed of fairly long chain calcium phosphates at the



camlobe rubbed against MnPOs4 insert as compared to the camlobe rubbed
against DLC insert. This result was also confirmed by the BO/NBO ratio which
found to be higher for the camlobe that rubbed against Mn-Phosphate insert
(i.e. a greater BO/NBO also supports a long chain polyphosphate). Table 8-9
presents the binding energies of XPS spectra for the camlobes under the
effect of tappet thickness and coating. Regardless of tappet thickness and
coating type, oil additives were all detected on the tribofilms formed on the
camlobes. However, it was evident that the S 2p peak was not seen on the
camlobe when rubbed against MnPO4 insert with thickness of 2.275 mm. The

S 2p peak was also not observed on the camlobe when rubbed against DLC
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insert with thickness of 2.575 mm.
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Figure 8-18 XPS analysis of cast iron camlobes rubbed against tappets
coated with MnPO4 and DLC coatings at 100 °C: (a) S 2p peaks, (b) P 2p
peaks, (c) Zn 2p peaks, (d) O1 s peaks

Figure 8-19 presents the XPS spectra of the tribofilms formed on the tappets

coated with MnPO4 and DLC coatings
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Figure 8-19 XPS analysis of steel tappets coated with MnPO4 and DLC
coatings at 100 °C: (a) S 2p peaks, (b) P 2p peaks, (c) Zn 2p peaks, (d) O1 s

peaks

It can be seen that the amount of S 2p detected on the tribofilm formed on the
MnPOa insert was higher compared to the DLC insert. In addition, evaluations
of A Zn 3s - P 2p showed that the tribofilms at the DLC and MnPO4 inserts
have similar long chain calcium phosphates. However, the BO/NBO ratio
clearly revealed that the tribofilm formed on the DLC insert have longer chain

calcium phosphates as compared with the tribofilm formed on the MnPO4
insert.

Moreover, the BO/NBO, A Zn 3s-P 2p and P 2p/Zn 3S inside and outside the

wear track for the tappets coated with MnPO4 and DLC coatings are presented
in Table 8-10.
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Table 8-9 Binding energies of XPS spectra of Mo, Zn 3s, P 2p and S 2p formed
on top surface of camlobes rubbed against tappets with different thicknesses and

coatings at 100 °C

Binding Energies (eV)
Insert

thickness

Mo Zn 3s P 2p S2p

2.75 mm 531.06 139.81 132.83 162.00

MnPO4 2575 mm 53245 14139 13444 162.09

2275mm  530.81 140.08 133.11 -

2.75 mm 530.94 140.01 133.20 161.28

DLC 2575 mm  530.20 139.02 132.05 -

2275mm 53111 140.09 133.11 162.00

Table 8-10 BO/NBO area ratio, A(ZN 3s- P 2p) (eV), and P 2p/ZN 3s area ratio
for MnPO,4 and DLC inserts inside and outside the wear track at 100 °C

Insert Position on P 2p/Zn
. . BO/NBO A(Zn 3s - P 2p)(eV)
coating insert
Inside wear track 0.52 6.87 10.35
MnPO, Outside wear
0.41 6.06 4.80
track
Inside wear track 0.08 6.89 5.27
DLC Outside wear
0.02 - -
track

From Table 8-10, for DLC insert (i.e. stage 4), no Zn 3s and P 2p wear
detected outside wear track. For MnPOs insert, however, both peaks (i.e. Zn
3s and P 2p) were detected inside and outside the wear track. In addition, for
MnPOz insert (i.e. stage 3), A Zn 3s-P 2p and BO/NBO were seen to be higher
inside the wear track as compared to the outside wear track, suggesting that
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the tribofilm formed inside wear track composed of long chain calcium
phosphates as compared to the tribofilm formed outside wear track. Table 8-
11 shows the binding energies of XPS spectra for the inserts under the effect
of tappet thickness and coating. Regardless of tappet thickness and coating
type, oil additives were also reported on all the tribofilms that formed on the

tappets.

Table 8-11 Binding energies of XPS spectra of Mo, Zn 3s, P 2p and S 2p formed

on top surface of tappets with different thicknesses and coatings at 100 °C

Insert Binding Energies (eV)

thickness

Mo Zn 3s P 2p S2p

2.75 mm 531.86 141.30 13443 163.73

MnPO4 2575mm  529.83 139.89 133.15 162.09

2275mm  531.37 140.05 133.23 164.84

2.75 mm 531.12 139.81 13292 162.85

DLC 2575mm  530.40 140.01 133.20 162.84

2275mm  532.64 141.37 134.31 163.81

8.3.4 FIB-SEM Results

Under the absence of MoDTC, representative thickness of tribofilm formed on
cam/follower tribopair is presented in Fig. 8-20. Unlike the first stage and
second stage, it was evident that the thickness of the tribofilm formed on the
camlobe rubbed against MnPO4 (45-62 nm) insert is relatively higher than

those observed on the camlobe rubbed against DLC insert (40-45 nm).

For the tappets, it is clearly evident that the tribofilm formed on the DLC insert
is thicker than the tribofilm formed on the Mn-phosphate (MnPOs) insert. The
lubricant used in the third stage and fourth stage (i.e. O3) also produced a thin

film at the centre of the inserts while thick tribofilm was formed at different
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areas near the insert edge. For the camlobes, however, the thickness of the

tribofilm was relatively comparable across the camlobe, namely on the nose

and the cam flank (both sides).
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Figure 8-20 FIB-SEM showing tribofilm thickness for: (a) camlobe rubbed
against MnPOzs insert, (b) MnPOu insert, (c) camlobe rubbed against DLC
insert and (d) DLC insert

8.3.5 TEM Results

The characterisation on the surfaces of the camlobes rubbed inserts coated
with MnPO4 and DLC coatings is shown in Fig. 8-21. For the camlobe rubbed
against MnPOs insert, the tribofilm was mainly consisted of P, S, Zn, Cr and
Ca. AS mentioned earlier, the platinum layer is coming from the deposition
prior to cutting in the FIB-SEM. For the camlobe rubbed against DLC insert,

the tribofilm was generally made of P, S, Zn and Cr.
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For tappets, Fig. 8-22 and Fig. 8-23 show the EDX mapping on the surfaces
of the MnPOs4 inserts and DLC inserts respectively. For MnPOs insert (i.e.
stage 3), the tribofilm was mainly made of Zn, S and P and the substrate was
mainly rich in iron. In addition, circular spots of chromium were detected on
the substrate. Platinum was also detected on top of the layers as a protective
platinum layer that deposited on the inserts by FIB. For DLC insert (i.e. stage
4), the tribofilm was mainly made of S, P, Cr and C. Confirming XPS results,
Zn was also not detected on the surface of DLC insert. The coating layers
from top to bottom were also reported to be C, Cr and Fe (substrate),

respectively.

Pt+P+S+Zn

P+S+7Zn+Cr+Ca

P+S+7Zn+Cr

Figure 8-21 TEM images showing tribofilm at camlobe rubbed at: (a) MnPO4
insert and (b) DLC insert
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Figure 8-22 TEM mapping showing tribofilm at MnPO4 insert
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| C+Cr |
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Figure 8-23 TEM mapping showing tribofilm at DLC insert

8.4. Summary of Findings

Several surface analysis techniques were performed on the tribofilms to

understand the tribochemical interactions between oil additives and the
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cam/follower interface. The main conclusions drawn from this chapter are

given below:

Results revealed that the tribofilm derived from camlobes and tappets
were confirmed to be varied as a function of tappet clearance and cam
profile.

For the first stage and second stage, DLC inserts showed a smoother
surface, supporting a polishing wear. However, this process was not
observed on the DLC insert with thickness of 2.275 mm. For all MnPO4
inserts, however, the surface appears fairly rough (Ra is about 0.47 pym
for the thinnest tappet and 1.7 um for the thickest tappet) compared to
MnPOs insert before test (Ra 0.25 ym). The surface was consisting of
ridges/grooves on the surface of the insert. This is equally supporting
an abrasive wear process for MnPOz inserts.

For the third stage and fourth stage, it should be mentioned that
polishing process was only observed on the DLC insert with thickness
of 2.75 mm. For all MnPOz inserts, an abrasive wear process was seen
on all MnPOzs inserts.

Higher MoS:2 peak intensity was observed inside the wear track as
tappet clearance decreases which could indicate more MoS: film
formed inside the wear track. That could be related to higher pressure
at the interface (for higher tappet thickness) resulting in an enhanced
MoDTC decomposition.

The lubricant used in the first stage and second stage (i.e. O%5)
produced a very thin film at the cam nose while thick tribofilm was
formed at the cam flank (both sides). Similar trend was observed for all
tappets (i.e. thinner film was detected at the centre of the inserts
compared to several spots near the edge of the insert).

The lubricant used in the third stage and fourth stage (i.e. O3) also
produced a thin film at the centre of the inserts while thick tribofilm was
formed at different areas near the insert edge. For the camlobes,
however, the thickness of the tribofilm was relatively comparable
across the camlobe, namely on the nose and the cam flank (both

sides).
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In the presence of MoDTC, the thickness of the tribofilm formed on the
camlobe rubbed against MnPO4 (32-43 nm) insert and the MnPO4
insert (48-49 nm) is relatively lower than those observed on the
camlobe rubbed against DLC insert (38-58 nm) and the DLC insert (51-
67 nm).

In the absence of MoDTC, the thickness of the tribofilm formed on the
camlobe rubbed against MnPO4 (45-62 nm) insert is fairly higher than
those observed on the camlobe rubbed against DLC insert (40-45 nm).
For the tappets, the tribofilm formed on the DLC insert is thicker than
the tribofilm formed on the Mn-phosphate (MnPO4) insert.
Tribochemical analysis showed that MoS:2 tribofilm was formed on non-

ferrous surfaces (i.e. MNPO4 and DLC surfaces).
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Chapter 9. Discussion

9.1. Introduction

In this chapter, the results presented in Chapters 5, 6, 7 and 8 are discussed.
The findings are assessed and compared with other published literature. The
discussion is split into three main sections. The first section discusses the
characteristics of tribofilm formed on the surface and its relation to current
published studies. In addition, the effect of sliding/rolling ratio (SSR) on
MoDTC tribofilm and friction are discussed. The first section also covers the
effect of MoDTC on friction and wear. The second section discusses the
coating performance, chemistry and thickness of tribofilm formed in the SCR
and the newly developed tappet rotation technique. The third section links and
discusses the correlation between MTM and SCR tribometers. Also,
optimisation of friction and wear behaviour and its link to fuel economy is also

presented in the third section.

9.2. Characteristics of MoDTC Tribofilm

The tribofiims formed from lubricants containing MoDTC are generally
composed of low friction sheets of MoS2 [112, 188-191]. The presence of
MoSx (x>2) compounds has also been reported. These compounds are
typically formed at lower temperatures than MoS2 compounds. A
recrystallization of MoSx has been reported to form MoS:2 at high temperatures
[275]. In other words, MoSxis considered as an intermediate compound in the
formation of MoS2, where the transformation from MoSx (x>2) to MoS:2 is
dependent on shear stress and temperature [198].

The presence of MoOxin MoDTC lubricant has also been reported. Bouchet
et al. [90] and Haque et al. [96] have used XPS surface analytical technique
to observe MoS2 and MoOs compounds in the MoDTC tribofilm. They also
found that the increasing of MoS2/MoQOs ratio reduces the coefficient of friction.
In this study, MoS2 and MoOs compounds were clearly seen on the tribofilms
formed on camlobes and followers. Iron (II) molybdate (FeMoOa) is also
reported as a product of MoDTC decomposition [201]. This is new reaction
pathway of MoDTC additive which was identified by using Raman
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spectroscopy. In the literature, the formation of FeMoO4 was reported at 120
°C, due to a reaction of molybdenum compounds with iron oxides [276, 277].
In addition, iron (lI) molybdate (FeMoOs4) can also be formed at room
temperature via mechanical milling [278]. Recently, the formation of FeMoO4
was reported, at 20 °C and 100 °C, on steel/steel system; FeMoO4swas formed
during thermal degradation of lubricants containing MoDTC in the presence
of FesO4 and during tribotests on MoS:2 coated discs [198]. This however
confirms that the tribochemical reaction was not essentially driven by
temperature (i.e. the reactions are not thermally-activated). In this study, the
formation of iron (II) molybdate (FeMoOa4) has also been observed at 100 °C
using Raman and XPS techniques. It should be mentioned that, for the first
time, FeMoO4 was reported to form on DLC/CI system, not on steel/steel
system as it was the case in [198]. The formation of FeMoOu is believed to be
referred to a reaction of molybdenum compounds with iron oxides on cast iron

and DLC surfaces.

9.3. Effect of Sliding/Rolling Ratio (SSR) on MoDTC Tribofilm

In the literature, the effect of contact type (mainly unidirectional linear sliding
contact and sliding/rolling contact) on the decomposition of MoDTC were
investigated. In general, it was found that MoDTC tribofilm was similar in both
contacts except for a few cases where the type of contact affected the
decomposition of MoDTC on the surface [198]. In results presented in Chapter
5, it was observed that changing the test conditions (e.g. the type of contact)
can affect the decomposition of MoDTC on the surface. For example, in pure
sliding contact, MoDTC additive was reported to form MoS2 and FeMoO4 on
the DLC ball. For sliding/rolling contact, however, only FeMoO4 and Fe203 was
observed on the surface. This reveals that the coverage of adsorbed MoDTC
is higher in a pure sliding contact than in a sliding/rolling contact. In other
words, a pure sliding contact enhances MoDTC tribofilm coverage. A
schematic diagram showing the effect of contact type on MoDTC
decomposition is illustrated in Fig. 9-1. From Fig. 9-1b, as MoDTC was

removed from the sliding/rolling contact due to the rotation of the ball, the
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nascent surface was exposed to oxidation. This can explain the presence of

Fe20sin sliding/rolling contact.

Rotating ball
o) S —
MoDTC U MoDTC
\., \ f':--v----.':)- . k‘%r.-'----'- -~ removed from
""" i emm————- the contact
Contact
Rotating disc Rotating disc

Figure 9-1 2D Schematic diagram showing adsorbed MoDTC in (a)
unidirectional linear sliding contact and (b) sliding/rolling contact [198]

9.4. Effect of Sliding/Rolling Ratio (SSR) on Friction

Literature findings reported that an increase of friction can be obtained with
increase in sliding/rolling ratio (SRR). Vengudusamy et al. [124] showed that
the increase of the boundary friction was insignificant between 30% and 50%
while it was substantial when SRR was 200%. Khaemba et al. [119] reported
that boundary friction increases when increasing SRR from 100% to 200%. In
addition, Brandao et al. [118] found that an increase in SRR (from 10% to

50%) increases elastohydrodynamic friction.

In this study, however, results obtained from MTM tribometer showed
otherwise, where no systematic trend of friction coefficient was observed for
both contacts (sliding/rolling and pure sliding). This was attributed to the
influence of sliding/rolling ratio on surface chemistry, where the change in
SRR was reported to influence the tribofilm build-up.

9.5. Effect of MoDTC on Friction and Wear

MoDTC additive was reported to produce MoS: friction sheets which result in
low friction under boundary lubrication [119, 201, 231]. This is in agreement
with the results obtained from this study. It should be mentioned, however,
adding MoDTC to the lubricant caused high friction at the beginning of the test

then followed by a rapid drop to low friction values. A similar trend was also
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observed with some literature [190, 198, 279]. In order to explain this
behaviour, Morina et al. [279] studied the chemical composition of wear scars
at the beginning of the test (i.e. before friction drop). As a result, different
elements such as Fe, O, S, C and N were detected on the wear scars before
the friction drop. This confirms that the MoS2 sheets (which are responsible
for friction reduction) are not formed yet and thus need a sufficient time in
order to be completely formed, as reported by Grossiord et al. [188] and Rai
et al. [266].

In terms of wear, most literature [226-231] reported high wear on DLC
coatings in the presence of MoDTC. A high concentration of MoDTC can
promote wear of the DLC coating in oils without ZDDP [230]. In addition, MoOs3
compound (formed from MoDTC additive) was reported to react with DLC
coating and this compound was responsible for the increase of wear of DLC
coating [229]. Haque et al. [226] also observed that the presence of MoDTC
gives high wear in a DLC/steel contact. This is in agreement with the wear
results obtained from this study. Similarly, the wear detected on cast iron discs
and cast iron camlobes was relatively high when lubricated with oils containing
MoDTC alone. This confirms the adverse effect of MoDTC in increasing wear
of a ferrous counterpart rubbed against a DLC coating (i.e. DLC ball and DLC
tappet) [221]. This is essentially due to the formation of molybdenum-
containing compounds in the presence of ferrous counterparts leading to
oxidation and accelerated wear of the DLC coating [231]. The higher wear
observed on the Cl surface could also be explained by the absence of MoDTC

tribofilms during the running-in process.

In terms of type of contact, the rolling motion derived from the sliding/rolling
contact was reported to promote the removal of MoDTC [198]. Suzuki [280]
proposed that a good adhesion of MoS2 can be achieved with high
sliding/rolling ratios (more sliding) due to high tensile stress. In this work,
sliding/rolling contacts for lubricants containing MoDTC mostly exhibited
higher wear for the DLC coated balls than pure sliding contact. This suggests
that the pure sliding contact experienced high tensile stress and thereby
provided better adherence of MoDTC than in sliding/rolling contact. As a

result, this led to enhanced tribofilms build up (i.e. enhanced the reaction with
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MoDTC) in pure sliding contact and resulted in an improved lubrication and

therefore reduced wear of the DLC balls.

9.6. Coating Performance on SCR

In valvetrain systems, the friction or power consumption can be reduced by
using coated tappets and even coated camlobes. In this study, a considerable
reduction in friction and wear was achieved by changing the coating of the
tappet from MnPO4 (commercial standard production surface coating) to
diamond-like carbon coating (DLC). This can be explained by the high
roughness of MnPO4 surface which gave rise to asperity interactions, and thus
can lead to high wear and friction [86]. This can also be due the differences in
hardness between coatings. In other words, DLC coating is harder than

MnPO4 coating and that in turn helped in reducing wear of DLC tappets.

In general, high hardness showed an improvement of the fatigue resistance
and ploughing on interacting components [79]. For the same rig used in this
study, it was reported by Ofune et al. [115] that using high hardness coatings
(i.e. higher than the hardness of the DLC coating that used in this current
work) will not conform to the rig configuration. Likewise, high hardness
coatings cause high friction, high noise and need more time to break in.
Nevertheless, in order to improve wear using a particular coating, a balance

between hardness and oil formulation should be taken into consideration.

Although it was reported that DLC coatings offer friction reduction under the
presence of MoDTC, a reduction in friction due to the interaction between
ZDDP and DLC coating was also observed when lubricated in a lubricant free
of MoDTC. This is in agreement with some literature, where ZDDP helps to
decrease the friction [167]. This is however unlike some literature, were ZDDP
was reported otherwise [52, 160, 168-171]. Nevertheless, it should be noted
that a lubricant with MODTC and ZDDP additives can provide lower friction on
the DLC coating, than ZDDP alone [225].

As presented in Chapter 6, the wear of DLC coating was lower than the wear
of tappets coated with MnPQa4. Similar findings were reported in the literature,

where low wear of DLC coatings was observed in presence of MoDTC [221,
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268]. It is worthwhile to mention that the lubricant used in this study was not
only containing MoDTC but also ZDDP. This is most likely one of the potential

reasons that helped to reduce wear on DLC coating [231].

Based on the results obtained from this study, and in addition to the properties
of each coating (MnPO4 or DLC), it was found that the surface roughness and
hardness typically affects the friction response of SCR. Also, the hardness of
the follower affects the wear on the camlobe, as shown in Table 9-1. It is
however important to mention that a particular coating with high hardness will
easily promote high wear on the counterpart (i.e. the camlobe). This was

confirmed by the results presented in Chapter 6.

Table 9-1 Effect of surface roughness and hardness on coating performance

Surface Wear on
Type of coating Hardness Friction Wear
roughness counterpart
MnPO,4
@ Low High High High Low
DLC

@ High Low Low Low High

In general, the coating performance is not only controlled by surface
roughness or hardness of the coating but also controlled by the properties of
coating, oil formulation and material of counterpart. Also, tribochemical
reactions between the coating, the counterpart and the lubricant play a key
role on controlling the performance of coating. Therefore, all these factors
should be taken into consideration in order to understand and/or improve a

tribological system.
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9.7. Chemistry and Thickness of Tribofilm on SCR

The films formed on the cam/follower tribopair was observed to vary with the
oil formulation and type of coating. In general, a considerable distribution of
tribofilms was observed. That distribution in return helped to protect the
surface from plastic deformation of the asperity. As the lubricants used in this
work contained detergents and dispersants, these additives were promoted
the distribution of the tribofilm on the surface [115].

In this study, it was observed that the distribution of the tribofilms was also
dependent on the position of the sample (for both camlobes and tappets). For
example, from FIB-SEM, regardless of MoDTC additive and type of coating,
a very thin film was observed at the cam nose (a region of significant rubbing)
while thick tribofilm was formed at the cam flank (both sides). This was also
confirmed by observing the depth profile using XPS technique (not shown
here). At cam nose, with a long time high energetic monoatomic etching, major
change is detected and the tribofilm derived from MoDTC and ZDDP additives

was fairly thin.

For tappets, thinner tribofilm was also formed at the centre of the inserts (a
region of significant rubbing) compared to several spots near the edge of the
insert. This was also confirmed by FIB-SEM technique which suggests a
removal action due to high pressure rubbing action (from the ramp, flank,
shoulder and nose) of the camlobe at the centre of the insert, flash
temperatures and interaction with the lubricant. At the edges, the XPS depth
profile for the tappets (not shown here) showed that the tribofilm is thicker at
the centre. Fig. 9-2 shows a 3D schematic diagram of the tribofilm distribution

on cam/follower tribopair.
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Figure 9-2 3D schematic diagram showing the tribofilm distribution on
cam/follower tribopair

DLC tribofilms are reported to be different from those obtained on ferrous
surfaces [75]. In fact, no interaction occurs in some cases [281]. However,
results obtained from this study showed otherwise. The tribofilms formed on
DLC and ferrous surfaces (i.e. cast iron camlobe) are reported to be relatively
similar. TEM and XPS analysis of the DLC films showed that the films were
mainly consisted of Mo, Zn, S, P and C. The coating layers from top to bottom
were detected and the substrate was composed of C, Cr and Fe while the

interlayer was made of CrC.

For the ferrous counterpart (i.e. camlobe rubbed against DLC insert), the
tribofilm was mainly made of Fe, Zn, Mo and P. In other words, sulfur (S) was
the only element that did not detect on the ferrous surface. From FIB-SEM,
however, it should be noted that the thickness of the tribofilm formed on DLC
tappets was fairly higher than those observed on CI camlobes and even

MnPO4 tappets.



- 197 -

9.8. Effect of Tribofilm Formation on Tappet Rotation

Initially, many cam rigs have been developed for valvetrain studies [9, 62, 63,
65, 75, 76, 85, 100-103]. A large number of works have also been conducted
on valvetrain systems in order to investigate the behaviour of tappet rotation.
Some researchers [238-240] have developed models to evaluate tappet
rotation while most others have developed different experimental techniques
[235, 241-247]. However, most of these techniques require extensive
modifications on the rig. Also, it is important to mention that almost all these
studies have captured only the effect of tappet rotation on speed, cam angle
and oil temperature. It is however necessary to observe the behaviour of
tappet rotation when the inserts lubricated with different oil formulations (e.g.
with and without MoDTC).

_—

CI Camlobe

CI Camlobe

Without

() With Random
Uniform 0S, Tribofilm MoS;
Tribofil /\4 \ /
. -
Steel Insert

Figure 9-3 Schematic diagram of cam/follower tribopair (a) when the insert
is lubricated with MoDTC (b) without MoDTC
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In a 24h run-in tappet, Mufti et al. [235] reported that adding a friction modifier
to the lubricant has no clear effect on tappet rotation speed. However, they
did not mention whether the friction modifier that they used in their lubricant
was MoDTC additive or not. In any case, this is in contrast with the results
obtained from this study (presented in Chapter 7). In fact, it was found that
MoDTC plays a key role in promoting tappet rotation. In other words, MoS:>
sheets (which come from MoDTC) were suggested to form a uniform layer on
the surface during the rotation, as shown in Fig. 9-3. This uniform layer
provided a better conformity between cam and tappet surfaces and that in
return helped to increase tappet rotation in the presence of MoDTC. In
contrast, a random layer was suggested to form on the surface in the absence
of MoS:2 sheets (i.e. the absence of MoDTC), as shown in Fig. 9-3. This
random layer offers low conformity between the cam/follower tribopair and in

turn resists any motion mainly those due to tappet rotation.

9.9. The Link between MTM and SCR Tribometers

To give room for comparison, similar test conditions such as operating
temperature, contact pressure, load, lubricant, material and coating
combination were used in both tribometers. In addition, as the cam follower
system has sliding/rolling and pure sliding motions, MTM tribometer was used
in this work in order to produce both motions. Based on the similarities in test
conditions, materials and motions, the simulation process between the contact
pair (ball and disc) in the MTM tribometer and the contact pair (cam and
follower) in the single cam rig tribometer is understood to be applicable, as

shown in Table 9-2.

The purpose of the simulation is however to identify the differences and
similarities between both tribometers in terms of tribological and tribochemical
performance. Therefore, if the results are relatively similar (i.e. MTM results
support SCR results), then MTM tribometer can be used in future to simulate
the SCR. This would offer low cost tests with short time and to use low amount
of lubricants. Also, the use of MTM can reduce tests on valvetrain rigs which

in return could lead to lower costs for original equipment manufacturers.
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For the MTM tribometer, the coated DLC ball was representing the coated
steel follower while the uncoated CI disc was representing the uncoated CI
camshaft. It is worth mentioning, however, based on the samples
manufacturer, it was impossible to use balls made of cast iron as the heavier
ball would damage the holder of the ball. Therefore, CI disc was representing
the Cl camshaft, not the ball.

Table 9-2 Similarities and differences between MTM and SCR

Similarities Differences

contact pressure, load,

MTM and SCR lubricant, lubrication Test duration:
tribometers regime, temperature, MTM (6.30 hrs)
material, coating and SCR (80 hrs)

type of contact

9.9.1 Tribological Comparison
9.9.1.1 Friction Performance

The author of this work believes that no works have compared the friction
obtained from SCR tribometer and MTM tribometer. This is mainly due to the
difference in scales between both tribometers in which the friction parameters
are obtained. Scale differences are also appeared between the SCR and other
tribometers. Nonetheless, Gangopadhyay et al. [75] compared the friction and
wear characteristics between reciprocating tribometers and SCR systems.
More recently, the comparison of friction and wear between the SCR
tribometer and pin on plate (PoP) tribometer was done at the University of
Leeds [115]. It is important to mention that PoP tribometer only experiences
pure sliding contact, where this contact can be mainly found on the cam nose.
As cam/follower tribopairs experience different sliding and rolling motions,
evaluation of sliding/rolling contact is crucial. Therefore, the mini traction

machine was used in this study.

Fig. 9-4 shows the friction analysis for both tribometers when lubricated with

O5 (i.e. under the presence of MoDTC) and O3 (i.e. under the absence of
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MoDTC). As already presented in Chapter 4, two types of coatings (MnPO4
and DLC) for the steel follower were used in the SCR while only DLC coating
for the steel ball was used in the MTM. Therefore, from SCR results, the first
stage and the third stage (i.e. when the follower coated with Mn-Phosphate

coating) have not been included in the comparison.

For Fig. 9-4, the single cam rig (SCR) friction torque was calculated as the
average of the three tappet thicknesses. Furthermore, the MTM friction
coefficient was reported as the average of pure sliding contact and

sliding/rolling contact.
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Figure 9-4 Friction analysis as a function of MoDTC for (a) SCR tribometer
(b) MTM tribometer

From Fig. 9-4, regardless of MoDTC additive, it can be seen that both

tribometers were experienced boundary lubrication regime at the lowest
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speed (300 rpm for the SCR and 5 mm/s for the MTM). These findings are in
agreement with those obtained in [115]. This confirms that MTM tribometer, in
boundary lubricated regime, offers good reliability of the level of
representation for simulation of SCR tribometer. At the highest speed (2100
rpom for the SCR and 2000 mm/s for the MTM), the regime for both tribometers
was mixed lubrication. From this work, the differences in widths between both
tribometers are negligible as compared to those reported by Ofune et al. [115]
for the same coating DLC (a: C-H). This implies that the results obtained from

MTM are more realistic than those obtained from PoP.

Fig. 9-4 also shows the friction analysis for both tribometers as a function of
MoDTC. It is worth mentioning that adding MoDTC in both tribometers has
helped to reduce the friction in the system. MoDTC additive contains Mo-S
compounds; these compounds form MoS:2 low friction sheets on the
tribological contact [112, 188-191].

9.9.1.2 Wear Performance

Fig. 9-5 shows the wear comparison between both tribometers when
lubricated with MoDTC additive (i.e. O5) and without MoDTC additive (i.e. O3).
The same methodology was used for comparing the wear performance under
both tribometers (i.e. the SCR wear depth was calculated as the average of
the three tappet thicknesses while the MTM wear depth was reported as the

average of pure sliding and sliding/rolling contacts).

From Fig. 9-5, it can be seen that Cl camlobes experienced lower wear than
Cl discs. This is in a partial agreement to those obtained by [115], where they
found that the highest wear was observed with the PoP (i.e. the wear was
more severe on the pins than the camlobes). However, DLC shim showed
higher wear than DLC balls. Also, from this work, the differences in widths
between the disc and camlobe were generally more than those observed
between the pin and the camlobe [115]. This could be due to the difference in
the oil formulations that used in both studies. From Fig. 9-5, although longer

test duration (80 hrs) was carried out in the SCR and this in turn might help to
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increase wear as compared to a shorter test duration (6:30 hrs) that performed
on the MTM tribometer, the highest wear depth was observed on the Cl disk

while the lowest wear was observed on the DLC ball.

Fig. 9-5 also shows the effect of MoDTC on wear performance for both
tribometers. It can be seen that MoDTC promoted high wear on CI
camlobe/DLC shim tribopair. Similar trend was reported in some literature
[221, 226-230], where DLC coatings wear faster in the presence of MoDTC
when rubbed against a ferrous counterpart. For MTM tribometer, however,
DLC coated balls and CI disks showed relatively low wear when MoDTC was
present in the oil formulation. Similar findings were reported by Tung et al.
[269], where MoDTC was found to reduce wear of a DLC coating in a

formulated engine oil.
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Figure 9-5 Wear analysis as a function of MoDTC for (a) SCR tribometer (b)

MTM tribometer (note different scales)
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9.9.2 Tribochemical Comparison

The comparison of the tribofilm from mini traction machine and single cam rig

tribometers can be summarised as shown in Table 9-3.

Table 9-3 Showing the comparison of the tribofilm from mini traction

machine and single cam rig tribometers when lubricated in a lubricant
containing MoDTC and ZDDRP (i.e. O5)

Mini Traction Machine tribometer

Insert/Surface Tribofilm

Coating

Films composed
of calcium
phosphate,

FeMoO4, MoSz,

Fe203, Fes3Os4,
ZnS and P

Cl Disks

Films composed
of calcium
phosphate,

FeMoO4, MoSa,
ZnS and P

DLC Coated
Balls

The tribofilm varies with changing the
type of contact and the oil
formulation.

The tribofilm formed on the CI discs
was thicker than the tribofilms formed
on the DLC balls.

Single Cam Rig Tribometer

Insert/Surface Tribofilm

Coating

Films
composed of
calcium
phosphate,
MoOs, MoSz,
Fe203, ZnS and
P

Films
composed of
calcium
phosphate,
CrC, MoOs,
MoS2, ZnS and
P

The tribofilm varies as a function of
tappet thickness, cam profile and oil
formulation.

Cl Camlobes

DLC Coated
Shims

The thickness of the tribofilm formed
on the MnPOs insert and the
camlobe rubbed against MnPO4
insert is lower than those observed
on the camlobe rubbed against DLC
insert and the DLC insert.
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As can be seen, although the SCR tests are much longer than MTM tests, the
tribofilm formed on both tribometers are fairly similar. This is in a partial
agreement with the findings obtained by Ofune et al. [115]. From this study,
there were two major differences between both tribometers. Firstly, as
molybdenum in MoOs and FeMoO4 have the same oxidation state (+6), it is
impossible to distinguish the two compounds from the XPS analysis, due to
overlapping peaks [201]. Nonetheless, Raman spectroscopy was used to
distinguish between MoOs and FeMoOa [202, 203]. Therefore, unlike MTM
tests, Mo 3ds/2 peaks that detected on the surface of SCR samples were due
to the presence of MoO3s and not FeMoOa4. Secondly, the tribofilm is dispersed
differently based on the position of the tribofilm (i.e. the tribofilm were well
dispersed at the centre of the camlobe/follower due to rubbing from cam
flank/shoulder/ramp and nose). It is also worth mentioning that the tribofilms
that formed on camlobes have relatively offered similar distribution like the

pure sliding contact obtained on the mini traction machine tribometer.

9.10.0Optimising Friction and Wear

Initially, six lubricant formulations were used in the MTM tribometer. It was
observed that the fully formulated lubricant containing MoDTC and ZDDP (i.e.
O5) exhibited the lowest friction and lowest wear among all other oil
formulations. This is mainly due to the synergy between MoDTC and ZDDP.
Compared with O3 (i.e. the lubricant contained ZDDP, not MoDTC), the fully
formulated oil that composed of MoDTC and ZDDP (i.e. O5) showed a 30-43
% reduction range in friction. This is in agreement with the literature [112, 197,
204, 205], where MoDTC and ZDDP are reported to be more effective when

used together.

According to Ofune et al. [115], a well-designed test in a valvetrain rig can
offer a huge monetary savings. The friction responses obtained from
valvetrain rigs are reported to be very similar to those observed in fired tests
[282], especially at low speed, constant and cyclic test conditions [283]. For
SCR tests, the DLC coating offered low friction and low wear when compared

with MnPO4 coating. The DLC coating was used to achieve 5-36% reduction
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in friction (over the entire engine speed tested) when compared with MnPO4
coating. These results are in line with the works of [110, 115, 284, 285]. This
in return indicates a fuel saving effect. Using the same scale from a work of
[285], a 0.5-1.6 % fuel economy can be estimated when the inserts are coated
with DLC.

In terms of oil formulation, two lubricants (i.e. O3 and O5) were used in SCR
tests. Comparing O5 (with MoDTC) to O3 (without MoDTC), a 3-35 %
reduction range in friction was experienced over the speeds tested when
lubricated with MoDTC additive. These benefits are in line with those obtained
from MTM tribometer and also with those from the literature. A 0.3-1.7 % fuel

economy can be achieved with O5.

In terms of tappet clearance, the thicker tappet (i.e. 2.75 mm) showed more
friction and wear as compared to 2.575 mm tappet thickness. In fact, an 18-
27 % increase in friction range was reported with the thicker tappet. This in
turn implies a negative effect on fuel economy. Tappet with thickness of 2.275
mm showed the lowest friction and lowest wear among the three thicknesses.
Compared to tappet thickness of 2.575 mm, a 10-15 % reduction in friction
range was achieved for tappet thickness of 2.275 mm. However, during the
tests, tappet with thickness of 2.275 mm showed higher vibration, more noise
and possible more wear for longer test durations as compared to 2.275 mm

tappet thickness.

As a result, tappet with thickness of 2.575 mm is considered to provide the
better tribological performance. A representative diagram showing a summary
of the optimum performance that observed from both tribometers is shown in
Fig. 9-6.

Based on the results, it is understood that the tests obtained from both
tribometers are crucial to provide better understating of valvetrain systems in
terms of oil formulation and coating performance, tappet rotation and tappet
thickness. This in return would lead to the ability of developing the real engines
and the ability of avoiding any failure that could possibly occur on engine

components.
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Figure 9-6 2D schematic diagram showing the optimum performance for
(a) MTM and (b) SCR
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Chapter 10. Conclusions and Future Work

10.1.Introduction

The work presented in this thesis has been concerned with both single cam
rig (SCR) tribometer and mini traction machine (MTM) tribometer studies
under the presence and absence of MoDTC friction modifier. The MTM
tribometer has included six oil formulations and two types of contacts (i.e. pure
sliding contact and sliding/rolling contact). The SCR tribometer has included
four stages. These stages were different in type of coating (i.e. MnPO4 and
DLC) and oil formulation (i.e. with and without MoDTC). In addition, measuring
tappet rotation was one of the novel contributions of this thesis. Furthermore,

the link between both tribometers were also addressed.

10.2.0verall Conclusions

10.2.1 Mini Traction Machine (MTM)

e The tribological and tribochemical performance of DLC/cast iron
system was mainly controlled by the oil formulation and the contact
type.

e Pure sliding contact was found to enhance MoDTC activation. In
other words, the sliding/rolling ratio affects the tribological and
tribochemical performance of CI/DLC systems.

e Friction coefficients values were reported to differ across the
boundary lubrication regime. This is however unlike most of
modelling works which assume a constant value for coefficient of
friction.

e Surface roughness did not play an essential role in friction reduction.
Although rougher surfaces were reported for both tribopair after the
test, reduction in friction was seen for most balls and discs under
both contacts. This confirms that the tribological performance is
more controlled by the contact type and the tribofilm formed on the

ball/dics tribopair rather than the surface roughness.
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MoS2 and FeMoOa4 (but not MoOs) are the main decomposition
products for MoDTC. FeMoO4 was identified as the reaction species
which is possibly responsible for the high friction as opposed to
MoOs.

Tribofilm build-up links to the sliding/rolling ratio (SRR). The DLC ball
lubricated in base oil containing MoDTC (i.e. O1) was consisted of
MoS2 and FeMoOs4 under pure sliding contact while only FeMoOa4
was detected under sliding/rolling contact. In addition, for pure
sliding contact, Zn 2p and P 2p were observed on the DLC ball
lubricated in the presence of ZDDP additive (i.e. O3 and O5) while
no such compounds were detected on the DLC ball under
sliding/rolling contact. All these variations justified the friction and
wear results obtained.

The ratio between MoS2/FeMoOs played a key role in the tribological
performance of the Cl discs. MoS2/ FeMoOa4 for Cl discs lubricated
in the presence of MoDTC additive (i.e. O1, O4 and O5) was higher
under pure sliding contact as compared with sliding/rolling contact.
This justifies the obtained friction results.

For both contacts (i.e. sliding/rolling and pure sliding), no lubricants
show extremely high wear on DLC coating. Also, as all DLC balls
have showed thinner films compared to Cl discs, the tribofilms were

hard to be detected by Raman technique.

10.2.2 Single Cam Rig (SCR)

The novel technique developed in the current work facilities
evaluation of tappet rotational speed under different temperatures,
coatings and thicknesses.

Tappet rotation is controlled by the following factors in order of
impact; clearance between the camlobe and the tappet (i.e. coating
thickness), temperature and speed as well as surface roughness of
the tappet or type of coating.

The thickest tappets showed high rotation, implying that the
tribological performance is more controlled by the clearance rather
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than the type of coating or tappet rotation. However, for the third
stage and fourth stage, tappets with thickness of 2.575 mm showed
higher rotation.

A higher tappet rotation was observed when lubricated with fully
formulated oil containing 1wt % MoDTC, suggesting that MoS:2
sheets led to a more conformity of the cam/follower surfaces which
then helped in increasing the rotation of the tappet.

The tappet rotation for DLC inserts was higher than the inserts
coated with MnPOa4. This in return helped in reducing friction and
increasing the anti-wear properties of the DLC inserts.

In terms of friction and wear, the thicker tappet in the first stage and
second stage resulted in higher friction and wear, suggesting a high
interaction between the cam/follower tribopair with increasing tappet
thickness. Although less friction and wear was achieved using
tappets with thickness of 2.275 mm, noisy running was observed.
This possibly can cause an increase in the valvetrain wear for longer
test durations.

The tappet with thickness of 2.575 mm in the third stage and fourth
stage resulted in lower friction and wear as compared to other
thicknesses.

Tappet with thickness of 2.575 mm (0.285 mm clearance) might be
considered the best selection among the three thicknesses. This
thickness showed less friction and wear as compared to 2.75 mm
tappet thickness. Furthermore, it showed lower vibration, less noise
and reduced wear for longer test durations as compared to 2.275
mm tappet thickness.

Adding MoDTC to the lubricant helped in friction reduction for all
stages but it was one of the main reason to promote high wear rate
on the surface.

Two locations in camlobe (cam nose and 4°) are found to be a region
of significant wear. In addition, the selected seven locations showed
the highest wear while the wear of the other locations was not

considerable.
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The tribofilm derived from camlobes and tappets were seen to be
varied as a function of tappet clearance and cam profile.

DLC inserts showed a smoother surface, supporting a polishing
wear. However, this process was not reported on the DLC insert with
thickness of 2.275 mm. For all MnPOg+ inserts, however, the surface
appears fairly rough (Ra is about 0.47 um for the thinnest tappet and
1.7 um for the thickest tappet) compared to MnPOs insert before test
(Ra 0.25 ym). The surface was consisting of ridges/grooves on the
surface of the insert. This is equally supporting an abrasive wear
process for MnPQOg inserts.

For the third stage and fourth stage, polishing process was only
observed on the DLC insert with thickness of 2.75 mm while an
abrasive wear process was seen on all MnPOg inserts.

Inside the wear track, higher MoS2 peak intensity was observed as
tappet thickness increases which could indicate more MoS:2 film
formed inside the wear track. Suggesting a higher pressure at the
interface (for higher tappet thickness) resulting in an enhanced
MoDTC decomposition.

O5 produced a very thin film at the cam nose while thick tribofilm
was formed at the cam flank (both sides). For all tappets, thinner film
was detected at the centre of the inserts compared to several spots
near the edge of the insert.

O3 also produced a thin film at the centre of the inserts while thick
tribofilm was formed at different areas near the insert edge. For the
camlobes, however, the thickness of the tribofilm was relatively
comparable across the camlobe, namely on the nose and the cam
flank (both sides).

The thickness of the tribofilm (under the presence of MoDTC) formed
on the camlobe rubbed against MnPO4 (32-43 nm) insert and the
MnPOsa insert (48-49 nm) is lower than those observed on the
camlobe rubbed against DLC insert (38-58 nm) and the DLC insert
(51-67 nm).
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The thickness of the tribofilm (under the absence of MoDTC) formed
on the camlobe rubbed against MnPO4 (45-62 nm) insert is higher
than those observed on the camlobe rubbed against DLC insert (40-
45 nm). For the tappets, the tribofilm formed on the DLC insert is
thicker than the tribofilm formed on the Mn-phosphate (MnPOa4)
insert.

The results obtained from SCR tribometer closely support those in
the MTM tribometer. It was reported that the average friction and
wear results were comparable for both tribometers. The tribofilm
formed on both tribometers are quite similar. However, For MTM
tribometer, Mo 3ds2 peaks that detected on the surface were due to

the presence of FeMoO4 and not MoOs.

10.3.Suggestions for Future Work

Some suggestions are proposed to continue in the field of this research:

It is recommended to repeat the same methodology used in the MTM
tribometer but with steel/steel interface. That would provide more
information about sliding/rolling ratio, friction, wear and
tribochemistry in steel/steel systems. Further tests should also be
carried at different coating, surface roughness and hardness to
provide a better insight on how these factors affect the tribological
performance of CI/DLC and steel/steel systems.

Single cam rig development can be made by adding some
modifications to the rig and its components. This in return would
improve the tribological and tribochemical understanding of the
system.

It is suggested to develop new friction modifiers and/or apply organic
friction modifiers to replace the MoDTC. This would provide low
friction and controllable wear with environmentally friendly additives.
The obtained results in this work are only valid for a-C: 15H coating
and MnPOs coating. Applying different types of DLC or using DLC
with varying degrees of hydrogenation, to be more compatible with
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current Mo additive technology, could lead to an optimised DLC
coated system with an optimum tribological performance.

Modelling of the single cam rig tribology (i.e. friction and wear
models) is crucial. In order to build an accurate friction and wear
models, focusing on the tribochemical films is also essential. Based
on the literature, limited studies were found regarding the
development of tribochemistry models. Ghanbarzadeh et al. [286]
developed a tribofilm growth model based on local properties of
contact on rough surfaces. This model can consider the effect of
antiwear tribofilm on the localised wear of boundary lubricated
systems. In addition, Bosman and Schipper [287] also evaluated the
growth of the tribofilm and its removal using a diffusion reaction.
However, further models can be developed to give a better
simulation for valvetrain tribochemistry.

In the present research, the developed technique for measuring
tappet rotation was proved to provide a good comparison and
repeatability of results and can be considered to be an important
research tool for engine manufacturers. Therefore, this technique
can be used to evaluate different coatings, oil formulations and
materials. Also, some theoretical contents and/or theoretical
validation are recommended for future work, such as mathematic
model and theoretical arithmetic.

Controlling tappet rotation is one of the main aspects in the current
work. However, this aspect is not accomplished, mainly due to time
constraints. Future studies should therefore focus on controlling
tappet rotation, which could be achieved by modifying the single cam
rig (for example, applying a mechanical system on the rig in order to
control tappet rotation). Essentially, controlling tappet rotation
means the ability of changing the rotation of tappet at any time (such
as the ability to increase the rotation at low speeds and decrease it
at high speeds). This in return help to reduce wear and friction of
valvetrain systems. Further studies can also be focused on the effect

of tribochemistry on tappet rotation.
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