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Abstract 

One of the main ways of increasing the fuel economy of the internal 

combustion engine (ICE) is by using lower-viscosity oils, which directly 

reduces CO2 emissions. The challenges of lower viscosity oils include 

decreased lambda ratios in tribo-contacts. To address this, the engine oil 

additive package plays a crucial role in maintaining low friction and ensuring 

engine durability. High concentrations of molybdenum dithiocarbamate 

(MoDTC) are added to counteract oil viscosity reduction and oxidation effects. 

An investigation into the optimization of the MoDTC concentration in low 

viscosity engine oil is undertaken in this study by conducting friction and wear 

tests on SAE 0W-8 oil with different MoDTC concentrations using a Mini 

Traction Machine (MTM) and NPFlex. Tribofilm growth is studied through 

spacing layering imaging (SLIM) imaging, and chemical composition is 

analyzed using X-ray Photoelectron Spectroscopy (XPS) and Raman 

Spectroscopy. The optimum Mo concentration falls between 180 and 350 

ppm, significantly influencing friction induction time, MoS2 and ZDDP film 

thicknesses.  

Understanding the interactions of boundary active additives becomes critical 

in low-viscosity engine oil. Detergents, which have received less attention 

than MoDTC and zinc dithiophosphate (ZDDP), form tribofilms with good wear 

properties. Investigating different detergents' influence and interactions with 

ZDDP and MoDTC in ultra-low viscosity oil, three detergent formulations 

within a 0W-8 oil grade engine oil are examined. Detergents impact friction, 

wear, and tribofilm composition, showing synergistic effects with ZDDP and 

MoDTC. The same techniques used in the first study are applied.  
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It has been proven that extending the oil drain interval (ODI) is as essential as 

reducing the viscosity to reduce CO2 emissions. However, ageing occurs 

within the oils during operation and is a detrimental process for low viscosity 

engine oil additives. Little research has been conducted comparing artificial 

and engine ageing processes. Thus, the same tribological testing equipment 

is utilised to investigate a comparison study between the two ageing 

processes as in the previous studies. The artificial aging process cannot fully 

replicate engine aging effects on oils. Regardless of the engine ageing 

process, the impact on oils remains relatively constant, while artificial ageing 

produces inconsistent results.  
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Chapter 1 Introduction 

1.1 The impact of Green House Gases from engine emissions 

Over 60% of the one billion vehicles globally use ICE as their power source 

[1]. The average efficiency of spark-ignition ICEs is around 30-36%, showing 

how inefficient they are at converting fuel to usable energy [2]. As a result of 

engineering and re-development over the years since the first ICE was 

manufactured, larger efficiencies have been reached by using higher 

compression ratios and engine management systems [3]. The process within 

an ICE to convert the energy stored within the fuel to mechanical energy, 

which drives the wheels, produces the main greenhouse gas (GHG) CO2, 

which is proportional to the amount of fuel used.  

Over recent years, there has been much more significant interest in the 

impacts these CO2 emissions produced by engines have on our environment. 

The GHGs can directly cause water shortages, sea levels rise, and forest 

damage. Although there are different contributors to GHG emissions, such as 

industry and electricity, transportation generates the most significant GHGs. 

The projected CO2 emissions produced, and energy use from transportation 

is expected to grow to about 80% higher than in 2030 if no significant action 

is taken to reduce the produced emissions [4].  

The future projections and concerns for our environment from countries and 

regions such as China and Europe are forcing them to change laws for the 

future, implanting strict CO2 regulations. Original equipment manufacturers 

(OEMs) have to implement different solutions into the engine to meet these 

requirements set by international governments. From extensive research, the 
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two main ways to decrease CO2 emissions are increasing fuel economy and 

using renewable fuels. 

1.2 Increasing fuel economy  

The cheapest and most efficient way to increase the fuel economy of an ICE 

is by decreasing the viscosity of the engine oil. Previous research on the 

potential savings achieved using a lower viscosity engine oil directly 

increasing fuel economy has shown large values. An example of estimation 

would be a $370 million per year saving if all USA car owners used cars with 

a 0.5% fuel economy improvement [5]. More recent studies show that a 2.75% 

fuel efficiency increase can be achieved using an SAE 5W-20 oil compared to 

an SAE 10W-30 [6]. Lowering the viscosity even further still produces positive 

results, a 1.5% increase can be observed using a 0W-20 following 

international lubricants standardization and approval committee (ILSAC) GF-

2 standards compared to 5W-30 engine oil [7]. 

The general trend for fuel economy % increase when lowering the viscosity of 

the engine oil is shown in Figure 1-1 [8]. As the kinematic viscosity at 100°C 

is decreased, there is a linear increase in fuel economy % based on the 

reports of multiple authors. It must be noted that the graph is of base oils. 

Currently, Japanese OEMs are leading the market for ultra-low viscosity 

engine oil, with large amounts of research being put into developing an 

industry-available 0W-8 engine oil. However, it is relatively unknown how far 

the engine oil's viscosity can be lowered before fuel economy % increases are 

not positive or beneficial. 
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1.2.1 The impact of reducing oil viscosity 

Decreasing the viscosity of the oil improves the pumping ability during cold 

starts. It enables the oil to be thin enough to lubricate the components upon 

engine start-up, ensuring the least amount of time it takes to complete an 

entire cycle of lubrication within the ICE. In terms of friction, lowering the oil's 

viscosity decreases the hydrodynamic friction in the bearings and 

piston/cylinder area, where a large proportion of the fuel economy increase is 

generated [9]. However, lowering the viscosity of the lubricating oil also has 

its disadvantages. It shifts all the components' lubrication regimes towards the 

boundary regime and decreases the tribo-contacts lambda ratios. Lambda 

ratio is a parameter used to quantify the lubrication regime. More "metal-to-

metal" contact occurs between the components, especially at high 

temperatures where the oil is at its thinnest. Thus, components in which tribo-

Figure 1-1 Fuel economy benefits from decreasing oil 
viscosity [7]. 
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contacts operated in low lambda ratios are expected to have increased friction 

and wear, as shown in Figure 1-2. 

 

 

Additives become more and more critical to understand as the oil's viscosity 

is lowered to ensure necessary low friction and wear in components with 

lowered lambda ratios towards the boundary and mixed lubrication regimes. 

Hence, specific attention must be given to the boundary additives that form 

the tribofilm matrix with friction and wear-reducing properties. These main 

additives are known as friction modifiers and anti-wear additives. 

Countries are increasing the friction modifier concentration to very high 

amounts of 1000+ppm of Mo to counteract the impact of lowering the oil's 

viscosity on its tribological properties. However, the increase in friction 

modifier concentration has its disadvantages and problems. The 

Figure 1-2 ICE components lambda ratios with changing viscosity. 
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concentration of boundary additives has to be increased due to decreased 

lambda ratios at the tribo-contacts, additive depletion due to oxidation and the 

need for an increased ODI. An increase in sulfur content and its relatively high 

cost are both factors that create a need for the friction modifier concentration 

to decrease [10].  

The two essential additives, MoDTC and ZDDP, that form tribofilms directly 

reduce friction, and wear must not be negatively impacted by other boundary-

active additives. Previous research has shown detergents to form tribofilms 

[11]. However, the detergent formulation to improve its function must not 

hinder the friction and wear additives with the harsher conditions produced by 

reducing the oil viscosity.  

Another driving force in increasing fuel economy is obtaining longer ODI. 

Therefore, it is crucial to test and analyze the performance of the ultra-low 

viscosity engine oils in a new state and while aged, giving specific attention to 

the oxidation of additives.  

1.3 Aims and objectives 

This study aims to advance our understandings of the interactions of surface-

active engine oil additives in low viscosity engine oils and their effect on 

tribological performance. The research was carried out through three main 

studies. 

Optimization of Mo concentration in ultra-low viscosity engine oil. This study 

investigated the effect of Mo concentration on various tribological aspects, 

including friction and wear performance, ZDDP film thickness, tribofilm 

chemistry, and MoDTC decomposition products. The objective was to 
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determine the critical concentration range for Mo in low viscosity and develop 

mechanisms to explain how changes in Mo concentration effect friction and 

wear performances. 

Detergents influence on the tribological properties of ultra-low viscosity engine 

oil. In this study, the focus was on examining the influence of detergent 

formulations on tribological properties. The investigation includes friction 

performance, wear performance, ZDDP film thickness, tribofilm chemistry, 

and MoDTC decomposition products. The objective is to gain insights into the 

effects of different detergent compositions on the tribological behaviour of 

ultra-low viscosity engine oils. 

The effect of oil ageing on tribological properties: a comparison between lab-

based simulated oil ageing process and oil ageing in engine conditions. This 

study aims to compare the effects of artificial lab-based simulated oil ageing 

processes and real-world engine conditions on tribological properties. It 

involves analyzing the impact of ageing on bulk properties of the oil, friction 

performance, wear performance, ZDDP film thickness, decomposition 

products of ZDDP and MoDTC. The objective is to understand the differences 

between simulated and actual oil ageing and their implications for tribological 

performance. 
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1.4 Thesis outline 

• Chapter 2 – Introduction to the fundamental tribology relevant to 

the study. 

• Chapter 3 – Literature review of the relevant topics on low-

viscosity oil and additives used to counteract it. It also details oil 

ageing effects on engine oils.  

• Chapter 4 – Detailed overview of the experimental procedures 

used to complete the study.  

• Chapter 5 – The critical role of MoDTC to counteract low viscosity 

in ultra-low viscosity engine oils. 

• Chapter 6 – Optimizing the Mo concentration in low viscosity fully 

formulated oils. 

• Chapter 7 – Detergents influence on the tribological properties of 

low viscosity fully formulated oils. 

• Chapter 8 – The effect of oil ageing on tribological properties: a 

comparison between lab-based simulated oil ageing process and 

oil ageing in engine conditions.  

• Chapter 9 – Detailed discussion on the results obtained from 

Chapters 5 to 8. 

• Chapter 10 – Main conclusions of the study and future research 

work plans. 
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Chapter 2 Fundamentals of Tribology 

This chapter provides a basic understanding of the science of tribology. It is 

split into five main sections. The first introduces a brief history of the word's 

origins with the impact and factors influencing tribology. The second section 

explains the Hertzian contact mechanics between two surfaces. The third and 

fourth sections explain the fundamentals of friction and wear. Finally, the last 

section gives an overview of the functions and factors which influence 

lubricants used in the current market and the different lubrication regimes in 

which a lubricant will be during its operation. 

2.1 Tribology overview 

The word tribology comes from the Greek word tribos, meaning "rubbing", and 

the suffix – ology meaning "the study of" [12]. It was defined in the United 

Kingdom in 1966. However, it can be dated back to Egyptian times, from 3500 

to 30 B.C. The first known pictorial records show how the Egyptians used 

lubricant to prevent friction when transporting a statue. The Egyptians' 

technique enabled them to transport large objects over large distances more 

efficiently than before. 

Tribology is the science of technology of interacting surfaces in relative motion 

and of related subjects and particles [13]. This definition implies that at least 

two bodies must be involved with relative motion in different forms, such as 

sliding, rolling, spinning, and bouncing, which can be individual or 

combinations of these motions. The more wider scope of tribology brings 

together three main subjects: friction, wear and lubrication. These three 

subjects are critical for efficiency in many diverse modern applications that 
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use different motions, such as sliding and rolling in machinery. Typical 

examples include rolling element bearings, gears, engines, polishing and 

shaving. The sheer impact of tribology on everyone's day-to-day lives can take 

many forms, including energy loss, noise, control, environment, safety, quality 

of life and economics.  

Figure 2-1 shows a schematic breakdown of the tribological factors that are 

very influential in tribology. Materials are chosen to perform under the worst-

case scenario conditions, the direct surface-to-surface contact. Therefore, 

sub-factors such as basic mechanical properties, friction, wear resistance and 

compatibility all influence the selected material for operation.  

Lubricants are the most common way of reducing tribological problems such 

as friction and wear. Therefore, factors including viscosity and chemical 

additives become crucial. Finally, the system's operating conditions can be 

influenced by any change in the mechanical design, potentially leading to 

severe friction and wear problems. 

 

 

 

Figure 2-1 Main tribological factors which influence Tribology. 
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2.2 Contact mechanics 

Inevitably in most situations, surfaces come into contact during operation, 

which makes the subject of contact mechanics between surfaces become an 

essential factor in tribology. As surfaces come into contact with one another, 

they suffer elastic or plastic deformation. Elastic deformation occurs when 

there is a simple linear relationship between stress and strain, which is 

reversible. In comparison, plastic deformation occurs when there is complex 

stress and strain relationship with stresses high enough to cause permanent 

surface deformation [14]. The factor which determines whether the contact 

behaves elastically or plastically is stress, which is influenced by the load 

applied, surface texture, conformity (high conformity = two parallel plates 

loaded against one another, low conformity = sphere loaded upon a plate) and 

mechanical properties of the materials (elastic modulus and poisons ratio). 

Hertzian was the first to investigate stresses in two elastic solid contacts in 

1882 [14]. The Hertz theory is widely used for solutions in tribological 

problems, for example, a real contact area of rough surfaces, rolling and 

sliding contact, contact stiffness etc. However, it must be noted that Hertz's 

theory has assumptions based on the ideal properties of contact surfaces and 

conditions. These include contacting bodies being elastic and homogeneous, 

surfaces being smooth and non-conforming, surface shape not changing, and 

finally, a frictionless contact between the two surfaces, neglecting Van der 

Waals forces and adhesive interactions. Figure 2-2 depicts the schematic 

diagrams with pressure distribution for the basic Hertz contact models [15]. 

The assumptions made for the Hertz theory are often ill-advised in some 

tribological problems, as the ideal properties of contact surfaces and 

conditions do not occur in the real world. 
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2.3 Fundamentals of Friction 

Friction is the resistance one body encounters in moving over another [16]. 

Two classes of relative motion are involved in this definition of friction: sliding 

and rolling. In an ideal scenario of sliding and rolling, a force (tangential) is 

needed to move the main body (ball or cube) over a stationary counterface 

(plate). Therefore, the ratio between the normal load (W) and fictional force 

(F) is known as the coefficient of friction (μ), shown in equation 1, which is 

derived from the first law of dry friction. 

𝛍 =
𝑭

𝑾
          (1) 

There are three laws of dry friction, of which the first two can be dated back to 

Leonardo da Vinci and Amontons. All laws apply to most interacting surfaces 

Figure 2-2 (a) Hertzian contact and pressure distribution between two 
elastic solids, (b) Hertzian contact and pressure distribution 
between elastic solid and rigid plane, (c) Hertzian contact and 
pressure distribution between two cylinders [15]. 
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under dry friction, meaning no lubricant is present. The three laws of dry 

friction are [16]; 

1. Frictional force (F) is proportional to the normal load (W). 

2. Frictional force (F) is independent of the apparent contact area (A). 

3. Frictional force (F) is independent of the sliding velocity (V). 

There have been many theories on mechanisms for how dry friction occurs 

between two surfaces when rubbing. The most commonly used theories are 

adhesion and ploughing, which consider rough surfaces and asperity 

influence. Both mechanisms can also combine as well as act individually, 

creating friction.  

2.3.1 Adhesion 

Adhesion was a theory created by Bowden and Tabor, assuming that when 

the two rough surfaces are loaded and rubbed, only the asperities tips come 

into contact with one another, as shown in Figure 2-3. Thus, the contact area 

is very small, and the pressure is high enough to plastically deform the asperity 

tips. From the assumptions made, Bowden and Tabor also proposed that if 

strong adhesion occurs at the asperity tips, their contacting material cold 

welds, meaning they fuse without needing heat. Another factor which impacts 

the dry friction in this theory is the shear to overcome the adhesion occurring, 

also known as junction growth [16]. This junction growth accounts for the 

increases in friction coefficient seen in experimentation compared to the 

simple theoretical value calculated. However, this theory is useful to a certain 

degree, as surfaces can become contaminated in practical situations by 

oxides or other contaminants. Any contaminated surface would change the 
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coefficient of friction in dry friction situation, so therefore this theory only 

explains adhesion on a perfectly clean surface. 

 

 

2.3.2 Ploughing 

The second dry friction theory, ploughing, shown in Figure 2-4, suggests that 

friction occurs due to the ploughing out of a groove by a hard asperity by 

penetrating a softer surface material. Plastic deformation occurs as the hard 

asperity ploughs out the groove, and friction occurs due to resisting the 

deformation. Factors including geometry and hardness of the two surfaces 

significantly impact the coefficient of friction value during ploughing. However, 

to create a realistic analysis of ploughing dry friction, lots of detail regarding 

asperity geometry is required while also lacking the ability to reflect 

experimental observation [17]. 

 
 
 
 
 

Figure 2-3 Adhesive asperity contact. 
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2.3.3 Stick-slip 

Another very important characteristic to consider in dry friction contact is static 

and kinematic coefficients of friction. The static coefficient of friction is defined 

as the friction to initiate motion; hence, the kinematic coefficient of friction is 

defined as the friction to maintain motion [18]. The terminology used in 

applications when static and kinematic friction occurs is stick-slip. The Stick 

phase occurs when the shear and coefficient of friction increase to overcome 

the static coefficient of friction, often denoted as s. Once the static coefficient 

of friction is reached, the surfaces start to slide. In the slip phase, the surfaces 

start to slip at a low coefficient of friction, causing the stick phase to occur 

again, eventually leading to no relative motion, causing the stick phase to 

occur again. The kinematic coefficient of friction, often denoted as k, is the 

average value of the slip phase. As depicted in Figure 2-5, the slip phase 

depends upon asperity height and slopes, sliding speed and elastic 

compliance of the surfaces [19]. 

 

Figure 2-4 Ploughing of a groove in a soft counterface by a hard 
asperity. 
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The stick-slip mechanism can be very damaging to machine systems. High 

friction, noise, wear, and a loss of accuracy are some problems that can occur 

due to stick-slip. Surface interaction with high conformity over a large area is 

more susceptible to stick-slip. However, steps can be taken to reduce the 

chance of stick-slip, which include reducing the conformity interaction of the 

surfaces, choosing two materials with similar static and kinematic friction 

coefficients, and using a lubricant and a surface coating.   

2.3.4 Frictional Heating 

The final factor to consider in friction is heat. Whenever friction occurs, some 

of the mechanical energy is transformed into heat. Heat release will occur with 

a rise in temperature due to work done against friction, often known as 

frictional heating. The temperature at the asperity contacts is significantly 

higher than the average surface temperature due to friction occurring at 

asperity tips. Therefore, there is often a rise in temperature at the asperity tips 

during friction, referred to as flash temperature. It should be noted, however, 

Figure 2-5 Rabinowicz stick-slip model [19]. 
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that frictional heating is not applicable under the third friction law. Thus the 

third law is less applicable in tribology than the first two [20]. 

2.4 Fundamentals of Wear 

Wear can be defined as the progressive loss of material from the operating 

surface of a body occurring as a result of relative motion at its surface [21]. 

However, this is a very old definition. More new definitions do not limit it to just 

material loss but define it as a progressive change to a part that adversely 

affects damage [22]. Wear is very important to understand in tribology as it 

has major impacts on reliability, useful life, cost etc., in any manufactured 

component. The same for friction; in total, wear has three main laws, which 

include [15]; 

1. Wear increases with sliding distance (x). 

2. Wear increases with the normal load (W). 

3. Wear decreases as the hardness of the interacting surfaces 

increases (H). 

Unlike the first two laws of friction, all the wear laws are not generally 

applicable to most situations. However, from the three laws of wear, an 

equation, shown in equation 2 for the volume loss of material (V) removed 

during wear can be deduced. Po is the yield pressure, W is normal load and x 

as sliding distance. 

𝐕 ∝  
𝑾𝒙

𝐩𝟎
           (2) 

Like friction, there are many theories about the origin of wear and its 

mechanisms. The two most important mechanisms for wear are adhesion and 

abrasion. Figure 2-6 shows a schematic of the other different wear 
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mechanisms, including adhesion and abrasion, along with their effects on 

surface damage and wear debris generation. The effects of surface damage, 

such as fretting, which has more than one mechanism, are known as 

synergism. For example, abrasion, adhesion, and corrosion synergise 

together to create fretting. 

 

 

As an overall subject, out of the three that create the science of tribology, it is 

generally accepted that wear has the most need for control but is also the 

least understood. It must be noted that corrosion and fatigue are not 

considered forms of wear but elements of wear. Corrosion is not caused by 

relative motion, while fatigue is more of a body phenomenon where contact 

nor relative motion are not required for the mechanism [11]. 

2.4.1 Adhesion 

Adhesion is the most common form of wear but also the least preventable. 

The wear theory of adhesion was first proposed by Archard in 1951 and 

helped develop the three laws of wear [12]. It was shown that when the two 

interacting surfaces are rubbed against one another, only the tips of the 

asperities come into contact. The contact area is very small. Therefore, the 

Figure 2-6 Wear mechanism processes. 
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pressure is high enough to cause plastic deformation of the asperities, and 

cold welding, as shown in Figure 2-7 [11]. As the two surfaces in contact are 

forced to move, some of the original material will deform so that fragments of 

the softer material are welded and plucked out by the harder material [13]. 

 

 

As stated before, the Archard adhesion theory helped develop the laws of 

wear. Assuming that failure occurs within the material with the wear particle 

being hemispherical, the wear particle (V) volume can be calculated, equation 

3. This equation is known as the Archard wear law, where k is the 

dimensionless wear coefficient. Surface material properties, structure and 

adhesion strength of the contacting asperities are all factors that will influence 

the wear coefficient in a given situation. 

𝐕 = 𝐤
𝐖𝐱

𝟑𝐩𝟎
           (3) 

Typically, the wear mechanism adhesion is known to produce galling, scuffing, 

and the synergism of fretting effects upon surfaces. Both galling and scuffing 

are forms of severe adhesive wear. Large material particles are removed or 

plastically deformed on the surfaces, causing failure. Frictional heating often 

occurs due to galling or scuffing, which increases the temperature. Scuffing is 

used when a lubricant is present; therefore, galling is used in dry contact. 

Figure 2-7 Adhesion wear theory for a single asperity contact [11]. 
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2.4.2 Abrasion 

The abrasion wear theory is adapted from the dry friction abrasion theory with 

many similarities. Wear is generated by a hard particle ploughing out a groove 

into a soft counterface. Adapting the Archard wear law, the total wear volume 

(V) for the whole surface can be calculated using equation 4, assuming that 

the ploughing results in wear rather than plastic deformation [23]. θ is the 

asperity slope as shown in Figure 2-4. 

𝑉 = 𝑘𝑎𝑏𝑟𝑎𝑠𝑖𝑣𝑒 
𝑊𝑥

3𝑝0
 , 𝑤ℎ𝑒𝑟𝑒 𝑘 =

6 tan 𝜃

𝜋
      (4) 

Generally, this equation applies to two types of abrasive wear, two-body and 

three-body. Two-body abrasion is the more straightforward mechanism of the 

two. It occurs when one hard particle ploughs out a groove into a softer 

counterface. For two-body abrasion between two surfaces, two requirements 

must be met. The asperities in contact must have a high value of 𝜃, and one 

surface must be harder than the other. Abrasive wear can also occur due to a 

hard particle being trapped and entrained between two surfaces, known as 

third body abrasion. This abrasion can occur due to trapped wear debris, dirt 

contamination, corrosion products, etc. Typical values of two-body compared 

to third-body abrasion found in experiments are higher, suggesting that two-

body is much more damaging than third-body abrasion. Solutions to prevent 

two-body abrasion have already been put into place regarding machinery, 

paying particular attention to surface finish and material selection. While third-

body abrasion is preventable by filtration, effectively removing the particles 

from the surface [24].  
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Scoring, fretting and polishing are the surface effects that the wear 

mechanism abrasion is known to cause [24]. Scoring is seen as a pattern of 

scratches on the surface as a direct result of severe abrasion, which can lead 

to failure. Polishing is different from the usual surface effects caused by the 

wear mechanisms, as it can be used to benefit an application. A smooth 

surface finish can be achieved via polishing using mild two-body abrasion. 

However, if the polish surface effect occurs in the wrong application, it can 

lead to failure. For example, polished smooth surfaces are very poor at 

retaining lubricants. 

2.4.3 Fatigue 

Fatigue wear is a unique mechanism compared to adhesion and abrasion 

since wear can occur without direct contact between the two surfaces. There 

are two mechanisms of fatigue wear: high and low cycle fatigue [25]. A 

component with high-cycle fatigue has a high number of cycles before fatigue 

failure occurs, meaning that it has a long-life span. Alternatively, a component 

with low-cycle fatigue has a low number of cycles before fatigue failure occurs, 

meaning the life span is short. In a rolling contact, fatigue wear occurs from 

the cyclic variation of the shear stress at subsurface locations, which results 

in fragments detaching from the surface. Fatigue wear in sliding contacts is 

due to contact between the asperities but without physical contact between 

them. The presence of a lubricant can repeatability hit the asperities during 

operation, eventually leading to asperity failure due to fatigue. Pitting is the 

most common surface effect that the wear mechanism fatigue causes. 
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2.4.4 Erosion 

Erosive wear is the mechanism of material removal by hard solid particles in 

a fluid that bombard the surface at high velocity. Parameters affecting erosion 

wear are impact velocity, angle and hardness of the particles. The wear rate 

is directly proportional to the kinetic energy of the particles. Figure 2-8 shows 

the erosion rate for brittle and ductile materials. Brittle materials exhibit good 

resistance at low angles, such as glancing blows and impacts at shallow 

angles, but have more severe damage under normal impacts. These impacts 

cause surface cracks in brittle materials, which conjoin, forming wear particles. 

Ductile materials resist normal impacts but have a maximum erosion rate at 

an impact angle of 20º. Repeated impacts upon ductile materials usually lead 

to fatigue wear [26].  

 

 

 

Figure 2-8 Erosion rate for brittle and ductile materials [26]. 
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2.5 Lubricants and Lubrication 

Lubrication is the effective interposition of a substance between two bodies to 

reduce friction and or wear during operation. Any liquid, gas or solid substance 

effectively interposes between two surfaces is called a lubricant. The critical 

functions of a lubricant are to lubricate, cool, transmit power, clean, seal and 

protect. Understanding the interactions between the surfaces and lubricant is 

vital to ensure the components have a satisfactory life span. All moving parts 

with lubricated contacts travel through different lubrication regimes during 

operation. In total, there are four known regimes: boundary, mixed, 

Elastohydrodynamic (EHL) and hydrodynamic (HD) [17]. The main factors that 

influence the lubricant are shown in Figure 2-9. 

 

 

2.5.1 Viscosity 

The main physical property of oil is viscosity, a fluid's resistance to shear. If 

the temperature of the fluid is low, it naturally becomes very thick (higher 

viscosity), and with high temperatures, the fluid naturally becomes very thin 

(low viscosity). In every application that uses oils as lubrication, It is a critical 

property as it influences factors such as oil film thickness, which is critical for 

preventing friction and wear at high and low temperatures.  

 

Figure 2-9 Lubricant influencing factors. 
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2.5.1.1 Measuring Viscosity 

Two methods are used to measure the fluid's viscosity, dynamic and 

kinematic. Dynamic, also known as absolute viscosity, is the fluid's resistance 

to shear when subjected to a force. Kinematic viscosity is the fluid's resistance 

to flow under forces of gravity and is often defined as the ratio of absolute 

viscosity to density. The units of these different viscosities can be found in 

Table 2-1. To measure dynamic viscosity, ball bearings' magnetic properties 

are utilised using a viscometer to measure the speed at which it travels 

through the fluid. Alternatively, using time sensors to measure kinematic 

viscosity, the gravitational force is utilised to measure the rate at which the 

fluid travels from one point to another. The dynamic viscosity technique is 

usually used as an on-site test/screening as it has problems with consistency 

within its results. While the kinematic viscosity technique is commonly used to 

analyse used lubricants, it has become more dominant due to its ease of use, 

with most laboratories containing an auto viscometer used to measure 

kinematic viscosity. Along with the viscosity measurement, the temperature, 

usually 40ºC and 100ºC, at which the viscosity is measured is vital to record, 

as the temperature significantly impacts the fluid's viscosity. 

Table 2-1 Units of measurements for viscosity. 

Viscosity 
Cgs 

Units 
Common Unit Derivation 

Dynamic (Absolute) Poise 
Centipoise (1P = 

100cP) 
1 𝑃 = 1 𝑔. 𝑐𝑚−1. 𝑠−1 

Kinematic Stoke 
Centistokes (1St = 

100cSt) 
1 𝑆𝑡 = 1 𝑐𝑚−1. 𝑠−1 
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2.5.1.2 Effect of Shear 

Along with temperature, shear is another factor which affects a fluid's viscosity 

and must be considered when measuring or testing a fluid. If the fluid's 

viscosity is independent of the shear force applied, it is called a Newtonian 

fluid. However, if the fluid's viscosity profile changes regarding the shear force 

applied, it is called a non-Newtonian fluid. A visual representation of the 

changes in viscosity with shear force can be found in Figure 2-10. When 

measuring the viscosity of a near-Newtonian fluid, most lubricating oils, it does 

not matter which technique, kinematic or dynamic, is used as there is little 

difference between them. However, with non-Newtonian fluid, the fluid shows 

a high viscosity when the shear force is low using the kinematic technique. 

Alternatively, when the fluid's shear force is high, using the dynamic 

technique, the viscosity of the fluid decreases. 

Special care must be taken when measuring the viscosity of a non-Newtonian 

fluid. Typical lubricating oils which display non-Newtonian properties are 

degraded oils, oil emulsions and oils with viscosity modifiers [27,28]. 
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2.5.2 Base oils & Additives 

According to the American petroleum institute (API), base oils are categorised 

into five groups. Groups 1 to 3 are mineral oils with different sulfur, saturates 

and viscosity indexes. While group 4 is polyalphaolefin (PAO) synthetic 

lubricants, and group 5 is any base oil that is not classified through groups 1 

to 4. Table 2-2 shows the different base oil groups according to API. 

 

 

 

 

 

 

 

 

Figure 2-10 Graph of the relationship between viscosity and shear. 
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Table 2-2 API base oil categories. 

Category Classification 

Contents 
Viscosity 

index 

Saturates, 
Mass % 

Aromatics, 
Mass % 

Sulfur, 
ppm 

 

Group 1 
Solvent-
refined 

mineral oil 
65-85 15-35 

300-
3000 

80-119 

Group 2 
Hydro-

processed 
mineral oil 

≥ 93 < 7 5-300 80-119 

Group 3 
Hydro-
cracken 

mineral oil 
≥ 95 < 5 0-30 ≥120 

Group 4 
Oligomers of 

1-alkene 
- - - - 

Group 5 
All fluids not 
included in 

groups 1 to 4 
- - - - 

 
 
Additives are chemicals added to the base oil to increase the performance of 

the oil, which would not be achievable with the base oil alone. Factors which 

additives can reduce, maintain, and minimise greatly are Friction, wear, 

viscosity, fluid properties, contaminants and cleanliness. The working 

mechanisms of the additives can be split into two categories: chemical and 

physical, Table 2-3. Chemical additives can be described as additives which 

require a chemical reaction to perform their function and are usually 

irreversible reactions. Thus, physical additives can be described as additives 

which do not require a chemical reaction to perform their function, with the 

physical changes needing less activation energy and can be reversible. 

Typical chemical additives in engine oils are anti-wear agents and friction 

modifiers, with viscosity modifiers being the most common physical additive. 

The most common additives found in engine oils, with a basic description and 

example of each, are shown in Table 2-4. Being able to fully understand how 
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these additives work alone and interact with each other is extremely important 

[29].  

 

 

 

 

 

 

 

 

 

 

 

 

Table 2-3 Classification of the most common oil additives [29]. 
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Table 2-4 Most common chemical additives found in engine oils [28]. 

Type of 

Chemical 

Additive 

Basic description of the function Most common 

examples 

Antioxidants Reduces the rate of oxidation occurring in 

the lubricant by disrupting the three-step 

oxidation process by decomposing peroxide 

radicals or reacting with free radicals. 

Zinc Dialkyl 

dithiophophates 

(ZDDP). 

Friction 

modifiers 

Reduces the friction that occurs when 

surfaces come into contact by surface film 

formation. 

Molybdenum 

dithiocarbamate 

(MoDTC), Organic 

friction modifiers. 

Anti-wear 

additives 

Reduces the wear between rubbing 

surfaces under a load. 

ZDDPs. 

Detergents Reduces insoluble deposits formed on the 

surfaces at high temperatures. 

Calcium or 

magnesium 

compounds. 

Dispersants Keep insoluble material suspended within 

the oil. 

Ashless (non-

metal) 

compounds. 

Viscosity 

modifiers 

Reduces the decrease in viscosity due to 

the increase in temperature. 

Polymethacrylate 

polymers (PMAs) 

Pour point 

depressants 

Reduces the pour point of oils by keeping 

the lubricant flowing at low temperatures. 

Paraffinic 

compounds. 

 

2.5.3 Lubrication Regimes 

The example used to explain the lubrication regimes in a real application 

relevant to this thesis is engine oils and the different lubrication regimes that 

occur during the engine's operation. As the engine is started and oil is pumped 

through the system, all the moving parts' lubricant contacts travel through 

different lubrication regimes. The Lubrication regimes found in ICEs can be 

categorised into four main regimes: boundary, mixed, EHL and HD. Boundary 

and hydrodynamic regimes are known as the two extremes of the forms of 
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lubrication. The Stribeck curve, a fundamental tool in tribology, enables 

engineers to visualise the overall view of friction variation in the different 

lubrication regimes. 

Lambda ratio (λ), equation 5 is a widely used term in tribology to define the 

relationship between the lubricant's minimum film thickness and the contact 

material's surface roughness. Each lubrication regime is associated with a 

different range of lambda ratio values, enabling the engineer to determine 

where a component's lubricant regime will be during operation. 

𝛌 =  
𝒉𝒎𝒊𝒏

∑ 𝑹𝒂
           (5) 

A boundary lubrication regime is where the lubricant in operation does not 

separate the two surfaces, developing similar features to dry contact. Figure 

2-11 shows a schematic of the boundary contact between two surfaces. 

Friction and wear are characterised by the surface materials and boundary 

films formed on the surfaces. Bulk fluid properties such as viscosity become 

less important as boundary films reduce friction and wear. Boundary 

lubricants, such as ZDDP, form films on the surfaces during rubbing. The 

strength of these films can be split into three categories, increasing order of 

film strength; physically absorbed layers, chemically absorbed layers and 

chemical reaction. The ZDDP tribofilm is chemically reacted onto the surface 

for the greatest strength, which enables it to be used for lubricating in harsh 

operating conditions. Usually, boundary lubrication occurs at low speeds, high 

loads, and low-viscosity environments. λ < 1 
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The mixed Lubrication regime is a mixture of the boundary and HD regimes 

shown in Figure 2-12. Regions can be seen where there is separation due to 

lubrication and regions where asperities are in contact between the two 

surfaces. The physical properties of the bulk lubricant and the boundary film 

lubricant's chemical properties are equally important. 1 < λ < 4 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2-11 Schematic of the boundary lubrication regime [31]. 
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The EHL lubrication regime is very similar to the HD regime in that the 

lubricant fully separates both surfaces. However, the difference is that local 

elastic deformation occurs at the surfaces with an increase in viscosity due to 

high contact pressures. The EHL regime usually occurs in low conformity and 

highly loaded components, such as gears. 4 < λ < 10 

The HD lubrication regime occurs when the lubricant with no elastic 

deformation fully separates the two surfaces. The schematic of this regime is 

shown in Figure 2-13. This regime is the ideal form of lubrication, where low 

frictional force and minimal wear occur. The lubricant's bulk property governs 

the contact's characteristics rather than the chemistry of the boundary 

lubricant. Any friction which occurs is solely down to the shearing of the 

lubricant. Usually, the HD regime occurs in high speeds, low loads, and high-

viscosity environments [30–33]. 10 < λ 

Figure 2-12 Schematic of the mixed lubrication regime [31]. 
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2.6 Summary 

This chapter has introduced the fundamental principles which drive the field 

of tribology. The three main aspects of tribology, friction, wear and lubrication, 

were explained in detail. All the aspects of tribology discussed in this chapter 

are the fundamental principles behind the science within this thesis.  

 

  

Figure 2-13 Schematic of the hydrodynamic regime [31]. 
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Chapter 3 Literature Review 

This section of the thesis will introduce the tribological issues within ICEs, the 

measures to increase fuel economy and review the research conducted on 

the role tribofilms perform when trying to prevent these issues.  

3.1 Introduction to Internal Combustion Engines 

3.1.1 Tribological Problems 

Tribological issues can be found in any component with moving parts, of which 

an ICE is a prime example since it has multiple components with reciprocating 

parts. However, friction also occurs within the ICE via tire-road contact, 

transmission systems, and brake contact. Figure 3-1 shows the breakdown of 

a passenger car's significant contributors to friction losses [34]. The total 

friction loss of the mechanical power is 33%. 

   

 

 

Figure 3-1 Passenger car energy consumptions breakdown [34]. 
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For a passenger car, the ICE is the most crucial part since it is the system that 

converts fuel to usable energy. Previous research has shown tribologists how 

much energy is needed to overcome friction within the main components of 

an ICE. The ICE components can be split into three main categories: piston 

assembly, valve train, bearings, and seals. The breakdown is as follows; 38-

68% is depleted via the piston assembly, 20-44% via bearings and seals, 3-

34% via the valve train, and 10% via pumping and hydraulic viscous losses 

[34]. All the components mentioned so far exhibit different lubrication regimes 

when in operation. Some components have multiple regimes, while others 

usually have one regime that dominates after a specific time during the 

running. The HD regime dominates engine bearings and seals, while the 

mixed regime dominates the valve train. However, the piston assembly is 

much more complex than the other components mentioned since the different 

parts, for example, the piston rings, can undergo all the different regimes, from 

boundary to HD and experience significant variations in speed, load, and 

temperature. Previous research shows that the piston assembly tribocontacts 

undergo 40% HD lubrication, 40% EHD sliding lubrication, 10% mixed and 

10% boundary lubrication [35]. 

3.1.2 Preventing Tribological Problems 

The main contributor to the tribological issues found within an ICE is friction. 

The phenomenon of wear occurs as a direct result of friction between two 

moving surfaces in contact with one another. Friction can be split into two 

categories; contact friction and viscosity friction. Contact friction is the friction 

resulting from metal-on-metal contact occurring, and viscosity friction is the 

friction that occurs between the oil and the surfaces when in operation, which 

is mainly influenced by the film thickness of the oil. 
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Multiple methods are currently in place to reduce friction and wear on the ICE 

components. The two main areas focused on primarily in recent research are; 

lubricants, surface treatments, and coatings. This thesis will focus entirely on 

lubrication. 

3.1.2.1 Lubrication 

Lubrication is the most common way of reducing friction and wear between 

two moving surfaces. For an ICE, the lubricant used is oil. The critical functions 

of engine oil are to reduce friction, protect components against wear, and 

excellent frictional parts, remove impurities and hold gas and oil leakage. 

Upon engine start-up, the engine oil is pulled through a strainer from the oil 

pan via the oil pump to remove large contaminants in the oil. Then it passes 

through a filter and is sent through channels to numerous components like the 

pistons and bearings. Finally, the engine oil goes down to the oil pan using 

gravity, which repeats the cycle [36]. A visualisation of the flow of engine oil 

through the engine to the various components is shown in Figure 3-2. 
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3.2 Increasing Fuel Economy 

As explained in the introduction, the main drive for OEMs, besides reducing 

CO2 emissions, is to increase a car's fuel economy or decrease fuel 

consumption. These two terms are widely used in the industry, but there can 

often be confusion between the two. Fuel economy is the distance a vehicle 

can travel with a gallon of fuel, with units of miles per gallon. This term is 

mainly used in the United States to communicate with the public. Fuel 

consumption, however, is widely used as an engineering measure. The fuel 

consumed per 100 kilometres can measure volumetric fuel savings [37]. 

Figure 3-3 displays the relationship between fuel economy and consumption. 

Figure 3-2 Oil flow cycle through an engine [36]. 
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It must be noted that there is not a proportionate relationship between 

improving fuel economy and decreasing fuel consumption.  

 

 

3.2.1 Low-viscosity Engine Oil 

The primary approach to increase fuel economy is to reduce the friction losses 

in the tribo-contacts of the engine. It will improve the engine's efficiency, 

directly reducing the CO2 emissions produced. As stated in a previous section, 

a lubricant is used to reduce friction within an ICE. However, to increase fuel 

economy further, the friction has to be reduced even more. The most proven 

way is to lower engine oil viscosity [38].  

Understanding how lowering the viscosity can increase fuel economy, engine 

friction and lubrication is critical. A lower viscosity oil will increase the oil's 

pumping ability to the engine start-up components. It reduces the time that 

metal-on-metal contact occurs, thus reducing friction and wear. Thinner films 

Figure 3-3 Percent decrease in fuel consumption as a function of percent 
fuel economy increase [37]. 
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are also formed in HD and EHD lubrication regimes, reducing the oil’s viscous 

drag and decreasing friction. As shown in Figure 1-2, all the major 

components of the ICE undergo different lubrication regimes. Most of the 

components already mentioned, such as piston assembly and bearings, 

mainly sit within the HD lubrication regime. The valve train is mostly within the 

mixed lubrication regime during operation. Therefore, reducing the oil’s 

viscosity will reduce the friction between components where HD, EHD, and 

mixed regimes occur to a certain extent [39]. The impact of oil viscosity 

reduction in the mixed regime is shown in Figure 3-4. Decreasing oil viscosity 

decreases the oil film thickness and lambda ratio, directly leading to increased 

friction.  

 

  

Figure 3-4 The effect of lowering viscosity on the tribo-contact of two 
surfaces. 
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There has been extensive research into the fuel economy improvements that 

lower-viscosity engine oil can incur. A review of the trends in engine lubricants 

over the past 10-15 years concluded that today’s lubricants perform far better 

than their counterparts over the previous decade [40]. Particular attention still 

has to be paid to older technology engines on the road and newer technology 

engines. The newer formulated oil specifications need to be compatible with 

older engines and meet the newer specifications. However, this can be 

challenging due to the new chemical limits of sulfur and phosphorus. Previous 

research has shown that a 2.75% fuel efficiency increase can be achieved 

using an SAE 5W-20 oil compared to an SAE 10W-30 [6]. Lowering the 

viscosity even further still produces positive results, a 1.5% increase using a 

0W-20 in accordance with ILSAC GF-2 standards compared to a 5W-30 [7]. 

Other research has also investigated how low viscosity engine oil can affect 

fuel economy [41,42]. Both produced similar results and concluded that 

lowering the viscosity produces excellent fuel-saving performance and fuel 

economy improvements.  

However, lowering the oil's viscosity shifts the components on the Stribeck 

curve to the left. There will be a reduced minimum film thickness value for 

components contacts. For example, the valve train and piston ring, which 

operate in boundary and mixed regimes, will have more tribo-contacts in the 

boundary regime. Lowering the oil’s viscosity also increases the entrainment 

speed required to enter higher lambda ratio lubrication regimes.  

When the viscosity of the engine oil is lowered to counteract the lambda ratio 

reduction, chemical additives are incorporated into a base oil, as explained in 

a previous section. In the boundary lubrication regime, surface-active 
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additives such as ZDDP, MoDTC and detergents become very important. The 

synergism between these additives must reduce friction and wear in the 

boundary and mixed lubrication regimes to the same standard or improvement 

compared to the higher viscosity engine oils to enable the overall friction 

reduction, which will come from components operating in the EHD and HD 

lubrication regimes.  

3.3 ZDDP Additive 

ZDDP in engine oils is a multi-functional additive. They can act as 

antioxidants, corrosion inhibitors, and anti-wear additives, their primary 

function. A tribofilm is formed on the two surfaces during rubbing from its 

molecular structural formula shown in Figure 3-5 [12]. It performs its primary 

function in the boundary lubrication regime where the surface-to-surface 

contact occurs. 

 

 

The literature has well-documented how ZDDP functions as an anti-wear 

additive. There are three main ways; forming a mechanical protective film, 

removing corrosive peroxides, and digesting hard abrasive iron oxide particles 

[43]. The first mechanism is a film formed on the surfaces when rubbing 

Figure 3-5 Chemical structure of ZDDP [12]. 
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occurs. It prevents the surfaces from directly coming into contact, reducing 

adhesion and stresses at the asperity tips. Another mechanism concludes that 

the ZDDP tribofilm reacts with any peroxides in the lubricant to prevent them 

from wearing the surfaces in a corrosive manner. The final mechanism 

suggests that iron oxide particles are digested into the tribofilm, thus reducing 

the chance of any 3rd body abrasion. However, it is known that this is the most 

controversial technique, as there has been little evidence to suggest it is 

happening. 

Extensive research into ZDDPs' mechanisms, functions and interactions with 

other additives has been conducted for more than 60 years, but not everything 

is known about ZDDP as an additive. Due to new environmental legislation, 

the need to reduce metallic compounds within engine oil additives and the 

phosphorus and sulfur pollutants is becoming more apparent. The ZDDP 

breakdown products also shorten the catalytic converters' lifetime [44]. Thus, 

new research is being conducted to find alternative solutions to anti-wear 

additives to comply with the new legislation. However, the new anti-wear 

additive has to perform just as well as the current solution. Therefore, there is 

still a significant need to understand the defining mechanisms of how ZDDP 

performs its function as an anti-wear additive and its interactions with other 

additives. 

3.3.1 Tribofilm formation 

The formation of the tribofilm from ZDDP on the surface during rubbing is 

shown in Figure 3-6 [43]. It consists of three layers: chemically reacted film, 

the chemical adsorbed layer and the physically adsorbed layer. Various 
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research using different techniques, such as the SLIM unit, has shown the film 

thickness of the ZDDP tribofilm to be in the range of 100-150nm [45,46]. 

 

 

There has been extensive research into the mechanism behind ZDDP forming 

a tribofilm onto a surface to reduce wear. Previous literature has suggested 

how the ZDDP forms upon the rubbing surfaces; pressure, flash temperature, 

triboemission and shear stress. 

The theory that very high pressure can affect the formation of the ZDDP 

tribofilm has been proposed in applications such as rolling bearings and gears 

[47]. Nanometre resolution on a ZDDP tribofilm shows that the films on top of 

the asperities where pressures are high are harder than films formed between 

the asperities. Flash temperature is the heat generated when two surfaces rub 

against one another, which has been proposed to affect tribofilm formation. 

Typically, high flash temperatures occur at high rolling speeds rather than 

lower speeds. However, research has shown that ZDDP tribofilms can form at 

very low speeds where flash temperatures are small, roughly around 100 

mm/s [48]. It shows that flash temperature is not a leading contributor to the 

formation of ZDDP tribofilms. The triboemission effect has also been used to 

describe the formation of ZDDP. However, it has been documented that ZDDP 

Figure 3-6 ZDDP tribofilm layers [43]. 
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films can form when rubbing surfaces are not in contact due to lubrication [49]. 

This finding does not agree with the theory that triboemission is a driving force 

for ZDDP formation since rubbing is required for the triboemission effect. 

Research has shown that ZDDP tribofilms form in high EHD-friction fluids 

suggesting that shear stress is the mechanism behind its formation [49]. The 

mechanism also explains why ZDDP tribofilms can form upon different 

surfaces. Formation promotion occurs from stress generated between two 

rubbing surfaces rather than a chemical reaction between the surface and 

ZDDP. 

3.3.2 Tribofilm properties and chemistry 

The mechanisms for forming the ZDDP film’s tribofilm, properties and 

chemistry are also fundamental to understand. Tribological and mechanical 

properties of the ZDDP tribofilm have been a crucial part of its research to 

understand better its ability to function [44]. 

3.3.2.1 Tribological properties 

ZDDPs' primary function as an additive is to reduce wear, as shown in Figure 

3-7. The graph shows the variation of the wear track width with rubbing time. 

Test conditions were set at 40 ºC with an SRR of 50 % and maximum Hertzian 

contact pressure equal to 0.95 GPa. A base oil with ZDDP compared to just a 

base oil reduces wear track width considerably as the rubbing time increases 

[50].  
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ZDDP tribofilms not only affect the wear of the tribo-contact but also have 

been recorded through previous literature that the formation of the tribofilm 

and its final steady-state thickness affects the coefficient of friction [51]. Figure 

3-8 taken from [52] shows the Stribeck-style plot of a base oil solution and a 

ZDDP solution. Operating conditions used in the tests were set at 100 ºC, 50 

% SRR, with the traction phase constant at 100mm/s and entrainment speeds 

ranging from 10 to 3000 mm/s. The coefficient of friction for the final Stribeck 

curve at very low entrainment speeds is similar in value for both the base oil 

and ZDDP solutions. It suggests that the roughness of the ZDDP tribofilm 

does not have much of an effect at very low lambda ratios on the coefficient 

of friction compared to the just the base oil. Both however, do increase in 

friction from the initial Stribeck curve, suggesting that the ZDDP roughness is 

Figure 3-7  Comparison of wear track width for a base oil and a ZDDP 
containing oil [50]. 



- 45 - 

higher than the substrates surface at the start of the test, which would inhibit 

the entrainment of the lubricant. For the base oil, wear has occurred on the 

surface of the substrate, which increases the friction over time. The formation 

of the ZDDP also extends the boundary lubrication regime to higher 

entrainment speeds. The coefficient of friction from the ZDDP oil increases 

much more than just a base oil at higher entrainment speeds. It was previously 

thought that this was due to the roughness of the ZDDP tribofilm; however, 

the increase still occurred with smooth tribofilms. Previous research showed 

that it was not the case. It was suggested that the ZDDP film inhibited the 

lubricant entrainment into the contact, which reduces the EHD film thickness 

compared to a base oil test [53].  

 

 

3.3.2.2 Mechanical Properties 

Extensive research has also been conducted into the mechanical properties 

of the ZDDPs tribofilm [54,55]. Figure 3-9 depicts the structure and 

mechanical properties of a tribofilm formed from a ZDDP solution [56]. The 

author states that the polyphosphate layer is heterogeneous in thickness 

Figure 3-8 Comparison of Stribeck curves from a base oil and a ZDDP 
containing oil [52]. 



- 46 - 

which impacts the elastic properties. It is also important to note that the 

polyphosphate layers do not always cover the sulphide/oxide layers, usually 

the valleys. The polyphosphate layers could flow into the valleys when 

subjected to an Amsler friction test. However, they would then form a weak 

adhesion that can be easily removed with solvents.  The polyphosphate film's 

properties, like hardness, depend on applied pressure in the tribo-contact. 

 

 

3.3.2.3 Chemistry 

The chemistry of the ZDDP tribofilm has been analysed using various 

techniques such as XPS, EDX, and XANES. Research has reported that a 

ZDDP tribofilm consists of a physically adsorbed layer on the outer edge, 

easily removable by solvents and then, closer to the surface, a chemically 

reacted layer consisting of polyphosphates with different chain lengths. 

Shorter chain phosphate layers are found closer to the substrate, increasing 

longer chain phosphates towards the top surface of the tribofilm with no 

carbon within the bulk. AES profiling has been able to give strong evidence to 

show this [57]. ToF-SIMS has also been applied to analyse the ZDDP tribofilm, 

 

Figure 3-9 Mechanical properties of a ZDDP tribofilm [56]. 
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which agrees with XPS profiling, confirming that there is very little iron oxide 

within the tribofilm and that the phosphate glass is present throughout all the 

thicknesses of the film [58]. 

3.3.3 ZDDP tribofilm characterization via XPS 

XPS is the most used technique for identifying critical chemical components 

of the ZDDP tribofilm. As explained in this chapter section, the ZDDP tribofilm 

is mainly comprised of polyphosphate chains.  

Using XPS, a technique has been developed to characterise the surface 

chemistry of the polyphosphate chains. It combines the ratio of the bridging 

oxygen and non-bridging oxygen (P-O-P / P=O and P-O-M) and the difference 

in Zn 3s – P 2p3/2 binding energy to identify the chain lengths. Figure 3-10 

shows the bridging oxygen (BO) to non-bridging oxygen (NBO) ratios for chain 

length identification from previous literature [59,60].  

An example of the high-resolution scan deconvolution of the O 1s signal to 

obtain BO/NBO ratios is shown in Figure 3-11 [61]. 
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Figure 3-10 Characterization of zinc polyphosphate chains [59]. 

Figure 3-11 Example of BO/NBO ratio obtained from O 1s high 
resolution signal [61]. 
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3.4 Friction Modifiers 

As stated in the previous sections, understanding boundary additives in low 

viscosity engine oils are critical. When the oil's viscosity is reduced, the friction 

in the boundary lubrication regime increases. Friction modifiers are used to 

counteract the friction increases. Friction modifiers currently used in engine 

oils can be split into two main sections: inorganic and organic. The research 

undertaken in this study will concentrate solely on an inorganic friction 

modifier.  

3.4.1 MoDTC Additive 

MoDTC, an inorganic compound, is the most widely used friction modifier, 

reducing friction in the boundary lubrication regime. It has been used to 

formulate engine oils over many decades, essential for friction reduction at the 

tribo-contacts within engine components and, thus, fuel economy 

performance. The chemical structure of MoDTC is shown in Figure 3-12. 

 

 

 

 

 

 

Figure 3-12 Chemical structure of MoDTC. 
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3.4.1.1 Tribofilm formation and decomposition 

There has been extensive research into the mechanism of how MoDTC 

tribofilms form to reduce friction over the past few decades [62–64]. During 

tribological testing with oil containing MoDTC, operating conditions with high 

temperatures must decompose the molecule to form MoS2. It was first 

reported that the breakdown of MoDTC to form MoS2 was attributed to 

electron transferring occurring in the Mo-S bonding. It results in the two 

radicals combining to form thiuram disulphide and the other core molecule of 

MoDTC to decompose to form MoS2 and Mo oxides. However, recent 

research has shown that this is not the case. A new decomposition pathway 

has been determined since the old mechanism could not explain the 

decomposition products obtained at 20 ºC. The author could not detect any 

Mo oxides within the wear scar using Raman spectroscopy [65]. The proposed 

mechanism for the decomposition of MoDTC is shown in Figure 3-13. 
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The hypothesis behind this mechanism is that MoDTC decomposes via shear 

stress through rupturing bonds during rubbing. The C-S bond has the lowest 

dissociation energy through literature, meaning it is the most effortless bond 

to break. The author used a 4 step process to describe the decomposition of 

MoDTC. 

Step 1  MoDTC adsorbs onto the tribo-contact surfaces.  

Step 2 Decomposition occurs via shear stress applied to MoDTC from 

the tribo-contact. C-S bond rupturing occurs, which results in the 

formation of amorphous MoSx. 

Step 3 MoSx is converted to MoS2 due to increased energy at the tribo-

contact from increasing temperatures or shear stresses. 

Figure 3-13 Mechanism for the decomposition of MoDTC [65]. 
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Step 4 Reactions of iron oxides upon the steel surfaces with MoSx 

result in the formation of FeMoO4. 

3.4.1.2 Tribological Properties 

The MoS2 tribofilm formed from the inorganic friction modifier MoDTC is 

known for its significant friction-reducing properties. MoS2 individual sheets 

(<10nm in length) are embedded into the MoDTC tribofilm with several tens 

of nanometres of film thickness. The sheets have a crystal-like structure 

similar to graphite. Van der Waals forces between the MoS2 sheets enable it 

to be easily sheared to produce a low friction regime. Previous research has 

shown MoS2 to produce a coefficient of friction value in the range of 0.04-0.06 

in the boundary and mixed lubrication regimes [65,66]. Figure 3-14 shows the 

results from a tribometer test using 0.5 wt% MoDTC lubricant at 100 ºC. The 

base oil and dry friction are included on the graph as references. There is high 

friction for the MoDTC lubricant oil at the beginning of the test. However, after 

a few minutes of rubbing, the friction rapidly drops and slowly increases to a 

steady-state of roughly 0.04-0.06, a significant characteristic of a MoS2 

tribofilm.  
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The main factors which influence the friction-reducing property of MoDTC are 

[65–69]; 

1) Concentration – MoDTC is more effective with a higher additive concentration 

coupled with a high temperature.  

2) Surface roughness – MoDTC has been found to produce MoS2 on rougher 

surfaces compared to smoother surfaces. 

3) Operating conditions 

a. Temperature – An increase in temperature leads to an increase in the 

performance of MoDTC. 

b. Load – An increase in load leads to an increase in the performance 

of MoDTC. 

Figure 3-14 Comparison of friction as a function of time for dry friction, 
base oil and MoDTC containing oil [65]. 
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c. Slide-to-roll ratio – For MoS2 to form solid on solid, contact must 

occur. Therefore, obtaining friction reduction in sliding rolling contacts 

becomes more challenging than pure sliding. Increasing the sliding 

rolling ratio leads to an increase in MoDTC performance.  

d. Contact orientation – MoDTC is more effective in high stroke length 

reciprocating conditions since it only requires MoS2 formation within 

the tribo-contact for friction reduction.   

The primary function of MoDTC is to reduce friction. However, research has 

also shown that it can only reduce wear compared to base oil [70]. During 

rubbing, FeS2 forms within the wear scar from the sulfur in the MoDTC 

molecule. The FeS2 is a protective layer against wear, enabling MoS2 to form. 

However, the mechanism that reduces the wear from MoDTC is not the level 

ZDDP can reduce wear. 

3.4.1.3 Synergism with ZDDP 

It is well known that MoDTC is incorporated into fully formulated engine oils. 

It must perform its function alongside multiple additives incorporated into the 

oil. The most common interaction between boundary additives is MoDTC and 

ZDDP. Since one reduces friction and the other wear, it is essential to 

understand how they work together in a tribo-contact. The effect that ZDDP 

has on the friction-reducing properties of MoDTC has been investigated in 

previous research [71–74]. All work agrees that the friction and wear of the 

tribo-contact improve when using both MoDTC and ZDDP. Figure 3-15 shows 

the coefficient of friction that can be achieved when using both additives 

together [75]. In terms of friction, the ZDDP does not have a negative effect 

on MoDTCs ability to function as a friction modifier. It has been noted that the 

lowest coefficient of friction can be achieved when small dosages of ZDDP 
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are added to high concentrations of MoDTC. The main reason for adding 

ZDDP to MoDTC is to reduce the wear, as shown in Figure 3-16. Oil 004A 

with ZDDP and MoDTC produces less wear than 001A, base oil only, and 

003A with MoDTC only. It shows that ZDDP can still reduce wear when added 

to oil with MoDTC. However, 004A does not reduce the wear levels to that of 

003A with ZDDP only. It must also be noted that when MoDTC is added to a 

fully formulated oil, the wear increases compared to a fully formulated oil 

without MoDTC which is the opposite to when it is only ZDDP and MoDTC 

within the oil [76]. When both additives are within the same oil, using different 

chemical analysis techniques such as XPS, EDX, XANES, it has been found 

that phosphate layers formed from ZDDP with FeS2 and N organic layers with 

MoS2 formed from the decomposition of MoDTC. Longer phosphate chains 

are found within the tribofilm formed from ZDDP and MoDTC when compared 

to ZDDP only, which explains the higher wear found. This shows that both 

additives associated tribofilms were able to form to generate a multi additive 

tribofilm with the main functions of anti-wear and friction reducing being 

present.  
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Figure 3-15 Comparison of friction as a function of time for a base oil, 
base oil + ZDDP and a base oil + ZDDP + MoDTC [75]. 
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3.4.2 MoDTC tribofilm characterization via Raman Spectroscopy 

The most common technique used in research to detect MoS2 is Raman 

spectroscopy. It has been extensively used in research [65,68,75,77,78]. 

Figure 3-17 displays a Raman spectra example from a tribofilm generated 

from MoDTC [68]. The test was carried out using a 0.5-weight percentage 

MoDTC oil. The set-up for the friction test was a ball on disc at 200 rpm, 1.7 

GPa and 80 ⁰C. 

MoS2 is detected within the tribofilm at the peaks 379 and 411 cm-1. Peaks at 

1302 and 1444 are from mineral oil. Additionally, other decomposition 

products of MoDTC can also be detected. S-S bridging sulfur is detected at 

001A = PAO6 

002A = PAO6 + 1.2 wt% ZDDP 

003A = PAO6 + 250 ppm MoDTC 

004A = PAO6 + 1.2 wt% ZDDP + 250 ppm MoDTC 

Figure 3-16 Wear coefficients for different formulations of ZDDP and 
MoDTC oils [71]. 
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512 and 556. The structural feature is typically found in the amorphous 

molybdenum sulfides [47]. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-17 Raman spectra of a MoDTC tribofilm [68]. 
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3.5 Detergent Additive 

Around 10 to 15% of an engine oil additive package comprises detergents. 

The structural features of the molecules are shown in Figure 3-18. They 

contain a polar head, hydrocarbon tail and one or multiple metal ions. The 

polar head is usually an acidic group that reacts with hydroxides or metal 

oxides. Hydrocarbon tail ensures the detergent is soluble within the oil, and 

the metal ions commonly used are calcium, sodium, and magnesium. Calcium 

is by far the most common. Their primary function is to protect metallic 

components within ICE. They perform this function by neutralising inorganic 

acids from combustion products and organic acids from oil degradation. The 

left of Figure 3-18 shows an inorganic core, calcium carbonate, combined with 

a surfactant molecule. The detergent suspends soot, sludge, insoluble 

combustion, and oxidation products. It enables the detergent to neutralise 

acids and solubilise any polar material within the oil. To the figure's left, the 

detergent can also form a protective layer on the surfaces, preventing high-

temperature deposits from occurring [79].  

Figure 3-18 Surfactant and base oil synergies of detergents [79]. 
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3.5.1 Tribological Properties & synergisms with other additives 

As a detergent makes up a relatively large proportion of additives within a fully 

formulated engine oil, the interactions that could occur with other additives 

again becomes essential to understand whether it hinders or enhances other 

additives. The most common interaction detergents have with the ZDDP 

tribofilm is documented in previous research [80,81]. In fact, on its own, the 

most common detergent used in engine oils, known as over-based calcium 

sulphonate (OBCS), can form a tribofilm with wear-reducing properties. It has 

been documented that the molecule breaks down to the calcium carbonate 

core by breaking the bonding between sulfur and calcium to form a film on the 

rubbing surfaces. As high temperatures and rubbing occur upon the film’s 

core, it can result in thick CaCO3 films also forming on the surfaces. An OBCS 

tribofilms effect on the wear is shown in Figure 3-19. Specific wear rates of 

the pin material for a 3.5-hour TE77 test are used in the graph, with oil 

formulations shown below the figure. The author stated that the high wear rate 

from the 0.5 wt % ZDDP oil is due to the low concentration of ZDDP used. 

Usually, a 1.0 wt % ZDDP oil would reduce the wear rate of the 0.5 wt % ZDDP 

oil by a further 50%. Sample C produces a lower wear rate from the graph 

than sample Z, showing the wear-reducing properties of an OBCS tribofilm. 

When OBCS is blended with ZDDP, sample ZC further reduces the wear rate 

of sample C. It shows that there is a synergism between the two additives [82]. 

Other research has shown similar results with OBCS, ZDDP, and other 

detergents [83,84]. 
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Z = PAO6 (99.5 wt %) + ZDDP (0.5 wt %) 

C = PAO6 (99.06 wt %) + OBCS (0.94 wt %) 

ZC = PAO6 (98.56 wt %) + ZDDP (0.5 wt %) + OBCS (0.94 wt %) 

Figure 3-19 Comparison of specific wear rates for different oil 
formulations containing ZDDP and OBCS [82]. 
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3.6 Additive Depletion 

Oil ageing has been a problem in ICEs due to its effect on performance, fuel 

economy and CO2 emissions. A direct result of oil ageing is additive depletion, 

an extensive OEM research area over the years. 

Additives are depleted in ICE oils in two main ways. The first is via mass 

transfer. It occurs when the additives concentrations are reduced when 

performing their function. For example, friction modifiers are depleted by 

forming a tribofilm with friction-reducing properties. The second way is by 

decomposition, where oil oxidation is an example. 

Multiple factors influence the oils' ageing, including temperature, metal and 

contamination content, additive package and base oil, and airflow rate. 

Additive depletion, primarily through decomposition, is a destructive process 

that can increase friction and wear of the tribo-contact [50]. As shown in Figure 

3-20, in the initial stages of service, the protective functions of the additives 

slow down the rate of oil degradation. However, as the additives are depleted, 

the oil degradation increases significantly [85]. 
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3.6.1 Oxidation 

Oxidation is the most significant contribution to oil degradation and 

dramatically impacts the additives' lifetime. It can be a highly complex process 

that forms unwanted products and changes the physical and chemical 

properties of the engine oil. The destructive process occurs when molecules 

within the oil react with oxygen molecules. This process can be accelerated 

by increased temperatures, acids, water and metal catalysts [86]. The process 

also increases the oil's viscosity, leading to decreased fuel economy. By-

products directly resulting from oxidation are sludge, varnish and deposits. Oil 

oxidation stages that occur during oxidation degradation are shown in Figure 

3-21.  

 

 

Figure 3-20 Oil degradation and additive depletion over time. 
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3.6.1.1 Base Oils 

Base oils refined from crude oil are mineral oils, and others created via 

chemical synthesis are commonly known as synthetic base oils. Typically, a 

base oil consists of hydrocarbons with multiple carbon atoms and low amounts 

of nitrogen, sulfur and organic compounds containing oxygen. They are split 

into different categories according to API, as in Table 2-2. Sulfur content 

Figure 3-21 Oil oxidation stages [86]. 
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saturates %, and viscosity index are some categories defining the base oils. 

Usually, synthetic-based oils are better overall performers than mineral-based 

oils, as a recent study has shown [8]. Some advantages they have over 

mineral oils are higher temperature stability, low-temperature pump ability, 

deposit protection, and higher VI and oxidation stability. However, there are 

some disadvantages that synthetic oils have over minerals base oils which 

are, higher costs and insufficient additive solvency.  

Base oils, due to their molecular structure, are subject to oxidation. The theory 

of autoxidation of hydrocarbons includes chain initiation, propagation and 

termination by free radicals [87]. Previous research has shown that oxidation 

stability is crucial in base oils, enabling longer drain intervals [88]. It has been 

determined that regardless of the content of antioxidants present and 

temperature, the quantity of oxygen consumed, and the viscosity increase 

have a precise correlation in base oil oxidation. Figure 3-22 shows the 

oxidation stability of three different base oils for an ASTM sequence IIIE 

engine test [89]. The graph shows that synthetic PAO base oil has the highest 

oxidation stability since it has the lowest viscosity increase % with test 

duration.  
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3.6.1.2 Additives 

As stated previously, oil oxidation is one of the main factors that negatively 

impact additives' ability to function. Engine oils are usually used in passenger 

cars for roughly 15,000 km or a year, with the engine metallic components 

acting as a catalyst for oxidation. Therefore, it is essential to understand how 

oxidation depletes additives, the impact on the tribo-contact and ways to slow 

down the oxidation process. Specific attention needs to be given to boundary 

additives in ultra-low viscosity engine oil since a lower viscosity oil decreases 

the lambda ratio of the tribo-contact, increasing the importance of friction and 

wear and reducing protective tribofilm.  

Figure 3-22 Oxidation stability of base oils using ASTM standard 
engine test [89]. 
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Extensive research of ZDDPs degradation mechanism to which it forms an 

anti-wear protective tribofilm has been performed in the past, with less 

attention to its deterioration during oxidation and ageing. However, engine oil 

degradation, specifically the influence of ZDDP deterioration on the 

tribochemistry and behaviour, has been investigated in a recent study [90]. 

Fresh engine oil showed improved overall tribological performance than aged 

engine oil, expressed through low friction and wear. It was found that aged 

oils at intervals of 4 and 8 hours into the ageing process showed degradation 

of dihexyl dithiophosphate with organic ZDDP degradation products created 

from the substitution of sulfur atom(s) for oxygen atom(s). Interestingly, these 

aged oils at intervals of 4 and 8 hours provided better wear protection than 

fresh oil. It must be noted that even though improvements in wear were seen 

for aged oils compared to fresh oils, the low friction observed in fresh engine 

oil was not achievable for aged oils. An explanation for the better wear 

protection after ageing is due to effects of oxidation on other boundary active 

additives, such as MoDTC, which reduces competitive surface adsorption and 

enables ZDDP to form its tribofilm. 

The oxidation degradation of additives, including ZDDP, MoDTC and 

detergents, all incorporated into oils, have been investigated by researchers 

to understand better the mechanism that causes their loss of function [91,92]. 

A simplified oil containing ZDDP, MoDTC and a calcium borate overbased 

detergent was aged for 16 hours with oil collected at intervals every 4 hours. 

The results showed that the oil's friction-reducing properties were lost after 8 

hours of ageing. XPS analysis confirmed a reduction of MoS2 found within the 

tribofilm as ageing time increases. The authors suggested a mechanism by 

which MoDTC loses its friction-reducing properties. As MoDTC and ZDDP are 
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consumed via oxidation, a ligand exchange occurs between ZDDP and 

MoDTC to form ZnDTC and Modtp with insoluble species. It would prevent the 

formation of MoS2 with a possible correlation between the size of MoS2 

nanocrystals and MoDTC concentration within the aged oil [93].  

3.6.1.3 Artificial ageing process 

Artificial or laboratory ageing processes were invented to accelerate oil 

degradation faster than engine ageing processes. Harsh conditions, such as 

high temperatures and large airflows, are applied to the engine oil to mimic 

the conditions typically found within the engine.   

The Coordinating European Council (CEC) L-48-00 is oxidation stability 

artificially ageing process of lubrication oils [94]. Its method uses oxygen from 

the air to oxidize the lubricant oil at temperatures >100 °C. Previous research 

has used this standard to investigate the artificial ageing processes' impact on 

engine oil performance [92–95]. The main disadvantage of this process is the 

relatively long ageing duration across multiple days. However, the use of a 

metal catalyst can reduce it. A schematic for the artificial ageing process 

standard is shown in Figure 3-23.  
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3.7 Summary 

This chapter has discussed and reviewed the tribological issues in internal 

combustion engines with lubrication. Particular attention has been given to 

how these tribological issues are prevented using engine oils with the most 

critical additives incorporated into them to produce the performances achieved 

using standard engine oils. As explained in more detail in this chapter, the oil's 

viscosity decreases to increase fuel economy. As the viscosity of the oil 

decreases, the tribo-contacts within the internal combustion engine change. 

For example, a minimum film thickness decrease results in a lower lambda 

ratio. This consequence means that boundary additives become more and 

more critical to understand. The research in this thesis concentrates on 

Figure 3-23 Schematic for CEC L-48-00. 
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knowledge gaps in developing the new ultra-low viscosity engine oil in 

conjunction with the Sinopec lubrication company. 

To date, there has been extensive research on friction modifiers, specifically 

MoDTC, with different conditions such as concentration, operating conditions, 

and synergism with ZDDP, as explained in this chapter. However, little 

research has been conducted on fully formulated low viscosity 0W-8 engine 

oil, as this grade of oil is relatively new. When additives are incorporated into 

these 0W-8 engine oils, specifically boundary additives, their concentrations 

must be increased. Especially in the Japanese market, the new low viscosity 

engine oils contain vast amounts of friction modifiers concentration, 

1000ppm+. Due to the harmful products that sulfur, and phosphorus-

containing additives can produce, and its relatively high cost, there is a need 

to reduce the amount of MoDTC within the oils. Thus, for these new 0W-8 

engine oils, there must be an optimum concentration of MoDTC, which 

produces a low coefficient of friction and does not affect the tribofilm contents 

or wear negatively compared to lower or higher concentrations. 

In new ultra-low viscosity engine oil, it is paramount that both MoDTC and 

ZDDP, friction and anti-wear additives, can perform their function without 

being influenced negatively by other surface-active additives. OEMs use 

different detergent formulations to enhance their function as the oil viscosity 

is lowered for higher fuel economy. This chapter explains that detergents can 

decompose to form a tribofilm layer. Therefore, it becomes critical to ensure 

the new detergent formulation designs for better function performance do not 

negatively impact the functions of the friction and anti-wear additives.  
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Ageing oil in a real-world engine or engine simulation is a long process, not 

adequate for initial and quicker testing. Artificial ageing processes were 

conducted in a laboratory to enable a faster ageing method for test oils for 

efficient analysis. However, little research has been conducted to compare 

and understand the differences between the standard artificial ageing and 

engine ageing processes. The artificial ageing process needs to simulate the 

effects on the oil within a field engine to understand the tribological effects 

better.  
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Chapter 4 Experimental Procedures 

4.1 Introduction 

The experimental procedures chapter introduces the overview of each 

technique used in this study.  

Viscosity measurements and oil analysis included using a rheometer, ICP, 

and FTIR, well-known techniques for oil analysis. Artificial oil ageing was 

conducted using the CCL-48-00 standard, and all field engine ageing was 

performed by the Sinopec lubrication company in Beijing, China. 

All tribological tests in this study were conducted using an MTM for friction 

analysis. A SLIM unit attached to the MTM enabled ZDDP tribofilm film 

thickness measurements to be obtained at set intervals during a test. Raman 

spectroscopy and XPS techniques performed tribochemical analysis on 

tribofilms formed from selected engine oils. Finally, wear produced during 

tribological testing was analyzed using an NPFlex non-contact technique.  

All test oils formulations for the individual results chapters can be found within 

their respective section. MTM operating conditions for all the studies are 

outlined with the MTM methodology. The same setting for all other techniques 

are kept constant throughout the studies.  

4.2 Oil Rheology 

As shown in Figure 4-1, all sample oils' dynamic viscosities used in this 

research were obtained using a Kinexus Rheometer. Two temperatures were 

measured at 40 °C and 100 °C for each oil, and the shear rate was kept 

constant with three repeats taken for validity.  
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The dynamic viscosities measured by the rheometer were converted to 

kinematic viscosities using equation 6, where V is kinematic viscosity, Þ is the 

fluid density, and η is dynamic viscosity. Fluid density for each oil was 

calculated by measuring the mass of a given volume by dividing the mass by 

its volume for a specific temperature.  

𝑽 =
𝜼

þ
            (6) 

 

 

Figure 4-1 Kinexus rheometer. 
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4.3 Oil Ageing 

4.3.1 Artificial Ageing Process 

The fresh engine oils in the final results chapter were artificially aged 

according to the standard from the coordinating European council (CCL) L-

48-00. Researchers have used this to artificially age engine oils [96–99]. 

However, little comparison of this method has been made with engine ageing. 

A schematic of the artificially ageing process used in this study is shown in 

Figure 4-2. All sample oils, 200 mL, were aged for 96 hours, equivalent to 

10,000 km. The temperature was kept constant throughout the ageing process 

at 160 °C to emulate the high temperatures of the oil around the combustion 

chamber. Compressed air was pumped into the oil to provide a source of 

oxygen with an airflow of roughly 10 L/h. A condenser was used to avoid 

evaporation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2 Artificial ageing process schematic. 
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4.3.2 Field Engine Ageing Processes 

All engine oil ageing was conducted by the Sinopec lubrication company in 

Beijing, China. The engine oil ageing processes for each oil pair are shown in 

Table 4-1.  

Oil A’s engine oil ageing process was conducted using a Global Engine 

Durability (GED) engine test. The engine used was an inline-four. Oil was 

taken from the engine after 100 hrs, equivalent to 10,000 km according to the 

OEM, enabling a comparison with the artificial ageing process. 

Oil B’s engine oil ageing process was conducted using a naturally aspirated 

engine. A continuous high-speed durability ageing process involved a high 

engine speed of 6600~6800 rpm. The test duration lasted 180 hrs, equivalent 

to 10,000 km, to enable comparisons with the artificial ageing process.  
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Table 4-1 Field Ageing Oil Processes. 

Sample labels 

engine ageing 

process 

Oil A 

 

Oil B 

Test name GED engine test 
Continuous high-

speed durability 

Engine type 4-cylinder inline Naturally aspirated 

Test duration (hrs) 100 180 

Rated speed 

(rpm) 
5400 

Maximum 

engine speed 

(rpm) 

6600~6800 

Idle speed (rpm) 750±50 

Maximum power 

(KW/rpm) 
95/5400 

Maximum torque 

(Nm/rpm) 
220/(2200-4000) 

Oil temperature 

(°C) 
90-129 

Maximum oil 

temperature (°C) 
120 

Intake air 

temperature (°C) 
16-38 

Backpressure 

(kPa) 
44±5 

Inlet air pressure 

(kPa) 
95-105 

Maximum 

system pressure 

(kPa) 

85 

 
Cooling water 

flow rate (L/min) 
70±5 
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4.4 Oil Analysis 

4.4.1 Inductively Coupled Plasma Atomic Emission Spectroscopy 

(ICP-AES) 

ICP-AES enables the mass percentage quantification of elements within a 

liquid. However, the technique is unsuitable for elements such as C, H, N, and 

O. The most significant disadvantages are physical and spectral interferences 

and the lack of some elemental sensitivity. A schematic representation of a 

typical ICP-AES setup is shown in Figure 4-3, taken from [100]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The principle of the technique is based on the emission of photons from atoms 

by exposure to high-energy plasma. The act of exciting electrons produces 

light wavelengths dependent on the difference between the energy levels of 

the electrons. This principle enables different elements and their mass 

percentage to be determined. 

Figure 4-3 Typical ICP-AES setup [100]. 
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The primary use of ICP in this study was to measure the concentration of the 

chemical elements within the fully formulated engine oils. These oils are 

created using many additives with various elements, some of which solely 

belong to one additive and others found in multiple additives within the oil. The 

concentration of elements, not the concentration of compounds, can be 

determined using the ICP technique. ICP analysis can also determine additive 

depletion due to oxidation by comparing the before and after engine oil 

spectrum [101]. 

4.4.2 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is a well-known analysis technique that compares used and fresh engine 

oils [101]. The principle of the technique utilizes the interactions molecules 

have when exposed to infrared radiation. Each molecule adsorbs radiation 

from infrared at specific wavelengths. The specific adsorbed wavelength 

enables the technique to distinguish different substances as no two molecules 

produce the same signal. Therefore, each spectrum produced from the FTIR 

scans contains semi-quantitative data if two substances are compared.  

FTIR enables the identification of oil degradation, some additives, by-

products, contaminants, and wear debris. The majority of the time, it is used 

as a screening tool.  

The FTIR used in this thesis was a Perkin Elmer FTIR spectrometer with a 

spectra resolution of 4 cm-1 within the range of 650-4500 cm-1. 

As shown in Figure 4-4, an example FTIR spectrum of a fully formulated 

engine oil contains three major peaks associated with the base oil 

hydrocarbons. 
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The region is known as the fingerprint region between 400 and 2000 cm-1 and 

has become the area of interest in identifying oil degradation. The specific 

areas used when analyzing oil degradation in passenger car oils are shown in 

Table 4-2. These values are typically found in previous research [101,102].  

 

 

 

 

Figure 4-4 FTIR example spectrum. 
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Table 4-2 Wavelength ranges used in this study. 

Approx wavelength 

number (cm-1) 
Component Molecule 

3400 Water - 

1700-1800 Oxidation 

Carbonyl-containing 

degradation products – 

e.g. carboxylic acid 

1100-1200 Sulphation Sulfur oxides and acids 

900-1000 ZDDP (Anti-wear additive) P-O-C and P=S bond 

750 Gasoline - 

 

4.5 Friction 

4.5.1 Lambda Ratio Calculations 

Theoretical lambda ratios are calculated for each sample oil to determine the 

lubrication regime the tribocontacts operates. This enables the user to tailor 

operating conditions such as load and entrainment speed to obtain the desired 

lubrication regime. The traction phases with a constant speed operate under 

the boundary lubrication regime where a low entrainment speed is required 

for this research. The lambda ratios for a point contact are calculated using 

equations 7 and 8, the Dowson & Higginson: Minimum thickness for a point 

contact equation [103]. 
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ג =
𝒉𝒎𝒊𝒏

[(𝑹𝒒𝟏)
𝟐

+(𝑹𝒒𝟐)
𝟐

]

𝟏
𝟐

          (7) 

 

𝒉𝒎𝒊𝒏

𝑹∗ = 𝟑. 𝟔𝟑 (
𝑼𝛈𝟎

𝑬∗𝑹∗)
𝟎.𝟔𝟖

(𝜶𝑬)𝟎.𝟒𝟗 (
𝑾

𝑬∗𝑹∗)
−𝟎.𝟎𝟕𝟑

(𝟏 − 𝒆−𝟎.𝟔𝟖𝒌)    (8) 

 

 

4.5.2 Test Rig 

Ball and disc specimens are cleaned in methanol using an ultra-sonicating 

bath for 5-10 minutes before running the friction tests. This is to prevent any 

contamination affecting the performance of the oils and results obtained.  

The test rig to test the friction performance and generate tribofilms from the 

sample oils for each research area was an MTM. The schematic setup is 

shown in Figure 4-5. The contact orientation is a ball on a disc, driven 

independently to create the required sliding to rolling conditions. Slide to roll 

ratio (SRR) is defined as (UB-UD)/U where the sliding speed is UB-UD and 

entrainment speed or mean rolling speed is U= (UB+UD)/2. A steel alloy ball 

with a diameter of 19.05 mm is loaded against a flat steel alloy disc with a 

diameter of 46 mm, submerged in ≈ 35 ml of the sample oil. Sensors with a 

friction transducer monitoring the frictional force between both surfaces 

control operating conditions such as load and lubricant temperature.  
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Two phases can be used to create the tests. The first phase is called a 

Stribeck curve phase. Operating conditions such as load and temperature, 

except entrainment speed, are kept constant. Entrainment speeds descend 

from the highest value to the lowest to protect any tribofilm formed on the 

specimen from the previous phase. The second is called the traction phase. 

This phase is when all operating conditions, such as load, temperature, and 

speed, are constant. The operating conditions are designed to keep the 

traction phase in the boundary lubrication regime where 1>ג. 

 

Figure 4-5 MTM-SLIM schematic. 
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4.5.3 Operating Conditions 

4.5.3.1 Chapter 5 

The MTM test procedure used in Chapter 5 consisted of traction and Stribeck 

curve phases, as shown in Figure 4-6. Stribeck curves were taken at intervals 

of 0, 1, 5, 15, 30, 60, and 120 minutes, with the test procedure starting with a 

Stribeck curve and ending with a traction phase. The total traction time equals 

210 minutes or 3.5 hours. 

 

 

 

 

 

 

The operating conditions used on the MTM for Chapter 5 are shown in Table 

4-3. The operating conditions selected are typical of those found in an ICE 

[104]. Both phases had a constant SRR of 50 %, 40 N load force 

corresponding to 1 GPa of pressure, and lubrication temperature of 100 °C. 

The Stribeck curve phase had a varying entrainment speed, starting from 

2000 and decreasing to 10 mm/s. The highest speed within the Stribeck curve 

does not exceed past the mixed lubrication regime. A constant speed of 100 

mm/s was set for the traction phase to emulate the boundary lubrication 

regime. The ball and disc material were made from AISI 52100 steel with 

surface roughness’s of < 0.02 µm.  

 

 

Figure 4-6 Chapter 5 MTM test procedure. 
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Table 4-3 Chapter 5 MTM operating conditions. 

 

4.5.3.2 Chapters 6 to 8 

A schematic of the MTM test procedure used in Chapters 6 to 8 is shown in 

Figure 4-7. The test starts and ends with a mapper step with SLIM 

measurements and Stribeck curves obtained at intervals of 0, 5, 15, 30, 60, 

120, 180, and 240 minutes. The mapping step was included to understand the 

ZDDP/phosphate glass tribofilm film formation during the test. 

 

 

 

 

 

Parameters Stribeck curve phase Traction phase 

Materials 
AISI 52100 Steel ball and 

disc 

AISI 52100 Steel ball and 

disc 

Sliding rolling ratio % (SRR) 50 50 

Load (N) 40 40 

Hertzian/contact pressure 

(GPa) 
1.0 1.0 

Speed (mm/s) 2000 ~ 10 100 

Temperature (ºC) 100 100 

Figure 4-7 Chapters 6 to 8 MTM test procedure. 
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The MTM operating conditions used in Chapters 6 to 8 are shown in Table 

4-4. Both phases had a constant SRR of 100 %, 40 N load force corresponding 

to 1 GPa of pressure, and a lubrication temperature of 120 °C. Temperature 

and SRR were increased to favour MoS2 formation and emulate different ICE 

conditions. Entrainment speed was fixed at 100 mm/s, corresponding to a 

typical lambda ratio value of 0.2 found in the ICE [103]. 

Table 4-4 Chapters 6 to 8 MTM operating conditions. 

Parameters Stribeck curve phase Traction phase 

Materials 
AISI 52100 Steel ball 

and disc 

AISI 52100 Steel ball and 

disc 

Sliding rolling ratio % (SRR) 100 100 

Load (N) 40 40 

Hertzian/contact pressure 

(GPa) 
1.0 1.0 

Speed (mm/s) 2000 ~ 10 100 

Temperature (ºC) 120 120 
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4.6 ZDDP Film Thickness 

To measure the optical film thickness of the tribofilms over time a SLIM unit 

attached to the MTM was used. The schematic of the SLIM unit with the MTM 

is shown in Figure 4-5. Previous research showed that the SLIM technique 

could measure the optical film thickness of boundary active additives such as 

detergents, MoDTC, and ZDDP when formulated together [105,106].  

The ball is unloaded from the disc and loaded against a thin Cr layer coated 

glass disc during the test to obtain the SLIM images, as shown in Figure 4-8. 

White light is then illuminated down a microscope, and a picture of the tribofilm 

is taken. The ball is reloaded onto the disc, and the next step begins. This 

process is repeated at set intervals stated in the test process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-8 SLIM mechanism [106]. 
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4.7 Tribochemical Surface Analysis 

After friction testing, the ball and disc specimens were cleaned with heptane 

before any surface analysis was conducted to remove excess oil remaining 

on the samples.  

4.7.1 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a powerful chemical surface analysis technique used to analyze the 

chemistry of tribofilms formed by rubbing two surfaces. The principle of the 

method is called the photoemission process, where x-rays are fired onto the 

surface, which causes electrons to be emitted and detected from interactions 

between the x-rays and surface atoms. These detected electrons emitted from 

the surface contain valuable information such as kinetic energy. Using the 

kinetic energy of the emitted electrons and the photon energy of the X-rays, 

the binding energy, BE, can be calculated using equation 9, where KE is the 

kinetic energy of the emitted electron, hv is the photon energy, and ∅2 is the 

spectrometer work function. The x-ray photons have a penetrating depth of up 

to ≈ 10 nm [107]. 

𝑲𝑬 = 𝒉𝒗 − 𝑩𝑬 −  ∅𝟐         (9) 

 

Part of the chemical analysis for the tribofilms in this research was conducted 

using XPS. A high-power monochromatic Al Kα X-ray source (1486.6 eV), with 

an energy resolution of  0.5 eV, was used to obtain two types of scans within 

a pre-defined area of interest; survey and high resolution (HR). Survey scans 

were used to identify the elements and their weight % within the area of 

interest. HR scans were performed to obtain the chemical composition of the 

tribofilm, specifically identifying chemical bonding associated with selected 
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elements' chemical states such as Mo 3d and Zn 2p. The spin orbitals of the 

2p and 3d split the signals into 2p3/2, 2p1/2, and 3d5/2, 3d3/2.  

Before any analysis of the signals is undertaken, the C1s signal peak is used 

for calibration due to potential charging during acquisition and is set to 285 eV 

[108]. Shirley's line type was used as a standard baseline, and different line 

shapes were used for the peaks to distinguish the various components within 

the signals. General and specific conditions and constraints must be applied 

when deconvoluting signals. They are as follows. 

➢ The area of 2p1/2 is always 0.5 times smaller than the area of 2p3/2. 

➢ The area of 3d3/2 is always 0.67 times smaller than the area of 3d5/2. 

➢ Spin orbitals with a larger denominator always have higher binding 

energy, for example, 2p3/2 < 2p1/2 binding energy. 

➢ The binding energy difference between 3d5/2 and 3d3/2 in the 

deconvolution of the Mo3d signals is constrained to 3.13 eV [109]. 

To understand the chemical composition of the different layers in the 

tribofilms, etching was performed using an Ar+ ion beam at 2 keV with a 

sputtering current of 1 uA. Previous literature determined that using these 

settings produces an etch rate on steel of 4.5 nm per minute by Wyko [110]. 

4.7.2 Raman Spectroscopy 

The vibrational characteristics of a molecule can be studied using Raman 

spectroscopy. A monochromatic light laser power source produces molecular 

vibrations when incident light energy is transferred to the molecules. These 

vibrations of the molecules are characterized by a wavelength number with 

different molecule vibrations producing different wavelength numbers. The 
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scattered light composition highly depends on the molecule it has vibrated, 

enabling the technique to create a fingerprint of the specimen [111]. 

Wire 3.4 software is used in conjunction with the Reinshaw Raman 

spectrometer system. This enables the user to adjust numerous parameters, 

including laser power, exposure time, and the number of scans. Spectral 

resolution of the Reinshaw Raman spectrometer is  1 cm-1. Spectra for all 

tribofilms generated on the balls were obtained from the Raman using a 488 

nm wavelength laser with a 10 % power filter, 10 s exposure time, and two 

accumulations per acquisition. The 488 nm wavelength laser was selected as 

previous research has shown it is critical for MoS2 tribofilm detection [68]. 

Power filter at 10 %, low exposure time of 10 s, and two accumulations were 

selected to prevent the laser from damaging the tribofilm. The peaks and 

associated vibration modes from a typical MoS2 spectrum are shown in Figure 

4-9. The vibration modes E2g wavelength number is ≈ 381 cm-1, and A1g is ≈ 

408 cm-1. The Raman maps and data generated in this research were created 

using the A1g peak intensities [75]. 
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4.8 Wear Analysis 

Wear analysis was conducted using an NPFlex. It is a non-contact technique 

that prevents any damage from occurring on the surface during scanning and 

uses white light interferometry to generate an image used for analysis. The 

method works by light interference, which occurs when the light path’s 

distance is different from the light path from the surface. Bruker Vision 64 is 

the software used to analyze the wear scar image taken from the NPFlex, and 

an example image of the surface of an MTM disk captured by the software 

along with a cross-section profile is shown in Figure 4-10. 
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Figure 4-9 Raman example spectra of MoS2 peaks. 
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Figure 4-10 Examples of (a) NPFlex scanned image and (b) Y-profile of a 
wear scar. 
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4.8.1 Tribofilm Removal 

Since white light interferometry is used to obtain topography images of the 

wear scars, the tribofilm must be removed. To remove the tribofilms, an EDTA 

(ethylene-diamine-tetraacetic acid) solution was used [112,113]. The solution 

was applied to the tribofilm for roughly 2 minutes and then removed by rubbing 

the wear scar gently with tissue paper. This procedure is repeated to ensure 

that all the tribofilm has been removed. 

Wear analysis on all the selected samples in this research was conducted via 

the same methodology. Excess oil was removed using heptane, and tribofilm 

was removed using EDTA acid solution [112]. Due to the contact being 

unidirectional with the wear scar not concentrated in a straight line, three 

areas of interest on the discs were chosen for analysis using the NPFlex, as 

shown in Figure 4-11. An average of the three regions was calculated and 

presented as wear volume loss. The wear measurements were repeated once 

for validity. 

 

Figure 4-11 Selected areas for wear analysis. 
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4.9 Summary 

This chapter has outlined the experimental procedures used in this study. A 

section on the fundamentals of each technique was introduced. The operating 

conditions for each technique kept constant throughout the studies were 

detailed. The operating conditions on the MTM for each results chapter was 

also outlined.   

The following chapters present the experimental results and key findings, and 

discussions. 
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Chapter 5 The critical role of MoDTC to counteract low 

viscosity in ultra-low viscosity engine oils 

5.1 Introduction 

As explained in the introduction and literature review, reducing the viscosity 

of engine oil is the most cost-effective way to increase the engine's fuel 

economy to achieve the overall aim of reducing CO2 emissions [8,114]. 

However, reducing the viscosity negatively impacts the friction and wear of 

the tribo-contact in boundary and mixed lubrication regimes. Therefore, to 

increase fuel economy when reducing the oil viscosity, the friction in boundary 

and mixed lubrication regimes must be equal to or smaller than its higher 

viscosity counterparts [115]. Therefore, understanding the impact that 

lowering the oil viscosity has on the lower lambda ratio regimes and the 

additives used to counteract the effect is very important.  

This chapter shows the impact of reducing oil viscosity on the boundary and 

mixed lubrication regimes and how this phenomenon is counteracted with 

MoDTC. Friction tests were conducted using the MTM to simulate 

rolling/sliding conditions and varying lambda ratios within the boundary and 

mixed lubrication regimes. Wear was measured using NPFlex non-contact 

technique after tribofilm removal. Finally, tribochemical analysis of the tribofilm 

was performed using XPS.  
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5.2 Test oils 

The test oils used to show the impact oil viscosity reduction has on the 

boundary, and mixed lubrication regimes are shown in Table 5-1. The Sinopec 

Lubrication Company supplied all oils. Four oils with different viscosities were 

chosen to highlight the impact of lowering the oil’s viscosity on the tribo-

contact. According to the American Society for Testing and Materials (ASTM), 

each oil's kinematic viscosities are within their respective oil grade brackets. 

Table 5-1 Test oils used in the oil viscosity reduction study. 

 5W-30 0W-20 0W-16 0W-8 

KV 100/ D445 12.22 8.38 6.18 5.34 

KV 40/ D445 72.35 35.96 27.99 25.46 

HTHS 

150/D4683 
2.91 2.66 2.3 1.92 

 

Test oils used to highlight the importance of using a friction modifier and its 

influence on the overall performance of the oil are shown in Table 5-2. Both 

0W-20 fully formulated engine oils are identical, except one has no MoDTC, 

and the other contains 200 ppm of Mo. 
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Table 5-2 Test oils used in the friction modifier study. 

 5W-30 

0W-20  

no MoDTC 

0W-20 

With MoDTC 

Base oil - 3+ 3+ 

KV 100/ D445 12.22 8.2 8.2 

Mo (ppm) - 0 200 

 

MTM operating conditions used in these studies are shown in Table 4-3. 

5.3 Oil Viscosity Reduction 

The effect of reducing the oil viscosity on the boundary and mixed lubrication 

regimes is shown in Figure 5-1. The Figure displays the initial Stribeck curve 

of 4 different SAE viscosity grade oils ranging from 5W-30 to 0W-8 taken at 0 

minutes into the test. Since the oils additive packages differ, only the first 

Stribeck curve can show oil viscosity reduction in boundary and mixed 

lubrication regimes. 
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The results highlight the negative impact of lowering the oil's viscosity on the 

tribo-contact and the need to counteract it. It is clear from the results that the 

general trend of lowering the oil's viscosity increases the friction at lower 

entrainment speeds and decreases the friction at higher entrainment speeds 

which are also documented in previous research [115–117].Higher friction is 

observed at lower entrainment speeds or in the boundary lubrication regime 

because the oil film thickness reduces with viscosity, leading to more metal-

on-metal contact. Viscosity reduction has the opposite effect as the 

entrainment speed is increased. The reduced oil film thickness reduces 

viscosity friction or oil shear strength, leading to reduced friction in mixed and 
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Figure 5-1 Reduction of oil viscosity influence on boundary and mixed 
lubrication regimes. 
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hydrodynamic lubrication regimes for lower viscosity engine oils. It must also 

be noted that a higher entrainment speed is required for a lower viscosity 

engine oil to move to higher lambda ratios.  

5.4 The Critical Role of Friction Modifiers in Low Viscosity 

Oil 

5.4.1 MoDTC Influence on Friction 

Friction modifiers such as MoDTC reduce the friction to ≈ 0.04 to counteract 

the increased friction caused by lowering oil viscosity in boundary and mixed 

regimes [71,72,118]. Figure 5-2 shows the MTM analyzed friction data of three 

oils, using the same operating conditions in Table 4-3. The three oils used 

were a 5W-30 reference oil, a 0W-20 fully formulated oil with no friction 

modifier, and the same oil with a friction modifier to highlight the friction 

modifier's importance. The friction modifier used is MoDTC, with a Mo 

concentration of ≈ 200ppm.  
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Figure 5-2 (a) Friction values at 0 and 120 minutes under a constant 
lambda ratio, (b) Stribeck curves taken at 0 and 120 minutes 
under a varying lambda ratio. 
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Part (a) of the Figure displays the coefficient of friction values at 0 minutes 

into the test with the final steady-state friction from the traction phase at a 

constant lambda ratio and speed of 100mm/s in the boundary lubrication 

regime. At the beginning of the test, at 0 minutes, the impact of decreasing 

the oil's viscosity is transparent, with an increased friction value for both 0W-

20 oils compared to the 5W-30. The steady-state friction towards the end of 

the test increases by ≈ 38% to 0.1226 for the sample oil with no MoDTC, a 

typical value for a tribofilm comprised mainly of the anti-wear and detergent 

additives [71,82]. For the 0W-20 engine oil with MoDTC, the steady-state 

friction decreases by ≈ 51.45% to ≈ 0.04. This friction reduction is due to the 

formation of MoS2 in the tribofilm matrix, which is the most crucial molecule 

created from the decomposition of MoDTC [65]. The tribochemical analysis in 

the next section will confirm the presence of MoS2. 

To further understand the influence MoDTC has in low viscosity engine oils, 

the friction under a varying lambda ratio must be analyzed along with a 

constant ratio. Part (b) of the Figure shows the Stribeck curves of the three 

oils taken at 0 and 120 minutes into the test. As expected, at 0 minutes into 

the test, both 0W-20 oils have similar Stribeck curves due to the only 

difference being the addition of MoDTC. However, there is a clear distinction 

between the Stribeck curves taken at 120 minutes of the two 0W-20 oils. 

Again, as expected, the 0W-20 oil with no MoDTC produces a Stribeck curve 

similar to tribofilms, comprised mainly of anti-wear and detergent additives, as 

shown in previous research [50,52]. An increase of friction over the varying 

lambda ratios and speeds is observed for the oil due to the tribofilm mainly 

comprising ZDDP. At higher entrainment speeds towards 2000mm/s, in the 
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mixed lubrication regime, the act of the ZDDP tribofilm growing increases the 

friction where metal-to-metal contact occurs. Additionally, the tribofilm 

thickening causes the lambda ratio to decrease, requiring higher speeds to 

transition from a boundary to a mixed lubrication regime. In the hydrodynamic 

regime, the impact of the tribofilm on friction would be negligible. The 0W-20 

oil with MoDTC decreases friction at lower entrainment speeds. However, at 

speeds ≥ 300 mm/s, the friction increases compared to the Stribeck curve at 

0 minutes but still has reduced friction compared to the oil with no MoDTC at 

120 minutes into the test. The results in Figure 5-2 show the critical role 

MoDTC has on friction when lowering the oil's viscosity.  

5.4.2 Tribofilm Chemistry 

The contents and chemistry of tribofilms are essential aspects when 

investigating new engine oil grades and additive packages. As previous 

research has shown, it helps to understand the friction and wear results and 

create mechanisms for new phenomena [49,77].    

Figure 5-3, and Error! Reference source not found. display the high-

resolution XPS scans of Mo, S, P, Zn, and Ca taken from the top layer of both 

tribofilms generated via friction tests using the 0W-20 fully formulated oil 

without and with MoDTC. 
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Figure 5-3 XPS High-resolution scans for 0W-20 without MoDTC sample, 
(a) - Mo 3d, (b) - S 2p, (c) - P 2p, (d) - Zn 2p, and (e) - Ca 2p. 
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Figure 5-4 XPS High-resolution scans for 0W-20 with MoDTC sample, (a) - 
Mo 3d, (b) - S 2p, (c) - P 2p, (d) - Zn 2p, and (e) - Ca 2p. 
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Part (a) of Figure 5-3, without MoDTC, has only one peak detected by the XPS 

analysis for Mo3d. This peak is associated with a metal sulfide with a binding 

energy of ≈ 226 eV [119,120]. Since no MoDTC within the oil formulation, the 

metal sulfide must be linked to Zn or Fe. Moreover, the Mo 3d signal for the 

sample with MoDTC has multiple more peaks, as shown in part (a) of Figure 

5-4. These peaks are typically detected in the presence of MoDTC with a 

friction-reducing tribofilm [65,71,119,120]. The two chemical states detected 

in the top layer of the tribofilm for the sample oil with MoDTC are Mo (IV) and 

(VI). Mo (IV) is associated with bonding with sulfide, indicating that the 

compound MoS2 is formed, the most crucial decomposition product of MoDTC 

[77]. 

Part (b) from Figure 5-3 and Figure 5-4 displays the high-resolution scan 

deconvolution of the S2p scan. Only one peak is detected for the sample 

without MoDTC, in part (b) of Figure 5-3, split into the spin orbitals 2p3/2 and 

2p1/2 with binding energies of ≈ 162 eV and ≈ 164 eV. This peak is typically 

associated with sulfides within the tribofilm from previous work [121]. Since no 

MoDTC within the oil, the sulfide peak must be linked to a compound formed 

from ZDDP, for example, ZnS or FeS from the metal surface. The peak 

associated with sulfides is also detected in the tribofilm of the oil-containing 

MoDTC, as shown in part (b) of Figure 5-4. Due to the addition of MoDTC, this 

peak could also be linked to MoS2, as previous research has shown [122].  

The other three high-resolution scans, P, Zn, and Ca are associated with the 

composition products of ZDDP and detergent, which form within the tribofilm 

matrix. Regardless of the addition of MoDTC within the oil formulation, the 

same decomposition products from ZDDP and detergents are formed, as 
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shown by the same peaks detected in Figure 5-3 and Figure 5-4. The P 2p 

and Zn 2p peaks detected in the high-resolution scans in both tribofilms are 

typical of a ZDDP-only tribofilm [121]. Ca 2p peaks are associated with 

CaCO3, the decomposition product of the detergent which forms within the 

tribofilm matrix [123]. 

Overall, for the tribochemistry, MoDTC decomposes into MoS2 and Mo oxides 

within the tribofilm matrix. The MoS2 lattice layers enable low friction to be 

achieved, which are embedded within the ZDDP dominant tribofilm. ZDDP 

decomposition products can still form regardless of adding MoDTC; however, 

the amounts are reduced due to competitive absorption. A later chapter will 

discuss the tribochemistry matrix in more detail. 

5.4.3 MoDTC Influence on Wear 

The impact of MoDTC on the wear in low viscosity fully formulated oil is shown 

in Figure 5-5. An increase in wear volume is observed for the 0W-20 engine 

oil with MoDTC. An explanation of an increase in wear can be attributed to a 

reduction in ZDDP species. 
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The results are similar to recent research investigating organic and inorganic 

friction modifiers [124]. A 0W-20 fully formulated engine oil with 250 ppm of 

Mo in the form of MoDTC produced a 48% increase in wear compared to the 

same oil without MoDTC. However, it must be noted that the wear obtained 

for a specific area shown in Figure 5-5 is very small. Therefore, in the real-

world application of the engine, the wear increase due to MoDTC is negligible 

[125]. The next chapter will produce more results regarding Mo concentration 

influence on the tribofilm chemistry and wear mechanisms. 
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Figure 5-5 Wear volume loss taken from a specific area for sample with 
and without MoDTC. 
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5.5 Summary 

This chapter has highlighted the negative implications of reducing the oil's 

viscosity on the boundary and mixed lubrication regimes. Increased friction is 

observed in these regimes due to reducing film thicknesses. The friction in the 

boundary and mixed regimes must be reduced to ≈ 0.04 to enable the oil 

viscosity reduction to improve fuel efficiency. To achieve this, MoDTC must 

be used as a friction modifier. The results also highlighted the importance of 

counteracting the increased friction at low entrainment speeds. MoDTC 

decomposes to form MoS2 and Mo oxides within the ZDDP dominant tribofilm 

matrix, with MoS2 enabling a reduction in friction.  

The next chapter will present results from optimising Mo concentration in new 

ultra-low viscosity engine oil. This chapter will discuss friction, tribochemistry, 

and wear in more detail regarding the impact of Mo concentrations in fully 

formulated engine oil.  
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Chapter 6 Optimizing of Mo Concentration in Ultra-low 

Viscosity Engine Oil 

6.1 Introduction 

The increased fuel economy demands are causing countries like Japan to 

increase the concentration of MoDTC to very high amounts of 1000+ ppm as 

the oil grade is lowered. Increasing the Mo concentration to very high amounts 

compared to higher viscosity engine oil is thought to enable prolonged fuel 

economy boosts, longer ODI, and increased life span performance. 

The main disadvantages of increasing the Mo concentration are the higher 

sulfur levels and its relatively high cost. Sulfur produces harmful by-products, 

impacting catalyst effectiveness and interfering with filters, directly degrading 

the exhaust [126,127]. Previous research has shown that using boundary-

active additives with a low amount of sulfur can produce worse performance 

regarding friction and wear [10,128]. Therefore, it is crucial to keep the strong 

performance of higher sulfur concentration additives when researching 

reducing the overall sulfur with lower viscosity engine oils. Reducing the 

concentration of the additive also cuts costs in the oil formulation on a larger 

scale.  

This chapter aims to investigate the optimization of the Mo concentration in 

new ultra-low viscosity oil developed for fuel economy increases. MoDTC 

needs to perform in low viscosity conditions, but the optimum concentration of 

MoDTC for producing friction of around 0.04 in these oils is still not clear. The 

optimum additive concentration must achieve low friction of ≈ 0.04 under 

constant and varying lambda ratio conditions and have minimal wear. All 

friction tests were conducted using an MTM. A SLIM unit attached to the MTM 

enabled tribofilm thickness measurements to be obtained at set intervals 
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during the test. XPS and Raman techniques were used to understand Mo 

concentration's influence on tribochemistry. Finally, wear generated during the 

tribometer testing was analyzed using an NPFlex. All oil formulations and 

operating conditions for the selected tribometer and surface analysis 

techniques are located in the experimental procedures chapter. 

6.2 Test Oils 

The Sinopec lubrication company provided a fully formulated 0W-8 engine oil 

with no MoDTC. Using equation 10, six different Mo concentrations were 

formulated for testing.  

𝐩𝐩𝐦 𝐜𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 =  
𝐦𝐚𝐬𝐬 𝐬𝐨𝐥𝐮𝐭𝐞 (𝐦𝐠)

𝐯𝐨𝐥𝐮𝐦𝐞 𝐬𝐨𝐥𝐮𝐭𝐢𝐨𝐧 (𝐋)
        (10) 

 

The test oils used to investigate the optimization of Mo concentrations in new 

low viscosity engine oils are shown in Table 6-1. The only difference between 

the oils is the concentration of MoDTC. All the sample oils' kinematic 

viscosities are within the 0W-8 engine oil grade bracket according to ASTM 

D445. In addition, the Sinopec lubrication company performed high-

temperature high shear viscosities (HTHS) according to ASTM D4683 

standards.  

ICP-AES was used to measure the concentration of Mo within the sample oils 

and the elements associated with other additives within the fully formulated 

oils to ensure the correct Mo ppm concentration was achieved. The ppm 

concentrations of the main elements associated with boundary active 

additives are also shown in Table 6-1. 
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Table 6-1 Test oils for the optimization of Mo concentration study. 

 

The MTM operating conditions used in this study is shown in Table 4-4. 

Methodologies for tribochemical and wear analysis are also shown in Chapter 

4. 

 

Sample 

number 
1 2 3 4 5 6 7 

Base oil Group 3+ 

HTHS 

150/D4683 

1.92-1.94 

Mo 

(ppm) 

0 85 180 350 500 750 1000 

S 

(ppm) 

2976 3200 3309 3614 4349 4544 5059 

Zn 

(ppm) 

854-919 

P 

(ppm) 

721-808 

Ca 

(ppm) 

1344-1521 
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6.3 Friction Analysis 

Friction is one of the most critical factors when investigating the critical and 

optimum Mo concentration within a selection of engine oils. Two aspects of 

friction, steady-state and Stribeck curve, from the MTM results, can be used 

to help understand how Mo concentration changes influence the coefficient of 

friction values during operation. Steady-state friction is the friction value under 

a constant speed and lambda ratio. In contrast, Stribeck curve friction is when 

the contact is under a varying entrainment speed and lambda ratio. 

This chapter will concentrate on the influence of Mo concentration on friction 

and its implications for determining the critical and optimum concentration. 

6.3.1 Constant Lambda Ratio 

Figure 6-1 displays the coefficient of friction vs time graph for all the sample 

oils for the first 3000 seconds during the traction phase at a constant speed 

highlighting the induction friction. Figure 6-2 shows the final 3600 seconds of 

traction to end the 24-hr test highlighting the steady-state friction for all the Mo 

concentrations.  

The main friction phases are shown in the friction data. The induction time and 

friction reduction during the test are shown in Figure 6-1. The induction time 

is the time taken for the friction to reduce to ≈ 0.04. In comparison, friction 

reduction is simply the curve drop observed when the friction values decrease 

due to MoS2 formation. Steady-state friction is shown in Figure 6-2. When the 

friction becomes constant and does not fluctuate by a significant amount, then 

the friction is considered steady-state.  
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Figure 6-1 First 3000 seconds in the traction phase at a constant speed for 
all Mo concentrations. 
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Figure 6-2 Final 3000 seconds of the 24 hours of traction for all Mo 
concentrations. 
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It is clear from Figure 6-1 that all concentrations ≥ 180 ppm reduce the friction 

coefficient to ≈ 0.04 in the traction phase. A general trend of increasing Mo 

concentration to reduce the friction induction time is also observed, and the 

theory behind this is discussed in Chapter 9. The friction induction periods are 

typical of MoDTC in fully formulated or formulated with base oils from previous 

research, where a sharp drop is observed due to MoS2 formation within the 

tribofilm matrix [129–131]. Towards the end of the 24 hrs of traction, all Mo 

concentrations are at their steady-state friction values, as shown in Figure 6-2. 

However, 180 ppm of Mo’s friction fluctuates more than the other 

concentrations. The possible reasons behind this performance are discussed 

in the later sections.  

The steady-state coefficient of friction values from the traction phase for the 

range of Mo concentrations tested on the MTM is shown in Figure 6-3. These 

values are calculated by averaging the friction for each concentration towards 

the end of the traction phase in Figure 6-2. Three Mo concentrations were 

chosen for repeatability tests. The error bars are depicted in the figure. 
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As expected, the sample oil with no Mo concentration produces a high 

coefficient of friction value. This value is typical of oils that do not contain a 

friction modifier, with the tribofilm containing anti-wear and detergent additives 

[82]. As the Mo concentration increases to 85 ppm, steady-state friction drops 

from ≈ 0.14 to ≈ 0.08. However, the friction reduction is only ≈ 0.08, not the 

typical value of ≈ 0.04 expected from a MoS2-rich tribofilm [66]. Thus, 85ppm 

of Mo provides a sufficient concentration to reduce friction but not enough to 

generate the ≈ 0.04 friction value. To fully understand the mechanism for 85 

ppm of Mo reducing friction, an in-depth tribochemical analysis is required. It 

will be discussed in a later section of this chapter.  

The study’s minimum Mo concentration, which produces a steady-state 

friction value of ≈ 0.04 in the traction phase at a constant lambda ratio, is 180 
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Figure 6-3 Steady-state friction values under a constant lambda ratio. 
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ppm. The concentration chosen is only based on friction under a constant 

lambda ratio. However, the friction reduction must be kept under varying 

lambda ratios in the boundary and mixed regimes. It must be noted that no 

concentration between 85 and 180 ppm of Mo was tested, and the minimum 

concentration could be within the upper limit of the range between them. All 

concentrations greater than 180 ppm produced steady-state friction values ≈ 

0.04. Research has shown that the critical concentration within a binary 

system of base oil and MoDTC with a kinematic viscosity of 5.28 cSt at 100 

°C is ≈ 180 ppm, dependent on temperature [66], which agrees with the 

findings in this study for fully formulated oil. In theory, the reduction in viscosity 

causes the contacts lambda ratio to reduce, potentially influencing the tribofilm 

formation. Previous research has shown that increasing oil viscosity with low 

Mo concentration impacts friction at lambda ratios ranging from 0.1 to 0.3 

[132]. However, regardless of oil viscosity, higher Mo concentrations are 

impacted less. To optimize the Mo concentration further in ultra-low viscosity 

with application to the ICE, the optimum concentration must keep low friction 

over varying lambda ratios as its higher concentration counterparts and a 

similar steady-state friction value.  

6.4 Varying Lambda Ratio 

Figure 6-4 displays the final Stribeck curves obtained when the steady-state 

friction value has been well achieved in the traction phase. The figure also 

shows the entrainment speed transition from boundary to mixed lubrication 

regimes marked at 1320 mm/s. 
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The sample with 0 ppm of Mo clearly shows the highest friction values over 

the entire range of entrainment speeds. This Stribeck curve resembles recent 

research that tested fully formulated higher viscosity oils, 0W 20, with no 

friction modifier [124]. Regardless of oil viscosity, as long as anti-wear and 

detergent additives are present within the fully formulated oil, an increase of 

steady-state friction to ≈ 0.12-0.13 will be observed in the boundary lubrication 

regime due to the tribofilm comprising ZDDP and detergent decomposition 

products [82]. 

It is very clear from the final Stribeck curves that Mo concentrations ≥ 350 ppm 

all exhibit similar friction behaviour. The Stribeck curves for these 

concentrations, where the friction ≈ 0.04 does not significantly differ with 
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Figure 6-4 Final Stribeck curves for all Mo concentrations. 
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lambda ratio changes in the boundary and mixed regimes, are typical for fully 

formulated oils with high Mo concentrations [104,133].    

The graph's attention on analysis must be given to the 180 ppm of Mo sample 

oil. In the previous section, 180 ppm produced a steady-state friction value at 

a constant lambda ratio of ≈ 0.04. However, under varying lambda ratios, it is 

clear that the low friction value of ≈ 0.04 is unattainable. This could be related 

to the amount of MoS2, 180 ppm of Mo produced, and its formation and 

removal rate. Concentrations greater than 180 ppm can keep a low friction 

value of ≈ 0.04 under the varying lambda ratios. The Stribeck curves taken at 

every interval for the 180 ppm concentration are shown in part (a) of Figure 

6-5, and for comparison, the 1000 ppm concentration is also included in part 

(b) of Figure 6-5. Higher friction values are obtained across the whole range 

of entertainment speeds than higher Mo concentrations. It shows the 

importance of testing fresh oils under varying and constant lambda ratios. 

Further tribochemical analysis is required to explain the concentration at 180 

ppm producing increased friction under a varying lambda ratio. The initial 

hypothesis is linked to the formation rate and removal of MoS2 and its layer 

thickness within the tribofilm in the initial rubbing stages.  
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Figure 6-5 Stribeck curves for (a) 180 ppm of Mo and (b) 1000 ppm of 
Mo. 
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6.4.1 Induction Time 

Another factor to consider when investigating the optimum Mo concentration 

for ultra-low viscosity engine oils is the time for the friction to reduce to its 

steady-state value. Previous research has shown that induction time is linked 

to Mo concentration in friction reduction [65,66]. However, little attention has 

been given to the hypothesis behind it. The induction time to reach each Mo 

concentration steady-state value is shown in Figure 6-6. Only the Mo 

concentrations, which reduced the friction to ≈ 0.04, are included. Standard 

deviations for the repeated tests are also included. 
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Figure 6-6 Induction time to reach ≈ 0.04 friction for Mo concentration ≥ 180 
ppm. 
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A clear trend is observed; increasing the Mo concentration decreases the 

induction time to reach its steady-state friction value. The induction time 

reduction with higher concentration can be explained by the formation and 

removal of MoS2 in the tribofilm matrix. Previous research determined that in 

the initial stages of the rubbing period, the tribofilm matrix is very thin, with 

amorphous MoS2 structures dispersed. As the surfaces continue to rub, the 

tribofilm matrix becomes thicker with a layer-lattice structure of MoS2, which 

leads to friction reduction and an induction time. At that point in the tribofilm 

formation, the formation rate of MoS2 is greater than the removal rate [75]. Mo 

concentration must significantly contribute to the formation rate of MoS2, 

which increases the formation vs. removal rate as Mo concentration 

increases. When the formation rate of MoS2 becomes more significant at the 

initial tribofilm formation, the induction time decreases. In theory, more and 

thicker MoS2 layers are formed within the MoDTC/ZDDP tribofilm matrix in the 

initial stages of the tribofilm formation. Steady-state friction is achieved once 

the formation rate equals the removal rate. Increasing the Mo concentration 

greater than 1000 ppm will decrease the induction time. However, there 

should be a maximum Mo concentration to which further increases do not 

reduce the induction time. This concentration would be a lot greater than 1000 

ppm. 

After each Stribeck phase has occurred, there is also an induction period for 

the coefficient of friction to reach its steady-state value. To highlight the 

influence Mo concentration has on this induction period, 180, 350, and 1000 

ppm sample oils during the first 500 seconds of traction after Stribeck curves 

are shown in Figure 6-7. 
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The Stribeck curves varying lambda ratio and entrainment speed create 

instability in the tribofilm matrix mainly due to the very low lambda ratios used 

in the Stribeck curve, much lower than in the traction phase. This can increase 

the friction once the traction phase initiates after the Stribeck curve phase. To 

return to steady-state friction, the MoS2 must replenish. 

Part (a) of Figure 6-7, for 180 ppm, clearly shows that the friction value in the 

traction phase has to decrease after the Stribeck curve phases have been 

completed. Regardless of test time, there is still an induction period for friction 

to reach its steady-state value.  

Once the Mo concentration is increased to 350 ppm, part (b) of Figure 6-7, the 

friction after the Stribeck curve phase at the start of the traction is lower, and 

the induction time decreases, suggesting a more stable tribofilm matrix with 

the ability to keep low friction. Again, when increasing the Mo concentration 
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Figure 6-7  Induction period after Stribeck curves for (a) 180 ppm, 
(b) 350 ppm and (c) 1000 ppm. 
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to 1000 ppm, the same effect is observed in part (c) of Figure 6-7. Therefore, 

Mo concentration significantly influences the friction function of the tribofilm 

matrix well after steady-state friction and full tribofilm formation have occurred.  

6.5 Tribofilm Thickness 

Optical film thickness measurements using the SLIM technique are critical to 

understanding the influence Mo concentration has on the growth of the 

ZDDP/phosphate glass tribofilm and steady-state film thickness values. Three 

of the Mo concentration were selected for friction test repeats with the SLIM. 

0 ppm, 350 ppm, and 1000 ppm. The selections were based on the friction 

analysis from the initial tests, choosing a concentration with no MoDTC, the 

lowest, which produces ≈ 0.04 friction under a constant and varying lambda 

ratio, and the highest Mo concentration available.  

The SLIM technique is optimized to measure phosphate film thickness by 

using the refractive index of phosphate glass. Literature has also shown that 

determining MoS2 thickness using the SLIM technique cannot be done 

[65,112]. Therefore, the tribofilm thickness measured by the SLIM technique 

with a complex tribofilm matrix formed from multiple additives is mainly 

phosphate glass from ZDDP.  

6.5.1 Tribofilm Growth Rate and Steady-state Film Thickness 

Figure 6-8 displays the optical film thickness growth during the test duration 

for the selected Mo concentrations. The SLIM images at intervals of 5, 15, 30, 

and 60 minutes are shown in Figure 6-8 to highlight the difference in tribofilm 

image colours between the three concentrations. The SLIM images for the 
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final measurement towards the end of the test are also shown on the graph's 

right-hand side in Figure 6-9.  

 

Figure 6-8 SLIM images captured at specific intervals for 0, 350 and 
1000ppm Mo concentrations.  
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Figure 6-9 Tribofilm growth rate and steady-state thickness 
values for 0, 350 and 1000ppm Mo concentrations. 



- 125 - 

The 0 ppm of Mo test shows a steady-state optical film thickness of ≈ 110 nm, 

typical of tribofilms consisting of ZDDP products such as zinc sulfide, glassy 

phosphates, and zinc polyphosphate chains formed during rubbing [112]. The 

addition of MoDTC into the oil, which is sufficient to reduce the friction to ≈ 

0.04, clearly shows a decrease in steady-state optical film thickness. The 

decrease observed when adding MoDTC can be explained by the competitive 

adsorption between the boundary-active additives [123]. The theory suggests 

that MoDTC prevents the complete formation of a ZDDP tribofilm. The 

decomposition product MoS2 formed from MoDTC form in nanosheets within 

the tribofilm matrix, reducing friction and thus inhibiting ZDDP full formation 

[106].  

The differences in film thickness and the SLIM images become apparent once 

the test duration increases to 15 minutes. 0 ppm and 350 ppm have optical 

film thickness values of roughly half of their steady-state values, and from the 

SLIM images, light brown colours within the tribofilm start to form. 350 ppm 

tribofilm at this stage in the test has roughly a third of its steady-state thickness 

value. As the test duration increases to 30 minutes, all the samples have 

roughly three-quarters of their steady-state values. At this point in the test, all 

three concentrations have the same tribofilm growth rate in relation to their 

steady-state film thickness values. The Slim images, however, are very 

different. 0ppm has a large area of the tribofilm, a dark brown colour, indicating 

a thick ZDDP tribofilm has formed. From previous research, a darker-coloured 

tribofilm SLIM image is a thick ZDDP tribofilm [48,112,134]. A dark brown strip 

with light brown suggests that thick and thin ZDDP areas have formed in 350 

ppm tribofilm. Finally, 1000 ppm displays only a light brown colour, suggesting 

a thinner ZDDP tribofilm has been formed than 350 ppm.  
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Figure 6-10 shows the friction and tribofilm thickness against time for the three 

Mo concentrations to understand how the ZDDP film thickness changes with 

friction. 
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For 0 ppm of Mo, the ZDDP tribofilm thickness increases as the friction 

increases. The steady-state friction is achieved shortly after the steady-state 

ZDDP tribofilm thickness is reached. The friction does not significantly differ 

once the film thickness becomes steady-state after 60 minutes of traction. 

This is the typical trend for tribofilms that do not contain friction modifiers 

[105,112,134].  

The 350 ppm of Mo tribofilm reduces the friction to ≈ 0.04 between 5 and 15 

minutes of traction. After 5 minutes of traction, the film thickness is roughly 

half that of the 0 ppm tribofilm at the same test stage. A slight decrease in 

friction is observed at 5 minutes, indicating that the MoS2 layers are starting 

to form. Previous research using an in-situ tribometer with Raman 

spectroscopy determined that in the initial rubbing period with the friction value 

at ≈ 0.07-0.08, MoS2 nanocrystal flakes covered tiny areas within the 
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Figure 6-10 Tribofilm thickness with friction values over time for (a) 
0 ppm, (b) 350 ppm and (c) 1000 ppm. 
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MoDTC/ZDDP tribofilm matrix. As the rubbing time increased, more and more 

areas in the wear scar were covered in MoS2, creating thicker lattice layers 

within the MoDTC/ZDDP tribofilm matrix [75]. After 15 minutes of traction, the 

friction is reduced to ≈ 0.04, and thick MoS2 layers are formed. The ZDDP film 

thickness is significantly reduced compared to 0 ppm at 15 minutes. The 1000 

ppm tribofilm reduces the friction within the first 5 minutes to ≈ 0.04, and the 

ZDDP tribofilm thickness is lower than both 0 and 350 ppm tribofilms at the 

same stage in the test. After 15 minutes, the ZDDP tribofilm for 1000 ppm 

increases compared to 350 ppm, suggesting that once the MoS2 thickness is 

fully formed, the ZDDP tribofilm growth rate increases. After 30 minutes, for 

350 ppm, the ZDDP tribofilm thickness increases significantly after the steady-

state friction is achieved. Both 350 and 1000 ppm’s ZDDP tribofilms after 

MoS2 layer thickness create a ≈ 0.04 friction value increase significantly in 

thickness and becomes steady-state after 60 minutes. 

Overall, the results show that the ZDDP thickness decreases with the addition 

of MoDTC, as indicated by the light brown colours and values. Increasing the 

Mo concentration from 350 to 1000 ppm does not significantly change the 

steady-state film thickness values. The difference between the Mo 

concentrations is the tribofilm growth rate. After 5 minutes of traction, 350 ppm 

of Mo has a slightly thicker tribofilm than 1000 ppm, suggesting a thicker 

ZDDP part of the tribofilm with MoS2 formed within. The increased Mo 

concentration creates thicker MoS2 layers in the initial stages of the traction, 

suppressing the ZDDP tribofilm growth. MoDTC surface supply is the reason 

behind the hypothesis, which increases with concentration. Once ≈ 0.04 

steady-state friction is achieved, the ZDDP tribofilm significantly increases in 
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growth rate and becomes steady-state after 60 minutes due to the MoS2 layer 

thickness fully forming.  

6.6 Tribofilm Chemical Composition 

Tribochemical analysis is fundamental to understanding the mechanisms that 

create various friction and wear results. Analysis of the tribofilms was 

performed using Raman and XPS techniques. All analysis was performed on 

the ball after removing excess oil with heptane.  

6.6.1 MoS2 and Mo oxides 

To investigate Mo concentration's impact on the MoDTC decomposition 

products, MoS2 and Mo oxides within the tribofilm matrix, both XPS and 

Raman are used.  

6.6.1.1 XPS analysis 

From XPS analysis, Table 6-2 shows the typical binding energies and peaks 

found in the literature for the deconvolution of the Mo 3d signals.  

Table 6-2 Binding energy values from previous literature for the Mo 3d 
peak fitting. 

Peak 
Oxidation 

state 

Binding 

energy 

(eV) 

Standard 

deviation 

(eV) 

Bonding References 

S 2s - 227 0.2 
Metal 

sulphide 

[65,71,119,120] 

Mo 3d 

Mo (IV) 229 0.4 MoS2 

Mo (V) 229.7 0.5 MoOxSy 

Mo (VI) 232 0.2 MoO3 
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Using data from Table 6-2, conditions and constraints listed for the HR scan 

in the experimental procedure section, the deconvolution of the Mo3d signals 

at 0 and 120s etch time was conducted and are shown in Figure 6-11. The Mo 

(IV): Mo (VI) ratios for both 0s and 120s etch times are shown in Table 6-3. 

Previous research has shown that Mo (IV): Mo (VI) ratios can be used to 

analyze the MoS2 to Mo oxides ratio to understand the Mo species formed 

from MoDTC in terms of quantity [109,130].  
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Table 6-3 Mo (IV): Mo (VI) ratios for Mo concentrations ≥ 180 ppm. 

Mo 
concentration 

(ppm) 

Steady-state 
coefficient of 

friction 

Mo (IV): Mo (VI) 

0s etch time 120s etch time 

180 0.0430 51.42: 13.36 - 

350 0.0423 70.02: 8.71 50: 19.29 

500 0.0351 68.87: 9.41 49.99:22.26 

750 0.0346 69.77: 17.54 49.59: 17.87 

1000 0.0352 75.88: 6.41 50.5: 18.84 

 

As expected, the 0 ppm of Mo concentration produces no Mo3d signal with 

just one peak visible, as shown in Figure 6-11 (a). This peak is associated 

with a metal sulfide with a binding energy of ≈ 226.4 eV. Since no MoDTC 

within this oil, the metal sulfide must be linked with Zn or Fe. No MoS2 detected 

within the tribofilm via XPS explains no friction reduction observed during the 

MTM test. 

Three Mo concentrations around the critical concentration, 85, 180, and 350 

ppm, show many differences between 0 and 120s etch time signals. 85 ppm 

of Mo, which reduces the steady-state friction from ≈ 0.13 to ≈ 0.08, produces 

a weak XPS signal which cannot be analyzed. However, other peaks for 85 

ppm concentration tribofilm, for example, Zn2p, were significant and could be 

analyzed. The lack of Mo XPS peak suggests no Mo species are formed within 

the top layers of the tribofilm. Raman analysis in the next section can verify if 

this is the case for the overall tribofilm.  

The 180 ppm and 350 ppm Mo3d signals produced the same peaks at 0 s 

etch time. Peaks at S2s and two chemical states of Mo at (IV) and (IV) were 
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detected, suggesting that at the top layer of both tribofilms, metal sulfide, 

MoS2, and Mo oxides are present. Peaks detected at 0 s are typical of 

tribofilms with Mo species decomposed from MoDTC in fully formulated oils 

[109,119,122,123]. The difference between the two HR scans at 0 s etch time 

is the Mo (IV): Mo (VI) ratios, as shown in Table 6-3. 350 ppm has a higher 

ratio of MoS2 to Mo oxides than 180 ppm. However, the steady-state friction 

value is very similar. Therefore, the smallest Mo (IV): Mo (VI) ratio, which 

produces low friction, must be close to that value. As the concentration is 

increased further past 350 ppm, the ratios at 0 and 120 s etch times do not 

significantly differ. Therefore, increasing the Mo concentration increases the 

Mo (IV): Mo (VI) ratio to a maximum value. Any further Mo concentration 

increases will not increase the ratio. 

Moreover, all concentrations past 350 ppm have low friction under a constant 

and varying lambda ratio. Therefore, Mo (IV): Mo (VI) ratio value required to 

produce these results must be close to the values observed for the Mo 

concentrations past 350 ppm. After 120 s of etching, 180 ppm produces a 

weak signal, similar to 85 ppm, which cannot be analyzed, suggesting no Mo 

species are detected. 350 ppm, however, does produce a signal with multiple 

peaks associated with S2s and three chemical states of Mo being (IV), (V), 

and (VI). The additional Mo (V) chemical state peak is associated with Mo 

oxysulphide [119].  

For all Mo concentrations ≥ 180 ppm, the Mo (IV): Mo (VI) ratios decrease as 

the etching time increases from 0 to 120 s. It implies that the amount of MoS2 

decreases as the tribofilm layers are etched. The ratios in Table 6-3 show no 

correlation with Mo concentration with the etch times used. However, as Mo 

concentration increases, Mo (IV) ratio (VI) could be larger closer to the 
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substrate if more etching and HR scans were conducted. Increasing Mo 

concentration reduces the induction time, producing more MoS2 and Mo 

species within the first layers of the tribofilm.  

Increasing the Mo concentration past ≈ 350 ppm does not negatively or 

positively affect the Mo species found within the tribofilms top layers. 

However, decreasing the concentration reduces the Mo species found within 

the top layers of the tribofilm, which has a negative effect, as seen in the 

friction analysis for 85 ppm and 180 ppm. 

6.6.1.2 Raman Analysis 

Raman mapping and intensity frequency distribution graphs of the A1g peak 

for Mo concentrations of ≥ 180 ppm are shown in Figure 6-12. The scale bars 

are the same for each Raman map to enable comparisons, and only maps 

with MoS2 detected are included. The methodology behind creating the 

Raman maps can be found in Chapter 4.  

The friction and tribofilm analysis results clearly show that 85 ppm does not 

have enough concentration of MoDTC to create a friction-reducing tribofilm. 

The 85 ppm of Mo's Raman mapping did not detect any MoS2 present. It 

agrees with the XPS results, where no peaks were detected for the Mo3d 

signal. However, compared to 0 ppm, a friction drop to ≈ 0.08 was observed 

for 85 ppm of Mo. It suggests that some friction reduction mechanism has 

taken place within the tribofilm. Previous research has shown that a tribofilm 

with a steady-state friction value of ≈ 0.08 has tiny amounts of MoS2 intensity 

counts and little coverage within the tribofilm [16]. 
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Figure 6-12 Raman spectroscopy; 180ppm – (a) intensity mapping, (b) intensity 

frequency distribution, 350ppm – (c) intensity mapping, (d) intensity 

frequency distribution, 500ppm – (e) intensity mapping, (f) intensity 
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frequency distribution, and 1000ppm – (i) intensity mapping, (j) intensity 

frequency 



- 136 - 

Three main aspects of the Raman mapping data can be analyzed; coverage, 

distribution, and intensity, to understand Mo’s concentrations impact on the 

MoS2 formed within the tribofilm.  

The only Raman map from Figure 6-12, which does not produce full coverage, 

is 180 ppm. This map also has the lowest frequency distribution of intensity 

within the tribofilm by a noticeable amount. The coverage and intensity 

distribution of MoS2 increases as the Mo concentration is increased from 180 

to 350 ppm. However, the intensity distribution is still lower than the Mo 

concentrations ≥ 500 ppm. Therefore, 350 ppm total intensity counts are also 

less than concentrations ≥ 500 ppm. The higher total intensity counts within ≥ 

500 ppm could be one factor that leads to the slight decrease in friction 

observed under a constant lambda ratio coupled with the increase in Mo 

concentration. Total intensity counts vs friction within the areas used to 

conduct the Raman analysis are shown in Figure 6-13. 
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As the total intensity counts of MoS2 within the tribofilms increase, the friction 

decreases to a maximum value. Once a certain intensity count/amount of 

MoS2 has formed within the tribofilm, the friction does not decrease further. 

From Figure 6-13, the distribution frequency of the counts does not 

significantly change past a specific concentration in this study, 500 ppm. 

Therefore, increasing Mo concentration above 1000 ppm would not 

significantly influence the total intensity counts or distribution frequency. The 

previous research agrees with increasing Mo concentration, increasing the 

total intensity counts up to a maximum value [132]. A clear threshold value of 

MoS2 is required within the tribofilm matrix to produce a ≈ 0.04 friction tribofilm.  

The XPS, Raman data, and analysis findings coupled with the tribofilm 

thickness results can explain the increased friction in the Stribeck curves for 
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Figure 6-13 Total intensity counts of MoS2 vs friction for all friction-
reducing Mo concentrations. 



- 138 - 

180 compared to 350 ppm of Mo. It takes roughly 13 minutes of traction at a 

constant speed for 180 ppm of Mo to reduce the friction to ≈ 0.04, which 

suggests that around this point in the test, MoS2 layers are relatively thick in 

the MoDTC/ZDDP/detergent tribofilm matrix. Previous research has shown 

that reaching a friction value of ≈ 0.04 requires thick MoS2 layers within the 

tribofilm matrix [75]. The XPS and Raman data suggest that Mo concentration 

significantly influences the thickness of MoS2 layers within the tribofilm matrix 

and the Stribeck curve friction is highly dependent upon it. However, past a 

threshold concentration, the thickness of MoS2 layers is a lot less significantly 

impacted. The destructive nature of rapidly changing lambda ratios in the 

Stribeck phase removes part of the tribofilm. As part of the tribofilm is 

removed, the MoS2 within the tribofilm reduces significantly for 180 ppm, as 

shown in Figure 6-11 and Figure 6-12. As Mo concentration increases, this 

effect on the friction is lowered, Figure 6-7. Therefore, 180 ppm does not 

produce a MoDTC/ZDDP/detergent tribofilm matrix with thick enough MoS2 

layers to keep a reduced friction value of ≈ 0.04 when the lambda ratio 

changes from constant to varying. The friction also fluctuates at a constant 

speed, as shown in Figure 6-2. Once the constant lambda ratio is resumed 

after the Stribeck curve phase, the MoS2 layers removed reform in the tribofilm 

matrix to obtain the ≈ 0.04 friction. This process is constantly repeated should 

the tribofilm thickness or operating conditions change.  
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6.6.2 Tribofilm Chemical Composition 

6.6.2.1 XPS HR scans 

All Mo concentrations tribofilms contained the same chemical states of Ca, P, 

S and Zn found at 0, and 120 s etch time. The deconvolution of all the Mo 

concentrations HR signals are not shown, but the spin orbitals, associated 

binding energies, and bonding from the CasaXPS software are shown in Table 

6-4. 

Table 6-4 Ca 2p, S 2p, and Zn 2p peak binding energies and associated 
bonding for all Mo concentrations. 

Scan 
Spin 

orbital 

Binding 

energy (eV) 

Standard 

deviation 

(eV) 

Bonding References 

Ca 2p 
2p3/2 347.8 0.2 

CaCO3 

[120,123]  

2p1/2 351.5 0.2 

S 2p 

2p3/2 

161.7 / 

162.3 
0.2 

FeS2, ZnS, 

MoS2 
2p1/2 

162.9 / 

163.6 
0.2 

Zn 2p 
2p3/2 1022 0.5 ZnS and 

ZnO 2p1/2 1045 0.5 

 

All tribofilms for the Mo concentrations contained the same peaks in both 0 

and 120 s etch time for the HR scans. Regardless of Mo concentration or the 

addition of MoDTC, the compounds formed from the boundary active additives 

do not change. 

As expected, for all tribofilms, the Zn 2p and Ca 2p peaks increase in counts 

per second (CPS) as the etching time increases from 0 to 120 s. It suggests 

that the bonding associated with the peaks such as ZnS and ZnO from the Zn 

2p signal becomes larger in the tribofilm layers towards the substrate.  
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6.6.2.2 Phosphate Chain Lengths 

The BO/NBO ratios and Zn3s – P23/2 binding energy (eV) for three chosen Mo 

concentrations are shown in Table 6-5. Previous literature has shown that 

bridging oxygen, BO (P-O-P) and non-bridging oxygen, NBO (P=O and P-O-

M), can determine the glass phosphates' chain length within the tribofilm. 

Specifically the intensity ratio BO/NBO and peak difference between Zn 3s 

and P 2p3/2 [59,60,135]. 

Table 6-5 BO/NBO ratios and the peak difference between Zn3s and 
P2p. 

Mo concentration BO/NBO ratio 
Zn3s – P23/2 binding 

energy (eV) 

0 0.35 6.13 

350 0.15 6.55 

1000 0.20 6.44 

 

The phosphate chain length decreases as MoDTC is added to the oil in a 

friction-reducing quantity. The composition of the tribofilm changes from 

polyphosphate, 0 ppm, to pyrophosphate, 350 and 1000 ppm. The Zn 3s and 

P 2p binding energy difference increases as the chain lengths decrease. 

The addition of MoDTC reduces ZDDP formation from all the tribofilm 

chemical composition analyses completed. However, when increasing the Mo 

concentration from the lowest friction-reducing value to 1000 ppm, there is not 

a hugely significant change in ZDDP thickness and contents.    
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6.6.2.3 Raman Spectra 

The mean Raman spectrum for the Mo concentrations, which produced 

friction values of ≈ 0.04, is shown in Figure 6-14. All spectra contain the same 

peaks within their tribofilms, and Fe2O3 peaks are observed ≈ 220 and 290 

cm-1. Additionally, for 500 ppm, an extra Fe2O3 peak is found ≈ 1250 cm-1. 

MoS2 E2g and A1g peaks at ≈ 381 and 408 cm-1, and finally, an S-S stretching 

peak at ≈ 459 cm-1 are present in all tribofilms. The difference between the Mo 

concentrations spectra is the intensity of the peaks. These peaks are typical 

of tribofilms generated from fully formulated oils with MoDTC and ZDDP [78]. 

Previous research has shown that some phosphates can be detected [106]. 

However, none were found in any tribofilms using Raman only with XPS. 
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6.7 Mo Concentrations Influence on the MoS2 Growth 

The MTM and Raman spectrometer were used in conjunction with one 

another to understand how the Mo concentration can affect the MoS2 tribofilm 

growth while rubbing the surfaces. The MTM samples were rubbed with 

Raman scans at 5, 15, 30, 60 and 240 minutes.  

From the MTM friction tests, increasing the Mo concentration decreased the 

induction time to reach a coefficient of friction value of ≈ 0.04, suggesting 

higher concentrations form thicker MoS2 layers within the initial stages of the 

test.  

Figure 6-15 displays the total intensity counts of MoS2 within the tribofilm 

matrix at the set intervals during the test. Both Mo concentrations tested 

produced total intensity count values and spectrums of MoS2, which increased 

as test duration increased, similar to previous research monitoring in situ 

tribofilm growth [106]. Figure 6-15 shows an increase in total intensity counts 

for the higher Mo concentration at the 5-minute interval during the test. An 

increase in total intensity counts implies more MoS2 formed within the 

tribofilm, most likely due to the higher concentration being able to supply more 

MoDTC to the rubbing surface. As the test duration increases, the total 

intensity counts for 1000 ppm sharply increase compared to 350 ppm while 

increasing as the test duration increases. MoS2 must be embedded within the 

layers of the ZDDP dominant tribofilm as it increases in thickness during the 

test.  
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Figure 6-16 and Figure 6-17 show the comparison of Mo concentration's total 

intensity counts of MoS2 and the film thickness measurements from the SLIM 

unit. For 350 ppm, there is a sharp increase in the ZDDP film thickness 

between 5 and 60 minutes into the test. At the same time, MoS2 has a much 

smaller growth within the time range, suggesting small amounts of MoS2 is 

forming within the tribofilm matrix, but sufficient amounts required to reduce 

the friction, as seen from the friction results. Once the ZDDP tribofilm has 

reached its steady-state film thickness value, typically after 60 minutes of 

traction, as most literature reports [112,136], the total intensity counts of MoS2 

within the tribofilm spikes significantly. 
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Figure 6-15 Total intensity counts of MoS2 within the tribofilm matrix at 
intervals during the friction tests for 350 and 1000 ppm oils. 
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Figure 6-17, displaying 1000 ppm’s comparison, shows a different graph 

within the first 60 minutes of traction. A shape increase in total intensity counts 

of MoS2 is observed, indicating more MoS2 is embedded within the layers of 

the tribofilm matrix compared to 350 ppm. However, it must be noted that this 

does not necessarily significantly impact friction. Again, once the steady-state 

ZDDP film thickness is reached 60 minutes into the test, the total intensity 

counts spike. Suggesting thick MoS2 layers are forming on the top layer of the 

tribofilm matrixes once the ZDDP dominant part of the tribofilm has formed for 

350 and 1000 ppm. 
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Figure 6-16 Film thickness and total intensity counts of MoS2 within 
the tribofilm at intervals during testing for 350 ppm. 
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Figure 6-18 shows all the total intensity counts of MoS2 scans within the 

tribofilm taken with the friction value during the test. The points include 350 

and 1000 ppm tribofilms, with time intervals. High friction is observed when 

the total intensity is very low within the tribofilm, close to zero. A cluster of data 

points can be seen when low friction, ≈ 0.04, is reached. Potentially, there is 

a threshold value of total intensity counts of MoS2 within the tribofilm, 

producing a low friction value regardless of Mo concentration. As the total 

intensity value increases, the friction is relatively stable. However, the figure 

observes a slight friction drop when the highest value is reached, suggesting 

that high total intensity counts further reduce friction. 
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Figure 6-17 Film thickness and total intensity counts of MoS2 within 
the tribofilm at intervals during testing for 1000 ppm. 
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6.8 Wear Analysis 

The optimum Mo concentration for new ultra-low viscosity engine oils must 

not negatively impact the wear of the tribocontacts. Wear and friction are the 

two most important factors determining where the Mo concentration optimum 

value is. Therefore, there must be a balance between low friction and low 

wear. After completing the friction tests and analysis, three Mo concentrations 

were selected for wear analysis. The sample with no Mo, the sample with the 

lowest concentration producing the same results as its higher concentration 

counterparts, and the higher Mo concentration tested.  
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counts of MoS2 for both 350 and 1000 ppm. 
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6.8.1 Wear Coefficient 

Figure 6-19 displays the wear coefficients calculated from wear volume loss 

values, and Table 6-6 shows the average wear scar widths obtained from an 

optical microscope. Both sets of results are in agreeance with each other. 
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Figure 6-19 Wear coefficients for 0, 350, and 1000 ppm of Mo. 
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Table 6-6 Average wear scar width for 0, 350, and 1000 ppm of Mo. 

 

From the results, adding MoDTC into a fully formulated oil increases the wear 

coefficient and average wear scar width. Recent research also agrees with 

this statement [124]. The authors found that wear generated when using a 0W 

20 engine oil with 250ppm of Mo in the form of MoDTC produces a 48% 

increase compared to the same fully formulated engine oil without MoDTC 

present. Again, this can be explained by additive competitive adsorption 

between ZDDP and MoDTC. Other research into the anti-wear performance 

of organomolybdenum compounds as lubricant additives found that when 

testing 15W 30 engine oils, the addition of MoDTC did not improve the wear 

performance [76]. Therefore, regardless of oil viscosity, adding MoDTC into a 

fully formulated oil increases the wear and decreases the anti-wear properties 

of the oil. 

A slight decrease in wear is observed when increasing the Mo concentration 

from 350 to 1000 ppm. However, in real-world applications such as the ICE, 

the difference in wear between the two Mo concentrations is negligible. 

Therefore, increasing the Mo concentration by ≈180% and not negatively 

impacting the wear is positive. In theory, increasing the Mo concentration 

The concentration of Mo (ppm) 
Average wear scar width (µm) – optical 

microscope 

0 144.48 

350 149.83 

1000 147.83 



- 149 - 

much higher than 1000ppm could negatively impact the wear by preventing 

ZDDP formation.  

6.9 Summary 

This chapter has investigated how to optimize the Mo concentration in ultra-

low viscosity engine oil. Seven different Mo concentrations with the same 

additive package are tested. The tribological properties and chemistry of the 

tribofilm for the different Mo concentrations are investigated using the MTM, 

Raman, XPS, and, finally, NPFlex. The conclusions drawn from this chapter 

are. 

➢ The critical Mo concentration for new ultra-low engine oil in this 

research is between 180 and 350 ppm in fresh engine oil.  

➢ Mo concentrations ≥ 350 ppm up to 1000 ppm do not negatively impact 

the friction or wear of the tribo-contact. However, concentrations much 

higher than 1000 ppm could result in negative wear data.  

➢ Increasing the Mo concentration within fully formulated oil decreases 

the induction time to a steady-state friction value of ≈ 0.04, which 

increases the MoS2 layer thickness in the ZDDP dominant tribofilm in 

the beginning stages of film formation.  

➢ The formation and removal of MoS2 within a ZDDP dominant tribofilm 

is highly dependent on Mo concentration, and the formation rate 

becomes more significant with increased Mo concentration.  

➢ Increasing the Mo concentration increases the total intensity counts of 

MoS2 within the tribofilm. However, once a specific concentration is 

reached, in this study, 500 ppm, the value does not significantly 

change, suggesting the MoS2 layers has a maximum thickness 
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irrespective of Mo concentration. Therefore, once a threshold value of 

total intensity counts is reached within the tribofilm, the coefficient of 

friction decreases to ≈ 0.04. 

➢ Adding MoDTC or increasing the Mo concentration does not alter the 

compounds formed within the tribofilm matrix but affects said 

compounds' concentrations.  

➢ Optical film thickness decreases significantly with the addition of 

MoDTC. However, increasing the Mo concentration greater than the 

critical concentration does not change the tribofilm steady-state value. 

➢ Adding MoDTC into a fully formulated oil increases the wear generated 

due to competitive surface adsorption. However, increasing the Mo 

concentration greater than the critical concentration does not 

negatively impact the wear generated, and the differences are 

negligible. 
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Chapter 7 Detergents Influence on the Tribological 

Properties of Ultra-low Viscosity Oil 

7.1 Introduction 

As explained in Chapter 3, detergents' influence and interactions on the 

tribological properties are essential to understand, especially in new ultra-low 

viscosity engine oil where harsher operating conditions occur, making the 

tribofilm chemistry essential for low friction and wear. The detergent must not 

negatively impact the ZDDP or MoS2 formation for low friction and wear. Three 

different detergents with the same additive package within a 0W-8 oil grade 

engine oil were used to investigate the influence of different detergents on 

friction and wear in ultra-low viscosity oil. Detergent A contains only 

salicylates, with detergent B containing only sulfonates, and finally, detergent 

C has a mixture of both within its formulation, see Table 7-1 for the oil 

formulations. Friction was conducted using the MTM with tribofilm thickness 

measured at intervals during the test using the SLIM attachment. Finally, wear 

loss was determined using the NPFlex.  
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7.2 Test Oils 

The test oils selected to understand how different detergents affect the friction, 

wear, and tribochemistry in ultra-low viscosity engine oils are shown in Table 

7-1. All the test oils are within the 0W-8 grade bracket, with the only difference 

being the detergent formulation. Detergent A contains both Ca and Mg 

salicylates with more Ca salicylates. Detergent B contains both Ca and Mg 

sulphonates with more Ca sulphonates. Finally, detergent C contains Ca 

salicylates and Mg sulphonates with more Ca salicylates. 

Table 7-1 Test oils used in detergent study. 

 Detergent A Detergent B Detergent C 

Base oil 3+ 3+ 3+ 

KV 100/ D445 4.86 4.94 4.94 

HTHS 150/D4683 1.76 1.75 1.75 

Viscosity Index 149 152 152 

Mo (ppm) 810 750 800 

Detergent type 
Ca + Mg 

Salicylates 

Ca + Mg 

Sulfonates 

Ca Salicylates + 

Mg Sulfonates 

 

The MTM operating conditions used in this study is shown in Table 4-4. 

Methodologies for tribochemical and wear analysis are also shown in Chapter 

4. 
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7.3 Detergents Chemical Structures 

The detergent chemical structures of salicylates and sulfonates used in the 

sample oils are shown in Figure 7-1. It must be noted that the sulphonate 

detergent increases the overall sulfur content within the oil compared to a 

salicylate. The metals used with both the salicylates and sulphonates are Ca 

and Mg. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

R = alkyl group 

X = Divalent metal, usually Ca or Mg 

Figure 7-1 Detergent chemical structure for (a) Salicylates and (b) 
Sulfonates. 
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7.4 Friction Performance 

Figure 7-2 (a) displays the start and steady-state coefficient of friction values 

taken from the traction phase under a constant speed of 100 mm/s for the 

three detergents tested. All oils reduce friction to ≈ 0.04 due to the formulations 

containing MoDTC, with the final friction values in the traction phase not 

significantly changing with detergent type [71]. However, detergent C with a 

mixture of both groups does produce an increased steady-state friction value 

closer to 0.05 rather than 0.04. Tribochemical analysis is required to explain 

and is found in the later sections.  

Figure 7-2 (b) displays the first 600 seconds of friction during the traction 

phase at a constant speed. A Stribeck curve taken at the 5-minute interval is 

marked on the graph. Detergent C’s induction time to reach a friction value of 

≈ 0.04 is the smallest of the three detergent formulations tested, with detergent 

A the largest. Therefore, each detergent formulation impacts the formation of 

MoS2 to produce a significant friction drop. However, with previous research, 

these detergents do not prevent MoDTC from performing its friction reduction 

function over the whole test; they influence tribofilm formation and chemistry 

[123,137]. Figure 7-2 (b) suggests that detergent C’s formulation enables a 

thicker MoS2 layer formation within the tribofilm matrix, leading to the lowest 

induction time. Previous research tested the same salicylate and sulfonate 

detergents groups but with only MoDTC incorporated into the oil [138]. The 

author also showed that the friction in the beginning stages of the test 

gradually declined instead of an instant drop usually observed with just 

MoDTC formulated into a base oil only. Both salicylate and sulfonate 

detergent formulations produced synergistic effects with MoDTC, with 

sulfonates slightly reducing the friction more than MoDTC in a base oil. 
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Overall, the detergent formulations used in this thesis produce synergistic 

effects with MoDTC. 
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Figure 7-2 (a) Start and steady-state friction values and (b) first 600s 
of traction. 



- 156 - 

To further understand how the different detergents can influence the 

performance of the tribofilm, Stribeck curves under a varying lambda ratio 

are taken at set intervals for analysis. The initial and final Stribeck curves 

taken at 0 and 180 minutes, along with the Stribeck curves for each oils test, 

are shown in Figure 7-3. 

Part (a) displays the initial and final Stribeck curve taken 180 minutes into 

the test. Both detergents A and C produce similar Stribeck curves at 0 

minutes, while C displays an increase in friction over the whole range of 

entrainment speeds. Since boundary active additives have minimal impact at 

the start of the test before contact has occurred, the explanation for the 

friction increase can be given to a reduction in viscosity at the contact. 

Asperity contact in the mixed lubrication regime during the Stribeck curve 

could form a thin tribofilm which would cause an increase in friction as the 

entrainment speed decreases [51]. However, the latter has a higher 

probability of causing increased friction. The final Stribeck curves for all 

three detergents display similar friction over the whole range of entrainment 

speeds. As shown in Chapter 5 and previous research, the Stribeck curves 

are very similar to tribofilms which contain MoS2 embedded within the matrix 

[133]. The final Stribeck curve shows minimal differences between the effect 

of the different detergents on friction.  

All the Stribeck curves throughout the 4 hrs of traction taken at specific 

intervals are shown in parts (b), (c), and (d) of Figure 7-3. Two out of the three 

detergent formulations produce similar Stribeck curves throughout the test, 

detergent A and C. These oils both contain salicylates, with C containing the 

additional sulfonate detergent. The Ca salicylate must be decomposing within 

the tribofilm matrix along with MoDTC and ZDDP decomposition products in 
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the beginning stages of the test, potentially encouraging the formation of 

MoS2. The act of this reduces the friction significantly in the boundary 

lubrication regime, with entrainment speeds below ≈ 800 mm/s, within the first 

15-30 minutes of traction. The Stribeck curves for detergent A are relatively 

separated until the traction time hits 120 minutes, implying that the tribofilm 

and friction are unstable. Detergent C’s Stribeck curves become stable after 

15 minutes of traction, and the addition of sulfonate improves the overall 

friction. The Stribeck curves for detergent B, part (c) of Figure 7-3, display 

more friction stability with only sulfonates. The friction is stable after just 5 

minutes of traction, with all the Stribeck curves near one another as the test 

duration increases. Noticeably, at higher entrainment speeds ≥ 1000 mm/s, 

detergent B’s friction significantly drops when entering the mixed lubrication 

regime, whereas A and C have a less steep friction drop. 

From the friction analysis, detergent B has the best synergism with MoDTC to 

produce stable and reduced friction throughout the traction and Stribeck 

phases. The combination of salicylates and sulfonates in detergent C 

produces stable and reduced friction only after 15 minutes of traction. Both 

improved results compared to only salicylates in detergent A.  
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Figure 7-3 Stribeck curves for (a) initial and final for all three oils (b) 
Detergent A, (c) Detergent B , and (d) Detergent C. 
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7.5 Tribofilm Growth Rate and Thickness 

Figure 7-4 displays the tribofilm film thickness obtained during the MTM tests. 

All three tribofilms show apparent differences between their steady-state 

thickness values. The initial tribofilm growths are similar. Within the first 30 

minutes of traction, all three detergent formulations have sharp increases in 

film thickness as testing time increases. The initial tribofilm growth is typical 

of a ZDDP tribofilm characterized by a significant increase in film thickness 

[112,136]. However, other additives decomposition products are formed within 

the tribofilm at this stage as the friction is ≈ 0.04 within the first 5 minutes of 

traction, mainly MoS2. The detergent products will also be present within the 

tribofilm, as previous research has shown that detergent decomposition 

products form within the tribofilm matrix [80].  

As the test duration increases to 120 minutes of traction, all three tribofilms 

produce further increases in film thickness values. All three detergent 

formulations reach their steady-state film thickness from 120 minutes 

onwards. Typically, a ZDDP tribofilm reaches the steady-state value after ≈ 

60 minutes into the test [136]. All three final and steady-state film thicknesses 

also decrease compared to a fully formed ZDDP tribofilm, usually ≈ 120 nm 

[112]. Therefore, the boundary active additives, including the detergent 

formulations and friction modifiers, prevent the ZDDP’s full film formation. 

Detergent B, comprised of only sulphonates, has the smallest final film 

thickness value ≈ 55 nm. In comparison, detergent C, comprised of 

sulphonates and salicylates, produces the highest film thickness value and 

finally, detergent A, containing only salicylates, produces the medium value. 

Therefore, the detergent formulation containing only sulphonates has the 
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largest impact on the ZDDP film thickness, while a combination of sulphonates 

and salicylates has the smallest impact. An in-depth tribochemical analysis of 

the tribofilms is required to back the results obtained from the SLIM analysis 

and is shown in the following sections.  

Overall, the ZDDP film thickness measurements from the SLIM technique 

have shown that the detergent formulation can significantly influence the 

ZDDP steady-state film thickness value, directly impacting the wear.  
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Figure 7-4 Film thickness growth rate vs time for all three detergent 
formulations. 
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7.6 Tribochemical changes within the Tribofilms 

The friction and film thickness analysis suggest that the tribochemistry of the 

tribofilms of the three detergent sample oils differ in concentrations and 

potential compounds. Both Raman and XPS analyses were used to 

understand how the different detergent formulations can influence 

tribochemistry and help understand the behaviour of friction, film thickness, 

and wear results.  

7.6.1 Raman Analysis 

The average Raman spectrum obtained from the point scans completed within 

each tribofilm is shown in Figure 7-5. Multiple peaks were detected in each 

spectrum. The expected E2g and A1g peaks associated with MoS2 were 

detected in all three tribofilms, with the additional Fe2O3 and S-S stretching 

peaks typically detected within friction-reducing tribofilms. The same peaks in 

the spectra were detected in the previous chapter's sample oils.  

Detergent A’s peaks associated with MoS2 clearly show a much higher 

intensity than the other two tribofilms, with detergent C having the lowest 

intensity. The detergent formulation from sample C, containing salicylates and 

sulfonates, must suppress the formation of MoS2 since this is the only 

difference between all three formulations. It must be noted that the low 

intensity observed for detergent C compared to A does not prevent friction 

reduction during rubbing. However, a slightly lower value is observed for 

detergent A than C in the steady-state friction values. 
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Figure 7-6 shows each sample oil's total intensity counts of MoS2 within the 

tribofilm matrix. There are apparent differences between the total intensities 

for all three tribofilms, following the same trend of the average spectrums. 

Detergent A containing salicylates produces a tribofilm with the highest total 

intensity counts, implying this tribofilm contains the most MoS2. Detergent B 

containing only sulfonates has the second-highest total intensity counts, and 

finally, detergent C containing both, has the least intensity by a significant 

amount. The results show that detergent C with both detergent types within 

the formulation suppresses the formation of MoS2 compared to the other 

sample oils. However, the friction results for detergent C show that the friction 

decreases rapidly within the first 5 minutes of traction, suggesting that a thick 
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Figure 7-5 Raman spectra example from all three tribofilms. 
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and sufficient MoS2 layer has formed within the ZDDP/detergent tribofilm 

matrix. Once the threshold value of MoS2 intensity is reached to reduce the 

friction to ≈ 0.04, the ZDDP and detergent parts of the tribofilm matrix can 

continue to form at a higher rate.  

Very recent research investigating the tribological properties of MoDTC and 

its interactions with metal detergents used three different detergents in a 

binary system. A low and high-based calcium sulfonate and a middle-based 

salicylate were used with MoDTC. Mo and S weight percentage reduction 

within the tribofilm using energy dispersive spectrometry (EDS) was observed 

for low-based calcium sulfonate and middle-based salicylate. In contrast, an 

increase in both elemental weight percentages was seen in the high-based 

calcium sulfonate tribofilm [138]. However, the Mo and S weight % can be 

associated with other compounds rather than just MoS2, for example, ZnS or 

MoO3. It was determined that all three compound detergent additives 

produced transfer films containing MoS2 and CaCO3. XPS analysis of the 

tribofilms will determine the concentrations and products formed from ZDDP 

and the detergents and how they affect the MoS2 concentration within the 

tribofilm matrix. 
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7.6.2 XPS Analysis 

7.6.2.1 MoDTC Decomposition Products 

Figure 7-7 shows the deconvolution of the Mo3d signals obtained using XPS 

for tribofilms and etching times of all three detergents. At 0 s etching time, all 

three tribofilms produce S 2s, Mo (IV) and Mo (VI) peaks. The previous 

chapter and literature show that these peaks are typical of friction-reducing 

tribofilms containing metal sulphide, MoS2 and Mo oxide compounds. The top 

layer scans differ in the Mo (IV): Mo (VI) ratios, with A to C, 67.21: 12.14, 

64.12: 12.54 and 61.63: 14.48. It can be determined that detergent A’s 

tribofilm has the most MoS2 within its top layer and detergent C with the least 

amount. The increased MoS2 observed in both Raman and XPS analysis 
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Figure 7-6 Total intensity counts of MoS2 within each tribofilm. 
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explains the slightly reduced friction produced from detergent A’s tribofilm 

compared to C’s. 

When all tribofilms are etched into, the additional Mo (V) peak is detected 

within the signals, producing similar results as in the previous chapter when 

etching into a friction-reducing tribofilm. The Mo (V) peak is associated with 

the amorphous structure MoOxSy. There are minimal differences between the 

Mo3d signals, only slight changes in the Mo (IV): Mo (VI) ratios. All three 

tribofilms still produce similar Mo3d signals after 120 seconds of etching time.  

 

 

7.6.2.2 ZDDP and Detergent Decomposition Products 

Figure 7-8 displays the average weight % of elements associated with ZDDP 

and detergent decomposition products within 120 seconds of etching time, 

with four survey scans in total.  

Elements that are only associated with the ZDDP decomposition products are 

Zn and P. S has a crossover with MoDTC decomposition products. Detergent 

Figure 7-7 Mo 3d signal peaks for all HR scans (a) Detergent A, (b) 
Detergent B and (c) Detergent C. 
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C containing Ca salicylates and Mg sulfonates produce a tribofilm with the 

most Zn and P weight percentages compared to the other sample oils. From 

ZDDP tribofilm thickness measurements, detergent C was determined to have 

the thickest film. XPS analysis agrees with the data, with C having a higher 

average % weight of ZDDP decomposition elements. The data suggest that 

the detergent C formulation will produce the smallest wear since the ZDDP 

part of the tribofilm has grown the most. Detergent A and B’s tribofilms contain 

similar amounts of Zn, with B having higher amounts of P. Both tribofilms also 

have similar ZDDP film thicknesses from the SLIM analysis data. 

Previous research shows that the critical elements associated with all the 

detergent decomposition products used are Ca, Mg, and O [80,84,139]. 

Decomposition products which can form on the rubbing surfaces generated 

from Ca detergents are CaCO3 and Ca phosphates. Research shows that the 

products formed within the tribofilm matrix from Mg detergents are hard to 

determine [140]. However, results have shown that MgSO4 can be detected 

within tribofilm matrixes [141]. Detergent A has the least amount of Ca and O 

but the most Mg within its tribofilm matrix. In comparison, detergent B has the 

most Ca and O with the least amount of Mg out of the three tribofilms. 

However, it must be noted that detergent C’s tribofilm does have Ca and O 

percentages closer to the highest values.  
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Overall, from the tribofilm chemical analysis, the detergent formulation for 

sample C suppresses the formation of MoS2, which allows more formation of 

ZDDP and detergent decomposition products within the tribofilm matrix. 

During the test, the tribofilms film thickness resembles tribofilms containing 

large amounts of ZDDP species. In theory, this should produce the lowest 

wear out of the three detergent formulations. 

Detergent A has the highest amount of MoS2 and the least amount of ZDDP 

and detergent decomposition species within its tribofilm. The detergent 
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formulation of only salicylates suppresses the ZDDP formation allowing for 

more MoS2 growth. In the beginning stages of tribofilm growth, little to no 

ZDDP tribofilm could be measured from the SLIM images, implying the 

tribofilm is formed from MoDTC decomposition products, providing low 

unstable friction. Even though detergent A has the highest total intensity 

counts of MoS2, the friction performance under a varying lambda ratio is not 

the best out of the three detergent formulations. However, it does produce the 

lowest friction under a constant lambda ratio.  

Detergent B, containing only sulfonates, produces a tribofilm film matrix with 

the highest detergent decomposition products and medium amounts of ZDDP 

and MoS2. The tribofilm matrix formation from detergent B produces the most 

stable friction during varying lambda ratios and low steady-state friction under 

a constant lambda ratio.   

7.7 Wear Performance 

Figure 7-9 displays the average wear volume loss for a 0.4x0.35 µm area on 

the wear track of the MTM discs. Detergent A’s formulation produces the 

highest wear, with detergent C producing the least and B medium. The 

tribochemical analysis of the tribofilms implied that detergent C would have 

the least amount of wear due to higher amounts of anti-wear additive species. 

Previous research has also proven this to be true [142]. The salicylate 

detergents in the detergent A formulation could create Ca phosphates, which 

prevents long-chain polyphosphates from forming. Large amounts of MoS2 

detected within detergent A’s tribofilm also prevents the anti-wear film's 

complete formation due to competitive surface absorption.  
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Detergent B produces the medium wear loss from the different samples. Ca 

sulfonates in previous literature have been found to produce tribofilms with 

anti-wear properties [82]. However, Ca salicylates and sulfonates produce 

CaCO3 and Ca phosphates within the tribofilms. Clearly, the results from this 

study show that sulfonates have a more synergistic effect with the anti-wear 

additive than salicylates when formulated separately. Ca salicylates and Mg 

sulfonates formulated in a fully formulated oil, including ZDDP and MoDTC, 

produce even better synergistic effects with the anti-wear additive.  

 

 

 

 

 

Figure 7-9 Average wear loss for a 0.4x0.35 µm area. 
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7.8 Summary 

This chapter has tested three different detergent formulations in low viscosity 

fully formulated engine oil. Detergent A contained Ca and Mg salicylates. 

Detergent B consisted of Ca and Mg sulfonates. Finally, detergent C is 

comprised of Ca salicylates and Mg sulfonates. All detergent formulations 

have higher Ca detergent weighed percentages than the Mg detergents. The 

oils were all tested using the MTM-SLIM to understand the influence of these 

different detergent formulations on friction. Any physical or chemical changes 

within the tribofilms for the three sample oils were analysed using the SLIM, 

Raman and XPS techniques. Finally, wear generated from the friction tests 

was analysed using the NPFlex. The following conclusions drawn from this 

chapter are as follows. 

➢ The detergent formulations used in this study impact the steady-state 

and Stribeck friction values. Detergent selection can significantly 

impact the friction performance of oils. 

➢ Detergent B containing Ca and Mg sulfonates produce the most stable 

and best friction performance. Detergent C’s formulation produces the 

worst out of the three tested. 

➢ The combination of Ca salicylates and Mg sulfonates suppresses the 

formation of MoS2 within the tribofilm due to more significant amounts 

of ZDDP and detergent species forming within the tribofilm. A larger 
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steady-state tribofilm thickness is also observed for detergent C’s 

combination.  

➢ According to Raman and XPS techniques, detergent A’s combination 

of Ca and Mg salicylates allows for the most MoS2 formation. The 

detergent combination also has a minor impact within the tribofilm as 

the detergent decomposition species is the lowest amount.  

➢ Detergent C’s formulation produces the least amount of wear; 

detergent A generates the most, and B with the medium. 

➢ Detergent A’s formulation has the most synergistic effect with MoDTC. 

Detergent C’s formulation has the most synergistic effect with ZDDP. 

Finally, Detergent B’s formulation has both synergistic effects with 

MoDTC and ZDDP compared to the other two formulations.  
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Chapter 8 The effect on Tribological Properties: a 

comparison between lab-based simulated oil ageing 

process and oil ageing in engine conditions. 

8.1 Introduction 

The main driving factor which depletes MoDTC from the oil is oxidation and 

degradation from high temperatures. This significantly impacts the longevity 

of the friction-reducing properties of the oils [63,85,95,99]. Previous research 

has shown that friction-reduction properties are lost after 80% of additive 

depletion [93]. Other research into the oxidation of a 0W 20 fully formulated 

oil containing 700ppm of Mo concluded that after 15 hrs of ageing, equivalent 

to ≈ 5km, the friction-reducing properties are lost [143]. An investigation into 

reducing CO2 emissions and cost analysis of ultra-low viscosity engine oil 

showed that extending the ODI is as essential as reducing viscosity [8]. To 

enable the extension of the ODI, MoDTC must form a friction-reducing 

tribofilm over a long period > 15,000 km. This information highlights the 

importance of balancing the Mo concentration to obtain positive friction results 

in fresh and aged engine oils, leading to improved fuel economy. It is crucial 

to investigate and understand engine oils that have been subjected to 

oxidation, which gives application to used engine oils in operation.  

It is essential to have good lab-based artificial oil ageing processes to avoid 

unnecessary test times and costs on engine ageing testing. Due to time and 

extra costs, researchers use artificial ageing to screen sample oils before 

engine testing. However, little research has been conducted comparing 

artificial and engine ageing effects on the tribological performance of low 

viscosity oils. This study compares how the different ageing techniques, 

artificial and engine ageing, affect the sample oils' tribological performance, 
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specifically referring to MoDTC and oil oxidation. Analysis of the oil oxidation 

was conducted using FTIR and changes in viscosity before and after ageing. 

Friction performance was investigated using MTM with the additional SLIM 

unit to provide film thickness measurements throughout the test. MoS2 

analysis was performed using RAMAN spectroscopy, and finally, wear 

generated from rubbing was determined via the NPFlex.  

8.2 Test Oils 

The Sinopec Lubrication company provided all fresh and engine-aged sample 

oils for this study. Two oil pairs were provided for testing and analysis to 

compare the standard used in artificial ageing and engine ageing processes 

with differences between oil formulations and engine age processes. The 

CCL-48-00 standard artificial ageing process was used to oxidate the fresh 

oils in the laboratory. The details of the process can be found in Chapter 4.  

The test oils used in this study are shown in Table 8-1. All the sample oils 

have different engine ageing processes. Oil A’s kinematic viscosities at 100 

and 40 °C are within the oil grade bracket 0W-20, while oil B is 0W-8 according 

to ASTM D445. All engine oil ageing processes can be found in Chapter 4. 
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Table 8-1 Test oils used to compare artificial and engine ageing 
processes. 

 

The MTM operating conditions used in this study is shown in Table 4-4. 

Methodologies for tribochemical and wear analysis are also shown in Chapter 

4. 

 

 

Sample label Oil A Oil B 

Oil grade 0W-20 0W-8 

Base oil Group 3+ 

HTHS 150/D4683 2.73 1.75 

Mo 

(ppm) 
880 800 

S 

(ppm) 
3060 2840 

Zn 

(ppm) 
830-840 

P 

(ppm) 
760 

Ca 

(ppm) 
1300-1480 
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8.3 Oil Analysis 

Oil analysis was conducted before and after artificial and engine ageing to 

investigate the oxidation effects on the oils. Viscosity and FTIR measurements 

were taken to check that oxidation and ageing occurred within the oils. Any 

changes in the viscosity of the oils at different temperatures signals changes 

in the physical properties. While changes in specific bonding peaks from 

literature using FTIR imply that additive depletion and oxidation have occurred 

during ageing.  

8.3.1 Viscosity 

8.3.1.1 Oil A 

The dynamic viscosities of oil A at 40°C and 100°C before and after both 

ageing processes are shown in Table 8-2. Increasing viscosity values are 

observed at tested temperatures for both ageing processes. Previous 

research has documented that the formation of by-products from oxidation 

causes an increase in viscosity and decreases the VI number [144].  

Table 8-2 Oil A's dynamic viscosities. 

Temperature (°C) 
Fresh 

(mPa.S) 

Artificially aged 

(mPa.S) 

Engine-aged 

(mPa.S) 

40 13.80 14.30 15.85 

100 3.54 3.63 3.59 
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8.3.1.2 Oil B 

Oil B’s dynamic viscosities at 40°C and 100°C before and after both ageing 

processes are shown in Table 8-3. The artificially ageing process increases 

the oil's viscosity at both temperatures tested, indicating oxidation has taken 

place. However, the engine ageing process does the opposite, decreasing the 

oil's viscosity at both tested temperatures. The results for the engine-aged oil 

are not typical in research when oxidation has taken place. Unwanted non-

lubricants such as fuel or solvents or breakdown of viscosity modifiers within 

the oil could explain the oil’s viscosity decrease observed, as documented in 

past research studies [145,146].  

Table 8-3 Oil B's dynamic viscosities. 

Temperature (°C) 
Fresh 

(mPa.S) 

Artificially aged 

(mPa.S) 

Engine-aged 

(mPa.S) 

40 14.42 15.66 14.03 

100 3.25 2.45 3.19 
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8.3.2 Additive Depletion and By-products 

8.3.2.1 Oil A 

Figure 8-1 to Figure 8-3 show specific bonding peaks from FTIR associated 

with additive depletion and oxidation by-products formed directly from 

oxidation for oil A’s oils. The first peak, shown in Figure 8-1, is the P-O-C and 

P=S bonding from the ZDDP molecule. Both ageing processes show signs of 

reduction in peak transmittance, indicating that oxidation has depleted the 

ZDDP additive and is a common theme in previous literature to identify 

oxidation within aged oils [147].  

Two bonding peaks, S=O and S-O, associated with sulphation are shown in 

Figure 8-2. Both ageing processes produce peaks with higher transmittance 

percentages than fresh oil. Again from the literature, this indicates sulfur by-

products have formed within the oil due to the ageing process [148]. Artificial 

ageing produces a higher peak compared to engine ageing.  

Finally, the bonding peak associated with carbon oxidation, C=O, is shown in 

Figure 8-3. This peak is from by-products of the oxidation of carboxylic. Both 

ageing processes increase the peak, with artificial ageing having the highest 

transmittance percentage.  

Overall, both ageing processes for oil A have changed the oils physically with 

increased viscosity and chemical properties according to FTIR 

measurements. The peak comparison between the engine and artificially 

ageing processes suggests the latter has a harsher effect on the oil. 
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Figure 8-1 Oil A's ZDDP (P-O-C and P=S) bonding peak. 
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8.3.2.2 Oil B 

Figure 8-4 to Figure 8-6 display the specific bonding peaks associated with 

ageing for oil B’s FTIR spectrums. Oil A’s spectrums differ from oil B’s due to 

the oil formulations and the engine's ageing process.  

The peak associated with bonding from the ZDDP molecule is shown in Figure 

8-4. The engine and artificially ageing processes deplete the ZDDP additive 

molecule due to a smaller peak than the fresh engine oil.  

Figure 8-5, showing the S-O bond associated with sulphation within the oils 

indicates that sulfur by-products have formed after engine and artificially 

ageing. The engine ageing process produces a peak with a higher 

transmittance percentage, implying higher amounts of sulfur by-products have 

formed.  
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Figure 8-3 Oil A's Carbon oxidation (C=O) bonding peak. 
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The carbon oxidation peak from the bonding C=O shown in Figure 8-6 

displays very different peaks for the ageing processes compared to the fresh 

engine oil. The carbonyl compound peak from the literature is typically similar 

to oil A’s peak at 1700-1750 cm-1 [102,149]. However, even though the peak 

has shifted position, an increase in transmittance percentage is observed for 

both ageing processes, implying that the ageing processes have impacted the 

oil. Again, the engine ageing process produces a higher transmittance 

percentage peak than the artificial ageing process. 

Overall, from the FTIR peak analysis, both ageing processes have changed 

the physical and chemical properties of the oils. The sulphation and carbon 

oxidation peaks imply that the engine ageing process has had a harsher effect 

on the oil than the artificially ageing process.  
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8.4 Friction Analysis 

8.4.1 Oil A 

Figure 8-7 displays the initial and final Stribeck curves for sample A's fresh, 

artificially and engine-aged oils. The initial Stribeck curve shows no difference 

between the fresh and artificially aged oils, producing similar curves. However, 

engine-aged oil produces increased friction across the whole range of 

entrainment speeds. Higher friction in the boundary and mixed lubrication 

regime at the start of the test implies lower viscosity at the contact point. 

Therefore, the engine ageing process changes the fresh oil's physical 

properties more than the artificial ageing process.  

Similar to the initial Stribeck curves, the final curves for the fresh and artificial 

aged have similar friction in the boundary lubrication regime. Even after 

artificially ageing, the oil has still kept its friction-reducing properties. At higher 

entrainment speeds, the artificially aged oil has higher friction than the fresh 

due to differences in tribofilm composition. The engine-aged oil’s Stribeck 

curve significantly increases friction across the whole range of entrainment 

speeds, opposite to the artificially aged oil. The engine ageing process has 

completely removed the oil's ability to reduce friction. However, the Stribeck 

curve is similar to tribofilms, mostly comprised of ZDDP and detergent 

decomposition species, as shown in the previous studies of this thesis and 

literature [50,52]. Even though the friction ability is lost, the ageing process 

does not prevent the formation of the anti-wear additive. Previous literature 

has also reported ZDDP formation after ageing processes [95]. In the later 

sections, film thickness measurements and tribofilm chemical analysis will be 

used to confirm this.  
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Figure 8-8 to Figure 8-10 show the Stribeck curves taken at every interval 

during the tests for all the sample A oils to understand the changing friction 

under a varying lambda ratio. The first Figure 8-8 displays the Stribeck curves 

for the fresh engine oil. Significant friction reduction is observed within the first 

5 minutes, and stable friction is achieved from the 15-minute interval mark 

until the end of the test. The Stribeck curves are typical of oils containing high 

amounts of MoDTC, as shown in Chapter 6. 

Figure 8-9 shows the artificially aged oils Stribeck curves. Although similar 

end friction is achieved compared to fresh oil, reaching it is very different. 

Friction in the boundary lubrication regime increases in the first 30 minutes of 

traction, with friction in the mixed regime at higher entrainment speeds not 

significantly changing. The friction at higher entrainment speeds increases 

after 60 minutes of rubbing, with a decrease in friction, observed at very low 

speeds, suggesting some form of MoS2 is starting to produce friction 

reduction. After 60 minutes of rubbing, the Stribeck intervals produce 

significant friction reductions in the boundary lubrication regimes. These 
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Figure 8-7 (a) initial and (b) final Stribeck curves for oil A before and after 
ageing. 
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curves are typical of tribofilms that contain MoS2, as seen in the previous 

chapters. However, compared to the fresh Stribeck curves, they are less 

stable and further apart. Therefore, there must be a difference between the 

tribofilm matrixes. Tribochemical analysis in the later sections will further 

develop an understanding of this.  

Finally, Figure 8-10 shows all the Stribeck curves taken for the engine-aged 

oil. The friction increases as the test duration increase across the whole range 

of entrainment speeds. After 120 minutes of traction, the Stribeck curves are 

closer together after each interval, creating more stable and steady-state 

friction. Typically with fresh engine oil with no friction modifier present, the 

friction becomes stable and steady-state around the 60-minute interval [150]. 

Therefore, engine ageing potentially slows tribofilm formation. SLIM 

measurement shown in the later section will confirm this.  

The engine ageing process has a much harsher effect on the oil than the 

artificial ageing process from the friction results. The statement is not a 

surprise since the artificial ageing process does not contain pumping of the oil 

through components or soot contamination from the actual use of the ICE.  
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Figure 8-8 All Stribeck curves for the fresh engine oil. 
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Figure 8-9 All Stribeck curves for the artificially aged engine oil. 
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8.4.2 Oil B 

Figure 8-11 displays the initial and final Stribeck curves for sample B’s fresh, 

artificially aged, and engine-aged oils. From the initial Stribeck curves, both 

ageing processes produce a slight friction increase in the boundary and mixed 

regimes, possibly due to the decrease in viscosity caused by both ageing 

techniques.  

The final Stribeck curves for both ageing techniques produce significantly 

more friction than the fresh oil across the whole range of entrainment speeds. 

Therefore, both ageing techniques altogether remove the friction-reducing 

capabilities of the oil. However, there are significant differences between the 

final Stribeck curves for both ageing processes. The engine-aged oil produces 

a Stribeck curve similar to tribofilms containing mostly ZDDP species, implying 
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Figure 8-10 All Stribeck curves for the engine aged oil. 
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the anti-wear additive can form even after engine ageing. The Stribeck curve 

has increased friction for the artificially aged oil but not to the higher levels of 

the engine-aged oil. It has a similar curve structure to the initial Stribeck curves 

implying very little tribofilm has formed. The artificially ageing process has a 

less harsh effect on friction. However, the initial friction analysis suppressed 

the anti-wear additive formation, implying that the wear will be more significant 

for the artificially aged oil than the engine-aged oil.   

 

 

Figure 8-12 to Figure 8-14 show all the Stribeck curves taken for B’s sample 

oils. The Stribeck curves taken from the fresh oil, displayed in Figure 8-12, 

show a significant reduction in friction with a steady-state value of ≈ 0.04-0.05. 

As previous chapters and sections show, the fresh oil Stribeck curves are 

typical of tribofilms containing friction-reducing MoS2. The friction becomes 

steady-state after 30 minutes into the traction, with lower friction before 

reaching it. Friction data for the fresh oil suggest thick MoS2 has formed within 

the tribofilm matrix, typical of engine oils with higher amounts of MoS2, as 

shown in Chapter 6. 
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Figure 8-11 (a) initial and (b) final Stribeck curves for oil B before and after 
ageing. 
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The artificially aged oil’s Stribeck curves are shown in Figure 8-13. The 

artificially ageing process suppresses the formation of anti-wear and friction-

reducing additives. As the test duration increases, the friction over the whole 

range of entrainments increases to a steady-state Stribeck curve after 120 

minutes of traction. After the initial curve, all the Stribeck curves have the 

same structure, very different from what is typically seen in aged oils. A less 

sharp increase from high entrainment to low entrainment is observed 

compared to oils that produce a tribofilm with high amounts of ZDDP species. 

The Stribeck curve is dissimilar to those found in literature, and this research 

implies that very little tribofilm has formed [50,52]. 

Finally, Figure 8-14 shows all the Stribeck curves for the engine-aged oil. The 

Stribeck curves observed for the engine-aged oil are more typical of Stribeck 

curves that heavily comprise the anti-wear additive. The Stribeck curve friction 

increases as the test duration increases and reaches a steady-state friction 

curve after 180 minutes of traction. Steady-state friction is achieved after 180 

minutes of traction, typically longer than fresh engine oil with ZDDP and no 

friction modifier. The engine ageing process has removed the ability of friction 

reduction, similar to the artificial ageing process, and delays the complete 

formation of ZDDP. However, unlike the artificially aged oil, a sharper friction 

increase is observed when the entrainment speed decreases from high to low 

speeds, suggesting a thicker ZDDP dominant tribofilm has formed.  

Overall, the artificially ageing process has produced the highest friction from 

the results of the Stribeck curve. The ageing process has removed the ability 

of the oil to reduce friction and produce a thick ZDDP-dominant tribofilm. Even 

though the engine ageing process removed the friction-reducing capabilities, 

a Stribeck curve similar to tribofilms with thick ZDDP dominant species was 
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observed. The friction Stribeck curves suggest that the engine ageing process 

wear will be less than the artificial ageing process.  
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Figure 8-12 All Stribeck curves for the fresh engine oil. 
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Figure 8-13 All Stribeck curves for the artificially aged engine oil. 
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Figure 8-14 All Stribeck curves for the engine aged engine oil. 
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8.5 Tribofilm Thickness 

8.5.1 Oil A 

The ZDDP film thickness growth during the test for oil A’s samples is shown 

in Figure 8-15. Fresh oil produces a typical ZDDP tribofilm growth with high 

amounts of MoDTC [151]. Significant increases are observed up to ≈ 60 

minutes of traction, with steady-state film thickness for the remainder of the 

test duration. Steady-state ZDDP film thickness for the fresh engine oil is ≈ 

50-60 nm.  

The artificial ageing process delays the formation of the ZDDP-dominant 

tribofilm. The artificially aged oil’s ZDDP film thickness has a slower growth 

rate in the beginning stages of the test. However, it steadily increases to a  ≈ 

60-70 nm steady-state value, around 10 nm higher than the fresh engine oil’s 

tribofilm. Between 60 and 120 minutes, the friction analysis from Figure 8-9 

shows the friction reductions to ≈ 0.04 and a significant spike in ZDDP tribofilm 

thickness from Figure 8-15.  

The film thickness growth for the engine-aged oil is similar to formulated oils 

with no friction modifier and ZDDP [92,151]. There is a high probability that 

the tribofilm is created from the anti-wear and detergent additives dominated 

by ZDDP species. Unlike fresh oils with ZDDP, the tribofilm does not form until 

30 minutes of traction. However, a significant spike in film thickness is 

observed in the initial formation stage, followed by a steady increase, showing 

characteristics of ZDDP tribofilm formation, as shown in Figure 8-15. The 

engine ageing process delays the formation of the ZDDP tribofilm, potentially 

leading to high wear compared to fresh oil. However, the ZDDP tribofilm can 

fully form after a specific period. The friction, shown in Figure 8-10, for the 
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engine-aged oil also implied no MoS2 had formed within the tribofilm matrix 

due to high friction. 

 

 

8.5.2 Oil B 

Figure 8-16 shows the ZDDP film thickness measurements for oil B’s samples 

during the friction tests. Again, similar to oil A’s fresh engine oils tribofilm, the 

fresh oil for sample B produces a film thickness curve similar to oils with ZDDP 
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thickness than oil A due to the lower viscosity creating a harsher contact 

condition, enabling a thicker ZDDP tribofilm.  

The artificial ageing process has removed the oil's ability to form a thick anti-

wear and anti-friction tribofilm. During the test, the artificially aged oil's ZDDP 
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Figure 8-15 Oil A's ZDDP tribofilm thickness. 
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tribofilm thickness differs significantly from the fresh engine oil. Throughout 

the whole duration, little to no tribofilm is formed. Both oil A and B’s artificially 

aged oils produce significantly different results.  

The aged engine oils ZDDP tribofilm has the same curve structure as fully 

formulated oils with no MoDTC. However, the start of the tribofilm growth is 

massively delayed. It does not begin until around 60 minutes. Then a massive 

spike in film thickness is observed, with a steady-state tribofilm thickness of ≈ 

80-90 nm after ≈ 300 minutes of traction. The ZDDP tribofilm formation is 

delayed, but after the formation, the tribofilms can form relatively high film 

thicknesses compared to oils with only ZDDP. Once again, the trend observed 

for oil B’s engine-aged oil is similar to oil A’s.  
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8.6 MoS2 Raman Analysis 

8.6.1 Oil A 

Figure 8-17 shows a typical spectrum from each tribofilm for oil A's fresh, 

artificially, and engine-aged oils. From the friction results in the previous 

sections of this chapter, fresh and artificially aged engine oils produced low 

friction, while the engine-aged oil had high friction [151]. The figure shows that 

low friction was achieved for the fresh and artificially aged oils due to MoS2 

formation within the tribofilm matrix. No MoS2 was formed within the engine-

aged oils tribofilm, leading to the high friction observed. Again, similar to the 

previous chapter on optimizing the Mo concentration, Raman detected Fe2O3 

and S-S stretching peaks for fresh and artificially aged oils.   
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Figure 8-17 Raman spectra comparison for oil A. 
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Figure 8-18 displays the total intensity counts and steady-state friction within 

each tribofilms. The counts comprise a 50x50 µm area with a 10 µm step size, 

and scans are completed after eight hours of traction. 

Both fresh and artificially aged tribofilms produce low friction, and different 

total intensity counts between the end MoS2 within the tribofilm using Raman 

spectroscopy from the analysis. However, the tribofilm growth and friction of 

the fresh and artificially aged have significant differences, as shown in the 

previous sections. The artificially ageing process has enabled a thicker MoS2 

tribofilm than the fresh and engine ageing processes. As expected, the 

engine-aged tribofilm had no intensity counts of MoS2, explaining the 

observed high friction.  
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Figure 8-19 displays the ZDDP film thickness and total intensity counts at set 

intervals during the test to understand how the MoS2 total intensity counts 

develop within the artificially aged tribofilm. The previous chapter showed that 

higher Mo concentrations have a much sharper rise in MoS2 total intensity 

counts in the first 60 minutes of traction when the steady-state ZDDP tribofilm 

thickness is achieved [151]. As the concentration decreases, the total intensity 

increase in the first 60 minutes is less prominent. In Figure 8-19, the total MoS2 

intensity counts steadily increase throughout the duration of the test. A steady 

increase in MoS2 from 60 minutes to 120 minutes is where the decrease in 

friction begins. After 60 minutes, a sharp increase in ZDDP film thickness 

suggests rapid growth occurs after the interval. A steady MoS2 total intensity 

count within the tribofilm throughout the tests implies that the artificial ageing 

process has reduced the concentration of MoDTC within the oil. Previous 

research has shown that ageing processes dramatically decrease the 

concentration of additives [92]. Moreover, the formation of the ZDDP tribofilm 

being different from fresh oil is another impacting factor on the formation of 

MoS2 within the tribofilm.  

Overall, the Raman analysis has shown that both ageing processes 

significantly impact the formation of MoS2. The engine ageing process 

completely removes the ability to form MoS2, while the artificial ageing process 

delays the formation of ZDDP but promotes a thicker MoS2 tribofilm. 
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8.6.2 Oil B 

Figure 8-20 displays the typical spectra of each tribofilm for oil B. Once again, 

the area scans on the Raman for oil A were kept the same for oil B’s tribofilms.  

The friction analysis for the sample oils in B, from Figure 8-11, implied that 

only the fresh oils tribofilm would contain MoS2, with artificial and engine-aged 

tribofilms having none. Figure 8-11 is in agreement with the friction analysis. 

Only the fresh oil tribofilm produces a Raman spectrum with peaks associated 

with MoS2. Again, the peaks Fe2O3 and S-S stretching peaks are also 

detected. Film thickness analysis showed that the engine-aged tribofilm had 

a large steady-state thickness at the end of the test, while the artificially aged 

tribofilm had a minimal value. The increase in intensity observed for the 
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engine-aged tribofilm compared to the artificially aged tribofilm is due to the 

different fluorescence of the tribofilm. This suggests that the tribofilm matrices 

of both ageing processes are different.  

The film thickness measurements also showed a high steady-state thickness. 

The XPS technique, shown in the following sections, was used to analyse both 

aged tribofilms thoroughly.  

 

 

Figure 8-21 displays the total intensity counts of MoS2 within each tribofilm 

and the steady-state coefficient of friction at the end of the tests. As expected 

from the friction and single Raman spectra analysis, both ageing processes 

which produce high friction values have no MoS2 intensity within the tribofilms. 

However, the fresh oil tribofilm has a total intensity of around 1x105, similar to 

oil A’s fresh tribofilm but ultimately a higher value. Both oil, A and B, have 
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similar Mo concentrations but have different viscosities. Oil B has a lower 

viscosity, leading to harsher contact with the same operating conditions. 

Again, previous research has shown viscosity to have little impact on MoS2 

formation when that is the only differing factor [132,151]. 

Overall, from the Raman analysis, it is clear that both ageing processes have 

removed the oil's ability to produce MoS2 and increased friction significantly. 
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8.7 XPS Tribofilm Analysis 

8.7.1 Oil A 

8.7.1.1 Elemental Analysis 

The tribofilms for the fresh, artificially aged, and aged engine oils were etched 

for four times of 30 seconds, with the total etching time equalling 120 seconds. 

Figure 8-22 shows the weight percentages of the chemical elements at every 

etching interval associated with the tribofilm generated from the boundary 

additives.  

Both ageing processes affect the element weight percentages within the 

tribofilm when using the fresh engine oil tribofilm as a reference.  

The XPS element analysis shown in Figure 8-22 has multiple noticeable 

differences between the artificially aged tribofilm and the fresh tribofilm. The 

engine aged tribofilm is thicker than both other tribofilms as less Fe, and more 

elements such as Ca are detected at 90 and 120 s etching times. All high-

resolution scans become unreadable at 120 seconds of etching time except 

for Fe and only Ca for the artificially aged tribofilm. A thicker tribofilm from the 

XPS analysis agrees with the SLIM analysis. Significantly less Zn can be 

found within the layers of the artificially aged tribofilm with more Mo. Higher 

amounts of Ca, Mg and O, are also detected for the artificially aged tribofilm 

at higher etching times than the fresh. The results suggest that the artificially 

aged tribofilm could have higher wear due to the smaller amounts of anti-wear 

elements detected towards the surface of the MTM ball.  

As shown in Figure 8-22, there are many more noticeable differences between 

the fresh and engine-aged tribofilm than fresh and artificially-aged tribofilms. 

The engine-aged tribofilm has significantly less Mo and S in the layers than 
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the fresh tribofilm due to no MoS2 detected within the aged engine tribofilm 

using Raman. Significant increases in Zn and P are detected within the layers 

of the engine-aged tribofilm, with overall larger amounts of Ca, Mg and O. The 

increased amount of these elements implies a thicker anti-wear tribofilm has 

formed, which could lead to decreased wear. 

At higher etching times, 90 and 120 seconds, the engine-aged tribofilm has 

significantly less Fe and more elements detected across the whole range 

apart from Mo and S. The results imply the engine-aged tribofilm is thicker 

than the fresh, once again in agreement with the SLIM analysis.  

From the XPS elemental analysis within the layers of the tribofilms, the engine 

ageing process prevents Mo and S formation within the tribofilm. At the same 

time, depletion of MoDTC from the engine ageing process allows more ZDDP 

formation within the tribofilm. In comparison, the artificial ageing process 

prevents Zn and P. The reduction in Zn and P could be due to the formation 

of MoS2 observed from friction and Raman analysis producing competitive 

absorption.  
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8.7.1.2 HR scans 

Deconvolution of XPS high-resolution scans is required to determine certain 

compounds formed and further understand how the ageing processes 

change the tribofilm chemistry. XPS elemental analysis shown in the 

previous section does not suffice on its own for this study. 

8.7.1.2.1 Mo 3d 

Figure 8-23 displays the deconvoluted Mo 3d signals for all three tribofilms 

at 0 and 120 s etching times. It must be noted that the peaks detected above 

240 eV are associated with Argon implanted from the sputtering process 

[152]. 
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Figure 8-22 XPS element weight %s after each etching time for oil A (a) 
fresh, (b) artificially aged and (c) engine aged tribofilms. 
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At 0 s etching time, the fresh engine oil produces a signal with peaks 

characteristic of a friction-reducing tribofilm [151]. Additionally, Mo (V) is 

detected in a minimal area percentage. Indicating that the amorphous 

structure MoSxOy could be present within the top layer of the tribofilm. 

However, the difference would be minimal if Mo (V) was removed from the 

deconvolution process. No peaks are detected after 120 s etching time 

associated with Mo or S.  

Part (b) of Figure 8-23 shows the artificially aged Mo 3d deconvoluted signal. 

Similar to the fresh oil at 0 s etching time, the peaks detected are the same. 

The same peaks detected at 0s etching time were expected since the 

tribofilm produced low friction at the end of the test. The difference between 

the fresh and artificially aged Mo 3d signals is the area percentages of the 

peaks, with fresh producing a Mo (IV): Mo (VI) ratio of 55.18: 22.28 and the 

artificially aged producing a 45.66: 38.28 ratio. These ratios imply that the 

artificially aged tribofilms top layers have less MoS2 with more Mo oxides. 

After 120 s etching time, Mo (V) and Mo (VI) peaks are detected within the 

signal for the artificially aged tribofilm. Therefore, the artificially aged tribofilm 

is thicker than the fresh oil. SLIM film thickness analysis also shows the 

artificially aged tribofilm to be thicker than the fresh. After 120 s etching time, 

the layers are very close to the metal substrate due to the high Fe content 

from elemental analysis and no peaks detected in the fresh tribofilm. The 

artificially aged tribofilm shows that the layers very close to the metal 

substrate contain minimal amounts of MoS2 and the amorphous structure 

MoSxOy. In the early stages of tribofilm formation, MoDTC or another 
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compound containing Mo, produced from ageing, can still decompose to 

form MoS2.  

The engine-aged tribofilm showed no friction reduction during the friction 

tests. Film thickness measurements also determined that a thick ZDDP 

dominant tribofilm had formed. Part (c.) of Figure 8-23 displays the Mo 3d 

signal for the engine-aged tribofilms layers at 0 and 120 s etching time. It 

must be noted that before engine ageing, the fresh oil had 800 ppm of Mo in 

the form of MoDTC. After ageing, the MoDTC would have been depleted. 

However, Mo will still be present within the oil but in the form of a different 

compound due to oxygen-sulfur substitution [63]. The peaks detected at 0 s 

etching time for the engine-aged tribofilm are S 2s and Mo (V) and (VI). 

These peaks imply metal sulfides, Mo oxides, and the amorphous structure 

MoSxOy has formed within tribofilm but with no MoS2. After 120 s etching 

time, the same peaks are detected but in tiny quantities compared to 0 s. 

Even though the friction-reducing capabilities of the oil are lost after engine 

ageing, the new compounds formed with Mo can decompose into Mo oxides 

and MoSxOy.  
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8.7.1.2.2 P 2p, Zn 2p and o 1s 

P 2p, Zn 2p, and O 1s signals produce peaks associated with the ZDDP 

decomposition products within the tribofilm. Specifically, as previous research 

shows, polyphosphate chain lengths can be determined using O 1s and P 2p 

peaks [59].  

Figure 8-24 displays the P 2p deconvoluted signals for all three tribofilms. Part 

(a), the fresh tribofilm, produces two peaks associated with the spin orbitals P 

2p3/2 and 2p1/2 and Zn 3s at 0s etching time. The spin-orbital peak(s) at ≈ 

133eV is associated with phosphates, while the Zn 3s peak at ≈ 140 eV is 

linked to ZnS or ZnO [123]. No peaks are detected once the tribofilm is etched 

for 120 seconds, indicating the tribofilm has been removed.  

Part (b) for the artificially aged tribofilm shows very different results than the 

fresh. At 0 s etching time, only the spin-orbital P 2p3/2 and 2p1/2 are detected 
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Figure 8-23 Mo 3d signals for oil A's (a) fresh, (b) artificially aged and (c) 
engine aged tribofilms. 
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with no Zn 3s. Usually, the difference in binding energy between P 2p and Zn 

3s is used to determine the phosphate chain lengths along with BO/NBO ratio. 

No Zn 3s being detected implies the phosphate chain lengths are small. The 

BO/NBO ratios from the O 1s signal will be used to understand the 

phenomenon further. Again, similar to the fresh tribofilm, no peaks are 

detected after 120 s etching time.  

Part (c) at 0 s etching time, for the engine-aged tribofilm, shows the same 

peaks as the fresh tribofilm. The difference between the two signals is the 

difference in binding energy between the P 2p and Zn 3s peaks. The same 

peaks are detected after 120 s etching time, unlike the fresh and artificially 

aged tribofilms. The detected peaks at 120 s etching time indicate that the 

engine-aged tribofilm is thicker than the other tribofilms. The SLIM analysis 

also agrees that the aged engine tribofilm is thicker than the fresh and 

artificially aged tribofilms.  
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Figure 8-24 P 2p signals for oil A's tribofilms. 
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Figure 8-25 displays the Zn 2p signals for all three tribofilms from oil A. All 

three tribofilms at 0 s etching time produce the same spin-orbital peaks, Zn 

2p3/2 and 2p1/2. These peaks are associated with ZnS and ZnO bonding [121]. 

The artificially aged tribofilms signal is noticeably weaker than fresh and 

engine-aged, implying less quantity of the compounds in the top layer. After 

120 s etching time, both fresh and artificially aged tribofilm produce no peaks. 

The engine-aged tribofilm produces the same peaks but with a weaker signal.  

 

 

Table 8-4 shows the BO/NBO ratios from the O 1s signal at 0 s etching time 

and the binding energy difference between the P 2p and Zn 3s peaks from the 

P 2p signal. From previous literature, the higher the BO/NBO ratio and ∆ 

binding energy between Zn 3s and P 2p., the longer the zinc polyphosphate 

chain lengths [59]. It is clear from the data that the engine-aged tribofilm has 

the longest polyphosphate chain lengths with a value corresponding to 

pyrophosphates. In comparison, the fresh has shorter chain lengths 
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Figure 8-25 Zn 2p signals for oil A's tribofilms. 
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corresponding to orthophosphate, and finally, the artificially aged tribofilm has 

significantly short or no polyphosphates.  

Table 8-4 BO/NBO ratio and ∆ binding energy between Zn 3s and P 2p 
for oil A. 

 BO/NBO ∆ Zn 3s and P 2p 

Fresh 0.113 6.81 

Artificially aged 0.022 0 

Engine-aged 0.197 6.83 

 

All the data from the high-resolution scans and elemental analysis associated 

with ZDDP indicate that the artificially aged oil has significantly fewer ZDDP 

species in polyphosphates, ZnS, and ZnO than the fresh oil and engine-aged. 

The data implies that the artificially aged oil would produce more wear than 

the fresh and engine-aged oils.   

8.7.2 Oil B 

Figure 8-26 shows the element weight percentages for each etching time 

interval for all three tribofilms. The artificial ageing process prevents any 

tribofilm from forming on the rubbing surfaces, which would lead to large 

amounts of wear compared to the fresh oil. The friction, tribofilm thickness and 

Raman analysis determined that the artificially aged oil produces a minimum 

to zero tribofilm. XPS element analysis shown in Figure 8-26 also produces 

the same results. No elements associated with boundary active additives are 

detected throughout all etching intervals. Etching times after 30 seconds also 
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produce very high amounts of Fe, with the only other two elements detected 

being C and O.  

The engine-aged tribofilm produces significantly higher amounts of Zn, P and 

Mg within the tribofilm layers. In comparison, the fresh tribofilm contains more 

Mo, S and Ca. Comparing the element weight percentages within the tribofilm 

suggests a thicker ZDDP tribofilm has formed from the engine-aged oil. The 

SLIM analysis agrees with the engine-aged oil producing a thicker ZDDP 

tribofilm than the fresh oil. Both tribofilms have similar amounts of Fe after 120 

seconds of etching, suggesting similar overall tribofilm thicknesses. 

The artificial ageing process depends on oil formulation as the impact on oil A 

and B is different, but the ageing technique is the same. A similar trend is 

observed for oil B and A concerning the engine-aged oils, even though they 

are different formulations and are engine-aged using different techniques. The 

engine ageing process depletes the MoDTC additive, which allows the less 

depleted ZDDP to form a thick tribofilm. ZDDP's anti-oxidation properties 

prevent its function from being completed removed [152]. 
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8.7.2.1 HR Scans 

8.7.2.1.1 Mo 3d 

Figure 8-27 displays the deconvoluted Mo 3d signals for oil B’s tribofilms. The 

fresh tribofilm, part (a) of the figure, has the same peaks as the fresh tribofilm 

for oil A. Again, the signal and peaks are typical of a tribofilm, reducing the 

steady-state friction to ≈ 0.04 [78,151]. Once the tribofilm is etched for 120 

seconds, little to no peaks are detected within the signal, indicating the Mo 

compounds have been removed and are only present in the top layers. The 

peaks observed at higher binding energy after 120 s etching time are 

associated with argon from the sputtering process.  
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Figure 8-26 XPS element weight %s after each etching time for oil B (a) 
fresh, (b) artificially aged and (c) engine aged tribofilms. 
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All previous results for the artificially aged oil suggest that little to no tribofilm 

has been formed. The Mo 3d signal, part (b) of the figure, agrees with the 

previous results. At 0 s etching time, a very weak signal is formed. A peak has 

been detected potentially associated with Mo (V) or (VI). However, the signal 

is too weak to analyse.  

The engine-aged tribofilm, part (c) of the figure, shows the same peaks as the 

engine-aged tribofilm for oil A. Mo (V) and (VI). MoS2 cannot form in both 

cases, but Mo oxides and the amorphous MoOxSy structure can. The different 

engine ageing processes must be depleting the MoDTC additive so that the 

new formed compound's decomposition does not allow MoS2 to form. After 

120 s etching time, no peaks are detected associated with Mo bonding, 

implying they are found within the higher layers of the tribofilm.  
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Figure 8-27 Mo 3d signals for oil B's tribofilms. 
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8.7.2.1.2 P 2p, Zn 2p and O 1s 

Figure 8-28 displays the deconvoluted peaks for the P 2p signal for oil B’s 

tribofilms. At 0 s etching time, the fresh tribofilm produces the same peaks as 

oil A’s fresh tribofilm. Bonding is associated with phosphates, ZnS and ZnO. 

After 120 s etching time, the same peaks are detected. However, the signal is 

weaker since the layer is close to the metal substrate. The ∆ binding energy 

between Zn 3s and P 2p decreases as etching time increases, implying 

shorter phosphate chain lengths are closer to the substrate. In line with 

previous research [59,60]. 

The artificially aged tribofilm, part (b), again for both 0 and 120 s etch times, 

has weak signals with no peaks. Adding to the results and data showing little 

to no tribofilm has formed. 

The engine-aged tribofilm, again similar to the fresh tribofilm, has the same 

peaks detected at 0 and 120 s etching time. The same trend is observed for 

the engine and fresh tribofilms, where an increase in etching time decreases 

the ∆ binding energy between Zn 3s and P 2p. A higher area percentage and 

a stronger signal for 120 s etching time engine tribofilm than the fresh indicates 

a thicker ZDDP tribofilm.  
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Figure 8-29 displays the Zn 2p signals for all oil B tribofilms at 0 and 120 s 

etching time. The fresh tribofilm produces peaks associated with ZnO and ZnS 

at 0 and 120 s etching times. After 120 s etching time, a weaker signal implies 

a lower quantity of Zn bonding, and the layer is close to the substrate. 

The artificially aged tribofilm produces weak signals for both etching times.  

The engine-aged tribofilm produces the same peaks as the fresh tribofilm at 0 

and 120 s etching times. However, after 120 s etching time, a stronger signal 

is observed for the engine-aged tribofilm than the fresh. In agreement with the 

SLIM analysis, the XPS data shows a thicker tribofilm for the engine-aged oil 

than the fresh.  
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Figure 8-28 P 2p signals for oil B's tribofilms. 
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Table 8-5 shows the BO/NBO ratios from the O 1s signal at 0 s etching time 

and the binding energy difference between the P 2p and Zn 3s peaks from the 

P 2p signal. The top layers of both fresh and engine-aged tribofilms contain 

similar polyphosphate chain lengths called pyrophosphate. The difference 

between the tribofilms is the overall thickness, determined from SLIM and XPS 

analysis. The engine-aged ZDDP tribofilm is thicker than the fresh engine oil, 

which should produce minor wear. As expected, the artificially aged tribofilm 

does not show any signs of containing polyphosphates.  
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Figure 8-29 Zn 2p signals for oil B's tribofilms. 
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Table 8-5  BO/NBO ratio and ∆ binding energy between Zn 3s and P 2p 
for oil B. 

 BO/NBO ∆ Zn 3s and P 2p 

Fresh 0.20 6.95 

Artificially aged 0 0 

Engine-aged 0.25 6.83 

 

All data and analysis from the high resolutions’ scans associated with the 

ZDDP tribofilms show that the artificial ageing process destroys the ability of 

the oil to form a thick ZDDP tribofilm. Weak signals for high-resolution scans 

and polyphosphate chain length analysis are the determining factors.  

The engine ageing process has minimal impact on the ZDDP tribofilm 

formation. The same peaks from the Zn 2p and P 2p high-resolution scans 

are formed as the fresh tribofilm, including similar polyphosphate chain 

lengths. 

 

 

 

 

 



- 219 - 

8.8 Wear Analysis 

Figure 8-30 displays an example of the wear scar after EDTA solutions are 

applied to the wear scar when using the NPFlex. It is clear from the NPFlex 

image that a high percentage of the tribofilm has been removed, leaving the 

wear scar to be analysed.  

 

 

8.8.1 Oil A 

Figure 8-31 shows the wear volume loss and wear scar width for oil A’s 

samples. An area of 0.4x0.4 µm was taken from each wear scar for analysis. 

Three areas were taken on each wear scar. The averages of the wear 

volume losses and the average wear scar widths are shown in the figure. 

Both fresh and engine-aged oils produce similar wear, with the artificially 

aged oil displaying higher wear. The higher wear observed for the artificially 

aged oil can be attributed to a reduction in ZDDP species within the tribofilm 

Figure 8-30 Example NPFlex image of EDTA solution removal. 
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from XPS analysis. The artificially aged oil has a similar wear scar width to 

the fresh oil, with the engine-aged oil having the largest wear scar width. It 

must be noted that the wear generated for all three samples is minimal, and 

the difference between them in an actual world application is negligible. Both 

ageing processes do not significantly impact the wear generated. The impact 

on the wear from the ageing process can change when using different 

formulations, and viscosities are shown in research [95]. 

Oil A has a high HTHS value of 2.73 with an oil grade of 0W-20. After 

ageing, the dynamic viscosity at high temperatures does not significantly 

change. Therefore, the lambda ratio of the contact is similar for all three oils. 

Under both ageing conditions, the anti-wear additive could still perform its 

function of keeping wear to a minimum. However, the friction modifier’s 

ability to reduce friction after engine ageing only was removed. The 

depletion of additives and chemical changes in the oil is the main factor 

influencing the tribological properties. The harsher operating conditions and 

additional contaminants inside the engine compared to the artificially ageing 

process can highly impact the oil's chemical composition. More oil analysis 

would be required to fully understand the impact engine ageing has on the 

additive concentration.  
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8.8.2 Oil B 

Figure 8-32 displays the wear volume loss and wear scar. The process used 

for oil A was repeated for oil B.  

The figure shows that the engine-aged oil produces less wear than the fresh 

oil, while the artificially aged oil has significantly higher wear. The engine-

aged oil produces minor wear due to increased ZDDP species within the 

tribofilm from XPS analysis compared to the fresh tribofilm.  

The artificially aged oil has noticeably much larger wear and over double the 

wear scar width of the other sample oils. The high wear resulting from the 

artificially aged oil was expected as friction, and film thickness 

measurements initially implied that little to no tribofilm had been formed. 

XPS analysis also showed that little to no tribofilm had formed. 

Figure 8-31 Wear loss of 0.4x0.4 µm area with wear scar widths for oil 
A. 

Fresh Artifically aged Engine aged

0

500

1000

1500

2000

2500

3000

3500

W
e

a
r 

lo
s
s
 (


m

)

Wear scar width

0.22 m

Wear scar width

0.22 m

Wear scar width

0.30 m

Wear scar width

0.24 m



- 222 - 

High wear is expected when no tribofilm has been formed in harsh boundary 

conditions. Previous research has shown that the wear does not significantly 

change from the new state after artificially ageing a fully formulated 5W-30 

engine oil using the same method [99]. The oil used had a much higher 

viscosity and different formulations. Additionally, no oxygen was supplied to 

the oil during the ageing process, which could have sped up the degradation 

process in the study undertaken in this thesis.    

The wear analysis clearly shows that the artificially ageing process has a 

detrimental effect on the wear generated from friction testing. Oil B’s HTHS 

value is 1.75, with a very low oil viscosity grade of 0W-8. After the ageing 

processes, the artificially aged oil’s viscosity at a high temperature 

significantly drops while the engine-aged oil's viscosity does not significantly 

change. Therefore, the artificially aged oils lambda ratio was significantly 

lower than both fresh and engine-aged due to the considerable reduction in 

viscosity at high temperatures. Coupled with the depletion of additives due to 

the ageing process, the impact on the wear is noticeable. Interestingly, the 

engine ageing process had little to no impact on the wear generated. 

However, the friction was heavily affected.  
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Figure 8-32 Wear loss of 0.4x0.4 µm area with wear scar 
widths for oil B. 
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8.9 Summary 

The chapter has investigated the different effects of artificially and engine 

ageing on two different oils with two different engine ageing processes. Oil A 

is a 0W-20 engine oil with an HTHS value of 2.73, while oil B is a 0W-8 

engine oil with an HTHS value of 1.75. Both oils have similar concentrations 

of the Mo, S, Zn, P and Ca elements associated with the active boundary 

additives. The findings from this study are as follows. 

• At higher temperatures, the artificial ageing process had little impact 

on the higher viscosity oil, while a significant reduction in viscosity 

was observed for the low viscosity oil.  

• The engine ageing process removed both oils' ability to reduce friction 

to ≈ 0.04. The anti-wear additives were still able to form with a slow 

initial growth rate.  

• The artificial ageing process completely removed oil B’s ability to 

reduce friction. However, it only delayed oil A’s for roughly 60 minutes 

before reduction occurred. Both contain similar Mo concentrations.  

• Both aged engine oils were able to form a thick ZDDP tribofilm 

compared to both artificially aged oils.  

• Both engine ageing processes produced better wear performance 

than the artificially ageing process.  

• Regardless of the engine ageing process, the effects on the oils were 

very similar. In contrast, the same artificially ageing process used for 

both oils had significantly different effects.  
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Chapter 9 Discussion 

The current chapter will present the overall discussion created from the 

studies in this thesis. It is split into the following key points, shown in Figure 

9-1. 

 

 

9.1 Optimum Mo Concentration 

9.1.1 Criteria 

The results shown in Chapter 6 determined that the optimised Mo 

concentration is within the range of 180 to 350 ppm, with a higher probability 

of it being at the top end of the range. The value is similar to research 

conducted using a binary system of base oil and MoDTC with a similar 

kinematic viscosity at 100 ⁰C, where ≈ 180 ppm was determined as the critical 

concentration [66]. However, only friction under a constant lambda ratio was 

considered. Additionally, friction under a varying lambda ratio must be 

Figure 9-1 Schematic of the key points within the discussion. 
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considered to mimic the conditions in the real-world application of the ICE. 

Adding other additives within the oil increases the critical concentration 

compared to the binary system due to competitive surface adsorption between 

the additives as shown in Figure 6-3 and Figure 6-4. However, MoDTCs 

decomposition nature and friction mechanism will always form the core 

components of its tribofilm first. Another major factor that must be considered 

is viscosity's impact on the Mo concentrations' optimum range. Previous 

research has shown that low Mo concentrations are affected by increased oil 

viscosity at low lambda ratios and in comparison, increased oil viscosity has 

minimal impact on higher Mo concentration oils [132].   

Therefore, the criteria behind the decision from the study in this thesis were 

based on the following; 

• Steady-state friction values under a constant lambda ratio 

• Friction values under a varying lambda ratio 

• Wear values 

9.1.2 Friction and Wear 

Research has determined that different MoDTC concentrations significantly 

influence friction performance [77]. However, extensive research has not been 

completed on a significant quantity and range of Mo concentrations to 

understand the friction results' mechanisms and the critical or optimum 

concentration.   

As shown in Figure 9-2, the 350 ppm Mo concentrations’ friction values under 

a constant and varying lambda ratio do not significantly differ from their higher 

concentration counterparts. A general trend is observed for both constant and 

varying lambda ratios. When increasing the Mo concentration, the friction 
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decreases to a maximum value. Further Mo concentration increases do not 

significantly change the friction. An explanation for the Mo concentrations ≥ 

180 ppm producing a ≈ 0.04 friction value during rubbing is attributed to the 

formation and removal rate of MoS2, which Mo concentration significantly 

influences. The rate of formation and removal has been covered in previous 

research when the friction reduction mechanism of MoS2 was investigated 

[75]. The mechanism of friction reduction coupled with the Mo concentration 

research conducted in this thesis will be discussed in detail in the later 

sections of this chapter. 

Figure 9-3 displays the selected Mo concentrations' steady-state friction and 

wear coefficients. The sample oil with 0 ppm of Mo produces the lowest wear, 

with the 350 and 1000 ppm sample oils producing similar increased wear 

values. The research conducted in the study; Chapter 6 determines that 

adding MoDTC into a fully formulated oil increases the wear generated. A 

research study that agrees with the statement determined that wear generated 

using 250 ppm of Mo 0 W-20 engine oil increased the wear generated by 48% 

compared to the same oil with no MoDTC [124]. The cause of an increase in 

wear could be related to competitive surface adsorption and prevention of AW 

ZDDP full formation. Others also report similar findings, where adding MoDTC 

into a fully formulated 15 W-30 engine oil increases the wear generated under 

high loads [76].  

It must be noted that MoDTC does possess anti-wear properties when in a 

binary system with a base oil [71,77]. It produces FeS2, which is a protective 

layer. However, when added to a fully formulated oil with ZDDP, MoS2 and 

other decomposition products of MoDTC compete with the anti-wear additive 
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to form on the surface of the substrate. Therefore, the effectiveness of the 

anti-wear additive is reduced. 
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Figure 9-2 Average friction values for a constant and varying lambda 
ratio at different Mo concentrations. 
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9.2 Mo Concentration effect on the initial MoS2 Formation 

The effect Mo concentration has on the initial MoS2 formation is discussed in 

this section. The initial MoS2 formation is within the initial stages of rubbing 

when no tribofilm has been formed. It must be noted that the oil viscosity will 

affect the initial MoS2 formation but not the fundamentals behind it [77,132]. 

However, it is highly dependent on Mo concentration. If the oil viscosity is high, 

the lower Mo concentrations will have a lesser effect due to the increase in 

lambda ratio at the contact point. However, higher oil viscosity will not affect 

higher Mo concentrations. The effect of oil viscosity on Mo concentration on 

the initial MoS2 formation is shown in Figure 9-4. A higher oil viscosity could 
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increase the critical Mo concentration if all operating conditions are kept 

constant.  

 

 

As shown in the figure above, the impacted area of the Mo concentration from 

differing oil viscosity is small. The mechanisms and theories for how Mo 

concentration affects the tribological performance can be created under a 

general overview. Different oil viscosity does not change the mechanisms' 

fundamental principles. For example, if the oil viscosity was increased by a 

large amount, the lubrication regime would move to a less metal-on-metal 

contact, directly reducing the additives’ ability to form a tribofilm, since MoS2 

and friction reduction require asperity contact. For decreasing oil viscosity, it 

is more complicated. From Chapter 6, it was determined that past a threshold 

concentration, the friction does not significantly decrease. If all conditions and 

concentrations were kept the same with the oil viscosity decreased, the critical 

concentration required to reduce the friction to ≈ 0.04 decreases in value.  

Figure 9-4 Oil viscosity influence on Mo concentration’s ability to 
reduce friction within the tribofilm. 
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9.2.1 Induction Time 

Chapter 6 determined that increasing the Mo concentration decreased the 

induction time to reach ≈ 0.04. Previous research is in agreement with the 

statement [77,132]. Figure 9-5 shows schematically the dependence of low 

friction induction time as a function of MoDTC concentration in the oil using 

previous research and the research in this study. 

Increasing the Mo concentration decreases the friction induction time. When 

Mo concentrations are equal to the critical concentration (= 180 – 350 ppm), 

increases in the Mo concentration will significantly impact the friction induction 

time. Once the Mo concentration is significantly higher than the critical 

concentration (≥ 500 ppm), further increases in Mo concentration will only 

produce small decreases in the friction induction time. Increasing the Mo 

concentration at extremely high (≥ 1000 ppm) will produce minimal decreases 

in induction time or no change.  

 

Figure 9-5 Dependence of low friction induction time as a function of 
MoDTC concentration in the oil. 
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9.2.2 Early-stage MoS2 Formation 

To understand the effect Mo concentration has on the initial MoS2 formation, 

which leads to a reduction in induction time, the tribochemistry of early 

tribofilm formation needs to be investigated.  

Previous research investigating the friction reduction mechanism of MoDTC 

when incorporated into a PAO and ZDDP oil determined that the MoS2 

coverage must reach a “saturated value” to reduce the friction to ≈ 0.04 [75]. 

To reach the “saturated value”, a balance between MoS2 formation and 

removal must be achieved in the “saturated region.” In-situ Raman was used 

to understand the MoS2 formation as rubbing time increased. In the initial 

stages of tribofilm formation, the MoS2 formation is at its largest vs the removal 

rate. The MoS2 layers become thicker in the MoDTC/ZDDP tribofilm matrix as 

the rubbing continues due to the rate of formation being greater than removal. 

Once the friction reaches the typical value of ≈ 0.04 or the steady-state value, 

the MoS2 formation becomes equal to the removal rate. At that point in the 

test, the MoS2 should have extensive coverage and thick layers within the 

tribofilm matrix.  

In Chapter 6, to understand how the Mo concentration can affect early-stage 

MoS2 formation, oil samples containing 350 and 1000 ppm of Mo were 

subjected to MTM testing and Raman analysis at set intervals. Figure 9-6 

shows both concentrations' total intensity counts of MoS2 within the tribofilms. 

At 5 minutes into the friction test, the higher Mo concentration oil forms a film 

with a higher total intensity count of MoS2 compared to the 350 ppm Mo oil, 

implying thicker layers and/or more crystalline MoS2 has formed. As test 

duration increases, the total counts for the 1000 ppm Mo oil significantly 

increase compared to the 350 ppm Mo oils tribofilm. As the ZDDP tribofilm 
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forms, the MoS2 layers become embedded within the tribofilm matrix. When 

the concentration of Mo is higher in the oil, the MoS2 layers are thicker, and 

thus a higher intensity count is detected as the ZDDP thickness becomes 

much more significant.  

 

 

9.2.2.1 Other Surface-Active Additives 

Along with Mo concentrations effect on MoS2 formation, the impact of other 

surface-active additives and their concentrations on the formation is also 

significant to understand. 

Previous research investigating ZDDP concentrations' effect on MoDTC 

performance showed that the concentration could be optimised to enhance 
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the formation of MoS2 [153]. A lower ZDDP ppm value using the same MoDTC 

ppm generally produced lower steady-state friction and wear. However, a 

higher ZDDP ppm value decreased the friction induction time.  

The research conducted in Chapter 7 and past research papers have shown 

that detergent formulation impacts MoS2 formation [138]. MoDTC coupled with 

higher-based detergents generally leads to lower steady-state friction.  

9.2.3 Mo concentration and friction reduction time mechanism 

Understanding how increasing the Mo concentration forms a thicker MoS2 in 

the initial stages of tribofilm formation and how MoDTC reduces friction in 

general needs to be explained. From extensive previous research, MoDTC 

decomposes via shear stress by rupturing the bonds during rubbing. It first 

adsorbs onto the rubbing surfaces and then decomposes due to shear stress, 

causing the C-S bond to rupture, leaving the amorphous MoSx structure. The 

MoSx structure is converted to MoS2 due to increased temperature and shear 

stress at the tribo-contact [65].  

The mechanism for increasing Mo concentration and forming a thicker MoS2 

in the initial stages of tribofilm formation is shown in Figure 9-7. More MoDTC 

molecules can adsorb on the rubbing surfaces at higher Mo concentrations, 

creating a higher supply zone. Once rubbing of the surfaces occurs, more 

MoDTC is broken down into MoSx, which leads to a higher probability of MoS2 

forming from increased shear stress and temperature at the tribo-contact. The 

increased amount of MoS2 forming on the rubbing surfaces from a higher Mo 

concentration leads to faster MoS2 formation and thicker MoS2 in the initial 

stages of rubbing. The induction time to reach a low friction value depends on 

temperature and contact pressure [66,72]. Lower temperature and contact 

pressure would increase the induction time due to the partial decomposition 
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of MoDTC. However, it can be determined that a higher Mo concentration 

supplies the rubbing surfaces with more MoDTC enabling thicker MoS2 layers 

in the initial stages, leading to a decrease in induction time. However, 

adsorption of MoDTC onto the surfaces is not enough, the decomposition is 

needed for low friction, which occurs from contact conditions.  

Other lubricant additives influence the formation of MoS2, as determined in the 

thesis with different detergent formulations, in Chapter 7. Specifically, Figure 

7-2, determined that with the same Mo concentration, changing the detergent 

formulation can influence the induction time and final steady-state friction. 

However, compared to the Mo concentration results from Figure 6-6, the 

impact is minimal. The chemical components formed in the tribofilms from the 

differing detergents formulations in the oils are the same with different 

concentrations, Figure 7-7 and Figure 7-8. Regardless of the detergent 

formulation, the same decomposition products from MoDTC are found. 

Previous research has not extensively tested a wide range of Mo 

concentrations compared to this study. The wide range of Mo concentration 

tested can be used to strengthen the proposed mechanism of increased Mo 

concentration, forming a thicker MoS2 tribofilm in the initial stages of rubbing, 

leading to faster friction reduction. Research has shown that general additive 

adsorption increases with increased concentration [154]. Additionally, the 

decomposition reaction rate is determined by the concentration [65]. These 

findings support the mechanism produced by the study.  

 

 

 



- 236 - 

 

 

 

9.3 Mo Concentrations effect on the ZDDP Thickness 

Chapter 6 determined the effect that MoDTC and its concentration has on the 

ZDDP tribofilm thickness. The results suggest that adding MoDTC, equal to 

or greater than the critical concentration, significantly reduces the ZDDP 

thickness. Once the Mo concentration is increased in the oil, the ZDDP 

tribofilm thickness does not significantly differ from a much lower MoDTC 

concentration which produces low friction results. 

When ZDDP is the only surface active additive in oil, the tribofilm formed 

consists of three layers: sulphide/oxide, polyphosphate chains and 

alkylphoshpate precipitates [56,58,59]. The polyphosphate chain lengths are 

shorter toward the metal substrate. Typically, a fully formed ZDDP tribofilm 

can be in the range of 80-120 nm. However, once MoDTC is added to oil with 

ZDDP, the chemistry of the tribofilm changes to incorporate the MoDTC 

Figure 9-7 Mechanism for increasing Mo concentration which leads to a 
decrease in friction reduction induction time, (a) low MoDTC 
concentration and (b) high MoDTC concentration. 

(a) (b) 
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decomposition products, as previous research and research conducted in this 

thesis have shown [71,73,151,155]. 

Figure 9-8 displays the SLIM measurements of the ZDDP film thicknesses 

from the oils tested in this project. The steady-state ZDDP film thickness is 

reached after 60 minutes for all oils, but the thicknesses are significantly less 

compared to the oil with no MoDTC. The addition of MoDTC in a concentration 

which reduces the friction to low values clearly reduces the overall ZDDP 

tribofilm thickness. The act of reducing the ZDDP tribofilm thicknesses 

increases the wear generated as shown in Figure 6-19, however, it can be 

taken as a very small difference and negligible in the real-world application. 
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9.3.1 Tribofilm chemistry 

The chemical changes which occur to a ZDDP tribofilm once MoDTC is added 

in adequate quantities to oil must be understood to determine the mechanism 

of tribofilm formation. Figure 9-9 presents the Fe, P and Zn weight 

percentages from 0 to 720 seconds of etching time for different Mo 

concentrations. The addition of MoDTC increases the amount of Fe within the 

tribofilm at high etching times, indicating a thinner overall tribofilm thickness. 

Moreover, a general reduction in P and Zn, heavily associated with the 

decomposition products of ZDDP, is observed as the tribofilms are etched. 

Table 9-1 displays the polyphosphate chain lengths derived from the BO/NBO 

ratios obtained from the analysis of XPS O 1s peak. It can be observed that 

the addition of MoDTC reduces the phosphate chain length, a sign of a 

reduction in ZDDP film thickness [59]. In ZDDP tribofilms, longer phosphate 

chain lengths are found within the top layers of the tribofilm, while shorter 

chains are found within the bottom layers. As the BO/NBO number decreases 

so does the ZDDP tribofilm thickness. It must be noted that the polyphosphate 

chain lengths with ZDDP as the only additive in the oil are usually greater than 

the oil when Mo is added to the oil, as shown in Table 9-1. The reduction in 

chain length is due to the fully formulated oil containing detergents and 

dispersants [123,156].  

Previous work investigating the interactions between ZDDP and MoDTC also 

determined a reduction in P and Zn from XPS and EDX analysis once MoDTC 

was added to a ZDDP oil [72]. MoDTC in a small amount does not significantly 

change the phosphate chain lengths or ZDDP species. Other research into 

the chemistry of anti-wear films also agrees with the research [155]. 
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Table 9-1 Phosphate chain length as Mo concentration changes. 

Mo concentration BO/NBO ratio 

0 0.35 

350 0.15 

1000 0.20 
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Figure 9-9 ZDDP XPS element weight percentages at different Mo 
concentrations (a) Fe, (b) P and (c) Zn. 



- 240 - 

9.3.2 Mechanism of MoDTC and ZDDP tribofilm formation 

Figure 9-10 displays the tribofilm formations of a fully formulated oil containing 

the active boundary additives ZDDP and detergents and the additional 

MoDTC in a friction-reducing concentration to highlight the impact MoDTC has 

on the ZDDP formation. The mechanism was generated using the research 

conducted in this thesis and previous research [56,72,151]. 

It was determined that a friction-reducing MoDTC concentration forms thick 

MoS2 layers in the initial stages of rubbing. MoS2 and other decomposition 

products such as MoOxSy create competitive surface adsorption between 

ZDDP + detergents and MoDTC. As the layers of the tribofilm build, MoDTC 

decomposition products such as Mo oxides, MoOxSy and MoS2 become 

embedded within the matrix. The polyphosphate chains can form, but not what 

they typically can, due to multiple other compounds added to the tribofilm 

matrix. The friction also significantly changes due to MoS2 which would reduce 

stress and flash temperatures at the contact directly slowing the ZDDP 

formation [49]. As shown in Figure 6-8, the addition of MoDTC significantly 

reduces the overall ZDDP tribofilm thickness.  

 

 

Figure 9-10 Tribofilm formations of a fully formulated oil 
containing ZDDP and detergent and the additional MoDTC 
in a friction-reducing concentration. 
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It has been determined that MoDTC reduces the formation of the ZDDP 

tribofilm. However, it is crucial to note that the wear generated before and after 

MoDTC is added in a friction-reducing concentration is not negatively 

impacted in the real-world application of the ICE. However, a trend is observed 

that MoDTC increases the wear when added to an oil containing ZDDP. Again, 

this could be down to the competitive adsorption mechanism, where MoDTC 

decomposition products form thick layers in the initial stages of the tribofilm 

formation, reducing the anti-wear additives formation or the tribofilm formed 

have difference compositions affecting wear differently. A very high 

percentage of the wear is generated in the initial rubbing of the surfaces as 

the very first tribofilm layers are formed, hence the increase in wear observed. 

However, it must also be noted that the decomposition products of MoDTC do 

have anti-wear properties, which prevent the wear from a harsher increase 

[71,77].  

9.4 Detergents’ effect on Tribofilms Tribological Properties 

Chapter 7 used three different detergent formulations to understand the 

influence and essential role detergents have on the tribological properties of 

fully formulated engine oil. 

Different detergent formulations' effects on the tribofilm chemistry must be 

understood to understand how friction and wear change with each one. This 

section will use the research conducted in this study and from previous 

research to understand the impact different detergent formulations have on 

the tribofilms tribological properties and interactions which occur between 

detergents and other surface-active additives. 



- 242 - 

9.4.1 Friction and Wear 

Figure 9-11 displays the friction and wear values for the oils containing 

detergents tested in this study. All three detergents produce friction-reducing 

tribofilms. It can be determined that these detergents do not hinder the 

function of the MoDTC additive. Detergents tested in previous literature 

produce a tribofilm with the decomposition products of the detergent but do 

not prevent MoDTCs' ability to reduce friction regardless of the formulation. A 

study investigating the tribological properties of MoDTC and detergents 

determined that low and high-based calcium sulfonate and middle-based 

calcium alkyl salicylate all produce non-damaging effects on the function of 

MoDTC [138]. Another study of the surface films of ZDDP, MoDTC and 

overbased calcium sulfonates also showed similar findings [123]. Finally, 

another study showed non-damaging effects on the function of MoDTC with 

calcium phenate and salicylate detergents [157]. All the detergents do not 

prevent MoS2 from forming from MoDTC. However, they could reduce the 

MoS2 thickness within the tribofilm matrix since the research conducted in the 

thesis determined that a threshold value of MoS2 intensity is required within 

the tribofilm matrix to reduce friction independent of the formulation, as shown 

in Figure 6-13. The detergent formulations from Figure 7-1 used in this study 

also agree with previous research which shows that the MoDTC molecule 

decomposes to form the friction reducing compound MoS2 to enable friction 

reduction as shown in Figure 7-3. However, the detergent formulation does 

influence the intensity of the MoS2 even though the friction is still low, as 

shown in Figure 7-6. 

The detergent formulation affects the ZDDP tribofilm formation much more 

than MoDTC tribofilm in agreement with previous research [80,81]. The wear 
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volume, shown in Figure 9-11, displays noticeable differences between the 

detergent formulations. However, it must be noted that the wear is still very 

low. Wear is affected more than friction. 

  

 

 

9.4.2 Tribofilm Chemistry 

Table 9-2 displays the detergent molecular structure used in fully formulated 

oils tested in this research. It must be noted that all three detergent 

formulations have more Ca-weighted detergents than Mg. Meaning each oil 

has a higher Ca detergent concentration compared to the Mg detergent. 

 

 

Figure 9-11 Friction and wear values for each detergent formulation 
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Table 9-2 Detergent formulations 

Detergent A Detergent B Detergent C 

Ca + Mg Salicylates Ca + Mg Sulfonates 
Ca Salicylates + Mg 

sulfonates 

  

 

 

Previous research has shown that detergents can form a tribofilm [82]. More 

specifically, Ca detergents can form thick CaCO3 films and Ca phosphates 

with ZDDP on the rubbing surfaces. Due to the competitive surface adsorption 

mechanism, the other boundary additives, ZDDP and MoDTC, are affected by 

the detergents used in this study. Moreover, the decomposition products of 

Mg detergents are hard to determine within the tribofilm matrix [81]. However, 

a study did detect MgSO4 within a tribofilm [82]. 

9.4.2.1 Effect of detergent used in a fully formulated oil on MoS2 

Formation 

Figure 9-12 displays the steady-state friction values and total intensity of MoS2 

within the tribofilms from Raman analysis. The friction scale range is small to 

enable visual differences. Detergent C has less MoS2 within its tribofilm matrix 

than B and A from the total intensity counts. However, it still produces friction 

value of around ≈ 0.05. The friction for detergent A is the lowest due to the 

high MoS2 intensity within the tribofilm, implying thicker MoS2 layers have 

formed. The different detergent formulations affect the MoS2 formation in 
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different ways. The salicylates allow thicker MoS2 layers than sulfonates and 

a mixture of both. However, it must be noted that if the detergents were not 

present in oils, there would be a high probability that the MoS2 layers would 

be even thicker. Previous research showed a reduction in Mo and S weight 

percentages when a Ca salicylate detergent was added to a single MoDTC oil 

and determined that both MoS2 and CaCO3 formed after the detergent was 

added. Friction reduction was also observed by adding a detergent [138]. 

Other research also determined that Ca sulfonates reduce the MoS2 film 

thickness [123]. 

  

 

 

Figure 9-12 Detergents friction and MoS2 total intensity counts within 
the tribofilm. 
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Overall, detergents reduce the formation of MoS2 within the tribofilm; however, 

the friction is not negatively impacted, with low friction still achieved. 

Therefore, it can be determined that detergents do not prevent the MoDTC 

additive from performing its function. The detergent formulation does effect 

MoS2 intensity within the tribofilm matrix. 

9.4.2.2 Effect of detergents used in a fully formulated oil on ZDDP 

Formation 

Figure 9-13 displays the average weight percentages of elements associated 

with detergent and ZDDP decomposition species within the tribofilm and the 

wear volume for all three oil formulations. Detergent C, containing Ca 

salicylates and Mg sulfonates, produces the lowest wear. Its tribofilm contains 

the highest amount of Zn and P, relating to decomposition compounds formed 

from ZDDP such as phosphate chains, ZnS and ZnO, implying it is the 

detergent formulation with the least effect on the ZDDP formation leading to 

the least wear generated. In comparison, detergent A, containing only 

salicylates, has the highest wear with the least amount of Zn and P within its 

tribofilm, preventing ZDDP formation compared to the other oil formulations.  
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Previous research has shown that Ca salicylates reduces the phosphate chain 

lengths and ZDDP species within the tribofilm via forming CaCO3 and 

replacing zinc phosphates with calcium phosphates [157]. XANES analysis of 

the P K and L-edges provided evidence for the calcium phosphates. Wear 

data determined that adding CaCO3 shortened and substituted phosphate 

chains within the tribofilm matrix, leading to increased wear. However, the 

detergent in a binary system reduced wear compared to the base oil. It was 

also determined that a higher degree of over-basing produced CaCO3 within 

the tribofilms. 

A research study into the surface films of ZDDP, MoDTC and calcium 

sulfonates via XPS determined that CaCO3 is present within the tribofilm 

Figure 9-13 Average weight % for anti-wear and detergent species with 
wear volume loss for all three formulations. 
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matrix [123]. Again, similar to salicylates, the sulfonates reduced the 

phosphate film thickness. Another research paper investigating the sulfonates 

and ZDDP mechanism determined that three types of interactions occur [158]; 

1. Chemical interaction between both additives in the oil phase. 

2. The calcium surfactant molecule preventing basal materials from 

forming during rubbing. 

3. Overbasing agents' role in colloidal dispersion. 

It was determined that interactions 2 and 3 are more predominant when an 

overbased detergent is used.   

All previous research, coupled with Chapter 7, concludes that calcium 

sulfonates and salicylates have similar interaction mechanisms with ZDDP 

during rubbing. The research from this study shows that the three different 

detergent oil formulations produced the same decomposition products 

expected from the ZDDP molecule for low wear. All oil formulations also 

produced CaCO3 in the tribofilm. Additionally, previous research has shown 

Ca replaces Zn within the phosphate chains when using either calcium 

salicylates or sulfonates due to the hard and soft acids bases (HSAB) principle 

[84,159]. 

9.4.3 Mechanism for the interaction of detergent and 

ZDDP/MoDTC  

The mechanism for reducing the ZDDP tribofilm and MoS2 is due to the 

addition of CaCO3 and substitution of Zn phosphates within the tribofilm. The 

research conducted in this study and from previous literature showed the 

same decomposition products are formed from the calcium detergents 

regardless of their formulation [82,138,157]. The main difference is the 
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quantity of these products formed and their impact on the formation of the 

friction and anti-wear films, to which the study undertaken in this research 

showed minor differences in friction and wear. 

Adding CaCO3 naturally increases the competitive surface adsorption 

between the decomposition products. Ca also replaces the Zn in the 

phosphate chains due to the HSAB principle, reducing the ZDDP film 

thickness [84]. 

From tribochemical analysis in this research, detergents do not chemically 

interact with MoDTC to the level they do with ZDDP. This is due to Ca 

replacing Zn in the phosphate chains. Again, MoDTC decomposition products 

quantities within the tribofilm are reduced due to the addition of detergent 

decomposition products.  

It is essential to note that overall, even though the anti-wear and friction-

reducing species are reduced within the tribofilm matrix due to the detergents, 

the friction and anti-wear additives can still perform their respective functions.  

9.5 Artificial Oil Ageing vs Engine oil Ageing 

This section will focus on the tribological differences produced from artificial 

oil and engine ageing processes when comparing them to their fresh oil 

performance.  

9.5.1 Differences in Oil Ageing Processes 

An artificial ageing process is essential for engine oil friction and wear 

performance screening before more expensive engine tests are completed. 

The artificial ageing process must simulate and affect the engine oil similarly 

to the engine ageing processes. A commonly used artificial ageing process is 
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CEC L-48-00, shown in Figure 3-23, while engine ageing processes vary [96–

99]. The field engine ageing processes are shown in Table 4-1.  

Table 9-3 displays the effects of both artificial and engine ageing processes 

on two different oils, taken from Chapter 8. Each ageing process is compared 

to its fresh engine oil counterpart. The artificial ageing process is kept the 

same for both oil pairs, Figure 3-23, with the engine ageing processes being 

different, Table 4-1.  

Table 9-3 Engine oil artificial vs engine ageing impact on tribological 
properties compared to their fresh oils. 

Oil 
Ageing 

process 

High-

temperature 

viscosity 

Friction Wear 

0W-20 

(A) 

Artificial increase 

Low friction – 
significant 

delay in 
reduction 

Slightly higher 

wear 

Engine increase 
Very high 

friction 
Similar wear 

0W-8 

(B) 

Artificial decrease High friction 
Significantly 

high wear 

Engine decrease 
Very high 

friction 
Reduced wear 

 

Regardless of the engine running conditions, both engine aged oils produce 

very high friction and similar or reduced wear compared to the fresh engine 

oil performance. Previous research investigating engine oils in the field 

determined that all friction-reducing properties of the oil were lost after ageing 

[160]. A fully formulated 5W 30 engine oil was tested in the field for 20,000 
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km, which is considered to be a longer distance than usually tested. Wear also 

increased by 420%. An explanation for the consistency of the engine ageing 

process affecting the fresh oils is the harsh conditions within the engine. The 

oil is subjected to high temperatures, shearing, contamination and pumping 

around multiple moving components during the ageing process [144]. 

Alternatively, both artificially aged oils produce different friction and wear 

results. Therefore, it can be determined that the oil formulation in artificial 

ageing has significantly more influence on the tribological properties.  

9.5.2 Effect of Ageing Oil on Wear 

As shown in Figure 8-31 and Figure 8-32, artificial and engine ageing 

processes produce different wear results than fresh oils. Both sets of results 

have been combined to highlight the differences, shown in Figure 9-14. The 

artificially aged oils increase the wear compared to the fresh oil, while the 

engine aged oils decrease the wear. 
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Oil B’s artificially aged oil does not produce a tribofilm, shown in Figure 8-16, 

explaining the extremely high wear observed. Oil A also produces higher wear 

when artificially aged, but not the degree of oil B, due to the formation of a 

tribofilm containing wear-reducing species.  

Previous research using the same artificial ageing process showed minimal 

wear discrepancy between fresh and aged oil [161]. A 5W-30 fully formulated 

oil containing no MoDTC was artificially aged and tested. It determined that 

the low wear results indicated that even though the additive intensity can 

decrease after oxidation, an anti-wear tribofilm can still form. Both FTIR 

analysis from Chapter 8 and from the previous research showed the main 

elements of the anti-wear additive to be still present but in lower intensity [161]. 

Figure 9-14 Wear loss for both oil A and B. 
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These results produced are similar to oil As. However, oil Bs results do not 

agree, with no tribofilm formed producing very high wear. 

Less academic research has been conducted on field engine aged oils than 

on artificially aged engine oil. In the tests undertaken in this study, both engine 

aged oils from A and B produce reduced wear and similar friction. The oils are 

subjected to very harsh conditions during the engine ageing process 

compared to artificial ageing. A GED test was used to age the engine oil for 

oil A. Previous research has shown the GED test to use extreme operating 

conditions [162–164]. The principle behind the test is to test the engine 

components to withstand high mechanical stresses, wear, fatigue etc, which 

results in high engine revolutions and maximum loads. It contains a series of 

steady-states with speed ramp ups and downs. A continuous high-speed 

durability test was used to age engine oil B. Again, the principle behind the 

test is similar to oil A; however, the speed is kept relatively constant throughout 

instead of step cycles.  

Previous research into the tribological properties of engine oils in the field 

determined that the wear increased after 8,000 km of distance travelled [160]. 

When the oil was aged in the field for 5,000 km, the wear observed was 

reduced compared to the fresh oil. Similar to the research conducted in this 

study, the author determined that the 5,000 km aged oil contained large 

amounts of Zn and P within the tribofilm matrix, the species associated with 

ZDDP. It was also determined that increasing the ageing time after an initial 

period increases the wear [160]. The engine oils aged via the field in this study 

must be within the initial period of ageing where the wear and tribofilm are not 

negatively impacted. The initial oxidation of ZDDP is not detrimental to the 

function of the additive. However, a more extended period of oxidation 
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depletes the additives causing the core oxidized molecule of ZDDP to have 

no anti-wear properties. 

9.5.3 Effect of Ageing on Oil Chemistry 

The oil chemistry analysis conducted on oil A and B indicated that oxidation, 

sulphation, and additive depletion had occurred during the ageing processes. 

Different techniques were used to identify the effects ageing has on oil 

chemistry. FTIR determines if oxidation, sulphation, and additive depletion 

have occurred within the oil. XPS and Raman are used to understand the 

MoDTC depletion and decomposition products formed in the tribofilm after oil 

ageing. The FTIR, XPS and Raman are all used for studying ZDDP depletion 

and its decomposition products formed in the tribofilm from ageing.    

Previous literature investigating ageing on oils focuses on three main areas 

within the FTIR spectrum analysis [165]. These peaks are associated with 

additive depletion, oxidation, and sulphation, which all show that ageing has 

changed the chemistry within the oils. The peaks at ≈ 1100-1200 cm-1 and ≈ 

1200-11250 cm-1 are associated with S=O and S-O bonding [165]. As ageing 

occurs, these bonds increase within the oil chemistry as sulphate by-products 

are formed. Previous literature and the results shown in Figure 8-2 and Figure 

8-5 depict an increase in these peaks during and after the ageing process 

[95,165,166]. Additionally, the peak at ≈ 1700-1750 cm-1 associated with C=O 

bonding and increases due to carboxylic by-products forming during the 

ageing process also increases in the results shown in Figure 8-3 and Figure 

8-6 and previous literature [95,165,166].  
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9.5.3.1 MoDTC Depletion and Decomposition Products 

It can be presumed that MoDTC depletion occurs similarly between artificial 

and field ageing processes. The speed of depletion and oxidation is the 

differing factor. 

As shown in the previous section, the friction-reducing properties of MoDTC 

are entirely lost after engine ageing. Other research has also produced similar 

results. In comparison, the artificial ageing process has shown friction 

reduction to be still achievable. However, the oxidation process impacts the 

mechanism by which MoDTC performs its function, as previous research has 

shown [92,93,99].  

Chapter 8 determined that the ageing processes, artificial or via the engine, 

delayed or completely removed the formation of MoS2 within the tribofilm. 

Previous research has shown that the MoDTC molecule is broken down 

during additive depletion due to a sulfur-oxygen atom substitution [85]. If the 

MoDTC molecule is only partially oxidized, MoS2 can form to reduce friction.  

Table 9-4 displays the Mo compounds detected within the tribofilms using XPS 

and Raman from Chapter 8 for fresh, artificial and engine aged oils. The 

artificially aged oil formed MoS2 within the tribofilm after a significant delay of 

around 60 minutes. Therefore, sulfur-oxygen atom substitution must have 

taken place within the MoDTC molecule to cause the delay in friction 

reduction. MoS2 and MoOxSy were detected in minimal quantities in the 

bottom layers of the artificially aged tribofilm from XPS. However, a threshold 

amount of MoS2 within the tribofilm is required for friction reduction, as 

previous research has shown [75,132].  
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Previous research into the ageing impact on MoDTC tribological properties 

showed that the MoOxSy compound could have two forms [92,99]. The first 

has low oxygen content, enabling friction reduction within the tribofilm. The 

second contains high oxygen content, which produces no friction reduction. It 

was determined that oxygen replaces the sulfur and x > y when a chemical 

shifts to a higher binding energy occurs. 

The engine aged tribofilm in this research contains MoOxSy but has no friction 

reduction, Figure 8-23 and Figure 8-27. Therefore, high oxygen content must 

be present within the compound. Table 9-5 shows the binding energy 

comparison of Mo (V) from the Mo 3d signals for all three tribofilms. The 

results show higher binding energy for the engine aged tribofilm, which 

produces no friction reduction, implying the MoOxSy has a high oxygen 

content.  

The artificially aged tribofilm has a similar binding energy to the fresh, with 

both tribofilms reducing friction. Overall the results are in agreement with 

previous literature [99]. It must be noted that other previous research did not 

detect an increase in binding energy after ageing [92]. It is difficult to 

distinguish between the low and high oxygen content in MoOxSy using XPS 

as mixed results are recorded. However, previous research does agree with 

the hypothesis of two Mo oxysulphide species containing low and high 

oxygen, with the high oxygen species forming after ageing [99]. 
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Table 9-4 Mo compounds detected within fresh, artificial and engine 
aged tribofilms. 

Mo compound Fresh Artificially aged Engine aged 

MoS2 ✓ ✓ ᵡ 

MoOxSy ✓ ✓ ✓ 

Mo oxide(s) ✓ ✓ ✓ 

 

Table 9-5 Mo (V) binding energy for fresh and aged oils. 

 Fresh Artificially aged Engine aged 

Mo (V) binding 

energy (eV) 
230.42 230.35 232 

 

A decomposition pathway for MoDTC after ageing can be determined using 

the results obtained in this study and previous literature [75,92,99,132]. 

1. Oxygen replaces sulfur within the MoDTC molecule during ageing. 

2. The new molecules adsorb onto the surfaces. 

3. Decomposition occurs through C-S rupturing from shear stress, 

creating the amorphous MoOxSy structure. 

4. The Y and X ratios change compared to fresh oil, with X becoming 

larger. Therefore, more Mo oxides are formed than MoS2, producing 

worse friction performance than fresh oil. 

9.5.3.2 ZDDP Depletion and Decomposition Products 

Compared to MoDTC, ZDDP is significantly less affected by oil oxidation since 

ZDDP additives are known for their anti-oxidant properties, as previous 
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research has shown [95]. The current study determined that the main 

elements of ZDDP survived the ageing process, which can be proved via FTIR 

analysis, Figure 8-1 and Figure 8-4. ZDDP depletes via replacing its sulfur 

atoms with oxygen atoms with the release of alkyl side chains [90]. FTIR can 

still detect the side chains produced from ZDDP depletion since the ZDDP 

bonding peak is around 970 cm-1, corresponding to the P-O-C bond. Multiple 

research papers have shown that many alkyl side chains contain the P-O-C 

bond [90,148].  

Chapter 8 determined that the decomposition products of ZDDP within the 

tribofilm matrix do not significantly differ after the ageing process. The differing 

factor between the tribofilm matrixes was the quantity of the ZDDP 

decomposition compounds. The compounds detected from XPS were ZnS, 

ZnO and different polyphosphate chain lengths.  

Figure 9-15 shows the average weight percentage of the elements associated 

with the ZDDP decomposition products. Both ageing processes produce very 

different tribofilm chemistry results. Regardless of the oil formulation, grade, 

or engine ageing process, both tribofilms contain more Zn and P than their 

fresh counterpart. In comparison, both artificially aged tribofilms contain less 

than their fresh counterpart. Artificially aged oil Bs tribofilm has little to no Zn 

and P, while oil A has minimal Zn. Both field engine aged oils contained 

polyphosphate chains where analysis of the artificially aged oils detected no 

signs of the chains. The thicker ZDDP tribofilm generated from the engine 

ageing process reduces wear, while the opposite occurs for the artificially 

ageing process. Other research agrees that engine ageing processes improve 

wear when ZDDP is not depleted after excessive ageing [90,148,167,168].  
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The engine ageing processes promote ZDDP formation, while the artificial 

ageing process inhibits it. An explanation for a thicker ZDDP tribofilm after 

engine ageing than fresh oil could be due to MoS2's inability to form. The 

prevention of MoS2 formation keeps friction high, encouraging ZDDP to form. 

Additionally, the changing of the ZDDP decomposition in the oil from ageing 

could make the tribofilm formation easier leading to a thicker ZDDP tribofilm. 

From the tribofilm chemical analysis completed in the study, it is clear that the 

artificially aged oils produce tribofilms with minimal amounts of ZDDP species 

compared to their fresh and field engine aged oil counterparts. The depletion 

and decomposition pathways of the artificially aged oils are different to 

produce the results observed. Previous literature has shown similar results; 

however, it occurs when the ZDDP molecule is completely depleted [90].  
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Figure 9-15 Average element weight percentage of Zn and P for (a) oil A 
and (b) oil B. 
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Chapter 10 Conclusions and Future Work 

This study aimed to understand the interactions between surface-active 

additives when used in ultra-low viscosity engine oils. The conclusions derived 

from the different studies conducted in this thesis are presented in this 

chapter. Additionally, recommendations on future work related to the thesis 

are also provided. 

10.1  Conclusions 

10.1.1 Optimization of Mo concentration 

1. From the range of concentrations tested in Chapter 6 and previous 

research from literature, the critical concentration of Mo for new ultra-

low viscosity engine in a fresh state is between 180 and 350 ppm. As 

the viscosity is increased the critical concentration value increases 

when all conditions are kept the same. 

2. Increasing the Mo concentration greater than the critical concentration 

does not negatively impact the overall friction and wear. 

10.1.2 Mo concentrations effect on tribological performance 

1. Increasing the Mo concentration decreases induction time to reach a 

steady-state friction value of ≈ 0.04. Further increases at extremely 

high Mo concentrations would not significantly change the induction 

time. See Figure 9-5.  

2. Adding MoDTC into a fully formulated oil containing ZDDP increases 

the wear generated compared to the same oil containing no MoDTC. 
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3. Increasing the Mo concentration above the critical concentration 

slightly decreases the wear generated compared to the critical 

concentration.  

10.1.3 Mo concentrations influence on MoS2 formation 

1. Increasing the Mo concentration past the critical concentration creates 

thicker MoS2 layers within the first few layers of the tribofilm matrix. The 

supply of MoDTC to the contact is increased, and thus more MoDTC 

can be broken down into MoOxSy. See Figure 9-7. 

2. The MoS2 formation and removal rate is highly dependent on Mo 

concentration. 

10.1.4 Mo concentrations influence on ZDDP formation 

1. Adding MoDTC into a fully formulated oil containing ZDDP reduces the 

overall ZDDP film thickness compared to the same oil containing no 

MoDTC. Increasing the Mo concentration past the critical concentration 

does not significantly change the ZDDP tribofilm growth rate or final 

steady-state film thickness. 

2. Adding MoDTC into a fully formulated oil containing ZDDP reduces the 

zinc polyphosphate chain lengths within the tribofilm matrix compared 

to the same oil containing no MoDTC. 

3. A reduction in species associated with ZDDP is observed when MoDTC 

is added to the oil formulation compared to the same oil containing no 

MoDTC.  
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10.1.5 Detergent formulations effect on tribological 

performance 

1. Detergent formulations used in this thesis and from previous literature 

do not negatively impact the overall friction and wear. 

2. Detergent formulations can cause a change in the steady-state friction. 

However, the difference is insignificant. 

3. Detergent formulations impact the Stribeck friction until Steady-state 

Stribeck friction is achieved due to the formation of the detergent 

decomposition products within the tribofilm matrix disrupting MoS2 

formation. 

10.1.6 Detergents influence on tribofilm chemistry 

1. All the detergents tribofilms tested had different quantities of the typical 

compounds found within an engine oil tribofilm. 

a. The combination of Ca salicylates and Mg sulfonates 

suppressed the formation of MoS2 the most compared with the 

other detergents. The combination also had the most ZDDP and 

very high amounts of detergent species within its tribofilm. 

b. The combination of Ca and Mg salicylates allowed for the most 

MoS2 formation. Out of the detergents tested, the combination 

had the lowest amount of detergent species, suggesting it had 

the least impact on the tribofilm chemistry. 

c. The combination of Ca and Mg sulfonates contained the highest 

amount of detergent species within its tribofilm and medium 

amounts of MoDTC and ZDDP decomposition products 

compared to the other two formulations.  
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2. Sulfonates form thicker detergent specie layers within the tribofilm 

matrix compared to salicylates.  

3. Quantities of MoS2 and ZDDP decomposition products within all three 

tribofilms exceed the threshold amounts required for low friction and 

wear. 

10.1.7 Artificial vs field engine ageing processes 

10.1.7.1 Oil viscosity 

1. Artificial and field ageing processes produced slight increases in 

viscosity on the higher viscosity grade engine oil at high temperatures.  

2. The artificial ageing process significantly reduces viscosity at high 

temperatures with lower oil viscosity grades. While the field ageing 

process only produces a slight decrease. 

10.1.7.2 Tribological properties 

1. Friction reduction is removed regardless of the engine ageing process. 

Both engine ageing processes increased the friction compared to the 

fresh engine oil. 

2. The artificial ageing process produces inconsistent friction results.  

a. One oil produced high friction with Stribeck curves indicating no 

tribofilm has formed. The other had friction reduction but after a 

significant delay of ≈ 60 minutes. 

b. The oil's physical and chemical properties significantly influence 

the impact artificial ageing has on oil performance. 

3. The engine ageing process produced better wear performance than the 

artificial ageing process.  
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10.1.7.3 Tribofilm chemistry 

1. The engine ageing processes produced tribofilms containing thick 

ZDDP species compared to the artificial oils. MoDTC decomposition 

products, MoOxSy and Mo oxides were also detected. No MoS2 could 

be detected in both cases. 

2. Both artificial ageing processes produced very different tribofilms for 

the two oils tested.  

a. One contained minimal traces of tribofilm species. The other 

contained a thin ZDDP tribofilm with MoS2 and other MoDTC 

decomposition products.  

10.1.7.4 MoDTC decomposition during and after ageing 

1. The MoDTC molecule changes during ageing via sulfur-oxygen atom 

substitution.  

2. The oxidized MoDTC molecule decomposes onto the rubbing surfaces 

to form MoOxSy. The oxygen and sulfur atoms within the MoOxSy 

structure determine the formation and quantity of MoS2 and Mo oxides. 

Before ageing, when no oxidation occurs, y > x—leads to more MoS2 

formation than Mo oxides. However, after oxidation, x > y develops in 

MoOxSy, and x > y or the difference between y and x becomes much 

smaller. In this case, Mo oxide formation would be greater than MoS2 

leading to higher friction.  

10.1.7.5 ZDDP decomposition during and after ageing 

1. The ZDDP molecule decomposition during and after ageing does not 

significantly change compared to the MoDTC molecule. 
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a. The main chain of ZDDP remains after oxidation. However, 

oxygen atoms still replace sulfur atoms with the release of alkyl 

side chains.  

2. Due to its well-known anti-oxidation properties, ZDDP still performs its 

function as an anti-wear additive to a similar standard as in its pre-

oxidized state.  

10.2  Future Work 

The research undertaken within this thesis discussed specific aspects of the 

interactions between surface-active additives when using new ultra-low 

viscosity engine oil. Optimizing the MoDTC concentration, detergent 

formulation influence and comparing lab and field engine-aged oils were the 

main aspects of the thesis research. Some additional areas are still required 

to enhance our understanding of the studies undertaken in this thesis. 

However, these could not be completed due to time constraints and global 

events. The future work suggestions to further develop our understanding of 

this subject are as follows: 

• Further, develop our understanding of Mo concentrations' role in 

tribological performance via optimization of Mo after ageing has 

occurred by oxidation. This will also develop our understanding of the 

relationship between MoDTC and oxidation.  

• Investigate further optimization of the Mo concentration in new ultra-

low viscosity engine oils by adding other additives, such as organic 

friction modifiers and alternatively combine the new oil combinations 

with DLC coatings to further optimize the friction performance. 
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• Conduct further tests to strengthen the initial stages of MoS2 with 

MoDTC concentration mechanism shown in Figure 9-7. Additionally, 

perform TEM/FIB studies of the tribofilms to understand the MoS2 sheet 

size and crystallinity to further improve the understanding of Mo 

concentrations influence on friction performance. 

• Investigate additive molecule depletion after ageing using techniques 

such as HPLC. This will enhance our understanding of MoDTC and 

ZDDP depletion via ageing and correlate it to tribological performance 

and field/artificial ageing processes. 

• Investigate potential development and changes to existing ageing oil 

standards to represent better the physical and chemical changes which 

occur in oils via field engine ageing.  
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