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ABSTRACT 

TRIBOCHEMICAL REACTIONS IN VARIOUS HYDROCARBON FLUID MIXTURES 

 

Frank T. Hong 

 

Parasitic friction and material wear exist in all moving parts, causing about 20% in global 

energy loss annually. Machinery startup accounts for a major portion of this loss. This issue 

involves a boundary lubrication problem, where rubbing surfaces are inadequately covered 

by lubricating oils. Lubricating oil fluids rely on tribochemical reactions to establish metal-

organic tribofilms that protect the contacting surfaces. The improved oil lubrication 

mechanism can ensure smooth operation, improving efficiency, and extending the 

mechanical component lifetime. 

In this thesis, we study tribochemical reactions resulting from various fuel and oil blends. 

The interactions among blended additives are given particular attention. Lubrication 

phenomena are simulated using a ball-on-disk linear reciprocation configuration in a 

standardized tribological test rig, Optimol SRV5. The tribofilm growth patterns are 

investigated by measuring friction and electrical contact resistance (ECR), followed by a 

detailed surface analysis. The proposed lubrication mechanisms are verified with 

experimental and numerical simulation results.  

Fuel lubrication studies are conducted by investigating a) lubricity loss upon the addition 

of multiple oxygenated compounds, b) accelerated material wear rates observed in diesel-

ethanol fuel blends, and c) enhanced lubrication performances with carbon-based nanofluid 

fuels. Lubricity loss is found to correlate with: 
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● Extended induction periods for ECR rises, 

● Reduced average electrical contact resistance values, and 

● Inhibitions of protective frictional species formations (e.g., iron oxides and graphite). 

The developed tribochemical reaction model advances the design of friction and extreme-

pressure modifiers using tribo-active nanomaterials. For instance, adding carbon-based 

nanomaterials to fuels enhances lubrication performance by serving as tribo-active 

materials to accelerate tribofilm formation and by replenishing damaged surfaces. In 

engine oil systems, we demonstrated that the lubrication performance could be enhanced 

by formulating TiO2 nanoparticles modified by gallic acid esters, and polyether-based 

co(ter)polymers. Based on the tribochemical reaction mechanisms found in this study, we 

propose more designs of functionalized nanomaterials for advanced lubricant applications 

in future work. 
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Chapter 1 

1. Introduction 

1.1 Historical review of friction and wear 

 
Fig. 1. Historical review of transportation evolution 

 

Friction - which makes the object difficult to move – is prevalent in all mechanical systems, 

and material wear shortens the mechanical component lifetime. Together, friction and wear 

cause energy loss, mechanical failures, and – sometimes – uncontrollable catastrophe.  

The earliest human achievement in overcoming friction dates to the Bronze Age (2000 to 

3500 BC), as seen in Fig. 1. In 3500 BC, the first wheel was invented to overcome friction 

and maximize momentum transfer efficiency; it led to rapid progress in agriculture, 

transportation, and civilization. In 2400 BC, Egyptians applied lubricating approaches to 

transport materials, including rolling wheels, water, and natural oils. These innovations 

helped ancient Egyptians build numerous pyramids standing thousands of years until today. 

However, few records were shown to comprehend these engineering principles for such 

success at that time.  

Systematic clarification was initiated five hundred years later (1452–1519 AD), when 

Leonardo Da Vinci introduced the concept of moving resistanc – friction – by examining 

geometrical effects on moving objects. His theory was later developed by Guillaume 
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Amontons (1663-1705 AD) and Charles-Augustin de Coulomb (1736-1806 AD) [1], 

becoming known as the Amontons-Coulomb law: 

● To move objects, friction increases linearly with the normal load applied 

(Amontons’ First Law, 1699 AD). 

● Friction is independent of apparent contact areas (Amontons’ Second Law, 

1699 AD), but affected by the nature of material brought into contact (Coulomb 

law, 1785 AD). 

●  Kinetic friction – the resistance force maintained during the motion – is 

independent of sliding speeds (Coulomb’s Law, 1785 AD). 

Nonetheless, the geometrical contact relationship illustrated by Amontons-Coulomb 

Friction Law is counter-intuitive, a point which was disputed until the 20th century.  

In the 1950s, J.A. Greenwood, P. Bowden, and D. Tabor et al. [2–4] settled the long-

standing arguments on contact-induced friction, described by Amontons-Coulomb Law. 

They concluded that microscopic asperity contacts, hidden at macroscopic scales, account 

for a much larger portion of the real contact area than that of the apparent contact area. 

This conclusion explains why friction is strongly dependent on the surface roughness of 

contact pairs instead of on the apparent contact areas. Furthermore, asperity contact areas 

increase with the normal applied force, explaining why friction increases linearly with a 

normal load.  
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Global friction and wear energy losses  

 
Fig. 2. (a) Distribution of energy uses from different industries and (b) estimated savings by 

introducing new tribological technologies 

 

In an investigation by Holmberg et al. [5–7], about 23% (eq. 119 EJ) of global energy 

produced is lost to friction (20%, eq. 103 EJ) and wear (3%, eq. 16 EJ) annually [8]. Fig. 

2a shows that energy uses can be saved transportation, power generation, manufacturing, 

and residential sectors, respectively, by 55, 40, 25, and 20% [8]. These savings can be 

achieved by effective friction (74%) and wear (22%) controls as seen in Fig. 2b.  

Understanding the principles of friction makes possible a myriad of engineering designs 

and their implementations for automobiles, aircraft, and mechanical automation 

components. Advanced lubrication technologies (i.e., friction and wear controls) can 

further reduce as much as 3.1 billion tons of global CO2 emissions and save 970 billion 

euros from improving operational efficiency [8]. The following section discusses 

governing equations and analytical solutions for the studies of advanced lubrication 

solutions discussed in a) fuel pumping and delivery system (Chapter 3) and b) engine piston 

assembly (Chapter 4). 
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1.2 Understanding of lubrication problems 

 
Fig. 3. Coefficient of friction as a function of sliding speed. Three separated areas are 1: boundary, 

2: mixed, and 3: hydrodynamic lubrication regimes. h and Rq are respectively oil film thickness and 

the surface roughness.  

 

Fig. 3 illustrates the evolution of friction and oil film thickness in fuel pumping (delivery) 

system and engine piston assembly. The coefficient of friction and oil film thickness 

depend on the relative motions of sliding pairs [9, 10]. Lubrication problems can be 

clarified by the friction force ∫ 𝑑𝐹 acting on sliding surfaces by [11, 12]:  

∫ 𝑑𝐹 = ∫ 𝑉𝑟(∅𝑓𝑝ℎ − ℎ𝑇)
𝜕𝑝

𝜕𝑥
𝑑𝑆 + ∫

2𝜇𝑈

ℎ
𝑉𝑟∅𝑓𝑠𝑑𝑆                               (1) 

where Vr is the surface roughness factor, ℎ is the nominal flow thickness, ℎ𝑇 is the average 

film separation thickness, p is the local pressure, S is the sliding distance, µ is the kinematic 

viscosity, and U is the sliding velocity. Φfp and Φfs are shear stress factors corresponding 

respectively to the local pressure and sliding speed. In Eq. 1, the first term represents the 

asperity-contact induced force caused by local contact pressure acting on the contact 

surface. The second term is shear-induced force associated with the kinematic viscosity of 

the bulk fluid.  
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With sliding speeds approaching zero, Eq. 1 can be reduced to the first term only, i.e., 

contact-induced friction, as featured by the boundary lubrication condition. Contact-

induced friction becomes a function of only surface roughness, the shear stress factor, fluid 

flow thickness, and local pressures. As illustrated in Fig. 3, friction force is mainly caused 

by surface asperities that produce a greater resistance force on rubbing surfaces; friction at 

this stage is far greater than that of other regimes [13]. The separation provided by the oil 

film thickness of injecting lubricating fluids is much less effective at the boundary 

lubrication regime than at mixed and hydrodynamic lubrication regimes. This is because 

slow sliding speeds (low hydrodynamic pressures) cannot sustain flowing fluids [14]. 

Approaches that reduce surface roughness (i.e., surface texturing and tribofilm formation 

[1]) could be paths minimizing contact-induced friction. 

With increased sliding speeds, friction forces are mainly contributed by fluid shear-

induced friction, known as the mixed and hydrodynamic lubrication problems. Friction 

force is dependent upon sliding velocity, oil film thickness and rheological properties – 

excessive frictional forces within this broad regime. Traditional lubrication technologies, 

which provide thick oil to lubricate rubbing surfaces in internal combustion engines, are 

rapidly replaced by low-viscosity lubricants, because low-viscosity oils minimize the 

shearing force on rubbing surfaces. 

In summary, using the proper fluids to flow between contacting/rubbing surfaces reduces 

friction. Controlling the resistance force at the boundary lubrication regime requires special 

attention for fuel delivery and engine piston systems. Poor boundary lubrication causes 

significant fuel economy loss, accelerated surface material wear (removal), and even 

possible catastrophe resulting from mechanical failures [5, 7]. The sections (Sections 1.3 
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and 1.4) that follow provide an overview of current fuel and lubricating oil formulations to 

tackle problems related to friction and wear.  

1.3 Improving lubricity in fuel delivery systems 

Current regulations on engine emissions make it necessary to remove sulfur-, oxygen-, 

nitrogen-, and aromatic-derived compounds from diesel fuels [15]. As a result, commercial 

low sulfur diesel (LSD) fuel lacks lubricity [16] , causing problems in high pressure-high 

frequency fuel delivery systems (e.g., common rail injectors), such as severe surface 

abrasion, frequent fuel pump breakdown, inferior fuel injection, abnormal combustion 

behavior, and fuel economy loss [17]. In-depth insights into problems related to fuel 

lubricity loss could help us to formulate strategies that improve fuel deliveries and fuel 

economy.  

Renewable diesel fuel blends 

Diesel fuels in Europe require to be blended with at least 10% biofuels, with biodiesel 

being the most frequently adopted biofuel [18]. Biodiesel blending at such concentrations 

reportedly improves LSD lubricity [19–22]. Nevertheless, commercial biodiesels usually 

contain some free fatty acids from incomplete conversion processes [23], or synthetic 

antioxidants to improve their oxidative stability [24]. They can trigger unexpected – and 

rarely acknowledged – fuel lubricity problems. Consequently, it is imperative to resolve 

fuel lubricity performance relating to commercial biodiesel, or LSD blends involving more 

than a single additive.  

The chemical functionality of additive directs tribochemical reactions and determines the 

fuel lubricity gain or loss [25–27]. High degrees of unsaturation, long alkyl chain lengths, 

and fatty acid content are believed to play a significant role in enhancing fuel lubricity [25]. 
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Knothe et al. ranked the effectiveness of chemical functionalities containing oxygenated 

functional groups for fuel lubricity improvements [26]. These molecules improved 

lubricity by interacting with the moieties above and the contacting surfaces, initiating 

protective tribofilm growth, preventing metallic surface contact, and minimizing frictional 

forces and surface wear [27]. Nonetheless, the question of how FAMEs interact with other 

species (i.e., fatty acids, antioxidants, and other additives) remains unanswered [28]. 

Unexpected fuel lubricity loss using FAME fuel blends requires thorough understanding.  

Relationships between enhanced fuel lubricity and surface cleanliness 

Enhanced surface fuel lubricity could inversely correlate with surface cleanliness – the 

other crucial parameter for successful fuel delivery. Commercial types of diesel with higher 

sulfur contents usually have better lubricity [16]; however, Ashida et al. [29] noted that 

high sulfur content fuels (over 400 ppm) actually reduced the fuel flow rate by 3% within 

a few hours of operation as more deposits were produced. Similar behavior has been noted 

in biodiesel blends (i.e., commercial diesel blended with fatty acid methyl esters). They 

usually have superior fuel lubricity over conventional diesel fuel [25, 26, 30, 31], and 

demonstrate accelerated filter and injector fouling [32, 33]. This observation points directly 

to lack of cleanliness and increased deposit formation. 

Conversely, blending bioethanol with gasoline or diesel has resulted in superior cleanliness 

in fuel delivery systems [34, 35], but degraded fuel lubricity, as evidenced in the 

accelerated material wear rates of moving parts in fuel delivery systems [36, 37]. However, 

the rationale underlying this inverse relationship between fuel lubrication and cleanliness 

is lacking. Such understanding may help advance the design of fuel blends to adapt to 

modern fuel delivery systems. 
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Nanofluid diesel fuels 

Various additives have been designed, synthesized, and blended into fuels to improve 

physical, chemical, and tribological properties. In particular, carbon based nanofluid fuel 

applications could tackle all these problems simultaneously. Adding hundreds of ppm of 

graphitic nanomaterials to fuels reduces harmful emissions and fuel consumption rates in 

internal combustion engines [38–40]. This is because the blended carbon based 

nanomaterials enhance fluid mass and heat transfer when spraying nanofluid fuels in 

engine chambers [41, 42].  

Adding carbon-based nanomaterials to fuels may improve combustion characteristics as 

well as fuel lubricity [43–45]. Hou et al. demonstrated that adding 300 ppm of graphene to 

low-sulfur diesel improves fuel lubricity, reducing friction and wear by 24% and 30%, 

respectively [44]. Mujtaba et al. reported that fuel containing 100 ppm carbon nanotube 

has about 60% less measured wear scar [45]. Hydrocarbon fuels containing 0.1 to 1.0 wt% 

metal and metal oxide nanoparticles also showed good lubricity (e.g., ZnO [46], TiO2  [45], 

and MoS2 [46]). The reported friction and wear reductions range from 5 to 50 %, yet these 

inorganic nanomaterials required much higher blending ratios (thousands of ppm). The 

carbon-based nanomaterials need only hundreds of ppm for the blending. The proposed 

lubrication mechanisms [44–48] cannot explain why effective concentrations vary with 

different nanomaterials. Answering this question is crucial to selecting nanomaterials and 

optimizing lubrication performances with blending concentrations. 

In this Ph.D. dissertation thesis (Chapter 3), we deliberately selected fuel blends (i.e., 

biodiesel and diesel-ethanol blends) displaying unsatisfied lubrication performance in 

literature studies. Tribochemical reaction mechanisms understood from the lubrication 
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performance loss are applied for the design of diesel lubricity improvers. Finally, we 

conducted tribokinetic modeling study of tribofilm growth and material wear process. The 

observed lubrication performance improved by the addition of a specifically designed 

additive, which was also further studied by model results. 

1.4 Lubricant formulation and chemistry 

Commercial lubricating oils (e.g., engine oils, gear oils) contain multiple additives – 

including friction modifiers, anti-wear agents, viscosity improvers, pour point depressants, 

antioxidants, and detergents [9]. These can be categorized by their working site (interface 

and bulk), working mechanism (chemical and physical), and working function (tribo-

improvers, rheo-improvers, and maintainers), as seen in Table 1.  

Table 1. Classification of additives in commercial lubricating oils by working mechanisms and 

sites. 

Working mechanism Working site 

Interface Bulk 

Chemical Extreme pressure agent (EP) 

Anti-wear agent (AW) 

Friction modifier (FM) 

Antioxidant 

Detergent 

Physical Dispersant 

Anti-foaming agent 

Anti-emulsion agent 

Pour point dispersant (PPD) 

Viscosity modifier (VM) 

 

Maintainers help to extend the lifetime of lubricating oils and mechanical components; 

they can work either physically or chemically. For instance, antioxidants may act as radical 

scavengers, delaying the formation of oxidation or thermal degradation processes of 

applied lubricants. Dispersants trap degraded species and other contaminants (e.g., 

corrosive sludge and acids) in bulk, and detergents prevent them from accumulating on 

rubbing surfaces. Air or water bubbles may also be produced under the open-to-air 
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operation mode, leading to lubricant starvation at the contact and promoting autoxidation 

processes, therefore, anti-foaming and anti-emulsion agents are added to suppress this 

unwanted emulsion and separate contaminated water in the lubricant. 

Rheo-improvers (rheology-improving additives) enhance lubrication performance in the 

hydrodynamic regime. Viscosity modifiers (VMs) are key additives to control the fluidity 

of lubricating oil at different temperatures; they are continuously evolving to boost fuel 

economy in the transportation sector [8].  Effective VMs in engines can make the oil less 

sensitive to temperature changes and reduce shear-induced friction, as illustrated in Eq. 1. 

Pour point depressants (PPDs) further ensure the fluidity of lubricating oils at low-

temperature conditions (e.g., engine cold start-ups), avoiding the poor distribution of 

lubricating oil on sliding surfaces which occurs colder climates.  

Tribo-improvers (tribology-improving additives) are the most important additives in 

current commercial lubricant formulations. Friction modifiers (FM), anti-wear agents 

(AW), extreme pressure additives (EP) are also representative; they interact chemically 

with rubbing surfaces – including thermochemical reactions, mechanochemical reactions, 

and catalytic chemical reactions – as illustrated in Fig. 4. During the lubrication process, 

tribo-improvers help to form protective frictional species, polish damaged surfaces, and 

bear the applied load on sliding surfaces.  

Additives standing alone in base oils often effectively provide the designed functions, 

however, tribo-improvers, maintainers, and rheo-improvers can interact, both physically 

and chemically. One prime example is that given sufficient energy (from frictional forces), 

the detergent can deactivate the function of some additives by removing protective 

frictional species produced by the tribo-improvers [49].  
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Fig. 4. Classification of tribochemical reaction chemistry [9] 

 

Complex interactions among different additives thereby make effective commercial 

lubricant formulations particularly challenging. Until today, eliminating such unwanted 

interactions requires trial and error, which is very time-consuming and costly. One possible 

solution is the design of multifunctional lubricant additives and formulating commercial 

lubricants with a few multifunctional additives. The next section gives an overview of 

state-of-the-art of designs to address this problem.  

1.5 Quest for multifunctional materials: past, present, and future 

Utilizing multifunctional additives could solve lubricant formulation problems. For 

example, zinc dialkyldithiodiphosphates (ZDDPs) are known for their versatility in 

reducing friction, wear, and oil oxidations [50]. They enhance anti-friction/wear properties 

by producing metal-organic polymeric and glassy films on sliding surfaces [51]. ZDDPs 

also acted as radical scavengers in lubricating oils that inhibit the degradation of lubricating 

oil in internal combustion (IC) engines [9]. However, ZDDPs are a concern because of  

their limited service time and degraded species, which are hostile to engine exhaust 
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treatment systems [52]. Stringent regulations in the transportation sector have pushed the 

timeline for replacing ZDDPs blended in commercial lubricants [53–55]. 

Surface-modified nanoparticles (NPs) are attractive alternatives. They reduce direct 

metallic contacts by rolling on sliding surfaces and enable extraordinary load-bearing 

capacities [56–58]. For instance, blending tens to hundreds of ppm level NPs to commercial 

engine oils has improved engine thermal brake efficiency and decreased fuel consumption 

rates [38–40, 59–61]. In practical applications, NPs require surface modification to 

dissolve in non-polar, hydrocarbon-based oils. Surface modification of NPs prevents 

aggregations and leads to enhanced dispersion stabilities [62, 63]. Furthermore, other 

functionalities can be added to NPs with surface modifying agents [21], making them 

multifunctional lubricant additives. 

Polymeric materials also pertain to many molecular design possibilities and extend service 

time of lubricant applications [64–69]. Poly(alkyl methacrylates) (PAMAs), for instance, 

are utilized as viscosity improvers [25–27]; their molecular coil swelling prevents 

lubricants from thinning at higher temperatures, and aggregated PAMAs cause little oil 

thickening at lower temperatures. In addition, PAMAs (co)polymers can produce 

condensed polymeric films that protect rubbing surfaces; they are formed by enhanced 

interactions between the designed chemical functional groups and metallic surfaces [55]. 

Advanced molecular designs with different monomers [64], topologies [65], and chemical 

functional groups [66] can enhance effectiveness as lubricant additives. Their advantages 

encourage further design of multifunctional polymeric materials.  

This review describes why potential multifunctional lubricant additives have been 

rigorously explored, and are able to integrate all functions in just one molecule [9]. 
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However, there are two constant challenges to the design of all-in-one multifunctional 

lubricant additives: The inevitable intermolecular (molecule-to-molecule) interactions of 

formulating multifunctional lubricant additives may deactivate the function provided by 

other additives.  The other issue arises from intramolecular (within molecules) interactions 

that cancel the designed functionality, which can be clarified in an analogy of 

intermolecular interactions of small molecule-based additives in commercial fuel blends 

composed of complicated hydrocarbon mixtures [70].  

In Chapter 4, we designed two lubricant additives a) polyether block copolymers and b) 

gallic acid ester modified titanium oxide nanoparticles. The polyether block copolymers 

demonstrate the potential of combining different building blocks for the design of 

multifunctional lubricant additives. Gallic acid ester was selected for surface modification 

on nanoparticles. The surface modified nanoparticles are investigated for understanding 

their suitability to be blended in current commercial engine oils containing ZDDPs. The 

next section identifies an analytical approach that can be used for studying additive 

interactions of state-of-art lubricant additive designs.  

 

1.6 Approaching hidden interfacial phenomena of oil and fuel lubrication 

 

Fig. 5. Illustration of the electrical contact resistance measurement on oil-lubricated surfaces 
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Friction modifiers reduce contact-induced friction with a protective film formation on 

sliding surfaces [14]. The thickness of boundary films can be estimated by optical 

interferometry [71] or electrical contact resistance [50]. However, the optical 

interferometry setup requires a transparent window to pass light, limiting their applied load 

ranges and contact pair configurations; consequently, many studies have incorporated 

electrical contact resistance (ECR) measurements to understand film formation capabilities. 

The ECR measurement technique derives from the work of Bowden and Tabor in 1939 

[72]. In 1955, Wilson et al. measured ECR values in different metallic contact pairs and 

suggested larger contact areas with micro asperities [73]. In 1961, Furey et al. extended 

this concept to study oil lubrication performance blended with different ZDDPs [74]. In 

1979, Tonck et al. constructed a mathematical model to link the measured ECR values with 

grown frictional species [75]: 

𝐸𝐶𝑅 = [∑
1

ECRi
Ni

]
−1

                                                            (4) 

where ECR is measured electrical resistance values, Ni is the amount/thickness of species 

i, and ECRi is the ECR of species i, which depends on the material conductivity. By 

measuring ECR values of oil-lubricating surfaces. It is possible to extract the quantitative 

information about boundary film evolution on sliding surfaces and relate it with 

predetermined lubrication performances [71].  

ECR analysis results could clarify how lubricating oils grow boundary films from the 

addition of different additives. Studies include examining oil lubricating performances as 

blended with functionalized polymeric materials [66, 76], ionic liquids [77], nanoparticles 

[78], and ZDDPs [79]. Bapat et al. applied ECR measurements to track the tribofilm 

formation resulting from blending ionic-liquid functionalized poly(alkyl methacrylates) 
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into oils [66]. Viesca et al. discussed how ECR measurements can indicate tribofilm growth 

as lubricated by ionic liquid oil formulations [77]. Zhang et al. studied the ECR value 

changed upon adding copper nanoparticles on oil lubricating surfaces [78]. Based on ECR 

measurement results, Yamaguchi et al. suggested that the molecular chemistry of ZDDPs 

played a crucial role in determining tribofilm growth rates and lubrication performances. 

The ECR analysis tool was further applied to control boundary film growth patterns and 

contact-induced friction [76].  

In recent studies on fuel lubrication systems, ECR analysis also rapidly unraveled long-

hidden interfacial phenomena related to lubricity performances [31, 70, 80–82]. When 

blending specific compounds with diesel fuels, Anastopoulos et al. identified the 

correlation between greater ECR values measured and better fuel lubricity performances 

[31, 81]. Uchôa et al. tested glycerin-emulsified diesel fuels for their fuel lubricity 

performances and monitored their ECR values to indicate the tribofilm growth [82]. Hong 

et al. correlated fuel lubricity loss to ECR patterns upon adding multiple oxygenated 

compounds [70]. With ECR experimental and modeling analysis, Shaigan et al. revealed  

the multi-layer tribofilm structure produced by different lubricity improvers in diesel fuels 

[80].  

To summarize, the ECR analytical approach could help clarify lubrication problems in fuel 

and engine oil formulations. The complex additive interactions were revealed with 

measured ECR values, revealing underlying antagonisms or synergisms.  
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1.7 Dissertation overview 

This thesis examines tribochemical reactions of different hydrocarbon mixtures including 

fuel and engine oil formulations. The experimental setup and methodologies are outlined 

in the next chapter (Chapter 2). Chapter 3 investigates fuel lubrication systems composed 

of multiple hydrocarbons and fuel additives. We first study fuel lubricity loss problems in 

a) oxygenated diesel fuel mixtures and b) diesel-ethanol fuel blends. From their lubrication 

behaviors, we design carbon-based nanofluid fuel mixtures to improve lubrication 

performance. The lubrication mechanism is further elaborated by tribokinetic model and 

numerical analysis on measured electrical contact resistance, friction, and wear parameters. 

Chapter 4 outlines strategies applied to design inorganic nanomaterials and polymeric 

materials for engine oil applications. The goal is to solve additive blending issues faced by 

the lubricant industry – interactions among blended tribo-improvers, rheo-improvers, and 

maintainers. In addition, we discuss state-of-art lubricant additive designs and their 

limitations as multifunctional lubricant additives. Chapter 5 concludes this dissertation 

thesis and makes recommendation on possible future work.  
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Chapter 2 

2. Experimental setup and methodologies  

This chapter details experimental setup and apparatus for studying lubrication phenomena 

related to fuel (Chapter 3) and engine oil (Chapter 4). The tribochemical reaction 

mechanisms in different hydrocarbon fluid mixtures were investigated following three 

steps: 1) determining lubrication performances, 2) resolving tribofilm growth kinetics, and 

3) analysis of produced chemical species on rubbed/lubricated pairs.  

2.1 Experimental setup for studying lubrication performances 

 

Fig. 6. Illustration of Optimol SRV®5 ball-on-disk linear reciprocation test configuration  

 

Fig. 6 displays the setup used here to study fuel and oil lubrication performance. The 

experiments were conducted in a standardized tribological testing system, using the 

Optimol SRV®5, which is compatible with several ASTM, ISO, and EN standards [83]. 

The reasons for adopting ball-on-disk test configuration are in three folds: a) pertaining 

Hertz contact model for studying boundary lubrication performances of formulated 

hydrocarbon fluids mixtures, b) ensuring flexibility of adjusting contact pressures from 
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hundreds to thousands MPa suitable for fuel and engine oil lubrication studies, and c) ease 

of testing different hydrocarbon fluid mixture in this configuration.  

The setup and general experimental procedures are summarized as follows:  

● All components installed in the Optimol SRV®5 were electrically driven – including a 

piezoelectric friction force sensor, electrical resistance sensor, temperature sensor, 

loading and heating units. 

● About 50 µL lubricating oil or fuel was placed between ball and disk (i.e., ball-on-disk 

linear reciprocation system). 

● The test parameters (i.e., load, temperature, and sliding speeds) were set, measured, 

and transmitted to the computer interface. 

● The test run began automatically after reaching temperature and load equilibrium and 

ended after finishing the programmed test. 

● The test run was automatically terminated when passing the programmed friction or 

temperature cutoff values; this safety measure was controlled by safety electric circuits. 

2.2 Definition of tribological parameters 

Applied load, temperature, and sliding speed are further defined as follows. Applied Load 

denotes the vertical force being applied to the upper specimen during the test. This 

tribological testing system allows test force increments of 25 N/s (equivalent to 1500 

N/min). Applied Temperature is measured at the heating unit (just below the lower 

specimen). Sliding speed is the product of linear reciprocation frequency and twice the 

stroke length.  
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Fuel and oil lubrication performances was determined in the boundary lubrication regime 

(lambda ratio ranging from 0.00 to 0.87) [11]. This was verified using the equation as 

follows: 

𝜆 = ℎ𝑚𝑖𝑛(𝑅𝑞,𝑏𝑎𝑙𝑙
2 + 𝑅𝑞,𝑑𝑖𝑠𝑘

2 )1/2                                                 (5) 

where λ is the lambda ratio, hmin is the minimum film thickness, Rq1 and Rq2 are the root 

mean square roughness of the ball and disk. The film thickness as imaged by electronic 

microscope was less than 0.1 μm. The test specimens utilized were DIN 51834 stainless 

steel and polished to a surface roughness Rz of 0.50 to 0.65 μm.  

The Hertzian contact pressure (corresponding to initial contact pressure in Table 2) was 

determined as follows. 

𝑎 = (3𝐹𝑁𝑅 4𝐸∗⁄ )
1

3                                                (6) 

𝑃𝑐 = 𝐹𝑁 2𝜋𝑎2⁄                                                        (7) 

where Pc is the Hertzian contact pressure (MPa), R is the radius of stainless-steel ball (m), 

FN is the applied normal load. The reported hardness of stainless-steel balls is 58 to 62 

HRC and that of the counterface disk was 740 (HV30 scale). Both ball and disk test 

specimens had a Young’s modulus (E) of 210 GPa and Poisson’s ratio (υ) of 0.265, yielding 

the effective Poisson ratio (E*) of 113 GPa.  

The measured coefficient of friction (CoF) is given as: 

𝐶𝑜𝐹 = 𝐹𝐻 𝐹𝑁⁄                                                         (8) 

where FH is the frictional force produced horizontally on the rubbing surfaces. The 

frictional force was measured by a piezoelectric sensor installed in the tribological test rig. 
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Table 2. Test parameters for studying different fuel and oil lubrication systems in a tribological 

test rig (Optimol SRV®5). 

Test parameters Fuel lubrication system Oil lubrication system 

Diameter (mm) 10 10 

Load (N) 5 50/100 

Initial contact pressure (Mpa) 802 1705 

Temperature (ºC) 25/60 50 

Stroke (mm) 1 1 

Frequency (Hz) 50 25 

Test duration (min) 75 30 

Table 2 summarizes test parameters for the study of fuel and oil lubrication systems. The 

experimental setup was modified from the ASTM D6079 standard for fuel lubrication 

studies. Tests are performed under a controlled load at 5 N, sliding speed at 100 mm/s, and 

surface temperature at 25/60 ºC for 75-minute linear reciprocations. The specified test 

parameters were intended to simulate operating conditions of high-pressure-and-high-

frequency diesel fuel delivery systems. Higher contact pressures applied here allowed us 

to discriminate the lubrication performance of different fuel mixtures in 75-minute test 

period [83]. For volatile fuels, their evaporation issues can be minimized by controlling the 

test temperature at 25 ºC. 

For the oil lubrication system, experimental investigations were evaluated under a 

controlled load at 50/100 N, the surface temperature at 50 °C, and sliding speed at 50 mm/s 

(corresponding to 1 mm, 25 Hz stroke) for 30-minute ball-on-disk linear reciprocations. 

The test parameters were applied to replicate the lubrication behavior of engine cold startup, 

where surface temperature and sliding speed are relatively low. The lubrication 

performance was determined at boundary lubrication regime where mean sliding speed was 
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relatively low (lambda ratio ranging from 0.00 to 0.87) and initial contact pressure was 

high as shown in Table 2.  

2.3 Measurement of tribofilm growth on rubbing surfaces 

The dynamics of frictional product formation on rubbing surfaces are indicated by the 

evolution of ECR values (as a function of time). The measured ECR values can be utilized 

to estimate the quantity of tribofilm produced by the lubricating oils or fuels on rubbing 

surfaces, as illustrated in Eq. 4 [75].  

In Fig. 6, the applied adjustable electrical current (from ±1uA to ±250mA) yielded a 

maximum voltage at 3.5 V and a reference ECR at 140 mΩ when no load was applied. 

ECR below 140 mΩ indicated complete metal-on-metal contact. ECRs above 140 mΩ 

suggested the presence of electrically-insulating species (frictional products or oil films) 

between the contacting surfaces. Uncertainties at the start of ECR measurements resulted 

from the surface roughness of ball-on-disk contact pairs (0.50-0.65 μm Rz), which 

measured at around 20 mΩ [4].  

The tribofilm growth rates (ktribofilm) can be further expressed by time-evolution ECR values 

as follows: 

𝑘𝑡𝑟𝑖𝑏𝑜𝑓𝑖𝑙𝑚 =
dECR

𝑑𝑡
                                                   (7) 

The tribofilm growth rates (ktribofilm) estimated from measured electrical contact resistance 

(ECR) were used to compare wear rates at different tribofilm growth stages. The initial 

hypothesis was that slower tribofilm growth rates lead to higher rates of surface material 

wear. In Chapter 3, this dissertation validates that hypothesis; Chapter 4 applies 

synthesized insights to design multifunctional lubricant additives.  
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2.4 Study of surface material wear evolution 

The anti-wear performances of various lubricants were evaluated by the size of wear tracks 

produced on rubbing pairs (ball and disks). In this dissertation, the wear volume (VBall) of 

rubbed balls was selected as the indicator. The ball wear volume was calculated by:  

𝑉𝑏𝑎𝑙𝑙 =
𝜋ℎ

6
(

3𝑑2

4
+ ℎ2)                                                         (8) 

ℎ = 𝑅 − √𝑅2 −
𝑑2

4
                                                             (9) 

where d is the ball wear scar diameter, and R is the ball radius. Wear scar diameters of 

rubbed balls were measured using an optical microscope (10×, Zeiss Merlin). The 

measurement of ball wear scar meters was conducted per ASTM D7755-16, which 

specifies standard practice for determining the wear volume on standard test pieces used 

by a high frequency and linear oscillation (SRV) test machine. The wear rates of rubbed 

balls (kwear) were further determined by: 

𝑘𝑤𝑒𝑎𝑟 = Vball 𝐹𝑁𝑆⁄                                                    (10) 

where FN is the normal load, and S is the sliding distance.  

2.5 Surface analysis of produced frictional species 

Before any surface analysis, all tested pairs (rubbed balls and disks) were gently rinsed 

with hexane and ethanol (reagent grade, purchased from Sigma-Aldrich) to remove the 

lubricated/aged oils. The solvent washed pairs (rubbed balls and disks) were dried with a 

nitrogen purge to remove any remaining solvents (hexane and ethanol).  

The chemical species on produced wear tracks (rubbed disks) were studied using a Raman 

Spectroscopy (WITec Apyron Raman/PL), coupled with a cobalt-source visible light (473 

nm) in a precise light intensity (20 mW). The selected light source and intensity was 



42 

optimized to minimize chemical composition change of produced frictional species. The 

spectra were collected from 200 cm-1 to 3000 cm-1 with 1800 cm-1 grating, five second 

integration, and three spectra accumulations. Three spectra were collected from random 

spots on the wear tracks; they were utilized to indicate steady state chemical composition 

profiles generated from different fuel or oil lubricated surfaces. An increased number of 

Raman spectra sampling on different spots could further improve the accuracy of 

quantifying chemical composition profile of frictional species produced by tribochemical 

reactions of different hydrocarbon fluid mixtures. 

Surface chemistry and morphology analysis for different lubricant formulations is 

described as follows: Tribofilm thickness and elemental profiles were analyzed 

horizontally and vertically (by cross-section). The horizontal tribofilm elemental profiles 

were analyzed on produced wear tracks using an SEM (Zeiss Merlin), coupled with the 

energy dispersive X-ray spectroscopy (EDS, Oxford Instruments). Wear tracks produced 

on rubbed pairs were focused under the determined working distance using 12 KeV 

electron high tension and 2 nA probe current, and covered with protective platinum (ca 0.5 

µm) using a microscopy pen, followed by electron beam deposition to form a protective 

platinum layer. Subsequently, the wear track produced was lifted 10 mm by a gallium ion 

source using the Helios focused ion beam (FIB). The tribofilm thickness and elemental 

mapping were analyzed using a transmission electron microscope (TEM) coupled with 

EDS.  
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Chapter 3 

3. Lubrication mechanisms in complicated diesel fuel blends 

 

Fig. 7. Studying boundary lubrication problems in a complicated fuel lubrication system  

 

Mechanical components of the fuel delivery systems were designed to bear high pressures 

in extreme environments including fuel pumps or injectors. Nevertheless, they were not as 

resistant to friction and wear due to the removal of sulfur compounds or the introduction 

of oxygenated species. The content of this chapter is partly reproduced from our previous 

work. The topics are outlined as follows. 

 Understanding the fuel lubricity loss mechanism with the addition of multiple 

oxygenated molecules in diesel fuel (Chapter 3.1) [70]. The goal of this preliminary 

study is to identify the relationship between ECR values and the determined lubrication 

performance loss. 

 Studying the inverse relationship between lubricity loss and surface cleanliness in 

ethanol-diesel fuel blends (Chapter 3.2) [84]. This work further elaborates possible 
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tribochemical reaction mechanisms of the fuel lubricity loss observed in ethanol-diesel 

fuel mixtures. 

 Investigating enhanced lubrication performance with carbon-based nanomaterials in 

ethanol-diesel fuel blends (Chapter 3.3) [85]. We formulate strategy to enhance 

lubrication performances based on knowledge gained from studies of fuel lubricity loss 

in biodiesel (oxygenated) and diesel-ethanol fuel mixtures. The tribokinetic model is 

further built to understand underlying tribochemical reactions in prepared carbon-based 

nanofluid fuel mixtures.  

3.1 Diesel fuel lubricity loss with the addition of multiple oxygenated species 

Backgrounds 

Currently, diesel fuels are formulated as biodiesel mixtures. The main biodiesel 

components are palmitic, stearic, and oleic acid methyl esters, known as FAMEs (fatty acid 

methyl esters). For this work, lauric acid methyl ester (LME) was selected as the surrogate 

for larger FAMEs typically found in biodiesel. Fuel lubricity performance was examined 

when LSD was mixed with biodiesel containing other oxygenated additives.  

Catechol Propyl 

gallate 

Tert-butyl 

hydroquinone 

Butylated 

hydroxytoluene 

    

Fig. 8. Molecular structures of common antioxidants and CA, a surrogate for synthetic antioxidants  

 

Surrogates were chosen to represent biodiesel and thereby improve our understanding of 

intricate interactions with different additives. LME was selected as the surrogate for 
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biodiesel FAMEs [86, 87]. LME characterize linear, normal, medium-size alkyl chain 

without involving double bonds (e.g., methyl oleate) that could lead to other complex 

tribochemical reactions [27]. Also, utilizing LME as the blending agent made it possible to 

narrow the study of chemical interactions within the oxygenated moiety of FAMEs – 

namely, the ester functional group.  

The short-chain fatty acid, hexanoic acid (HA), was applied; its addition could degrade 

LSD lubricity [88, 89]. Catechol (CA) was selected as the surrogate for synthetic 

antioxidants present in commercial biodiesel, such as propyl gallate, hydroxyltoluene, and 

tert-butyl hydroquinone [90]. CA represents the synthetic antioxidant in biodiesels because 

it consists of a phenyl ring as well as multiple hydroxyl groups, as shown in Fig. 8. Another 

reason for choosing CA as the surrogate was that it eliminates the complexity of alkyl chain 

length and other possible structural effects. In brief, this study seeks to interpret the fuel 

lubricity loss problem with the following LSD blends: (a) LSD with LME, (b) LSD with 

LME and HA, and (c) LSD with LME and CA. Their tribofilm formation capabilities were 

studied to relate their fuel lubrication performance determined with experimental setup 

illustrated in Chapter 2. 

Fuel matrix and test configuration 

U.S. No.2 low sulfur diesel (LSD) was selected as the base fuel for the representation of 

commercial fuel blends. A commercial low sulfur diesel (LSD) without oxygenated species, 

such as FAMEs, was obtained from Coryton Advanced Fuels. Certification for the LSD 

used in this work can be found in Table A1 in the Appendices. While LSD may already 

contain some compounds that improve fuel lubricity, it can be expected that the trend of 
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fuel lubricities summarized in this work followed the same behavior as determined by 

ASTM D6079 standard. 

Table 3. Composition of fuel blends used in this study 

Blend LSD (wt%) LME (wt%) HA (wt%) CA (wt%) 

LSD 100 - - - 

LME10 90 10 - - 

LME9HA1 90 9 1 - 

LME7HA3 90 7 3 - 

LME9CA1 90 9 - 1 

LME7CA3 90 7 - 3 

 

All the chemicals used (lauryl methyl ester (LME), catechol (CA), hexanoic acid (HA)), 

were reagent-grade, purchased from Sigma Aldrich. Blends with LSD were prepared in 

weight percentages, as shown in Table 3. The total additive wt% of any combination was 

maintained at ten percent to realistically mimic fuel blend regulations [8]. The blends were 

all sonicated for three minutes at 50℃ and tested as prepared.  

This study investigated how commercial LSD behaved after the addition of oxygenated 

species, as listed in Table 3. LSD fuel lubricity was first determined by measuring ball 

wear scar diameters, as per methodologies specified in ASTM D6079 and EN ISO 12156-

1 standards. This exercise also determined lubricity in a more specific manner by 

characterizing multiple surface parameters of the wear track on disks. ECR measurement 

results were further related with the severity of wear generated from different blends. 

Fuel lubricity performance of ternary fuel blends 

Performance tests were conducted at two different pressures: 802 MPa and 837 MPa, which 

replicated diesel injection pressures as per ASTM D6079. Fig. 9 summarizes the contact 

pressure effects on fuel lubricity performance from various fuel blend tests. The surface 
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parameters measured can be found in Table A2. Generally, increasing contact pressure 

generated more wear tracks on the contacting disk, which resulted in increased in surface 

parameters, including wear track length, width, depth, Ra and RMS. Fuel lubricity 

performance trends among the different blend tests over the range of 802 MPa to 837 MPa 

were similar and did not vary as a function of contact pressure, as shown in Fig. 9a and b.  

 

Fig. 9. Surface parameters of LSD, LME10, LME9HA1, LME7HA3, LME9CA1, and LME7CA3 

measured at (a) low contact pressure (10 mm ball), (b) high contact pressure (15 mm ball) as 

characterized by Optimol SRV® 5 and Zygo NVP7300 Optical Profilometer 

 

For the LME10 blend, the resulting wear track length decreased at low contact pressure, 

but other parameters such as width, depth, Ra, and RMS increased overall, as shown in Fig. 

9a and b. Thus, the fuel lubricity of LSD is not necessarily improved by the addition of a 

medium-size chain FAMEs, under the experimental conditions used. This finding agrees 
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with the report of Knothe et al. [91], in which fuel lubricity did not improve as significantly 

when blended with LME, compared to a mixture with a longer chain, or unsaturated 

FAMEs. 

 However, the presence of HA in the LME/LSD blend increased wear track length, width, 

depth, Ra, and RMS at both low and high contact pressures, although a minor decrease in 

the wear track length at low contact pressure (802 MPa) was observed. From the 

observation of LME/HA blend tests over the range of 802 MPa to 837 MPa, increasing the 

concentration of HA in LME/LSD caused more fuel lubricity loss. Moreover, Fig. 9a and 

9b show that, upon the addition of CA to the LME/LSD blends, CA degraded fuel lubricity, 

and there were more significant rises in length, width, depth, Ra, and RMS in comparison 

to the addition of LME or HA/LME in LSD.  

Lastly, as shown in Fig. 9b, LME7CA3 showed a significant reduction in wear with 

increasing contact pressure, which contradicted the wear behavior of other blends. This 

phenomenon may be due to specific stress assisted chemical reactions that facilitate the 

production of a protective tribofilm [92].  

The following sections analyze the amount and kinetics of frictional products generated 

from rubbing different fuel blends, and examine the chemical details of friction species 

produced on the wear tracks, linking them with measured fuel lubricity performance. 

Finally, possible tribochemical reaction mechanisms are proposed to examine fuel lubricity 

loss on the formulation of multiple oxygenates in LSD. 

Analysis of electrical contact resistance curvatures 

Fig. 10 demonstrates the ECR behaviors of LSD and with the addition of multiple 

oxygenated compounds. LSD had a characteristic short ECR rise delay, sharp ECR rise at 

a certain point, and then ECR value saturation. The zig-zagged ECR curvatures indicate 
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the transient and inhomogeneous surface morphology [74]. The normalized ECR values 

from Fig. A1 can be regarded as the film (%), usually referred to in fuel lubricity studies 

[26, 91]. Fig. A1shows that measured ECR values range from 0.4 Ω to 1.5 Ω, much lower 

than those values (range from 1 Ω to 10 MΩ) as tested in anti-wear agent formulated 

lubricants [74, 75, 79]. Such low ECR values could justify the common belief that fuel 

lubrication happens at the boundary lubrication regime where frequent micro-asperity 

contacts occur [93].  

 

Fig. 10. ECR curves of LSD and LME10 with (a) LME9HA1, LME7HA3, (b) LME9CA1, and 

LME7CA3, measured during ball-on-disk reciprocations using Optimol SRV® 5 

 

The addition of LME, HA, or CA to LSD caused an ECR value reduction or a delay in the 

ECR rise rate. The addition of LME produced similar ECR rise rates and values at steady 

states. In the following analysis, the ECR curves of LSD and LME10 served as a reference 

to compare against those generated by other blend tests. In Fig. 10a, the ECR curves of 

LME9HA1 and LME7HA3 showed similar shapes with a minor delay in ECR rise 

compared to the curvature of LSD and LME. Blending 1 wt% and 3 wt% HA caused 

significant reductions in final ECR values from about 1.5 Ω (steady-state value of LSD and 
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LME10) to 1.0 Ω. The features of such curves suggested that the protective tribofilm still 

develops over 4,500-second ball-on-disk sliding, but the addition of HA causes more 

metallic contacts thanLSD and LME.  

Fig. 10b shows that the ECR curves resulting from the addition of CA to LME/LSD were 

significantly different from those in Fig. 10a. The addition of CA to LSD extended the 

induction period of ECR rise, from about 250 s (LSD and LME10) to 1250 s (LME9CA1) 

and even much longer without seeing an apparent ECR escalation (LME7CA3). Such 

findings could suggest inhibiting effect of CA on the formation of the protective tribofilm 

in pure LSD and in the LME/LSD blend.  

As understood from ECR curves in Fig. 10 and fuel lubricity performances in Fig. 9, it was 

surmised that decreases in the amount, or rate, of wear-resistive product formation 

(tribofilm) can be translated into fuel lubricity degradation, while the amount of wear-

resistive product can be linked to measured ECR values, as illustrated in Eq. 4 [75]. The 

measured ECR as a function of time can be linked to the rate of wear-resistant product 

formation from Eqs. 4 and 7, as follows. 

𝑑𝐸𝐶𝑅

𝑑𝑡
=

1

𝑑𝑡
[∑

1

𝑅𝑖
𝑁𝑖

]
−1

                                                   (11) 

Chemical Composition Profiles on the Wear Tracks 

Fig. 11 unravels the chemical composition profiles of wear tracks on the contacting surface 

after ball-on-disk reciprocation. The Raman spectra showed that different blends generate 

different surface frictional products on the wear tracks. Two characteristic surface 

morphologies – the dark area and the bright area – can be seen in Fig. 11a. The protective 

tribofilm Raman spectra for LSD are shown in Fig. 11d and were in agreement with 

Crockett’s report [83]. More specifically, the dark area had the following Raman shifts: 
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 The iron oxides spectra corresponded to the peaks at 295 cm-1, 408 cm-1, and 672 cm-1 

(blue-dashed lines). Specifically, the peaks at 295 cm-1 and 408 cm-1 were caused by 

the presence of hematite (α-Fe2O3), while the other kind of iron oxide, magnetite 

(Fe3O4), can be assigned to be the peak at 672 cm-1 [94]. Note that the peaks 

characterized by hematite  could not be seen due to the increased intensity in a broad 

range of spectrum from 250 cm-1 to 500 cm-1. 

 The spectra labeled at 1350 cm-1 and 1580 cm-1 (red-dashed lines) were assigned to the 

amorphous carbons. The peak at 1350 cm-1 indicated the presence of disordered 

graphite (D-mode), and the peak at 1580 cm-1 was attributed to the in-plane bond 

stretching motion of carbon sp2 atoms (G-mode), characterized by six-membered 

aromatic rings [95].  

 

Fig. 11. (a) Topography of wear track at 5× and 50× bright-light microscope view; Raman spectrum 

of dark area obtained at (b) low contact pressure (802 MPa) test;(c) high pressure (837 MPa) test; 

bright area obtained at (d) low contact pressure (802 MPa) test;(e) high pressure (837 MPa) test 
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Comparing the spectra obtained from the bright area (Fig. 11d and 11e) with those from 

the dark area (Fig. 11b and 11c) revealed that the dark area spectra show reduced intensities 

characterized by iron oxides peaks at 672 cm-1, 408 cm-1, and 295 cm-1 and amorphous 

carbons at 1350 cm-1 and 1580 cm-1. Fig. 11d and 11e showed small differences in the 

chemical composition profiles for LME9HA1, LME7HA3, and LME9CA1 blend tests. 

The new peak occurring at 1556 cm-1 may be attributed to the incomplete tribochemical 

reaction for amorphous carbon formation directed by LME. The peak characterized by 

magnetite at 672 cm-1 was shifted, in much the same fashion as in the dark area of the 

LME7CA3 blend test in Fig. 11b. This characterization could suggest that the intermediate 

ferrous-organic complex [96] must have formed before transforming into complete 

magnetite and amorphous carbons, as shown in Fig. 11b and 11c.  

Fig. 11b shows that the peaks characterized by different types of iron oxides at 295 cm-1 

and 408 cm-1 were eliminated by the addition of LME to LSD. Meanwhile, the shoulder 

peak occurring at 554 cm-1 can be attributed to maghemite (γ-Fe2O3) [97]. The elimination 

of the iron oxide peak and the presence of the maghemite peak could be associated with 

the tribochemical reaction pathways directed by the presence of LME, namely, the 

formation of iron soaps and/or organics as promoted by the stress-induced reactions related 

to esters [27]. The spectra of LME10 shown in Fig. 11b and 11c demonstrate that the 

chemical composition profile dod not vary as a function of contact pressure.  

Upon adding HA to LME/LSD, the shoulder peaks characterized by maghemite (γ-Fe2O3) 

disappeared and other peaks characterized by other iron oxides at 295 cm-1, and 408 cm-1 

appeared again with enhanced intensity. Herein, the appearance of hematite can link with 

the fuel lubricity loss, as shown in Fig. 9. Lastly, comparing the Raman spectra in Fig. 11b 
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and 11c, increasing the contact pressures did not significantly change the Raman 

fingerprint profiles from HA blend tests. 

In Fig. 11b and 11c, blending CA with LDS/LME resulted in different frictional products 

at different CA concentrations. As shown in Fig. 11b, at low contact pressure, both 

LME9CA1 and LME7CA1 blend tests increase spectra intensity at 295 cm-1 and 408 cm-1, 

which can be attributed to hematite. As compared to LME10, the results for LME9CA1 

and LME7CA3 in Fig. 11b show that amorphous carbons fingerprints were eliminated, 

magnetite peak at 672 cm-1 shifts, and new peaks occurred at around 510 cm-1 and 800 cm-

1, which can be assigned to the magnetite-catechol complex [96, 98]. In Fig. 11c, the wear 

tracks generated from higher contact pressures (837 MPa) had similar tribofilm chemical 

composition profiles to the ones obtained at low contact pressures (802 MPa) as shown in 

Fig. 11b. Except for LME7CA3, peaks characterized by amorphous carbons are enhanced 

in Fig. 11c compared to Fig. 11b. On the contrary, the peaks possibly characterized by the 

iron-catechol complex (at ca. 510 cm-1 and 800 cm-1) are reduced in Fig. 11c compared to 

Fig. 11b. This result could explain why higher contact pressure in the LME7CA3 

performance test resulted in higher lubricity, as shown in Fig. 9. 

It is interesting that LME7CA3 at low contact pressure prevented the formation of 

magnetite, as shown in Fig. 11d. Meanwhile, the magnetite occurred again under high 

contact pressure in Fig. 11e. This phenomenon indicates that the formation of magnetite 

and transition from iron-catechol complex to wear-resistive products required overcoming 

specific energy barriers. Such tribochemical reactions prevailed by obtaining thermal and 

mechanical energy during high-frequency-high-pressure reciprocations. Indeed, the 

tribochemical reaction has chemical kinetics similar to the Arrhenius type as follows [99].  
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𝑘𝑡𝑟𝑖𝑏𝑜 = 𝑘0exp (
−𝐸𝑎𝑐𝑡+ 𝑉𝑎𝑐𝑡

𝑘𝐵𝑇
)                                                (12) 

where k0 is the pre-exponential factor that related to collision efficiency, Eact is the thermal 

activation energy,  is the contact shear stress, Vact is the activation volume, kB is the 

Boltzman constant, and T is the temperature of contacting materials. 

Thus, based on the findings in Fig. 9 and Fig. 11, we suggest that two major pathways 

constitute fuel-lubricity-associated tribochemical reactions:  

 surface wear, where surface iron or iron oxides are removed [100];  

 surface protection, where wear-resistive frictional products are formed [101].  

In brief, fuel lubricity was varied by the difference in the sum of surface protection 

(lubricity gain) or wear (lubricity loss).  

Discussions on fuel lubricity loss mechanisms 

The ECR curves observed in Fig. 10 were similar to the tribofilm growth kinetics observed 

in lubricants where fatty acids, ZrO2 nanoparticles, or ZDDPs were used as the anti-

friction/wear additive [79, 102]. These ECR analyses and results allowed us to draw kinetic 

analogies between the aforementioned lubricant additives and those at hand in this study. 

When evaluating the tribofilm of ZrO2 nanoparticles, the steps for tribofilm growth consist 

of induction, nucleation, linear growth, and saturation. Utilizing the ECR method to 

estimate the film growth of ZDDPs showed that it had a certain induction period followed 

by a rapid rise in ECR values [79].  Similar to that, and based on the collective results of 

this work, the formation of frictional products, or the degree of film development could 

proceed with the following steps, illustrated in Fig. 12: a) adsorption of HA or CA, b) 

intermediate formation, c) tribofilm growth, and d) saturation. In Fig. 10, the ECR curves 
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demonstrate how the presence of other additives in LSD/LME delayed the induction of 

tribofilm growth (in the case of HA), or inhibited the tribofilm growth altogether (in the 

case of CA), both of which related to the fuel lubricities produced. 

 
Fig. 12. Proposed four steps involved in tribofilm formation in LME/LSD: (a) adsorption of HA or 

CA, (b) induction, (c) tribofilm growth, and (d) saturation.  

 

If any of the steps in Fig. 12 were affected, lubricity loss upon the addition of multiple 

oxygenated compounds can be observed. Note that the adsorption of additives must occur 

before the sliding as each test began with a five-minute delay after the temperature is 

stabilized. Three potential explanations for this behavior can be considered. The first 

explanation for the fuel lubricity loss may have been the occurrence of competitive 

adsorption in step (a) of Fig. 12, where adsorption rates of oxygenated compounds, such 

as CA and HA, are faster than that of LME, resulting in a delay of the rise of ECR values. 

In other words, the competitive adsorption between LME and CA or HA limited the sites 

on the metallic surface that were available for LME to initiate its subsequent tribofilm 

growth, causing the delay in the rise of ECR values. This behavior was similar to the ECR 

measurements obtained when testing a binary blend of ZDDPs and over-based detergents, 
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which resulted in a more extended induction period for the ECR value rise due to their 

adsorption of the over-based detergent [103]. 

Additionally, the adsorption of undesired additives resulted in the extension of the 

induction period (i.e., step b in Fig. 12), causing more wear product formation on the 

contacting surface, such as iron oxides (Fe2+ and Fe3+), as provided by the Raman 

spectroscopy characterization results in Fig. 11. Although this work did not investigate the 

ternary blend of LME/HA/CA, it can be expected that, by considering the adsorption rates, 

CA could occupy the majority of the surface sites, which leads to ECR rise delays and 

subsequent ECR value reductions. 

The second hypothesis for the fuel lubricity loss could be the tribofilm growth inhibition 

effect caused by the added oxygenated compounds to LSD. The ECR curves (Fig. 9) of the 

HA and CA blends suggest that tribochemical reactions for tribofilm growth took place 

after the induction period. If the tribofilm growth (i.e., step c in Fig. 12) is affected by the 

unreactive additive (for instance, CA), fuel could experience significant lubricity loss as 

observed in the fuel lubricity results. Essentially, the inhibition effects translate into a 

reduction in final ECR values, which related to the amount of protective tribofilm 

production [79]. Additionally, the Raman spectra of LME7CA3 in Fig. 11b shows that the 

tribofilm transformed into other types of frictional products, such as a ferrous-organic 

complex, that could not protect the surface, and which causes lubricity loss. 

In contrast to the formation of a ferrous-organic complex, the inhibition effects of CA can 

be overcome by either providing additional stress-assisted energy or reducing the 

concentration of CA as shown in Fig. 9. In FAME mixtures (mainly stearic, palmitic, and 

oleic acid methyl esters), it was expected that blending CA at a similar level would degrade 
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fuel lubricity. Nevertheless, the chemical kinetics of tribofilm formation depended not only 

on the inhibition mechanism but also on physics, as illustrated in the stress-augmented 

Arrhenius equation (Eq. 12). 

Finally, the third mechanism for the fuel lubricity loss lies in the chemical composition of 

the products generated in different blend tests (step d of Fig. 12). Amorphous carbons are 

the primary species that eliminate surface wear and enhance fuel lubricity [27, 83, 93]. The 

chemical composition profiles obtained from the wear track of various blend tests in Fig. 

11 indicate that tribofilms are composed of different frictional products, such as iron oxides, 

amorphous carbons, or ferrous-organic complexes. Examples of these differences are in 

Fig. 11b and d, where there is an elimination of the peak at 1580 cm-1, a presence of a new 

peak at 1552 cm-1, and a shift in the peak from 672 cm-1 to 649 cm-1. So, when blending 

oxygenated species to the variations in generated frictional products, the lower lubricity 

can be attributed. 

Tribochemical reactions occured due to simultaneous mechanical and chemical processes. 

Our analysis at the final steady-state conditions has certain limitations. For instance, as 

shown in Fig. 9, the reason why the measured width, length, and depth showed fewer 

changes than roughness parameters for the same blends was unclear. Changes in length, 

width, and depth are associated with produced wear volumes, whereas roughness increases 

are due to surface asperities. Surface asperities may be generated via plastic deformations 

or as a result of more wear [104]. Producing more wear requires atom-atom bond breakages 

via stress-assisted chemical reactions [100]. This discrepancy could be systematically 

resolved by tracking the evolution of chemical composition profiles and surface parameters, 

while controlling the sliding timing. 
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Conclusions 

Oxygenated compounds do not necessarily improve fuel lubricity. An alternative strategy 

for the design of lubricity improver is required in different hydrocarbon fuel mixtures, 

which will be discussed in Chapter 3.3. Biodiesel with a medium-sized saturated fatty acid 

ester, such as LME, could bring limited benefits to LSD fuel lubricity. Fuel lubricity 

degrades when blending a short-chain fatty acid or synthetic antioxidant. Analysis of ECR 

measurement results clarified how fuel lubricity loss can be associated with the inhibition 

or delay in the induction period of tribofilm growth. Based on Raman spectra, the fuel 

lubricity loss was attributed to increasing amounts of hematite, production of ferrous-

organic complex, and elimination of G-mode amorphous carbon. The molecular moieties 

characterized by other antioxidants, such as alkyl chain length, number of hydroxyl groups, 

and steric hindrance around the hydroxyl groups, should be studied in the future. 

The next study aims to further understand lubricity loss in a different fuel mixture. Diesel-

ethanol fuel mixtures, which have been reported to lack lubricity, are chosen to study their 

tribochemical reactions. We hypothesize that tribochemical reactions of diesel-ethanol fuel 

follow the same tribofilm growth kinetics patterns as identified in this work. In Chapter 

3.3, we investigate whether preventing this undesired tribochemical reactions, i.e., slower 

tribofilm growth and lesser frictional species produced, enhances fuel lubricity.  
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3.2 Fuel lubricity loss and surface cleanliness in diesel-ethanol fuels   

Overview 

The goal of this study is to further the understanding of tribochemical reactions related to 

fuel lubricity loss, in addition to oxygenated fuel blends discussed in Chapter 3.1. This 

study used several experimental techniques to understand the tribological behavior of 

ethanol addition to diesel fuel. Tests were conducted in ball-on-disk linear reciprocation 

with a standardized tribological test rig. Wear scars of contact pairs were measured by an 

optical microscope. The measurements quantified coefficient of friction and wear rates 

varied with ethanol blending concentrations in diesel. ECR measurements showed the 

presence of thin film (or frictional species) produced between the metal ball and disk. 

Specific frictional species on the rubbed surfaces were further analyzed by Raman 

spectroscopy. We correlate the formation of frictional species with the trends observed for 

lubricity (from CoF and wear rates) and surface cleanliness (as seen in the absence of 

frictional species on the rubbed surface).  

Materials  

Table 4. Fuel blends prepared for this study. 

Fuel blends LSD (wt%) Ethanol (wt%) 

D100 100 - 

DE05 95 5 

DE10 90 10 

DE20 80 20 

DE40 60 40 

 

U.S. No. 2 low-sulfur diesel (LSD) was chosen as the benchmark. The physical properties 

of diesel fuel are available in Table A1. Diesel fuel was blended with ethanol absolute 
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(purity > 99.7%, from VWR). The various blends used in the study are listed in Table 4 

and the nomenclature is used throughout the manuscript. Note that no significant solubility 

challenge occurred, up to 40 wt% ethanol blending; this high solubility was possibly caused 

by polar and surfactant-like additives already contained in this LSD [105]. In all cases, 

additive concentrations for diesel-ethanol fuel blends remained constant, making it 

possible to neglect the impact of additives in the base diesel fuel. Fuels were tested 

immediately after blending to avoid any moisture trapped during long-term storage. 

Method for studying fuel lubricity and interactions with frictional species 

 

Fig. 13. Schematic of the experimental setup for studying (a) tribofilm growth and surface wear 

rates on fuel-lubricated surfaces, and (b) tribochemical interactions between deposited frictional 

products and fresh fuels.   

 

A fuel lubricity test was conducted under a ball-on-disk configuration in a tribological test 

rig (Optimol SRV®5) as illustrated by Fig. 13a. Test procedures, similar to ASTM D6079 

specifications, were used. A stainless ball (DIN 51834) was rubbed against a disk (DIN 

51834), covered with 20 µL fuel. Fuel-covered surfaces were tested under high pressure 

and high-frequency linear reciprocation (1 mm stroke, 50 Hz, 802 MPa) for 75 minutes. In 

this work, the test temperature (from 60℃ to 25℃) was modified to reduce ethanol 

evaporation [37]. Although a small fraction of ethanol evaporation led to surface cooling, 

the disk surface temperatures were maintained at 25℃±0.5℃.  
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Table 5 presents a comparison of test parameters between this work and the ASTM D6079 

standard. In this experimental setup, the same fuel lubrication phenomenon was expected 

as in the high-frequency reciprocating rig (HFRR), specified in ASTM D6079. This is 

because our experimental setup fell within the same region of that wear map as that of the 

HFRR configuration [16]. The wear tracks produced on rubbed balls and disks were 

cleaned with hexane and ethanol for the following surface analysis. 

Table 5. Comparisons of operating conditions in current test and ASTM D6079 standard. 

Test parameters 
This study ASTM D6079 

Optimol SRV®5 HFRR 

Stroke (mm) 1 

50 

75 

Frequency (Hz) 

Test duration (min) 

Load (N) 5 2 

Initial contact pressure (MPa) 802 837 

Temperature (ºC) 25 60 

Ball diameter (mm) 10 6 

Ball hardness (HRC) 58-62 58-66 

Disk hardness 61-63 HRC (ca. 740 HV30) 190-210 HV30 

 

The study of pure fuel interaction with deposited frictional species was conducted on D100 

fuel pre-lubricated surfaces, as illustrated in Fig. 13b. For the first 300 seconds, sliding 

surfaces were lubricated with 20 µL D100, allowing formation of adequate frictional 

products. Subsequently, the fresh fuel was injected onto D100 lubricating surfaces at 300 

seconds (without stopping the linear reciprocations). In different tests, ethanol and fresh 

D100 were injected. The test was continued for an additional 600 seconds after the new 

fuel injection (for a total of 900-second linear reciprocations). ECRs, CoFs, and specific 

wear rates were measured to study the difference between the two fuels. Surfaces were sent 
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directly for Raman spectroscopy (WITec Apyron) analysis after 900 seconds of rubbing, 

without cleaning by solvents (hexane and ethanol); this allowed assessment of the frictional 

species present on the rubbed surfaces. Pure ethanol (instead of blends used in the previous 

methodology) was used to achieve observable differences in lubricity and surface 

cleanliness. The observations should remain true for ethanol fuel blends. 

Tribological parameters measured in ethanol-diesel fuels 

 

Fig. 14. Specific wear rates of surfaces lubricated by ethanol-diesel blends in different 

concentrations and comparisons with reports of Lapuerta et al. [37] and Kuszewski et al [36]. 

Respective experiment results were obtained from test condition with applied load at 5N 

(corresponding to 802 MPa), sliding speed 100 mm/s (corresponding to 1mm, 50 Hz stroke), and 

surface temperature controlled at (a) 25 ℃ and (b) 60 ℃. 

 

Fig. 14 compares lubricity performances of ethanol-diesel blends measured in this work 

with studies reported by Lapuerta et al. [37] and Kuszewski et al [36]. Details about 

specific wear rate calculations can be found in Table A3. In this work, a lower test 

temperature (25 °C) minimizes ethanol evaporation and related cooling effects, making it 

possible to observe the trend of increasing ethanol blending concentrations in diesel fuels. 
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In Fig. 14a, an exponential curve fit provides a high R-square to specific wear rates as a 

function of ethanol blending concentrations in the current work of Lapuerta et al [37]. 

Comparing the operating conditions used in the two tests, variations in pre-exponential 

factors were attributed to different diesel fuel blends. The diesel fuel used in this work 

could contain (polar and surfactant-like) additives that acted as lubricity enhancers, leading 

to measurable lower specific wear rates. 

It is worth noting that low ethanol blending concentrations (i.e., DE05 lubricated surfaces 

in this work showed negligible changes in specific wear rates. This was because the 

frictional heat produced (during surface sliding) could evaporate the small amount of 

ethanol blended. Specific wear rates (measured at a higher temperature) presented in Fig. 

14b support our theory on using ASTM standard 60 oC and its temperature impacts on 

ethanol evaporation. Ethanol fuel blends demonstrated non-monotonic trends in wear rates 

with increasing ethanol blending concentration when operating with ASTM standard 

temperature (60 oC).  

Table 6. Summary of measured tribological parameters. Experiments conducted at applied load 5N 

(802 MPa), surface temperature at 25 ºC using 75 minute ball-on-disk linear reciprocations (1mm, 

50 Hz stroke). Presented data are average values with two standard deviations (indicating 95% 

confidence level) as calculated from three repeated measurements (Table A4). 

Fuels Specific wear rate 

(µm3/Nm) 

Average CoF 

(a.u.) 

Average ECR 

(mΩ) 

D100 32.2±0.1 0.302±0.010 1130±16 

DE05 31.1±0.1 0.283±0.012 1099±19 

DE10 47.3±0.2 0.328±0.010 997±17 

DE20 58.2±0.1 0.341±0.015 886±10 

DE40 109.2±0.3 0.352±0.018 552±20 
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Table 6 shows specific wear rate, average coefficient of friction (CoF) and average ECR 

values for diesel fuel and ethanol blends. A positive non-linear correlation between specific 

wear rates and the average CoF can be observed (Fig. A2b). All measurement errors were 

within 5%, indicating good repeatability of determining tribological properties for each 

fuel blend by this experimental setup. With increasing ethanol concentration in the blend 

(from DE10 to DE20 and DE40), average CoF and wear rate increased by 9%, 13%, and 

17% and 47, 81, and 239% respectively.  

Table 6 also demonstrates an inverse relationship between the average ECR and wear rate. 

With increased ethanol concentration in the blend (from DE10 to DE20 and DE40), the 

average ECR decreased by 133, 244, and 578 mΩ while the specific wear rates increased 

by 47, 81, and 239% respectively. This inverse relation corroborated other fuel lubricity 

studies [26, 70, 81]. The ECR value represented the electrical insulation borne out of 

friction species produced between the contacting surfaces. Therefore, the number of 

metallic contacts (i.e., [A]) was inversely proportional to the measured ECR value, as 

shown below [75]: 

[𝐴] ∝ 1
𝐸𝐶𝑅⁄                                                           (13) 

Higher average ECR signaled fewer less metal-to-metal contact, leading to reduced wear 

rates. Conversely, due to the distinct tribochemical reaction of the fuel, the frictional 

species was further removed, leading to a lower ECR; this led to more metal-to-metal 

contact and increased wear rates. 

To summarize:  

 Higher ethanol concentration produced higher specific wear rates, (i.e., poorer fuel 

lubricity), 



65 

 specific wear rates increased non-linearly with average CoF,  

 average ECR value and surface material wear (measured on rubbed balls) showed an 

inverse relation.  

The variation in average ECR values signified that the presence of frictional species was 

affected by the blended ethanol. Once sliding began, frictional species were formed due to 

tribochemical reactions. As sliding continued, the formation of frictional species resulted 

in cushioning effects, which reduced the number of direct metallic contacts, leading to 

lower wear rates. Rubbing tribo-active compounds in diesel determined the formation of 

frictional species, while the distinct tribochemical reactions of blended ethanol controlled 

their removal from the wear track. Over a long sliding time, this lead to a steady state ECR 

value. As discussed in the following section, the time evolution of ECR value, up to steady 

state, can provide insight into the formation/removal of frictional species.  

Effects of ethanol blending concentrations on formation of frictional species 

Fig. 15 shows the time evolution of ECR values with different ethanol-diesel blends. ECR 

distributions are shown over total time (4500 seconds) and run-in period (300 seconds) and 

a correlation was sought with the formation of frictional species.  

In Fig. 15a, ECR values were changed by different ethanol blends with a controlled sliding 

time at 4500 seconds (test time specified by ASTM D 6075 standard). Although the 

distribution was similar in shape, a higher ethanol blending concentration shifted ECR 

value distributions to the left (i.e., lower ECR values). Excessive ethanol blending (i.e., 

DE40) shifted the ECR to significantly low values, with a peak center at around 500 mΩ. 

Such low ECR values indicated frequent metal-to-metal contact during the surface rubbing 

and correlated with large wear rates. 
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Fig. 15. Electrical contact resistance (ECR) values measured (left) and corresponding distribution 

(right) for: (a) 4500 seconds and (b) 300 seconds. Experiments conducted in ball-on-disk 

configuration with applied load at 5N (corresponding to 802 MPa), surface temperature at 25 ºC, 

sliding speed 100 mm/s (corresponding to 1mm, 50 Hz stroke). 

 

Fig. 15b demonstrates ECR time-evolution for ethanol-diesel blends during the running-in 

(controlled sliding time of 300 seconds). With increasing ethanol concentration, the 

following was observed:  

 reduced initial ECR values,  

 longer period to the onset of ECR rise,  

 decreases in steady-state ECR values.  
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The reduction in initial ECR values with increasing ethanol concentration was attributed 

to thinner oil films, due to the lower viscosity of ethanol that created more metal-on-metal 

contact. By increasing ethanol concentration from 5 to 10, 20, and 40 wt%, the delay to 

onset of the ECR rise increased by 3, 30, 60, and 150 seconds respectively. More ethanol 

blending caused slower formation, or faster removal of electrically insulating frictional 

species on sliding surfaces, which kept the ECR values low for a longer period. The steady-

state ECR values also reduced (from 1200 to 500 mΩ), by increasing ethanol blending 

concentrations (from 5 to 40 wt%).  

The variation in ECR values prompted further investigation into the relationship between 

frictional product growth and surface material wear at the start of linear motion. To that 

end, ECR and wear rates were studied over the running-in period for a subset of the above 

blends (D100 and DE10) next. Moreover, a detailed surface analysis was performed, in 

which the chemical composition of frictional species produced on rubbed surfaces were 

analyzed. 

Evolution of wear and frictional species produced 

Fig. 16a reveals the relationship between ECR values and measured specific wear rates 

during the run-in period. At the 25-second controlled sliding time, D100 lubricated surfaces 

showed higher ECR values and smaller wear rates than DE10. Moreover, higher initial 

ECR values of D100 (i.e., thicker oil films) coincided with less material wear on sliding 

surfaces. Blending ethanol reduced oil film thickness, created more metal-on-metal 

contacts, and increased specific wear rates by 20% with a controlled sliding time of 25 

seconds. As the controlled sliding time increased to 50 seconds, surfaces lubricated by 

DE10 showed 15% higher specific wear rates than those lubricated by D100. With 
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increased sliding duration, the difference between the two fuels reaches a constant value. 

Contact pressures were lowered as surface irregularities are continuously removed by the 

rubbing (Table A5). Furthermore, the formation of frictional species aided in lubrication, 

protecting the surface from direct metallic contacts and reducing wear rates. Initially, more 

metal-on-metal contact (as shown by ECR values) led to high wear rates. Once the ECR 

values stabilized and frictional species formed, the surface wear occurred on both iron 

substrates and on the deposited frictional species.  

 
Fig. 16. Summary of chemical and kinetic study: (a) relationship between electrical contact 

resistance and specific wear rates (with controlled sliding time from 25 to 300 seconds). (b) Surface 

morphology and (c) Raman spectra from bright and dark areas of surfaces lubricated by D100 and 

DE10 (with controlled sliding time for 4500 seconds). Experiments conducted in ball-on-disk 

configuration with applied load at 5N (corresponding to 802 MPa), surface temperature at 25 ºC, 

sliding speed 100 mm/s (corresponding to 1mm, 50 Hz stroke).  
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Note that surface morphology and spectra varied significantly at the running-in stage; only 

surfaces rubbed for 4500 seconds (with repeatable morphology and spectra) were 

investigated for associated tribochemical reactions. In Fig. 16b, the wear tracks and 

frictional products are easily distinguished by the degree of darkness on surfaces generated 

by the D100 and DE10 fuel lubrication. On D100 lubricated surfaces, wear tracks were 

evenly covered with the dark areas where frictional products were formed when rubbing 

on tribo-active hydrocarbons [106]. In contrast, the DE10 fuel blend showed relatively 

sporadic distributions of dark species on the scratched surface, indicating fewer frictional 

products binding to the rubbed surface.  

In Fig. 16c, the Raman spectra indicated that bright areas produced fewer frictional 

products than dark spots, and similar to those measured on the neat surface (Fig. A6). 

Bright areas were attributed to polished surfaces with no significant frictional species, 

whereas dark spots represent surfaces covered with frictional species [70]. The Raman 

spectra collected from dark areas showed various peaks corresponding to different 

chemical species. The broad peak with a spectra center located at ca. 1350 cm-1 can be 

assigned to disordered graphite (D mode) [106, 107]; the other peaks can be attributed to 

three different iron oxides [108]: 

 hematite (Fe2O3): at ca. 290 cm-1, 

 goethite (FeOOH): at ca. 300, 380, and 475 cm-1, 

 magnetite (Fe3O4): at ca. 650 cm-1. 

Different fuel lubricated surfaces produced similar chemical species, i.e., iron oxides and 

D-mode graphite. Therefore, the ECR rise observed on different fuel lubricated surfaces 
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was generally viewed as iron oxides and graphitic materials forming on sliding surfaces, 

as suggested in the report by Crockett et al. [83].  

Comparing the intensities of Raman spectra of DE10 and D100 lubricated surfaces 

indicated tribochemical reactions altered by the presence of ethanol. DE10 showed higher 

peaks at 290, 300, 380, 475, and 650 cm-1, suggesting that the blended ethanol promoted 

iron oxide formation, ascribed to the low viscosity of ethanol fuel blends, creating more 

metal-on-metal contact and accelerating tribochemical reactions relating to the iron 

substrates. Moreover, ethanol may have had a stronger surface affinity to iron substrates 

than other tribo-active compounds. Hence, ethanol may replace tribo-active compounds 

on the surface, limiting the formation of frictional species. The surface adsorbed ethanol 

provided additional oxygen atoms on the sliding surfaces and consequently produced more 

iron oxide than the D100 lubrication.  

In the next section, the lubricity of ethanol is further investigated in a fuel injection 

experiment. Pure ethanol or diesel was injected on a pre-lubricated surface, where frictional 

species had already formed. The variations in ECR and CoF were observed at the injection 

of fresh fuel. The use of pure ethanol/diesel represented two ends of the blend used in the 

current study. The aim was to infer surface cleanliness resulting from the two fuels by 

observing the ECR values (representative of the presence of frictional species). The 

information can also be interpolated to the observations made for the blended fuels used in 

the current study. 

Impacts of fuel injection on frictional product growth 

Fig. 17a shows how injecting fresh D100 affected D100 lubricating surfaces. The fuel 

deposits produced were located within the wear track (Fig. A4a and A4b), like the surface 
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morphology on D100 lubricated surfaces without fresh fuel injection (Fig. A5). With fresh 

D100 injection at 300 seconds (the blue dashed line), the ECR values remained unaffected 

(Fig. A4c). CoF and the width of the wear tracks were measured to be 0.30 and 200 µm 

respectively. Three tribological parameters, ECR, CoF, and wear scar size, were nearly 

identical to those measured on D100 lubricated surfaces without fresh fuel injections (Fig. 

A4), showing the negligible impact of fresh D100 injected on the surface wear and lubricity.  

 
Fig. 17. Surface morphologies (left), measured tribological parameters (middle), and Raman 

spectra (right) on (20 µL) D100 lubricated surfaces injected with 20 µL (a) fresh D100, (b) fresh 

ethanol absolute, injected after 300 second sliding. Load controlled at 5 N (corresponding to 802 

MPa), surface temperature controlled at 25 ºC, sliding speed controlled at 100 mm/s (corresponding 

to 1mm, 50 Hz stroke) for 900-s surface sliding. 

 

The Raman spectra showed that three types of iron oxides were produced within the wear 

track, namely hematite (290 cm-1), goethite (475 and 550 cm-1), and magnetite (650 cm-1). 

The peak located at 1250 cm-1 can be referred to as disordered graphite. The measured 

spectra were identical to that without fresh fuel injection on D100 lubricated surfaces (Fig. 
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A4d), suggesting that tribochemical reactions were not affected by injecting fresh D100 

either.  

Fig. 17b shows that the ethanol injection altered surface properties produced by the D100 

lubrication. At 300 seconds (blue dashed line), injecting 20 µL ethanol increased CoF by 

15%, while reducing ECR by 40 %. As the sliding motion continued, the CoF decreased 

and stabilized at 0.33, while the ECR value increased to 1000 mΩ. This behavior can be 

attributed to frictional product re-growth as a sliding motion dispersed the ethanol. 

Furthermore, the wear scar size showed a 25% increase. The increases in CoF were 

correlated with the amount of surface material wear as summarized in Table 6. 

Raman spectra were taken from the spot (1) inside the wear track and spots (2) and (3) 

outside the wear track. In spot (1) inside the wear track, magnetite (ca. 650 cm-1) was the 

only remaining chemical species. Magnetite contributed to the subsequent ECR re-growth 

and CoF stabilization after ethanol injection. In spots (2) and (3) outside the wear track, 

hematite (290 cm-1), goethite (300, 475, 380, and 550 cm-1), and D-mode graphite (1250 

cm-1) were observed. The presence of these species outside the wear track hinted at their 

removal by fresh ethanol injection. Here, it was confirmed that ethanol had a strong surface 

affinity that efficiently removed surface adsorbed frictional species from the sliding track. 

Notably, the removed species were almost identical to those measured on the D100 

lubricated surface (Fig. A4d), showing no lubrication loss in Fig 5a.  

It must also be noted that the removal of frictional species kept the wear track cleaner, 

which was the basis of improved surface cleanliness for ethanol. Frictional species in D100 

lubricated surfaces kept the lubricity high; meanwhile, the use of ethanol cleaned the wear 

track of such beneficial frictional species, leading to degraded fuel lubricity. The frictional 
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species – often regarded as internal fuel deposits [109] – aided in lubricity, while their 

removal signified surface cleanliness. 

Origins of lubricity and surface cleanliness  

 
Fig. 18. Tribochemical reaction mechanism of injecting fresh ethanol on D100 fuel lubricated 

surfaces. 

 

From the observations above, ethanol fuel blends tended to reduce fuel lubricity and 

improve surface cleanliness. In Fig. 15a, increasing ethanol blending concentrations 

reduced initial ECR values (attributed to lower viscosity and thinner oil films), produced a 

longer time to the onset of ECR rises (attributed to slower deposition of friction species up 

to a critical quantity), and dropped steady-state ECR values. Lower ECR values coincided 

with higher specific wear rates, signaling more metal-on-metal contacts. Fig. 16a confirms 

that the surface material wear occurred mainly on metal-on-metal contacts during the run-

in period and frictional species at a later period when ECR values stabilized. Blending 

ethanol reduced fuel film thickness (because of low-viscosity diesel-ethanol blends), 

diluted tribo-active fuel components (slower growth rates of frictional product species), 

and the distinct tribochemical reactions that remove frictional species produced on rubbing 

surfaces. Because of its stronger surface affinity to rubbed iron substrates, ethanol pushed 

the frictional species out of the sliding surfaces. In Fig. 17b, a significant reduction in ECR 
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and increase in CoF were observed upon injecting fresh ethanol onto diesel lubricated 

surfaces. The ECR drop coincided with degraded fuel lubricity and improved surface 

cleanliness, emphasizing the inverse relationship between these two properties in many 

fuel blends [25, 26, 110, 111, 30–37].  

Considering all these observations, a tribochemical mechanism was proposed to explain 

the inverse correlation between lubricity and surface cleanliness (observed in ethanol-

diesel blends in the current study). In Fig. 18, step one represents the severe material wear 

(metal-to-metal contacts) where sliding surfaces were inadequately lubricated during run-

in periods. As the rubbing continued (step two), tribo-active fuels generated frictional 

species on the rubbed surface. Frictional species were formed from D100 sandwiched 

between the rubbing surfaces. In step three, fresh ethanol was injected onto a D100 

lubricated surface. The fresh ethanol removed frictional species on the sliding surfaces due 

to its stronger surface affinity than frictional species and other tribo-active components in 

D100. The removal of frictional species increased friction, resulting in larger wear scars 

measured at the end of test. Step four shows a partial re-growth of frictional species. The 

total frictional species covering the surface were relatively fewer than the D100-lubricated 

surface before fresh ethanol was injected. These observations explain the cleaner surfaces 

and poor lubricity often found in fuel delivery systems operated with ethanol fuel blends.  

In summary, the production and removal of frictional species due to tribochemical 

reactions were the basis of fuel lubricity and surface cleanliness. The ECR curvature 

analysis confirmed the role of tribo-active fuel components in fuel lubrication. Rubbing 

tribo-active fuel components on metallic surfaces was responsible for the growth of 

frictional species (iron oxides and carbonaceous materials). Ethanol competed with tribo-
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active fuel components and inhibited the frictional product from growing on sliding 

surfaces. Ethanol injection not only cleaned diesel-lubricated surfaces, but also removed 

the frictional species that aided lubrication. In contrast, injecting fresh D100 showed only 

negligible changes in lubricity and surface cleanliness on the surface already lubricated 

with D100.  

Conclusions 

This work investigated stainless steel surfaces lubricated by diesel fuel blended with 5 to 

40 wt% ethanol. Several novel conclusions can be drawn from this study. 

 Ethanol fuel blending resulted in a notable reduction in lubricity and increase in specific 

wear rates.  

 Wear rates decreased with increasing sliding time; they were higher for ethanol blends 

than pure diesel fuel because of the lower presence of frictional species between the 

rubbed surfaces (lower ECRs). A higher ethanol concentration decreased initial and 

steady-state ECR and delayed the onset to ECR rise. 

 Frictional species deposited by diesel lubrication were mostly removed by ethanol 

injection. These species led to high lubricity in diesel, and, in the case of ethanol, their 

absence resulted in reduced lubricity.  

 Competitive adsorptions (between ethanol and tribo-active chemical components of 

diesel) caused the removal of frictional species from the surface wear track.  

 In the case of ethanol, cleaner surfaces (better surface cleanliness) meant the absence 

of frictional species that aided in lubrication (poorer lubricity). Hence, the formation 

and removal of frictional species lay at the root of the inverse relation between lubricity 

and surface cleanliness.  



76 

Based on these conclusions, fuel delivery systems are recommended to include surface 

coating or texturing to prevent excessive buildup of frictional species and enhance surface 

wear-resistant properties  [112].  

As understood from Chapter 3.1 and Chapter 3.2, fuel lubricity loss is a result of undesired 

tribofilm growth patterns in different fuel mixtures. In Chapter 3.3, we aim to solve 

lubricity loss problems by a) enhancing graphitic tribofilm growth on rubbing surfaces, b) 

preventing direct metal-to-metal contacts, and c) polishing damaged surfaces resulting 

from high-pressure-and-high-frequency contacts. We deliberately design oil-soluble 

carbon-based nanomaterials to improve fuel lubricity of diesel-ethanol fuel blends.  
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3.3 Lubricity mechanisms of carbon-based nanofluid fuels 

The literature review in Chapter 1.5 identified current needs of industry, research gaps, and 

opportunities for applying carbon-based nanomaterials in fuels. This sub-chapter relates an 

experimental and modeling study for three different fuel lubrication systems: (1) diesel, (2) 

diesel-ethanol (DE) mixtures, and (3) DE fuels containing surface modified graphene oxide. 

Tribological parameters – including generated surface material wear, coefficient of friction, 

and electrical contact resistances (ECRs) were investigated experimentally and 

numerically. The tribochemical reaction model was developed for the explanation of 

frictional product growth and wear evolution in three fuel lubrication systems. The surface-

adsorbed frictional species were analyzed for discussing associated tribochemical reactions. 

Material synthesis and characterization  

 

Scheme 1. Synthesis of modified graphene oxides (mGO) via esterification catalyzed by p-toluene 

sulfonic acid (PTSA) in dimethylformamide (DMF). 

 

A low sulfur diesel (U.S. No. 2 diesel) was obtained from Coryton Advanced Fuels 

(specified as CEC RF 06-03, Table A1). Ethanol (99.5%) utilized for preparing diesel fuel 

blends was purchased from Sigma-Aldrich. Dimethylformamide (DMF, 99%), n-

dodecanol (99%), and p-toluene sulfonic acid monohydrate (PTSA, 99%) from Sigma-

Aldrich were the reaction reagents. Single-layer graphene oxide (GO) powder (containing 
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79% carbon and 21% oxygen with a flake size of 0.2-2 microns) was purchased from 

Graphene Supermarket whose GO was synthesized via a modified Hummer’s method 

[113].  

Surface modified graphene oxide (mGO) was synthesized in our lab. The following surface 

modification procedure was performed on GO to enhance the dispersion stability of 

carbon-based nanomaterials in fuels (Scheme 1). The GO (100 mg) was sonicated in DMF 

(25 mL) for 30 minutes, esterified with n-dodecanol (4.26 g, 30 mmol), and catalyzed using 

PTSA monohydrate (50 mg, 0.29 mmol) in an oil bath at 120 ºC for 12 hours. The resulting 

solution was washed with methanol three times to remove the unreacted n-dodecanol and 

catalyst. The resulting solids (i.e., mGO) were then dried at 60 ºC in a vacuum oven 

overnight. Dried mGO was dispersed in DE10 to formulate 50, 100, and 200 ppm carbon-

based nanofluid fuels (Table 7). 

Table 7. Summary of prepared diesel-ethanol and diesel-ethanol-mGO fuel blends. 

Fuel blends Diesel (wt%) Ethanol (wt%) mGO (ppm) n-dodecanol (ppm) 

D100 100 - - - 

DE10 90 10 - - 

S200 90 10 - 200 

G50 90 10 50 - 

G100 90 10 100 - 

G200 90 10 200 - 

 

The surface chemical functional groups of GO (before surface modification) and dried 

mGO were determined by Fourier-transform infrared spectroscopy (FTIR, Thermo 

Scientific Nicolet iS10). Each sample was evaluated under a transmission mode; dried KBr 

was used as the window. The FTIR analysis was conducted at spectra ranges from 400 to 

4000 cm−1, with an analysis resolution of 2 cm-1. Thermal gravimetric analysis (TGA) of 
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GO and dried mGO was performed under 20 sccm nitrogen purge with a heating rate of 10 

°C/min from 25 to 600 °C in a Simultaneous Thermal Analyzer (STA, Netzsch 449 F1). 

For TGA analysis, ca. 10 mg sample was placed in a capped crucible (a sample holder that 

prevents buoyancy effects). The capped crucible was made of aluminum oxide (Al2O3), 

which is free of catalytic effects on hydrocarbon degradations.  

Determination of fuel physical and tribological properties 

The fuel properties, including cetane number, density, kinematic viscosity, and total acid 

number, were determined per the ASTM standards. Cetane numbers were calculated in an 

Ignition Quality Tester (IQT) per ASTM D6890-18 [114]. Ignition delay is the time 

between the start of fuel injection and the pressure rise due to combustion, and it is 

correlated to the Derived Cetane Number (DCN). The density and kinematic viscosity were 

simultaneously determined per ASTM D7042-04 using an Anton-Paar Stabinger 

viscometer SVM 3000 [115]. Acid numbers were determined per ASTM D664-07 [116]. 

The test procedures for fuel tribological properties are the same as previously described in 

Chapter 3.2. A detailed kinetic study on surface material wear (on rubbed balls) was 

conducted by controlling the sliding time (from 25 to 300 seconds and 4500 seconds as per 

ASTM D6079 test method). The surface material wear was indicated by calculating the 

wear volume of rubbed balls per Eqs. 8 and 9. The same experimental methodologies are 

utilized here for the surface analysis on frictional species produced on fuel-lubricated 

surfaces. 

Properties of synthesized carbon-based nanomaterials 

Fig. 19 shows the physical properties of modified graphene oxide (GO) as synthesized from 

graphene oxide (GO). In Fig. 19a, the FTIR spectrum of graphene oxide (GO) shows 

signals for hydroxyl (-OH, 3213 cm-1), carbonyl (-CO, 1389 and 1041 cm-1), and aromatic 
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(-C6H6, between 1600 and 1520 cm-1) functional groups. The spectrum of modified 

graphene oxide (mGO) showed a reduction in ca. 3213 cm-1 (-OH) and additional peaks 

ranging from 2840 to 3000 cm-1 (-CH3), indicating successful surface chemical 

modifications.  

 

Fig. 19. Physical properties of graphene oxide (GO) and modified graphene oxide (mGO):  (a) 

FTIR spectra; (b) Raman spectra; (c) TG and DTG curves. 

 

In Fig. 19b, peaks centered at ca. 1350 cm-1 and 1570 cm-1 were fingerprints of D and G 

band graphite, respectively. The D band indicated the disordered structure of graphitic 

materials, whereas the G band was amorphous carbon with sp2-paired atoms [95]. The 

mGO showed an increase in the ID/IG ratio from 0.85 to 0.97, indicating graphite production 

with a more unorganized structure after surface modifications.  

Thermal gravimetric analysis results also proved the success of surface modifications, as 

seen in Fig. 19c. The weight loss below 100°C for GO was due to the evaporation of water 

molecules trapped by hydrophilic functional groups on GO (i.e., hydroxyl, carbonyl, and 

epoxy groups), while this was not the case for mGO. This difference was attributed to 

surface hydrophobicity enhanced by n-dodecanol, preventing water molecules from being 

trapped by oxygenated chemical functionalities of (unmodified) GO. The considerable 



81 

weight loss from 150 to 200 °C in both GO (unmodified) and mGO can be attributed to the 

thermal decomposition of unstable oxygenated functional groups (e.g., hydroxyl, carbonyl, 

and epoxy groups) [117]. This shift of mGO’s DTG curve was due to a reduced number of 

hydroxyl, carbonyl, and epoxy groups; it signified that such chemical functionalities were 

replaced by n-dodecanol.  

Properties of carbon-based nanofluid fuels 

Table 8 Physical properties of prepared fuel blends. Data are average values followed by calculated 

two standard deviation values (95% confidence interval); density and kinematic viscosity data 

values were recorded when SVM3000 reported errors less than 3%. 

Fuel 

blends 

Derived Cetane Number 

(a.u.) 

Acid number 

(mg KOH/g) 

Density at 25ºC 

(g/cm3) 

Kinematic viscosity 

(mm2/s) 

D100 57.92±1.10 0.017±0.002 0.82 2.27 

DE10 50.39±2.77 0.015±0.001 0.81 2.20 

DE10 fuel blended with mGO and n-dodecanol 

S200 50.53±2.14 0.015±0.001 0.81 2.20 

G50 50.10±1.45 0.012±0.002 0.81 2.20 

G100 49.04±1.60 0.013±0.001 0.81 2.19 

G200 48.81±1.19 0.011±0.002 0.81 2.18 

 

Table 8 shows the physical properties of the prepared fuels blended with ethanol (DE10), 

n-dodecanol (S200), and mGO (G50, G100, and G200). The DE10 fuel blend showed 

reductions in derived cetane number, acid number, density, and kinematic viscosity, which 

agreed with previous reports [118]. A slight decrease in acid numbers of DE10 was 

attributed to the light basicity of ethanol, while few changes in acid numbers of formulated 

carbon-based nanofluid (with mGO) can be attributed to successful esterification of GO by 

linking carboxylic acid functional groups with lipophilic hydroxyl groups (Fig. 19). 
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Additions of mGO (i.e., G50, G100, and G200) and n-dodecanol (i.e., S200) produced 

similar derived cetane numbers, indicating their compatibility with ethanol fuel blends as 

suggested in other studies [38–40]. In short, all prepared carbon-based nanofluid fuels met 

the fuel requirements specified by ASTM D975 [119].  

Table 9. Tribological properties of different fuel formulations. Data are average values followed 

by calculated two standard deviation values (95% confidence interval) from repeated measurement 

results in Table A6. 

Fuel blends Ball wear volume 

(103 µm3) 

CoF 

(a.u.) 

ECR 

(mΩ) 

D100 73.0±0.77 0.316±0.004 1233±23 

DE10 110.1±3.18 0.325±0.006 933±38 

DE10 fuel containing n-dodecanol or mGO 

S200 109.1±1.53 0.324±0.004 932±38 

G50 75.5±1.01 0.319±0.003 969±30 

G100 74.0±4.12 0.313±0.007 1045±38 

G200 68.7±1.20 0.301±0.016 1121±13 

 

Table 9 summarizes lubrication properties of the tested fuels. At a given contact pressure 

(807 MPa, close to ASTM D6079 specifications), the DE10 fuel blend increased wear 

volumes by 50%, consistent with a previous report [37]. On the other hand, (rubbed ball) 

wear volumes and average CoFs decreased as the DE10 was blended with 50 to 200 ppm 

mGO. Compared to DE10, the fuel lubrication with G50, G100, and G200 decreased wear 

volumes by 32, 35, and 39%, respectively. The ethanol fuel blends containing 100 ppm 

mGO demonstrated lubrication performance comparable to or better than D100. These 

findings also agree with the report from Hou et al. [44], indicating that carbon-based 

nanofluids (mGO) effectively improved fuel lubricity.  
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S200 (i.e., DE10 containing 200 ppm n-dodecanol) showed negligible improvement in 

lubrication performances, confirming that the surface modifier (i.e., n-dodecanol) is 

relatively tribo-inert and possessed insufficient lubrication capability. This finding further 

confirmed that the fuel lubrication power with nanomaterial was stronger than with 

oxygenated hydrocarbons often utilized as fuel lubricity improvers (long-chain n-alcohol) 

[120]. 

Table 9 also presents the dependency of wear volume with average CoF and average ECR. 

The wear volumes correlated with average CoFs positively and negatively with average 

ECR values. For instance, blending ethanol to D100 increased frictional forces by 3% and 

wear volumes by 50% relative to D100. Blending 200 ppm mGO to DE10 (i.e., G200) 

decreased CoFs by 8% and wear volumes by 39% compared to DE10. The average ECR 

value for DE10 was 24% lower than D100. Adding 50, 100, and 200 ppm mGO to DE10 

increased average ECR values by 4%, 12%, and 20%, respectively. The non-linear ECR 

increased with mGO blending concentrations, indicating that mGO produced tribofilms 

which may be multi-layer structures [80]. 

The following sections elaborate developments of tribochemical reaction and kinetic 

models. This investigation was further narrowed to D100, DE10, and G200 fuel blends, 

including frictional product growths, wear evolutions, and surface-adsorbed frictional 

species produced. Numerical simulation results were verified with measured tribological 

parameters and surface analysis. In-depth chemical kinetic insights into tribochemical 

reaction are discussed for D100, DE10, and G200 fuel blends. 

Development of tribochemical reaction and kinetic model 



84 

 

Scheme 2. Illustration of the steps form experimental observations to tribochemical reaction 

modeling, model verifications, and numerical analysis. 

 

Scheme 2 shows an overview of the tribochemical reaction and kinetic model development. 

The goal of the constructed model was to clarifyfuel lubrication phenomena observed in 

diesel, diesel-ethanol and carbon-based nanofluid fuel blends. The modeling of 

tribochemical reaction includes elements of tribokinetics, frictional product growth, and 

surface material wear. Model verification was performed by comparing numerical 

simulation results with ECR values and wear volumes measured in controlled sliding time 

experiments. The magnitudes of a) reaction rate constants, and b) concentrations of 

reactants and products were investigated, helping to identify the critical factor of lubricity 

performance at different stages in diesel, diesel-ethanol, and carbonbased nanofluid fuel 

systems. The tribological experimental setup previously used for diesel-ethanol fuel blends 

was used again for this study [121]. Recorded ECR curvatures and measured wear data 

(D100, DE10, DE20, and DE40) were also taken to validate the tribochemical reaction and 

kinetic modeling results of this work.  

Kinetics of tribochemical reaction 

Chemical reactions for the fuel lubrication and wear phenomenon are stress-assisted types, 

that is, tribochemical reactions [70]. The kinetic rate constants is expressed as follows [92]: 



85 

𝑘𝑡𝑟𝑖𝑏𝑜 = 𝑘0exp (
−𝐸𝑎𝑐𝑡+ 𝑉𝑎𝑐𝑡

𝑘𝐵𝑇
)                                                (14) 

where k0 is the pre-exponential factor that relates to collision efficiency, Eact is the thermal 

activation energy,  is the contact shear stress, Vact is the activation volume, kB is the 

Boltzman constant, and T is the temperature of contacting materials. This augmented 

Arrhenius equation accounts for surface chemical reactions activated by thermal and 

mechanical processes [92]. The equation is applicable to studies of boundary lubrication 

problems of lubricating oils, such as surface material wear [100, 122, 123] and tribofilm 

growths [50, 124, 125].  

Kinetics of frictional product growth 

The following tribochemical reaction steps are proposed to predict the time evolution of 

ECR values and their curvature patterns. The measured ECR values indicate the buildup of 

different electrically insulating materials on sliding surfaces (e.g., iron oxides, graphitic 

materials [83] and degraded/polymerized hydrocarbons [106]). The tribochemical 

reactions are illustrated by two lumped tribochemical reaction steps: one for the very start 

of run-in event, and the other for subsequent frictional product growths.  

At the start of the rubbing process (i.e., run-in event), the surfaces of contact pairs are 

relatively homogeneous. High-pressure rubbing – 802 MPa as calculated from Hertzian 

(ball-on-flat) model – degrades hydrocarbons on metallic surfaces and generates various 

frictional species. This tribochemical reaction can be expressed as: 

𝐴 + 𝑆 → 𝑃                                                                 (15) 

where A is the tribo-active substance (e.g., “lubricious” chemical compounds [15–17]), S 

is the surface substance (e.g., stainless steel surfaces), P is electrical insulating materials 
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(e.g., iron oxides, degraded hydrocarbons and polyaromatics [83]). This type of 

tribochemical reaction resulted from an imposed run-in event, which had a very short 

reaction period and a fast reaction rate. Nevertheless, chemical concentrations of A, S, and 

P could not be determined with available analysis tools; therefore, it was assumed that at t 

= 0: 

A (0) = [A]0 

S (0) = [S]0 

P (0) = 0 

while reaching the end of a run-in event yields (t = ti): 

A (t = ti) = [A]i 

S (t = ti) → 0 

P (t = ti) = [P]i 

The concentration of surface substances approaches zero because rapid production of 

frictional species may cover the sliding surfaces (i.e., stainless steel surfaces), limiting the 

subsequent tribochemical reaction from producing more frictional species. 

After the run-in event, it was assumed that frictional species produced from the previous 

stage reacted with tribo-active substances and generate more frictional species. This 

assumption was made because removing surface irregularities reduces contact pressures 

(Table S3) and leads to decreases in reaction rate constants; the subsequent tribochemical 

reaction may require a “catalyst” to form more frictional species, which in this case is the 

product (P). To continue the formation of frictional species, we hypothesized that abundant 

friction species (P) must react with tribo-active substances (A) under frictional force as 

given below:  
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𝐴 + 𝑃 → 2𝑃                                                         (16) 

The magnitudes of reaction rates at this stage (after the run-in event) were much smaller 

than the previous stage, making this second stage the rate-limiting step. The frictional 

species growth patterns were analyzed by deriving the rate equation of Eq. 16 as follows: 

𝑑[𝑃] 𝑑𝑡⁄ = 𝑘𝑡𝑟𝑖𝑏𝑜_𝑓[𝐴][𝑃]                                            (17) 

where ktribo_f is the rate constant of growing frictional species. Carrying out the mass 

balance of Eq. 16 yields the following relationship: 

[𝑃]𝑖 + [𝐴]𝑖 = [𝑃] + [𝐴]                                              (18) 

where [P]i and [A]i are, respectively, the chemical concentrations of “catalytic” frictional 

species and tribo-active substances resulting from the previous run-in stage; [P] and [A], 

respectively, represent frictional species and tribo-active substances produced by 

continuous rubbing process. In Eq. 18, P depends on A while the system had a limited 

amount of tribo-active substance, which constrained the growth of frictional species, 

similar to an autocatalysis process [126]. Utilizing this relationship and rearranging Eq. 17 

gives: 

𝑑[𝑃] 𝑑𝑡⁄ = 𝑘𝑡𝑟𝑖𝑏𝑜_𝑓(([𝑃]𝑖 + [𝐴]𝑖)[𝑃] − [𝑃]2)                        (19) 

Integrating Eq. 19 from P (t = ti) = [P]i to P(t) = [P] gives: 

[𝑃] =  
([𝑃]𝑖+[𝐴]𝑖)

1+
[𝐴]𝑖
[𝑃]𝑖

𝑒𝑥𝑝 [−([𝑃]𝑖+[𝐴]𝑖)𝑘𝑡𝑟𝑖𝑏𝑜_𝑓𝑡]
                                     (20) 

Eq. 20 can be used to calculate the growth of frictional species growth with time. 

Nevertheless, the surface separation caused by the fuel film thickness was omitted. This 
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impact must be accounted for, considering that previously measured ECR values decrease 

with an increased blending of low-viscosity ethanol into diesel fuels; higher ethanol 

concentrations produced thinner fuel films and lead to a greater number of metallic contacts 

(increased surface roughness factor as illustrated in Eq.1). Therefore, a correction factor, α 

was introduced into Eq. 20 as shown below: 

[𝑃] =  
([𝑃]𝑖+[𝐴]𝑖)

1+
[𝐴]𝑖
[𝑃]𝑖

𝑒𝑥𝑝 [−([𝑃]𝑖+[𝐴]𝑖)𝑘𝑡𝑟𝑖𝑏𝑜_𝑓𝑡]
+ 𝛼                                     (21) 

The fuel lubrication model developed in this work differed from the boundary lubrication 

modeling of ZDDP tribofilm growths [124, 125, 127, 128]. In this model, the tribofilm 

removal process was excluded from the proposed tribochemical reaction mechanism. This 

was done because tribofilm developments with the fuel lubrication should account for 

surface-adsorbed frictional products and ‘free’ frictional species [83]. The surface-

adsorbed frictional species prevent direct metallic contacts, while the ‘free’ frictional 

species roll between sliding surfaces; both can lubricate surfaces. Accounting for the 

removal of surface-adsorbed frictional species may lead to underestimating surface 

protection provided by said frictional species.  

The surface-adsorbed and ‘free’ frictional species were produced during the fuel 

lubrication process; both of which were recorded by time-evolution of ECR values and can 

be expressed as [75]: 

𝑑𝐸𝐶𝑅 𝑑𝑡⁄ =
𝑑

𝑑𝑡
(∑

1

𝐸𝐶𝑅𝑗
𝑁𝑗

)−1                                               (22) 

where 𝑡 is time, Nj is the quantity of frictional species j, and ECRj is the electrical resistance 

of species j. The amount of produced frictional species (e.g., iron oxides, and graphitic 
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materials [83]) is proportional to measured ECRs [75], which correlates with the derived 

relationship in Eq. (22) : 

[𝑃] ∝ 𝐸𝐶𝑅                                                              (23) 

The stated relationship in Eq. 23 can be further justified by Crockett et al.’s previous 

experimental investigation [83]. Relative concentrations of friction species are proportional 

to measured ECR values. Given Eq. (23), the parameters in Eq. (21) were first adjusted to 

fit ECR curvatures of D100, then adjusted to simulate the effect of ethanol and mGO 

blending at various concentrations on their frictional product growth patterns. The 

corresponding parameters utilized for numerical simulation are given in Table A8.  

Kinetics of surface material wear  

The dry-contact wear phenomenon, described by Archard’s law, doesn’t apply to fuel 

lubrication systems [1]. The time-evolution wear of rubbed iron substrates may be 

expressed by the equation below [100, 123, 129]: 

𝑑[𝑉]

𝑑𝑡
= 𝑘𝑡𝑟𝑖𝑏𝑜_𝑤[𝑀]𝑛                                                 (24) 

where V is the surface material wear of iron substrates (e.g., rubbed ball wear volumes), 

ktribo_w is the rate constant of the surface material wear process, [M] is the number of 

metallic contacts, and n is the reaction order. Integrating Eq. (24) from V (t = ti) = [V]i to 

V (t) = [V]t gives: 

[𝑉]𝑡 = [𝑉]𝑖 + 𝑘𝑡𝑟𝑖𝑏𝑜_𝑤[𝑀]𝑛𝑡                                           (25) 

in which [V]t is the wear volume of rubbed iron substrates produced by a controlled sliding 

time t, and [V]i is the initial wear volume produced by different fuel lubrication conditions, 

which should be adjusted by fuel film separation capabilities and frictional species 
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produced by the tribochemical reaction of run-in events (illustrated in Eq. 25). Note that 

this type of chemical kinetics (so-called lumped kinetics), represents non-elementary 

chemical reactions. Different modes of surface material wear can occur depending on test 

configurations (e.g., plasticity dominated wear or mild oxidative wear [16]); in this work, 

the wear mode is believed to be plasticity dominated, according to test conditions specified 

in Table 9 and verification with the wear map defined by this reference [16]. The reaction 

order (n) is a non-integer number to provide a better fit of experimental data. The number 

of total metallic contacts (as a function of time) is inversely proportional to the ECR 

measured [4], as shown in Eq. (26): 

[𝑀] ∝ 1/𝐸𝐶𝑅                                                      (26) 

This approach makes it possible to correlate the evolution of ball wear volumes with 

measured ECRs, which can be translated as either frictional product growths, or the number 

of metal-to-metal contacts. The corresponding parameters utilized for simulation are 

available in Table A9. 

Chemical kinetic insights into frictional product growths  

Fig. 20 shows that frictional product growth patterns changed with varying levels of 

ethanol and mGO in diesel. The slight difference of the DE10’s ECR curvatures between 

this work and previous work [121] was attributed to the hydration effect of blended ethanol. 

Previous work was carried out with dehydrated ethanol-diesel blends (99.5% anhydrous 

ethanol), while this work wasn’t (ethanol purity  98%).  

In Fig. 20a, a higher mGO concentration produced ECR curvature patterns as follows: 

a) higher initial ECR values, 

b) shorter initiation period to rapid ECR rises,  
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c) greater steady-state ECR values. 

Conversely, increasing the ethanol blending concentration showed inverse ECR curvature 

patterns identified in mGO blends, as seen in Fig. 20b. This behavior was similar to  ECR 

curvature patterns as blending detergent into lubricating oils, inhibiting tribofilm growths 

produced by anti-friction/wear additives [103]. The ECR curvature patterns identified – 

indicating the growth of frictional species – can be clarified by the tribochemical reaction 

model developed in this work.  

 
Fig. 20. Experimental data (left) and simulation results (right) of frictional product growths: (a) 

effects of mGO blending concentrations (this work), (b) impacts of ethanol blending concentrations 

from our previous work by this group [121]. Correlation coefficients calculated in different fuel 

blends range from 0.85 to 0.97 (Table A8). 



92 

For the run-in event, a general relationship can be drawn between reactant and product 

based on the tribochemical reaction of Eq. 15. Increasing the concentration of tribo-active 

substances (e.g., blended mGO in this work) produced more frictional species, but diluting 

tribo-active substances (e.g., blending ethanol [121] or detergents [103]) created fewer 

frictional species. Furthermore, analysis of Eq. 14 shows that increasing contact pressures 

resulted in an exponential increase in tribochemical reaction rates, and vice versa. 

Removing the surface material (growing actual contact areas) reduced contact pressures 

(Table A5) and related tribochemical reaction rates with the continuous linear motion. The 

significant change in tribochemical reaction rates transformed the tribochemical reaction 

of run-in type into the subsequent rubbing process, requiring the participation of produced 

frictional species. 

After the run-in event, the tribochemical reaction, as illustrated by Eq. 17, becomes the 

rate-limiting step that governs the continuous growth of frictional species. As the sliding 

time approaches zero (t = ti), Eq. 21 can be reduced to a function only related to frictional 

species produced from the run-in event (i.e., [P]i) and the surface separation resulting from 

the fuel film thickness (i.e., α). For instance, [P]i of DE10 must be increased by three times 

to capture the trend of frictional product patterns observed in Fig. 20a. Furthermore, 

reducing fuel film thickness (from 0.36 to 0.25 Ω, Table S4) captures the frictional product 

growth pattern of blending low-viscosity ethanol into diesel fuel in Fig. 20b.  

The exponential growth of frictional products was the next stage as the linear motion 

proceeds. Examining Eq. 21 shows that curvatures at this stage were affected mainly by 

[A]i, [P]i, and ktribo_f. In Fig. 20a, blending 100 and 200 ppm mGO respectively shortened 

the time to the onset of ECR rises by about 5 and 10 seconds compared to DE10. In Fig. 
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20b, the diesel fuel blended with 10, 20, and 40 wt% ethanol delayed the onset time of 

ECR rises by approximately 25, 50, and 150 seconds. This was because increasing [A]i and 

[P]i accelerated the formation of frictional species (i.e., [P]), and vice versa. A larger value 

of rate constant ktribo_f may also produce a steeper slope. Nevertheless, [A]i and [P]i had 

greater impact on frictional product growth rates than ktribo_f, which can be known in the 

derived Eq. 20. 

Numerical analysis of Eq. 21 further proves that when reaching steady states – with sliding 

time approaching infinity – the whole equation can be reduced to the sum of [A]i and [P]i. 

In Fig. 20a, blending more mGO produced higher ECRs at the steady-state; an inverse 

trend was observed in the ethanol fuel blends in Fig. 20b. In other words, the ECR values 

for this stage (i.e., saturation) were limited only by tribo-active substances available in the 

fuel lubrication system, as confirmed by parameters presented in Table A8.  

Based on the numerical analysis above, the chemical kinetics of growing frictional products 

as an autocatalysis process was confirmed. The frictional product growth patterns (in D100, 

DE10, and G200 fuel lubrication systems) were categorized by three growth stages: 

initiation, exponential growth, and saturation. The blended mGO served either as additional 

frictional species or as tribo-active substances, while ethanol removed frictional species or 

acted as an inhibitor similar to detergents [103]. The tribochemical reaction model 

developed in this work effectively captured the frictional product growth in different fuel 

lubrication systems. The following section examines the impact of frictional product 

growth patterns on wear evolution. 
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Investigation of wear evolutions  

Fig. 21 shows the simulation results and experimental data of surface material wear and 

estimated metallic contact number. In Fig. 21a, the model simulation results well predict 

the trends of wear measured on rubbed balls; correlation coefficients for D100, DE10, and 

G200 are 0.96, 0.96, and 0.94) in Table A9. Wear increased as high pressure-high 

frequency linear motion proceeded. The different fuel lubricity of D100, DE10, and G200 

was attributed to respective frictional product growth rates and tribokinetics of surface 

material wear. 

 

Fig. 21. (a) Time-evolution ball wear volumes, (b) estimated metallic contacts produced by DE10, 

G200, and D100 fuel lubrication (solid dots indicate the experimental data, dashed lines are 

simulation results). 

 

In Fig. 21b, the start of linear motion (the yellow color shaded regime) had a larger number 

of metal-to-metal contacts as estimated by reciprocal ECR values. In this period, a proper 

fuel lubrication system, which grows adequate frictional products that protect against 

rubbing surfaces, can reduce surface material wear. The DE10 fuel produced more initial 

wear resulting from the run-in event (18.0 ×103 µm3 in Table A9), because frictional 
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species were diluted/removed by the tribo-inert/detergent-like ethanol. In G200 fuel 

lubrication, the added mGO, which serves as an additional source to accelerate frictional 

product growth, efficiently reduces the initial wear from 18.0 ×103 µm3 to 17.4 ×103 µm3 

(Table A9).  

In the unshaded area, the rate constants of surface material wear became critical (i.e., 

ktribo_w). This was because the number of metallic contacts varied negligibly in different 

fuel blends as frictional products saturated on contacting surfaces. The ktribo_w values for 

D100, DE10, and G200 were respectively 32, 35, and 27, giving the best fit of experimental 

data (Table A9). This was because, from Eq. 14, smaller frictional forces lead to reductions 

in rate constants, and vice versa. For instance, a less steep slope of time-evolution wear 

volumes was produced by the G200 fuel lubrication due to decreases in frictional force 

(Table 9) and ktribo_w reduced wear rates (Table A9). The DE10 generated more frictional 

force (Table 9), leading to higher rates of tribochemical reactions related to wear (Table 

A9).  

To summarize, analysis of wear evolution in D100, DE10, G200 fuel lubrication systems 

suggestes that: 

● frictional product growth was more important in reducing surface material wear at the 

start of linear motion (i.e., running-in events),  

● frictional force dominated tribochemical reaction rates of surface material wear after 

frictional product growth saturated. 

The following section investigates wear tracks produced by D100, DE10, and G200 fuel 

lubrication. Surface morphologies and produced frictional species are further examined for 

the discussion of related tribochemical reactions.  
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Chemical analysis of fuel lubricated surfaces 

Fig. 22 shows surface morphologies generated by different fuel lubrication systems: D100, 

DE10, and G200. In Fig. 22a, the linear tracks produced on rubbed surfaces were attributed 

to abrasive wear in all lubrication systems. The numerous black dots are micro pits caused 

by corrosion activity [45]. Other large dark areas were further investigated by Raman 

spectroscopy to suggest their roles.  

 
Fig. 22. (a) Surface morphology of wear tracks resulting from D100, DE10, and G200 fuel 

lubrication; (b) Raman spectra sourced from bright area (left) and dark area (right) on the wear 

track produced from different fuel-lubricated surfaces after 4500-second ball-on-disk linear 

reciprocation 

 

Fig. 22b identifies chemical species produced in different areas. In the bright areas, the 

spectra patterns indicated that no frictional species were deposited on rubbed surfaces. 

Possibly, this regime had less contact between surfaces and fuels, and the frictional species 

produced were easily removed by our sample preparation method (i.e., hexane and ethanol 
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cleaning). In the dark areas, the Raman spectra sourced from the D100 fuel lubrication 

overall agreed with reports of Crockette et al. [83]. The spectra of dark regions showed 

peaks (after Gaussian fitting) at 275, 475, and 580 cm-1 corresponding to goethite (α-

FeOOH); the spectra at 380 cm-1 was assigned to another type of iron oxide, lepidocrocite 

(γ-FeOOH) [107]. The broad peak centered at 1350 cm-1 was the fingerprint of disordered 

graphite (D mode), which can be attributed to degradations of hydrocarbons induced by 

frictional heat, high-pressure rubbing, and catalytic actions from contacting iron substrates 

[106]. In the DE10 fuel lubrication, the iron oxide composition increased; blended ethanol 

may have provided additional oxygen, which accelerated the oxidation of iron substrates 

with continuous surface rubbing and pressing (i.e., corrosive wear). 

Notably, G200 fuel lubrication demonstrated the additional sharp peak centered at 1570 

cm-1; this peak was attributed to the amorphous carbon with sp2 paired carbon (G mode) 

from mGO. Two strong graphitic bands (i.e., D and G bands) were the evidence of forming 

mGO-merged tribofilm by the G200 fuel lubrication. A possible formation mechanism can 

be a tribo-sintering process [130]. The mGO sintered into micro-scale surface asperities 

(surface valleys and hills), mended rough surfaces, and prevented direct metallic contacts. 

This tribomechanical action reduced frictional forces, explaining the tribokinetics of 

surface material wear as discussed in the previous section.  

To summarize, diesel fuel (without additives) gave certain fuel lubricity by forming a 

protective layer of iron oxides and graphitic materials. Blending ethanol promotes brittle 

iron oxide formations while reducing graphitic films; these tribochemical reactions may 

cause fuel lubricity loss. The presence of mGO aided the formation of surface-adsorbed 

graphitic materials, and it reduces contact-induced friction and surface material wear. 
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Conclusions 

Blending 10 wt% ethanol with diesel (DE10) produced a 50% increase in wear volumes of 

rubbed balls, as compared to neat diesel (D100). The addition of 200 ppm modified 

graphene oxide (mGO) effectively recovered fuel lubricity of DE10, showing slightly 

better fuel lubrication performance than D100 (decrease in 6% wear volume of rubbed 

balls). Tribochemical reaction and kinetic models were developed further to explain the 

observed interfacial phenomena – including time-evolution frictional product growths, 

metal-on-metal contact, and wear of rubbed iron substrates over time. Our related 

parameter studies clarified their relationships with fuel lubricities measured in diesel, 

ethanol-diesel, and carbon-based nanofluid fuels as follows: 

● Frictional product growths (in different fuel lubrication systems) followed the same 

kinetic patterns, categorized as initiation, exponential growth, and saturation stages. 

The frictional product growth rate depended strongly on the availability of initial 

frictional products and tribo-active substances.  

● Early-stage and post surface material wear were, respectively, governed by the kinetics 

of frictional product growths and frictional forces induced by direct metallic contact. 

● Effectiveness of carbon-based nanomaterials lay in providing tribo-active substances 

that generated protective frictional species (tribochemical reactions) and produced 

graphitic tribofilms that polished rubbing surfaces and reduced contact-induced friction 

(tribomechanical actions).  
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Chapter 4 

4. Developing and testing state-of-the-art lubricant additives 

 
Fig. 23. Designs of state-of-the-art multifunctional lubricant additives: a) multifunctional 

polyether and b) titanium oxide nanoparticles modified with gallic acid esters 

 

Fig. 23 presents the categories of state-of-the-art lubricant designs to be discussed in this 

chapter. Polyether block copolymers and surface-modified titanium oxide nanoparticles 

were investigated for their applicability in engine extreme environments. Contents of this 

Chapter are reproduced from our previous work in these two references [121, 131]. Chapter 

4.1 discusses polymer chemistry designs for combing multiple blocks in a single 

macromolecule and their compatibility in a Group II base oil [131]. The polyether 

copolymers were synthesized from the laboratory led by Prof. Nikos Hadjichristidis. In 

Chapter 4.2, surface-modified, and non-modified nanoparticles coated by gallic acid ester, 

were analyzed for their compatibility with commercial engine oils. The generated surface 

morphologies and chemical species were studied using XPS, Raman spectroscopy, and 

high-resolution electron microscopes for the discussion of underlying tribochemical 

reactions [121]. Finally, we point out limitations for state-of-art lubricant designs and their 

applications in engine extreme environments.  
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4.1 Polyether-based co(ter)polymer as multifunctional additives 

Background 

Polyethers are attractive materials for multifunctional lubricant additives [132]; they have 

excellent lubricity, low pour points, high viscosity indices, and high flashpoints [133, 134]. 

Indeed, low molecular weight poly(alkylene glycols) are already used for lubricating oil 

applications (range of Mn: 700 – 3000 g/mol) [133, 134]. For example, low molecular 

weight polyethylene oxide (PEO), also known as poly(ethylene glycol), and 

poly(propylene oxide) (PPO), also known as poly(propylene glycol), have been formulated 

into commercial lubricants [133]. PPO can also be utilized as the base oil for lubricant 

formulations. PPO-co-PEO random copolymers have been studied as multifunctional 

lubricant additives, enhancing surface deposit control, thickening lubricating oil, and 

improving boundary lubrication performance [134]. 

Ring-opening polymerization (ROP) of cyclic ethers is a versatile method to synthesize 

well-defined and oil-soluble polyethers (co)polymers [132]. To the best of our knowledge, 

polyethers employed in lubricants were mostly synthesized via ROP of epoxides with metal 

alkoxides as catalysts [133]. Polymerization was performed in a stainless steel reactor at 

high temperatures (100 - 120 °C) and pressures (5 - 15) bar. This process requires a special 

reaction vessel and consumes much energy. Moreover, the resulting polyethers might 

contain undesired metal residues, which deteriorate their properties and applications. Such 

issues can be overcome by employing organocatalytic ROP [135–137]. One of the most 

promising organic catalysts is triethyl borane (TEB)/phosphazene base t-BuP2 (Lewis pair). 

This Lewis pair promotes living/controlled organocatalytic ROP of epoxides at ambient 

conditions towards well-defined and metal-free polyether (co)polymers [65, 138–144]. 
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Three key parameters are required for the design of high-performance multifunctional 

lubricant additives: (a) thermal stability, (b) rheological properties, and (c) boundary 

lubrication performance (anti-friction/wear properties). Polyether-based di- and triblock 

co(ter)polymers were designed/synthesized here to fulfill these requirements. The first 

block contains polyethers with aliphatic side-chains (i.e., hexene oxide (HO) or octene 

oxide (OO)), which can simultaneously improve the solubility of the additive in oil and the 

viscosity of the oils. The second block is PPO, which promotes condensed polymeric film 

formation and thus reduces metallic contacts of rubbing surfaces [134, 145, 146]. The third 

block is made by styrene oxide (SO) monomer, which is expected to improve the thermal 

stability of lubricants [147]. The motivation for designing thermal stability is to meet the 

needs of advanced downsized turbocharged spark-ignition engines operated at more 

extreme conditions (i.e., higher loads and temperatures) [148]. Polyethers block 

copolymers with molecular weight <100 kg mol−1 were also targeted as they sustain 

stronger resistivity to mechanical cleavage (i.e., greater shear stabilities) [149–151]. This 

also allows us to investigate the boundary lubrication performance with minimal corrosive 

wear effects caused by frictional species of degraded polymers.  

In this work, we synthesized well-defined poly(hexene oxide-block-propylene oxide) 

(PHO-b-PPO), poly(octene oxide-block-propylene oxide) (POO-b-PPO) diblock 

copolymers and one POO-b-PPO-b-PSO triblock terpolymers via sequential block 

co(ter)polymerization of the corresponding monomers, catalyzed by TEB/t-BuP2  Lewis 

pair, with eicosanol as the initiator. Molecular structures of the polymers were 

characterized by 1H NMR spectroscopy and gel-permeation chromatography (GPC), while 

the thermal properties were studied by differential scanning calorimetry (DSC) and thermal 
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gravimetric analysis (TGA). The behavior of lubricating oils blended with the synthesized 

samples (2.5 to 5.0 wt%) was studied. Their rheological properties were determined using 

a rheological meter according to ASTM D7042 standard; oil lubrication performances and 

their boundary film formation capabilities were analyzed using a tribological test rig 

coupled with an ECR sensor. The rubbed oils and frictional species generated on wear 

tracks were investigated with Fourier-transform infrared spectroscopy (FTIR) and Raman 

spectroscopy, respectively.  

Synthesis and characterization of diblock copolymers and triblock terpolymer  

 
Scheme 3. Synthesis of homopolymers, copolymers and terpolymers of polyethers catalyzed by t-

BuP2/TEB. 

 

Polyethers diblock copolymers were synthesized using sequential block copolymerization 

of OO or HO with PO using t-BuP2/TEB as the organic catalysts and eicosanol as the 

initiator (Scheme 3). In the triblock terpolymer, the third monomer SO was added to the 

solution of the POO-b-PPO macroinitiator. All co(ter)polymerizations were conducted in 

toluene at room temperature.  

Table 10 summarizes the molecular characteristics of di- and triblock co(ter)polymers. The 

structure of polyethers co/terpoltymers were determined using NMR spectroscopy (400 
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MHz, CDCl3, 25 °C); the spectra are presented in Fig. 24a to 24c. Methylene and methine 

protons of polyethers backbone (four and five) were detected between 3.34 - 3.79 ppm. 

Methylene protons of the side chains of PHO and POO (six to ten) overlapped with 

methylene protons of eicosanol (1.23 - 1.73 ppm). Methyl protons of eicosanol also 

overlapped with methyl protons of PHO and POO and appeared between 0.68 - 0.99 ppm. 

The peak at 1.19 ppm was assigned as the methyl protons of PPO. The protons around 7.25 

to 7.75 ppm were attributed to the aromatics’ protons of PSO block. All NMR spectra 

confirmed the successful synthesis of polyether block polymers. It is notable that TFAA 

was added to all the NMR samples in order to move the chemical shift of methine proton 

of the end group downfield (~5.22 ppm). Therefore, the molecular weight--as well as the 

composition of each block – could be determined from the integral ratio of the end group 

and polyethers' main chains. 

Table 10. ROP of epoxides initiated by eicosanol and catalyzed by t-BuP2/TEB at room 

temperature.a 

 run  Polymer 
 [M1] /[M2]/ [M3] 

/[I]0/TEB/[P2] 

time 

(h) 

conv b 

(%) 

Mn total,NMR
c
 

(kg mol−1) 
ÐM

d 

1 11k PHO 100:0:0:1:0.6:0.3 24 100 11 1.04 

2 17k PHO-b-PPO 100:120:0:1:0.6:0.3 22 88 17 1.08 

3 12k POO 100:0:0:1:0.6:0.3 24 100 12 1.04 

4 18k POO-b-PPO 100:120:0:1:0.6:0.3 22 90 18 1.06 

5 22k POO-b-PPO-b-PSOe 100:120:35:1:0.6:0.3 24 93 22 1.12 

aPolymerizations were performed in toluene under Ar at room temperature. bConversions of epoxide on the 

last block. Determined by analyzing 1H NMR spectra of crude products in CDCl3 at 25 °C. cDetermined by 

analyzing 400 MHz 1H NMR spectra of polymer samples in CDCl3 at 25 °C. dDetermined by GPC in THF at 

35 oC calibrated with PS standards. eThe terpolymer was synthesized by using the isolated POO-b-PPO as 

macroinitiator. 

 

 



104 

 

Fig. 24. 1H NMR spectra of polyepoxides prepared by sequential block copolymerization with t-

BuP2/TEB as catalysts (400 MHz, CDCl3, room temperature): (a) PHO and PHO-b-PPO, (b) POO 

and POO-b-PPO, (c) POO-b-PPO-b-PSO. * denotes residual SO 

 

Fig. 25 shows the GPC traces of the polyethers block co(ter)polymers; blue traces 

correspond to the homopolymers (POO and PHO, run one and three, Table 10). After the 

addition of PO to the living homopolymers, the traces shifted to lower elution volumes 

(higher molecular weights), indicating the successful sequential block copolymerizations 

(run 2 and run 4, Table 10). In the case of triblock terpolymer (run 5, Table 10), the trace 

shifted further to lower elution volume (green) after the addition of SO to POO-b-PPO 

living polymer, corroborating the formation of POO-b-PPO-b-PSO. All GPC traces of 

homo- and block copolymers exhibited narrow molecular weight distribution, indicating 

well-controlled (co)polymerizations catalyzed by t-BuP2/TEB.  

 

Fig. 25. GPC traces of homo- and block- copolymers of epoxides prepared by sequential block 

copolymerization with t-BuP2/TEB as the catalysts (THF, 35 oC, PS standards): (a) PHO and PHO-

b-PPO, (b) POO and POO-b-PPO, (c) POO-b-PPO-b-PSO 
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DSC analysis revealed that all co(ter)polymers had Tg below 0 °C (Fig. 26). The low Tg of 

polyethers was due to the flexible C-O bonds of the backbones and the flexibility of butyl 

and hexyl side chains. Nevertheless, low Tg polyethers (high flexibility) provides the 

advantage of good solubility, thus avoiding aggregation/precipitation of polymer blended 

in lubricating oils at low temperature. Only one Tg (between −68 °C to −71 °C) was 

observed on the diblock copolymers (runs 2 and 4, Table 10), indicating that PPO is 

miscible with PHO and POO blocks. In the case of POO-b-PPO-b-PSO (run 5, Table 10), 

the Tg of PSO block can not be observed probably due to its low content (18 %). 

 

Fig. 26. DSC traces of polyepoxides prepared by sequential block copolymerization using t-

BuP2/TEB as the catalysts (the scan speed was10 °C min−1, N2 atmosphere, second heating): (a) 

PHO-b-PPO, (b) POO-b-PPO, and (c) POO-b-PPO-b-PSO. 

Rheological properties of lubricating oils blended with polyethers 

Table 11 summarizes the enhanced viscosity index (VI) of the formulated lubricants 

blended with a low amount of polyethers (2.5 to 5.0 wt %). In general, polyethers having 

octyl side chains (POO and POO-b-PPO) exhibited better viscosity modifications than 

polyethers with hexyl side chains (PHO and PHO-b-PPO) in AP230 oil. Blending AP230 

with 2.5 and 5.0 wt% POO improved VI from 104 to 162 while blending with PHO 

increases VI up to 120. A longer alkyl chain (e.g., POO) entailed larger molecular coil 
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expansions, which enhanced oil thickening. Meanwhile, PPO block (shorter alkyl side 

chain) yielded stronger intramolecular hydrogen bonding in blended AP230, inhibiting 

molecular coil expansions and reducing oil thickening. Therefore, POO-b-PPO-blended 

oils showed limited improvements on VI compared to POO. 

Table 11. Rheological properties of polyether-blended oils.  

Lubricants Kinematic 

viscosity at 40 °C 

(mm2/s)a 

Kinematic 

viscosity at 

100 °C (mm2/s)a 

Viscosity indexb 

AP230 40.2 6.3 104 

Blended with 2.5 wt% polymers 

11k PHO 46.6 7.1 111 

17k PHO-b-PPO 48.4 7.5 119 

12k POO 55.8 9.5 154 

18k POO-b-PPO 59.3 10.1 158 

22k POO-b-PPO-b-PSO 42.3 6.2 90 

Blended with 5.0 wt% polymers 

11k PHO 49.4 7.6 117 

17k PHO-b-PPO 51.3 7.9 121 

12k POO 58.7 10.2 163 

18k POO-b-PPO 64.1 10.9 162 

22k POO-b-PPO-b-PSO 45.8 6.7 98 

aDetermined using SVM3000 according to ASTM D7042 standard. bViscosity indices calculated based on 

ASTM D2270/ISO 2909 method.  

 

Notably, the PSO block in the POO-b-PPO-b-PSO terpolymer showed antagonistic 

rheological behavior relative to POO-b-PPO when added to AP230. Even though the 

content of the PSO block was less than 20 wt%, the terpolymer had a surprisingly lower 

VI--down to 90. Such low VI was attributed to the oil thickening at lower temperature 

regimes, as a result of the PSO block. The AP230 oil thickened more at low temperatures 

(e.g., 40 °C) than at high temperatures (e.g., 100 °C), yielding a smaller number of VI. 

Similar rheological behaviors were found in hydrocarbon-based lubricating oils containing 

styrene based copolymers, reported by Jukic et al [147]. The strong oil thickening powers 
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of styrene-based copolymers were demonstrated only at low temperatures, while 

insufficient thickening power at higher temperatures was observed. This rheological 

behavior made prepared lubricating oils more sensitive overall to temperature changes, 

which may not be favorable for improving the fuel economy of engine applications [152]. 

The polyethers used in this work had molecular weights ranging from 10 to 20 kg mol−1 

(Table 10). This range of molecular weights was essential to resisting high-shear stresses 

for applications in extreme environments [150, 153], although their viscosity modification 

potential was usually less effective. It was observed that even with these moderate 

molecular weights and low blending concentrations (e.g., 2.5 wt%), the polyether 

copolymers (10 to 20 kg mol−1) effectively thickened the hydrocarbon-based oils, close to 

the performance given by blending a low concentration (e.g., 2 wt%) of high-molecular-

weight (100 to 300 kg mol−1) [154] and star-shaped poly(alkyl methacrylates) [54]. 

However, in this work, VI improvements with low-molecular-weight polyether 

copolymers in this work cannot further increase VI by raising the blending concentration 

from 2.5 to 5.0 wt% (Table 11), similar to the behavior of low-molecular-weight poly(alkyl 

methacrylates) (requiring the blending concentration up to 12.5 wt%) [67]. Obviously, the 

underlying chemistry (i.e., molecular weights, building blocks, polymeric side chains, and 

architectures) was important in oil thickening potential.  

Thermal stabilities of lubricating oils blended with polyethers 

Table 12 shows the degradation temperatures (Td) recorded at 5% and 50% mass loss of 

AP230 base oil, neat polyether-based polymers, as well as the formulated lubricants 

(AP230 blended polymers) containing 2.5 and 5.0 wt% polyether-based polymers. The 

temperatures corresponding to a particular mass loss were higher for lubricants with 

polymer blends than the neat AP230 base oil. Notably, oils blended with POO-b-PPO-b-
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PSO exhibited the greatest shift, confirming our design strategy of using PSO as the 

building block to enhance thermal stabilities of lubricating oils.  

Table 12. Degradation temperatures of AP230 oil, homo-, di- and triblock samples, and oils 

containing 2.5 and 5.0 wt% additives.a  

Additives Neat (°C) 2.5 wt% blending  (°C) 5.0 wt% blending (°C)  

Td5% Td50% T d5% Td50% T d5% Td50% 

Neat base oil 249 312 - - - - 

11k PHO 248 371 300 380 308 387 

17k PHO-b-PPO 267 369 309 390 312 389 

12k POO 252 370 297 381 307 385 

18k POO-b-PPO 258 368 310 391 314 392 

22k POO-b-PPO-b-PSO 299 372 311 392 318 393 

aThermo gravimetric analysis was performed for temperature range of 25 °C to 500 °C at a heating 

rate of 10 °C/min under 20 sccm N2 purge. 

 

Interactions between AP230 base oils and blended polyether co(ter)polymers were 

analyzed using the following equations: 

T*dx% = Tdx% base-oil×(1- blending fraction) + Tdx% polymer×(blending fraction)            (27) 

ΔTx = Tdx% – T*dx%                                                        (28) 

where Tdx% represent the experimental temperatures at x% of a mass loss, and blending 

fractions (of polyethers) were 2.5 and 5.0 wt% (Table 12). T*dx% was denoted as ideal 

temperatures produced by mixing polymers and oils. ΔTx was recorded as the difference 

between Tdx% and T*dx% at x% of a mass loss, which represented the interaction between 

the base oil and polymer. The positive, negative and zero values of ΔTx represented 

enhanced thermal stability, reduced thermal stability and no change in thermal stability of 

the lubricant, respectively.  
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In Table 13, the positive values of ΔTx indicated synergisms between oils and polyether 

co(ter)polymers. The calculated ΔT5% and ΔT50% for all formulated lubricants were positive 

and greater than 50 °C. Further increasing polyether co(ter)polymer blending concentration 

further ΔT5% and ΔT50% by about 5 °C, indicating that thermal stabilities were enhanced 

with higher polyether blending concentrations. Notably, the largest ΔT5% and ΔT50% were 

for lubricants blended with PPO-constituted copolymers, indicating the enhanced thermal 

stability synergism with the PO block, further intensified with the SO block. Because the 

focus of this study was to validate our polymer design strategies (for lubricant additive 

applications), details about the underlying thermal chemistry with polyether 

co(ter)polymers will be presented in a separate work. 

Table 13. Calculated temperatures and deviations observed during the thermal degradation of 

blended lubricants. 

Additives 2.5 wt% blending (°C) 5.0 wt% blending (°C) 
 

T*d5% ΔT5% T*d50% ΔT50% T*d5% ΔT5% T*d50% ΔT50% 

11k PHO 249.0 51.0 313.5 66.5 249.0 59.1 315.0 72.1 

17k PHO-b-PPO 249.5 59.6 313.4 76.6 249.9 62.1 314.9 74.2 

12k POO 249.1 47.9 313.5 67.6 249.2 57.9 314.9 70.1 

18k POO-b-PPO 249.2 60.8 313.4 77.6 249.5 64.6 314.8 77.2 

22k POO-b-PPO-b-PSO 249.3 61.8 313.5 78.5 249.5 68.5 315.0 78.0 

Oil lubrication performance 

Table 14 summarizes improved boundary lubrication performances among different 

polyether co(ter)polymers. The friction generated in the boundary lubrication regime was 

the result of metal-to-metal contact; therefore, reducing friction means less metallic contact 

and surface material wear – as estimated by ball wear volume measured for different 

lubricating oils.[14] Blending PHO and POO to AP230 base oils reduced friction by 9 to 

27% and ball wear volume by 26 to 62%. Utilizing diblock copolymers, PHO-b-PPO and 
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POO-b-PPO, respectively dropped friction and wear by ca. 40 and 85%. Similarly, POO-

b-PPO-b-PSO improved oil lubrication performances, showing friction and wear 

reductions by ca. 35% and 75%, respectively.  

Table 14. Tribological parameters measured on different oil-lubricated surfaces.a 

Blended oils Avg. COF 

(a.u.) 

Ball wear volume 

(103 µm3) 

Avg. ECR 

(mΩ) 

AP230 0.256 709.3 19 

Blended with 2.5 wt% polymers 

11k PHO 0.210 526.4 55 

17k PHO-b-PPO 0.148 346.4 103 

12k POO 0.232 312.2 90 

18k POO-b-PPO 0.145 102.3 520 

22k POO-b-PPO-b-PSO 0.180 128.9 112 

Blended with 5.0 wt% polymers 

11k PHO 0.208 490.7 88 

17k PHO-b-PPO 0.140 96.0 536 

12k POO 0.188 271.6 87 

18k POO-b-PPO 0.138 100.8 622 

22k POO-b-PPO-b-PSO 0.139 188.5 321 

aExperiments were conducted in an Optimol SRV®5 under 50 °C and 50N with ball-on-disk linear 

reciprocations (1 mm stroke, 25 Hz) for 30 minutes. 

 

Table 14 also demonstrates an inverse relationship between the average ECR and boundary 

lubrication performance (frictions and wear volumes). For instance, surfaces lubricated by 

AP230 oils produced the lowest average ECR (ca. 20 mΩ) and the poorest lubrication 

performance (greatest friction and wear). Blending polyether homopolymers to the AP230 

oil increased average ECR up to 90 mΩ. Utilizing polyether copolymers further increased 

the average ECR to ca. 100 mΩ. This increase indicated that more electrically-insulating 

materials were being produced on the surfaces; formation of these materials was 

responsible for the improved boundary lubrication (reduced metallic contacts), often 

referred to as surface-adsorbed polymers [155] thickened oil films,[156] or frictional 

species.[74] The next section further examines ECR measurements produced by different 
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oil blends, applied loads, and controlled surface temperatures. Tribochemical reaction 

mechanisms were described by more detailed analysis of ECR measurements. 

 

Fig. 27. Measured electrical contact resistance as a function of time: (a) 2.5 wt% polyether-blended 

oils; (b) 5.0 wt% polyether-blended oils. Experiments conducted in an Optimol SRV®5 under 50 °C 

and 50N with ball-on-disk linear reciprocations (1 mm stroke, 25 Hz) for 30 minutes. 

 

Fig. 27 depicts ECR measurements produced by lubrication with different polyethers 

co(ter)polymer oil blends. The ECR values of homopolymer-blended oils (i.e., PHO and 

POO) were measured at ca. 100 mΩ, no significant ECR increase was observed. The 

measured ECR values – slightly higher than the neat AP230 oil – were attributed to 

thickened oil films [145, 146], correlating with the improved boundary lubrication 

summarized in Table 14. Utilizing PHO-b-PPO and POO-b-PPO increased ECR – up to 
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100 mΩ. This phenomenon was attributed to two main facts. First, the thickened oil films 

reduced metallic contacts during the run-in period. Second, as assisted by the hydrophilic 

PPO block, electrical insulating materials continued to deposit on sliding surfaces and 

minimized adhesive forces that cause increases in friction and wear.  

The presence of PSO block in POO-b-PPO-b-PSO inhibited the increase of ECR values. 

Lubrication with the POO-b-PPO-b-PSO oil blend caused more frequent metallic contacts 

than the corresponding diblock copolymer, POO-b-PPO. In the 2.5 wt% POO-b-PPO-b-

PSO oil blend, the ECR values did not change (110 mΩ), indicating little film formation. 

When the concentration of POO-b-PPO-b-PSO was increased to 5.0 wt% ECR was 

observed to increase at 700-second, a significant delay compared to the POO-b-PPO. 

Furthermore, the steady-state ECR values were reduced by about 200 mΩ with 5.0 wt% 

POO-b-PPO-b-PSO, as compared to the 5.0 wt% POO-b-PPO. Therefore, the POO-b-PPO-

b-PSO oil blends showed inferior boundary lubrication performance compared to the 

diblock copolymer oil blends (i.e., POO-b-PPO) as summarized in Table 14. 

Fig. 28a demonstrates how friction and ECR changed at different test loads. Surfaces 

lubricated by the AP230 oil showed high friction at the start of linear reciprocations. This 

zig-zagged friction curve can be attributed to frequent metallic contacts and inadequate oil 

lubrication during the run-in period [157]. Increasing test loads produced sharp friction 

peaks in the case of AP230 oil-lubricating surfaces, indicating that oil lubrication with only 

AP230 had insufficient load-bearing capacity. Meanwhile, load-bearing capacity was 

increased from 50 to 100 N with POO and POO-b-PPO-b-PSO, and up to 200 N with POO-

b-PPO. Measured ECRs showed that the enhanced load-bearing capabilities could be 
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attributed to surface-adsorbed polyethers [145], thickened oil films [134, 146], or frictional 

product formations [14]. 

 
Fig. 28. Measured COF (coefficient of friction) and ECR (electrical contact resistance) with: (a) 

programmed load from 50N to 500N and surface temperature maintained at 50°C, (b) controlled 

surface temperature from 50°C to 200°C and load maintained at 50N. Both experiments were 

conducted at a sliding speed of 0.05 m/s (corresponding to 1 mm stroke, 25 Hz linear reciprocation 

frequency). 

 

Fig. 28b shows the effect of increased temperature on different lubricant blends. As 

indicated by measured ECR, the amount of electrical insulating materials was negligible 

on AP230 oil-lubricated surfaces at all temperatures. Surfaces lubricated with POO-b-PPO 
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and POO-b-PPO-b-PSO produced higher ECR, effectively reducing COF at temperatures 

below 150 ℃. Different ECR values in POO-b-PPO and POO-b-PPO-b-PSO oil blends 

can be attributed to the thermal-driven desorption of boundary films [156]. The POO-b-

PPO-b-PSO showed higher ECR values at 150 ℃, indicating that their boundary films 

were less sensitive to temperature changes. Another interesting feature associated with 

increased surface temperature was that all the oil-lubricated surfaces displayed the 

convergence of COF and ECR to ca. 0.15 and 100 mΩ, because the number of metal-on-

metal contacts (which control friction of boundary lubrication), was nearly the same for 

each lubricating oil at 200 ℃. Boundary films were removed, or melted by continuous 

rubbing at higher temperatures. Overall, the measured COF and ECR values indicate that 

polyether copolymers could improve boundary lubrication performance in IC engine-

related applications [158]. The designed PPO and PSO blocks were key to resisting the 

thermal-driven removal process.  

Tribochemical reaction mechanism  

 

Fig. 29. Surface morphologies of wear tracks produced by different lubricating oils: (a) AP230, (b) 

5.0 wt% PHO, (c) 5.0 wt% PHO-b-PPO, (d) 5.0 wt% POO, (e) 5.0 wt% POO-b-PPO (f) 5.0 wt% 

POO-b-PPO-b-PSO. Dark colors in specified areas indicate surfaces covered with frictional species. 
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Fig. 29 shows surface morphologies on surfaces lubricated by different polyether 

copolymer oil blends. The optical images show that the dark and bright areas can be 

respectively attributed to surfaces covered with and without frictional species [106]. Wear 

tracks were generated because of inadequate boundary film, or frictional species 

protections under forced linear motions. Analysis of the frictional species (produced by 

hydrocarbon based lubricating oils) appears in Fig. 30. Note that all surfaces were cleaned 

with petroleum ether to remove most oils, polymers, and degraded species, therefore, the 

Raman spectra presented indicated chemical species that bonded strongly to surfaces.  

Fig. 30 indicates that the frictional species were mainly iron oxides, disordered graphite, 

and various chemical species from degraded lubricating oils. The wear tracks produced 

were cleaned with petroleum ether before all surface analysis; the washing process 

removed most polymeric materials and oils. The following analysis results were mainly the 

surface-adsorbed frictional species. The first four peaks can be attributed to different iron 

oxides, including goethite (α-FeOOH, at 275, 475, and 580 cm−1) and lepidocrocite (γ-

FeOOH, at ca. 380 cm−1) [107]. These iron oxides were formed when the surface asperities 

allowed oxygen to penetrate and react with the underlying metal [100]. Rubbing 

hydrocarbons on these surface asperities triggered degradation, adsorption, and 

polymerization reactions which were responsible for the formation of carbonaceous 

materials [159, 160]. For instance, the broad spectra (center located at ca. 1350 cm−1), can 

be attributed to disordered D-mode graphite, while the peak at ca. 1580 cm−1can be 

assigned to G-mode graphite (in-plane vibration of carbon atoms). Other peaks can be 
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attributed to various frictional species from the degradation of AP230 oil blended with 

different polyether co(ter)polymers (Fig. 30a).  

 

Fig. 30. Raman spectra comparisons of frictional products deposited on rubbed surfaces as 

lubricated by different polyether-blended oils: (a) AP230, 5.0 wt% PHO, and 5.0 wt% POO; (b) 

5.0 wt% PHO-b-PPO, 5.0 wt% POO-b-PPO, and 5.0 wt% POO-b-PPO-b-PSO 

 

Fig. 30 shows Raman spectra collected from the wear track produced. Peak intensity ratios 

indicate that iron oxides were dominant species on all rubbed surfaces, regardless of the 

types of formulated lubricating oils. Polyether blended oils reduced iron oxide formation, 

G-mode graphite, and multiple frictional species characteristic of degraded AP230 oil. 

When lubricated by polyether copolymers, there was less metallic content, resulting in 

lower mechanical energy at the surface. As a result, there was less AP230 oil degradation 

and iron oxide formation on the surfaces. 

In Fig. 31, the FTIR spectra collected from rubbed oils further supported this proposed 

tribochemical reaction mechanism. The rubbed polyether copolymer oil blends had spectra 

featuring CO-O-CO anhydride, indicating the oxidation of polyether copolymers during 

the rubbing process. The sacrificial actions of the friction modifiers (i.e., stress-induced 

degradation/oxidation of polyethers) resulted in less scuffing and corrosive wear of rubbed 
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iron substrates [1]. Therefore, fewer iron oxides were generated with the effective oil 

lubrication by polyether (co)polymers. 

 

Fig. 31. FTIR spectra of lubrication oils before and after rubbing: (a) AP230, (b) 5.0 wt% POO, (c) 

5.0 wt% POO-b-PPO, (d) 5.0 wt% POO-b-PPO-b-PSO. Experiments conducted in an Optimol 

SRV5 under 50 °C and 50N with ball-on-disk linear reciprocations (1 mm stroke, 25 Hz) for 30 

minutes 
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Conclusions 

This work investigated various well-defined polyether based block co(ter) polymers as 

multifunctional lubricant additives in a Group II base oil (Aramco Prima 230). The block 

co(ter) polymers were synthesized with organocatalytic ROP with TEB/t-BuP2 Lewis pair 

as the catalyst and eicosanol as the initiator at ambient conditions. It was concluded that 

polyether based polymeric materials with different side chains exhibited different functions:  

● PHO and POO (hydrophobic block) enabled thermal-induced molecular coil 

expansions, which effectively thickened the lubricating oil and reduced thermal-

induced viscosity changes (i.e., increase in viscosity indices).  

● PPO (slightly hydrophilic block) induced thicker and faster boundary film 

formation and improved boundary oil lubrication performance.  

● PSO (benzyl groups) improved oil thermal stability, degraded polyether viscosity 

indices, and hindered boundary film formation.  

These results identified the possibility of designing efficient multifunctional lubricant 

additives using polyether copolymers. However, one may pay particular attention to the 

design of polymeric lubricant additives with multiple building blocks. Increasing the 

complexity of molecular functionality (in multiple building blocks) may produce undesired 

interactions that cancel designed multifunctionalities.   
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4.2 Enhanced oil lubrication performance with core-shell TiO2 

nanoparticles modified with gallic acid esters 

Background 

TiO2 NPs attracted great interest for lubrication applications because of their proven 

friction-modifying functionality [161–164], low toxicity [165], and their ease of synthesis 

[166]. Nonetheless, undesired wear behavior caused by TiO2 NPs formulation in oil has 

been a concern [164]. One possible explanation for this wear behavior is that the soft metal-

organic tribofilm could easily be worn off by the NPs, resulting in inadequate tribofilm 

formation during reciprocation in the boundary lubrication regime [167]. Kumara et al. 

also noted that lubrication performances were due to the component, structure, and size of 

NPs applied [168]. The triboactive part used to modify the surface properties of NPs can 

contribute to wear protection [169]. This work investigated whether surface-functionalized 

TiO2 NPs with specific tribo-active components could help reduce friction, eliminate the 

micro-abrasions in boundary lubrication, and follow tribological behaviors/mechanisms 

similar to those reported by Ye et al. [170]. 

Current studies focus on surface modified TiO2 NPs to enhance lubricant performance. 

Aggregation/sedimentation of NPs in oil lubrication has long been a concern for industrial 

applications [62]. NPs tend to minimize surface free energy by aggregation (reducing 

surface area) when blended in non-polar base oils. Enhancing the dispersion stability of 

NPs by formulating them with surfactants or detergents could be an easy solution, but it 

has raised concerns about stability due to weak electrostatic interactions or possible 

undesirable interactions with other additives [171]. Surface modification has been 

considered a more reliable technique but it should be carefully applied, considering that 
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the affinity of the surface modifying agent could be either too strong to maintain the 

original structure of NPs, or too weak to stably graft onto NPs surfaces [172]. Surface 

modifying agents, such as carboxylic acids, polymer/copolymer, silanes, and 

organophosphorus, have been proven suitable to improve dispersion in lubrication [63]. 

However, little attention has been given to polyphenols for the modification of NPs in 

lubricant applications.  

This work applies the building block of polyphenol (gallic acid derivatives) to modify TiO2 

NPs. Previous studies have succeeded in surface modification of various NPs, such as ZnO 

[173], Fe3O4 [172], and TiO2 [174]. In this work, 2-octyldodecyl gallic acid ester (ODG) 

was selected as a surface modifying agent, for which hydroxyl, benzyl, and alkyl groups 

serve different roles in modifying TiO2 NPs. The hydroxyl groups formed chemical bonds 

between the metal/metal oxides and  ODG [175, 176], ensuring surface modification 

stability. The aliphatic of ODG altered NPs from hydrophilic to lipophilic, which enhanced 

dispersion stability. The benzyl rings of ODG acted as triboactive components, which 

could help the tribological properties of NPs [168]. 

This study compared lubrication and dispersion performances of ODG modified TiO2 NPs 

(ODG@TiO2 NPs) with unmodified ones in two different oil lubrication systems, 

polyalphaolefin (PAO, no other additives), and Helix 10W30 engine oil (HEO, containing 

ZDDPs). An Optimol-SRV®5 reciprocation tribometer with a ball-on-disk configuration 

was applied to generate the coefficient of friction (COF) curves in the boundary lubrication 

regime. Generated wear tracks were investigated using different surface analysis tools. The 

Zygo NVP7300 Optical Profiler was used to quantify ball and flat wear scar volume. 

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) were applied to the 
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investigation of tribochemical reactions. A scanning electron microscopy (SEM), coupled 

with energy-dispersive X-ray spectroscopy (SEM-EDS) analyzed wear scar morphology. 

The tribofilm was lifted by a focused ion beam (FIB) for the study of cross-sectional 

morphology, using transmission electron microscopy (TEM) coupled with EDS.  

Synthesis and characterization of ODG@TiO2 NPs and TiO2 NPs 

 
Fig. 32. Characterization results: (a) Core-shell ODG@TiO2 nanostructure and elemental mapped 

by EELS (blue: titanium; red: carbon) (b) TGA results of ODG@TiO2 obtained at heating rate 

10 °C/min with the N2 purged at 20 cm3/min; (c) IR spectra of the ODG, TiO2, and ODG@TiO2; 

(d) Raman spectra of anatase TiO2 and Core-shell ODG@TiO2 before the tribological tests; (e) 

UV-vis dispersion stability evaluation of 0.5 w.t.% TiO2 (milky white) and 0.5 w.t.% ODG@TiO2 

(orange) in n-hexadecane. 
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Fig. 32 indicates the core-shell structure of ODG@TiO2 NPs, wherein carbon signal can 

be assigned to the destroyed ODG layer. The high electron energy (300 kV) used for 

elemental mapping in TEM-EELS could lead to a thinner shelled organic layer. SEM 

images also confirmed the nanostructure of ODG@TiO2 NPs and its original thickness of 

the shelled organic layer (5 nm to 10 nm) in Fig. A7a. The shelled organic layer on 

ODG@TiO2 NPs can be attributed to the polymerization of gallic acid derivatives, ODG 

[174].  

Fig. 32b also confirms the successful surface medication. In Fig. A7c, both TG and DTG 

curves of ODG@TiO2 NPs differed from those of TiO2 NPs. The TG and DTG curves of 

TiO2 NPs indicated that the major weight loss occurred below 100°C, which could be 

trapped water. However, the thermal degradation of ODG@TiO2 NPs occurred mainly at 

280 °C and 420°C, which was assigned to the stable coating of the ODG layer on TiO2 

NPs. The TG curve in Fig. 32b suggests that the ODG coated on TiO2 NPs was about three 

to four w.t.%, counting the weight loss from 200 °C to 700 °C. The limited amount of ODG 

coated on ODG@TiO2 NPs could be the reduction in surface area after modifications. 

Fig. 32c and 32d reaffirm the successful surface modification of TiO2 NPs. The hydroxyl 

group signal (between 3450 cm-1 and 3350 cm-1) of ODG disappeared after covering the 

surface of TiO2. ODG and TiO2 can be linked in bidentate mononuclear, or binuclear, 

structure through the hydroxyl groups [177]. The bands observed at 2953 cm-1 and 2869 

cm-1 were caused by the C-H stretching of ODG. Broad peaks from 1320 to 1200 cm-1 can 

may have been the result of the carbonyl functionality of the aromatic ester or aryl ether, 

which corresponded to the polymer linkage reported in the study by Tóth et al. [174]. The 

broad signal vibrations from 1400 to 1600 cm-1 were caused by aromatic ring stretching. 
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In Fig. 32d, the Raman shift peaks at 141 cm-1 and 638 cm-1 were assigned to Eg phonic 

mode, while peaks at 394 cm-1 and 514 cm-1 were attributed to A1g and B1g phonic mode 

for both TiO2 and ODG@TiO2
 NPs [178]. For the spectra of ODG@TiO2

 NPs, the 

additional peaks at 1372 cm-1 and 1502 cm-1 were assigned to the ODG functionality. 

Fig. 32e demonstrates that the dispersion stability of the TiO2 NPs was improved in non-

polar solvent after being modified by ODG. Non-modified TiO2 NPs quickly settle in 

hexadecane in the first 15 minutes and settled out within 30 minutes. Meanwhile, 

ODG@TiO2 NPs appeared at the bottom after 40 minutes and settled completely after 120 

minutes. Although the alkyl group characterized by ODG@TiO2 NPs helped them to slow 

down the sedimentation kinetic, the limited dispersion stability ODG@TiO2 was attributed 

to the aggregated NPs before and after the surface modification as shown in Fig. A7a and 

7b. Images displaying dispersion stability for each blend in two base oils can be found in 

Fig. A7d. 

Oil lubrication performances 

Fig. 33a shows improved lubrication performance with ODG@TiO2 NPs. In PAO and HEO 

lubrication systems, frictions measured in ODG@TiO2 NPs formulations were lower than 

TiO2 NPs formulations. Increasing NPs concentrations reduced friction in both lubrication 

systems. By setting PAO as the benchmark in the PAO system in Fig. 33b, the mean COF 

was lowered by 18.5% in the 1.0% ODG@TiO2 NPs blend. In the HEO system, 

formulating 1.0% ODG@TiO2 NPs reduced mean COF by 7.4% when setting HEO as the 

benchmark. The COF curves and mean COF values in Fig. 33a and 33b suggested that 

ODG coated on the TiO2 NPs aided the friction reduction of TiO2 NPs. The friction results 
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corresponded to the conclusion drawn from Kumara et al [168]. However, the benefits of 

adding TiO2 NPs to the base oils, both PAO and HEO, were negligible. 

 
Fig. 33. (a) Coefficient of friction (COF) curves; (b) summary of mean COF and total wear volume 

in PAO (left) and HEO (right) formulations  

 

Fig. 33b also summarizes different wear behaviors of ODG@TiO2 NPs and TiO2 NPs in 

two different base oil systems. Note that the PAO testing system was used to study the 

behaviors of ODG@TiO2 when no additives were given, and to investigate whether the 

shelled organic layer could eliminate the micro-abrasions of TiO2 NPs. Wear tracks were 

enlarged with increasing ODG@TiO2 NPs concentrations in the PAO system. By 

comparing the wear performances of 1.0% TiO2 NPs blend with 1.0% ODG@TiO2 NPs, 

ODG@TiO2 NPs generated more surface material wear. In the HEO lubrication system, 

coupling ODG with TiO2 NPs reduced both wear and friction. The wear volumes of 0.5 % 

ODG@TiO2 and 1.0% ODG@TiO2 in the HEO formulation test were decreased by 0.7% 
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and 2.1%, respectively while the addition of 1.0% TiO2 NPs in HEO dramatically increased 

the wear volume by 19.9%.  

Surface morphologies of wear tracks 

Fig. 34 shows the surface morphology of wear track resulting from HEO and PAO 

lubrication systems with the addition of ODG@TiO2 NPs. In Fig. 34a, the wear tracks 

generated from ODG@TiO2 NPs were covered by many TiO2 NPs agglomerates, which 

could be a collection of iron oxides, ODG@TiO2 NPs, and degraded organic compounds. 

On the other hand, the ODG@TiO2 NPs (blended in PAO system) generated a wear 

morphology similar to TiO2 NPs as shown in Fig. A8a. As the NPs agglomerates deposited 

on the surface, they could serve as the additional asperity contacts that harm the surface 

protection. The NPs agglomerates could explain why both ODG@TiO2 NPs and TiO2 NPs 

cannot eliminate the surface wear in PAO system as summarized in Fig. 33b.  

Fig. 34b also shows the beneficial effects of blending ODG@TiO2 NPs in an HEO 

lubrication system.  ODG@TiO2 NPs seemed to synergize with anti-wear/friction agents 

contained in HEO to generate a more polished surface than TiO2 NPs, due to the triboactive 

role of ODG coating on ODG@TiO2 NPs. In Fig. A9b, the elemental mapping confirms 

the addition of ODG that helped to polish rubbing surfaces. The following section further 

provides cross-sectional surface analysis using TEM-EDS-FIB to reveal the elemental 

profiles and thicknesses of the derived tribofilms resulting from different lubrication 

formulations.  
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Fig. 34. SEM-EDS surface elemental and morphology of disk wear tracks as generated from the 

oil lubrication with (a) 1.0% ODG@TiO2 in PAO, and (b) 1.0% ODG@TiO2 in HEO 
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Cross-sectional tribofilm morphology of HEO and PAO lubrication systems  

 

Fig. 35. Cross-sectional surface analysis on tribofilm, with elemental mapping on tribofilm using 

TEM-EDS-FIB: (a)1.0% TiO2 in HEO; (b) 1.0% ODG@TiO2 in HEO; (c) 1.0% TiO2 in PAO; (d) 

1.0% ODG@TiO2 in PAO 

 

Fig. 35 shows tribofilm cross-section morphologies generated by TiO2 NPs and ODG@ 

TiO2 NPs in the HEO lubrication system. The elements P, S, and Zn in derived tribofilms 

can be attributed to ZDDPs contained in HEO base oil. The Ti element (purple) indicates 

tribofilm formation produced by lubrication with ODG@TiO2 NPs. In the 1.0% 

ODG@TiO2 HEO blend, the tribofilm thickness was measured to be thicker than 1.0% 

TiO2/HEO blend. (c.a. 10 nm, Fig. A10) and neat HEO (c.a. 50nm, Fig. A10). When 

formulating with 1.0% TiO2 NPs in HEO, minor amounts of Ti filled into the ZDDP 

derived tribofilm as shown in both the thin area (Fig. 35a) and the thick area (Fig. A10a1). 

The 1.0% ODG@TiO2 blend, with a much greater amount of Ti (Fig. 35b) was 

incorporated into the ZDDP-derived tribofilm; this could explain the different wear 

behaviors between the ODG@TiO2 and TiO2 blends in the HEO lubrication system 

(summarized by Fig. 33b).  
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Cross-sectional morphology of tribofilms generated in PAO lubrication system  

In Fig. 35c and 35d, the presence of TiO2 NPs and ODG@ TiO2 NPs demonstrated 

different surface morphologies in the PAO lubrication system, as compared to the HEO 

lubrication system. The EDS result in Fig. 35c and Fig. A10d1 show that the TiO2 NPs 

sintered into the contacting surface, instead of forming a complete tribofilm. In Fig. A10d, 

the cross-sectional tribofilm morphology of the TiO2 NPs in the PAO lubrication system, 

was sporadic across the contacting surface line, which serve as additional contacting 

asperities or a sintering center for aggregation and subsequent rigid NPs contacts. The 1.0% 

ODG@TiO2 NPs blend in PAO formed a complete tribofilm over the contacting surface 

and generated thicker tribofilm than the TiO2 NPs blend as shown in Fig. 35d and Fig. 

A10e.  

Chemical composition profiles of tribofilms 

(a) (b) 

  

Fig. 36. Raman spectra of ODG@TiO2 and TiO2 NPs generated tribofilms from different oil 

lubrication system (a) HEO and (b) PAO 

 

Fig. 36 demonstrates that TiO2 NPs and ODG@TiO2 NPs generated different surface 

chemical profiles. Peaks at 213, 295, 296, 408, 411, 421, 425, and 495 cm-1 were assigned 

to the spectra of different iron oxides [83, 179]. For the Raman spectra characterized by 
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TiO2, peaks at 141 cm-1 and 638 cm-1 were the symmetric stretching vibration of O-Ti-O 

(Eg); the peak at 514 cm-1 was the symmetric bending vibration of O-Ti-O (B1g); the peak 

at 394 cm-1 corresponded to the anti-symmetric bending vibration of O-Ti-O (A1g ) [180]. 

The A1g peak and the B1g peak for both anatase TiO2 NPs and ODG@TiO2 NPs 

disappeared after tribological tests. The characteristic Eg phonic mode of TiO2 shifted 

slightly from original 141 cm-1 to 146 cm-1 or 148 cm-1 while the other characteristic Eg 

phonic mode of TiO2 relocated from 638 cm-1 to 643, 644, 645, or 647 cm-1.  

Fig. 37 shows the XPS spectra as surveyed from the produced wear tracks. Peaks at 458.1 

eV and 463.8 eV indicated the presence of Ti4+ species for ODG@TiO2 NPs in both 

lubrication systems. The absence of any peaks from 453 eV to 456 eV excluded the 

possibility of having Ti2+ or Ti3+. Although the Ti4+ species could be the original binding 

state of TiO2 NPs or the binding with other species.  

(a) 

 
(b) 

 
Fig. 37. XPS spectra of ODG@TiO2 NPs from HEO (left) and PAO (right) lubrication system: 

(a) survey spectra and (b) Ti 2p 
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Nanoindentation on tribofilms 

Table 15 summarizes the mechanical properties of wear tracks generated from different 

lubrication systems. In the HEO lubrication system, small variances of measured hardness 

and reduced modulus indicated good surface homogeneity, in agreement with the results  

in Fig. 35a and 35b. Without blending NPs, the measured surface mechanical properties 

corresponded to the range of measured hardness (1 to 9 GPa) and reduced modulus 

(approximately 100 GPa) of ZDDP-derived tribofilms [181–183]. The increases in 

hardness and reduced modulus were attributed to the incorporation of TiO2 NPs into 

ZDDP-derived tribofilms, suggesting a synergistic effect similar to ionic liquids/ZDDPs 

formulations [181, 182], which explained the improved friction and wear reduction 

contributed by ODG@TiO2 NPs. In the PAO lubrication system, the indentation results, 

accompanied by large variances in measured mechanical properties, reaffirmed the rough 

surface morphologies caused by the lack of other additives that assisted in the formation of 

tribofilm on rubbing surfaces. 

Table 15. Surface mechanical properties of wear tracks measured from wear tracks generated from 

the lubrication with HEO and PAO oil blends 

Oil blends Hardness (GPa) Reduced modulus (GPa) 

HEO formulations 

Without NPs 9.83±0.86 220.24±13.40 

1.0% TiO2 11.14±1.63 226.23±20.55 

1.0% ODG@TiO2 12.00±0.99 230.38±13.32 

PAO formulations 

Without NPs 15.26±4.84 208.62±49.94 

1.0% TiO2 10.61±3.54 208.80±54.14 

1.0% ODG@TiO2 14.72±3.97 246.14±40.16 
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Discussion on tribological performances of ODG@TiO2 and TiO2 NPs 

The different tribological behaviors of ODG@TiO2 NPs and TiO2 NPs can be considered 

in terms of the following two rationales:  

 tribochemical reactions related to pi-pi intermolecular interactions of aromatic rings on 

ODG [168]; 

 micro, ball-bearing, rolling TiO2 NPs eliminated asperity contacts and separated two 

connecting surfaces from direct contact, while aggregated NPs hindered the rolling 

dynamic of the ball-bearing [184]. 

As summarized in Fig. 33b, these results agreed with the conclusion drawn from recent 

studies on surface-modified NPs, in which the organic layer covering the nanoparticles 

enhanced friction reduction and dispersion [168], while the selected elements of NPs were 

key to tribofilm growth [169]. Our analysis results in Fig. 34 and Fig. 35, which further 

demonstrate that TiO2 NPs, caused more wear tracks. Regardless of the variety of base oil 

and ODG in ODG@TiO2, NPs was triboactive in helping NPs to synergize with other 

tribofilms. The chemical composition profiles of generated tribofilms, as analyzed by 

Raman spectroscopy (Fig. 36) and XPS (Fig. 37) suggested that when blending the 

modified and unmodified TiO2 NPs, different tribochemical reactions occurred, rather than 

a direct transfer of NPs to the derived tribofilms. 

Predicated on the chemical hardness concept [185], TiO2 itself could be regarded as a 

chemically-hard species that destroyed the chemically-soft ZDDPs derived tribofilm. The 

ODG@TiO2 NPs could be seen as chemically-soft species, preventing the scuffing of 

ZDDPs derived tribofilms in HEO lubrication systems. In addition, the cross-section 

morphology results shown in Fig. 35 and Fig. A10 show that TiO2 NPs without the shelled 
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ODG layer reduced the effect of the ZDDPs derived tribofilm thickness, while the 

ODG@TiO2 NPs could incorporate into ZDDPs’ derived tribofilms. However, when no 

anti-wear agents were contained by the base oil (such as PAO formulations), the 

ODG@TiO2 NPs became chemically hard because of pi-pi interactions among 

ODG@TiO2 NPs which built up aggregations, caused tribofilm scuffing and initiated 

undesired tribochemical reactions. 
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Conclusions 

The straightforward surface modification, in-situ surface polymerization using ODG 

improved TiO2 NPs dispersion stability in non-polar oils. The core-shell ODG@TiO2 NPs 

enhanced tribological performances in two different lubrication base oil systems: PAO 

(neat base oil) and HEO (commercial lubricants). Formulating 1.0% ODG@TiO2 in PAO 

reduced friction by 18.5% compared with neat PAO, but showed increased wear volume 

of 16.7%. On the other hand, 1.0% ODG@TiO2 NPs blend reduced friction by 7.4% and 

wear volume by 2.1%, compared with neat HEO. The XPS and Raman spectra suggested 

that NPs blended in two base oils – PAO and HEO – underwent different tribochemical 

reactions. Further conclusions can be drawn as follows:  

● The additional ODG layer on TiO2 NPs, as tested in both PAO and HEO lubrication 

systems, helped to thicken tribofilms. 

● If no other additives were present, ODG provided by π-π intermolecular interactions 

could initiate undesirable tribochemical reactions, causing more wear. 

● The additional ODG layer on TiO2 NPs helped TiO2 NPs incorporate with ZDDP 

derived tribofilms, while non-coated TiO2 NPs destroyed the ZDDP derived tribofilms 

by specific tribochemical, or tribomechanical, reactions. 
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Chapter 5 

5. Conclusions and future work 

5.1 Conclusions  

This dissertation investigates tribochemical reactions in different hydrocarbon fluid 

mixtures. In Chapter 3, the fuel lubricity loss, which had been implicitly attributed to 

intricate interactions, is now explained by the quantification of time-evolution electrical 

contact resistance (ECR) values. The measured ECR curvatures captured protective 

tribofilm growth patterns hidden under oil-lubricating surfaces. A comprehensive 

tribochemical reaction kinetic model is developed further, supporting tribological 

parameters (i.e., friction, wear, and ECR) gauged in the experimental work. Our progress 

in clarifying these interfacial phenomena (i.e., lubricity loss problems in fuel mixtures and 

additive interactions) helps us advance the design of lubricity improvers in fuel lubrication 

systems. Blending tens to hundreds ppm level carbon-based nanomaterials to diesel-

ethanol fuel mixtures can effectively recover lubricity loss resulting from ethanol blending. 

In Chapter 4, we investigated polyether copolymers for the application as multifunctional 

lubricant additives for applications to combustion engines. The designed polyether 

copolymers enhance lubrication performance, rheological property, and thermal stability 

when blended with group II base oil. The polystyrene oxide block designed in polyether 

copolymers could initiate interactions that prevent boundary film formations and cause 

lubrication performance loss. The other work studied the compatibility of gallic acid ester 

modified TiO2 nanoparticles with commercial engine oil (Helix 10W30) and neat base oil 

(Polyalphaolefin). The coated gallic acid ester layer help TiO2 nanoparticles to synergize 
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with ZDDPs-induced tribochemical reactions, thicken tribofilms, and protect rubbing 

surfaces from material wear. However, gallic acid ester modified TiO2 nanoparticles cannot 

be dispersed and functioned properly in neat base oil. Understanding this lubrication 

behavior with comprehensive tribochemical reaction mechanisms requires further 

investigation. 

5.2 Future work 

Continued development of tribochemical reaction kinetic model 

This dissertation unravels tribochemical reactions, with the focus on additive interactions 

in fuel and oil lubrication systems. The developed tribochemical reaction kinetic model in 

Chapter 3.3 predicted the lubrication performance of lubricant additives blended in 

different fuel formulations. One may construct detailed tribochemical reaction kinetic 

modeling by further designing surface analysis approaches that gather more information 

on tribofilm chemical compositions. Another possible route for further development of a 

tribochemical reaction kinetic model may be achieved through non-equilibrium molecular 

dynamic (NEMD) simulation results; this simulation approach effectively deals with 

tribochemical reactions made of 106 to 109 atoms [186], and provides insight into physical 

phenomena at atomic levels, capturing molecular reactions missed by tribochemical 

reaction kinetic modeling at the macroscopic scale. 

Studying electrical current impacts on oil-lubricating surfaces 

Recent studies pointed to the impact of electrical currents applied on rubbing surfaces [187], 

which – with the inclusion of triboelectric reactions – can potentially improve oil-

lubricating performance. For instance, state-of-the-art lubricant additives are designed to 

be more tribo-active under the application of electrical stimuli [76]. The hybridization of 
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ionic liquids and metal (or metal oxide) nanomaterials can respond to electrical impulses 

where the underlying tribochemical reactions are directed to enhance oil lubrication 

performance. Spikes et al. also pointed the possibility of controlling friction by electrical 

currents [188]. For these reasons, future work is anticipated to explore electrical current 

for the application in different lubrication system controls. 
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APPENDICES 
 

Table A1. Certificate of analysis of low-sulfur diesel (LSD) used in this study. 
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Table A2. Tabulated fuel lubricity performances of LSD, LME10, LME9HA1, LME7HA3, 

LME9CA1, and LME7CA3 (a) low contact pressure (10 mm ball), (b) high contact pressure (15 

mm ball) as characterized by Optimol SRV® 5 and Zygo NVP7300 Optical Profilometer 

Surface parameters Length [mm] Width [mm] Depth [µm] Ra [µm] RMS [µm] 

(a) Low Contact Pressure 

LSD 1.374 0.163 0.01 0.07 0.09 

LME10 1.375 0.245 0.02 0.08 0.11 

LME9HA1 1.325 0.278 0.02 0.08 0.12 

LME7HA3 1.522 0.343 0.03 0.10 0.15 

LME9CA1 1.587 0.589 0.12 0.16 0.23 

LME7CA3 1.735 0.589 1.09 1.38 1.61 

(b) High Contact Pressure 

LSD 1.383 0.409 0.08 0.13 0.16 

LME10 1.369 0.425 0.09 0.14 0.21 

LME9HA1 1.459 0.498 0.10 0.18 0.25 

LME7HA3 1.450 0.517 0.28 0.27 0.36 

LME9CA1 1.448 0.532 0.43 0.44 0.60 

LME7CA3 1.583 0.607 0.62 0.77 0.96 
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Fig. A1. ECR values measured as a function of time for each fuel blend test in units of ohm. 
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Table A3. Summary of ball wear scar diameters, average diameters, and ball wear volumes in this 

work, and calculations from reports of Lapuerta et al. and Kuszewski et al.  

Ethanol content 

(v/v%) 

Ethanol content 

(wt%) 

Ball scar diameter 

(µm) 

Ball wear volume 1 

(×103 µm3) 

Specific wear rate 1 

(µm3/N∙m) 

Test temperature at 25 ºC, this work. 

0 0.0 293.0 72.4 32.2 

5.2 5.0 290.6 70.1 31.1 

10.5 10.0 322.7 106.4 47.3 

20.8 20.0 339.8 131.0 58.2 

41.2 40.0 397.7 245.6 109.2 

Test temperature at 25 ºC, Lapuerta et al. 2 

1.0 1.0 276.0 95.0 107.7 

2.5 2.4 274.0 92.3 104.6 

7.7 7.3 268.0 84.5 95.7 

17.0 16.3 316.0 163.3 185.0 

50.0 48.7 405.5 443.1 502.0 

Test temperature at 60 ºC, Lapuerta et al. 2 

1.0 1.0 297.0 127.4 144.4 

2.5 2.4 364.5 289.2 327.7 

7.7 7.3 335.0 206.3 233.7 

17.0 16.3 277.0 96.4 109.2 

Test temperature at 60 ºC, Kuszewski et al. 2  

2.0 1.6 196.5 24.4 27.7 

4.0 3.2 188.0 20.4 23.2 

6.0 4.8 188.5 20.7 23.4 

8.0 6.3 197.0 24.7 27.9 

10.0 7.9 180.5 17.4 19.7 

12.0 9.5 184.5 19.0 21.5 

14.0 11.1 193.0 22.7 25.7 

1Ball wear volumes and specific wear rates were calculated using Eqs. 8 and 9. Experiments 

conducted in a ball-on-disk configuration for 75 minutes with controlled load at 5 N (corresponding 

to 802 MPa), sliding speed 100 mm/s (corresponding to 1mm, 50 Hz stroke), and different surface 

temperatures (25 ºC and 60 ºC). 

  



141 

Table A4. Summary of ball wear volumes, specific wear rate, CoF, ECR measured in all diesel and diesel-

ethanol fuel blends. Experiments conducted in ball-on-disk configuration for 4500 seconds linear 

reciprocations, with controlled load at 5 N (corresponding to 802 MPa), surface temperature at 25 ºC, and 

sliding speed 100 mm/s (corresponding to 1mm, 50 Hz stroke). 

Ball wear volume 

(×103 µm3) 

Specific wear rate 

(µm3/N∙m) 

CoF  

(a.u.) 

ECR 

(mΩ)  

D100 

72.5 32.2 0.304 1137 

72.6 32.3 0.294 1133 

72.2 32.1 0.306 1118 

DE05 

70.0 31.1 0.278 1088 

69.9 31.1 0.292 1099 

70.3 31.2 0.280 1111 

DE10 

106.2 47.2 0.329 998 

106.7 47.4 0.333 1007 

106.5 47.4 0.321 987 

DE20 

131.1 58.3 0.335 879 

131.0 58.2 0.353 891 

130.9 58.2 0.348 889 

DE40 

245.6 109.2 0.356 561 

244.9 108.8 0.341 556 

245.7 109.2 0.362 537 
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Fig. A2. (a) Relationship between measured ball and disk wear tracks. Linear equation utilized to 

estimate ball wear volumes generated from experiments with 25 to 250-s controlled sliding time. 

Experiments conducted in ball-on-disk configuration with controlled load at 5 N (corresponding to 

802 MPa), surface temperature at 25 ºC, and sliding speed 100 mm/s (corresponding to 1mm, 50 

Hz stroke). (b) Relationship between CoF and wear rate as measured from the lubrication with 

diesel-ethanol fuel mixtures. 
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Fig. A3. Wear tracks produced on rubbed disk with controlled sliding time from 25 to 300 seconds: 

(a) D100 and (b) DE10. Experiments conducted in ball-on-disk configuration with applied load at 

5 N (corresponding to 802 MPa), surface temperature at 25 ºC, and sliding speed 100 mm/s 

(corresponding to 1mm, 50 Hz stroke). 
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Table A5. Summary of measured disk wear scar widths, estimated ball scar diameters, estimated 

ball wear volumes, and estimated specific wear rates as lubricated by D100 and DE10.  

Surface 

parameters 

Controlled sliding time (second) 

25 50 75 100 125 150 200 300 

Fuel lubrication with D100 

Disk scar width  

(µm) 
82.0 88.5 97.7 101.4 108.8 110.6 116.1 119.8 

Ball scar diameter1  

(µm) 
203.6 206.9 211.6 213.4 217.2 218.1 221.0 222.8 

Ball wear volume1   

(×103 µm3) 
16.9 18.0 19.7 20.4 21.9 22.2 23.4 24.2 

Specific wear rate2 

(µm3/Nm) 
1349.5 719.4 524.6 407.6 349.6 296.4 234.0 161.4 

Surface contact area3 

(µm2) 
32.6 33.6 35.2 35.8 37.1 37.4 38.3 39.0 

Mean contact pressure3 

(MPa) 
140.4 138.5 136.7 133.8 130.4 127.7 125.6 120.5 

 Fuel lubrication with DE10 

Disk scar width  

(µm) 
100.5 103.2 106.0 110.6 116.1 120.7 124.4 133.6 

Ball scar diameter1  

(µm) 
213.0 214.4 215.8 218.1 221.0 223.3 225.2 229.9 

Ball wear volume1   

(×103 µm3) 
20.2 20.7 21.3 22.2 23.4 24.4 25.2 27.4 

Specific wear rate2 

(µm3/Nm) 
1616.1 829.6 567.8 444.6 374.4 325.5 252.4 182.8 

Surface contact area3 

(µm2) 
35.6 36.1 36.6 37.4 38.3 39.2 39.8 41.5 

Mean contact pressure3 

(MPa) 
153.6 148.8 142.2 139.7 134.9 133.8 130.4 128.2 

1Surface parameters estimated using linear equation in Fig. A2. Disk wear scar widths measured in 

Fig. A3. 2Ball wear volumes and specific wear rates determined using Eqs. 1 to 3 in the manuscript. 

3The surface contact surface areas calculated using estimated ball scar diameters and contact 

pressures determined by the flat-on-flat contact pressure model.  
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Fig. A4. (a) and (b) Surface morphology of D100-lubricated surfaces with 900-s ball-on-disk 

sliding without injection of other fuels. (c) Measured COF and ECRs. (d) Raman spectra as sourced 

from red rectangle regime in image (b). Experiment conducted with load, temperature, and sliding 

speed respectively controlled at 5 N (corresponding to 802 MPa), 25 ºC, and 100 mm/s 

(corresponding to 1mm, 50 Hz stroke). 

 

Fig. A5. Dark spots located at left and right side of produced disk wear track. Experiments were in 

a ball-on-disk configuration utilizing D100 to lubricate surfaces for 900 s; 20 µL (anhydrous) 

ethanol injected onto fuel-lubricated surfaces at 300-s sliding (without stopping). Load, 

temperature, and sliding speed respectively controlled at 5 N (corresponding to 802 MPa), 25 ºC, 

and 100 mm/s (corresponding to 1mm, 50 Hz stroke). 
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Fig. A6. (a) Surface morphology, (b) Raman spectra of disk surfaces before tribological 

experiments.  
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Table A6. Measured surface parameters on rubbed balls and disk. Tribological experiments 

conducted in ball-on-disk linear reciprocation for 4500 seconds with controlled surface 

temperature 25 ºC, applied load 5N, and sliding speed 0.1 m/s (corresponding to linear stroke 

1mm, 50 Hz). 

Diameter 1 

(µm) 

Diameter 2 

(µm) 

Avg. ball diameters 

(µm) 

Ball wear volume 

(103 µm3) 

CoF 

(a.u.) 

ECR 

(mΩ) 

Fuel lubrication with D100 

309.2 278.5 293.8 73.2 0.317 1225 

306.5 280.1 293.3 72.7 0.314 1241 

Fuel lubrication with DE10 

346.2 304.6 325.4 110.1 0.323 947 

351.7 302.4 327.0 112.4 0.327 920 

Fuel lubrication with S200 

344.6 304.6 324.6 109.1 0.322 945 

350.3 300.5 325.4 110.1 0.325 918 

Fuel lubrication with G50 

309.2 283.1 296.2 75.5 0.318 958 

311.5 279.4 295.5 74.8 0.320 979 

Fuel lubrication with G100 

300.0 283.1 291.5 71.0 0.315 1031 

299.7 289.3 294.5 73.9 0.310 1058 

Fuel lubrication with G200 

306.2 272.3 289.3 68.7 0.306 1116 

301.3 275.4 288.4 67.9 0.295 1125 
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Table A7. Summary of measured disk wear scar widths, estimated ball scar diameters, and 

estimated ball wear volumes produced by fuel lubrication with (a) D100, (b) DE10, and (c) G200 

fuel blends.1-3  

Surface 

parameters 

Controlled sliding time (second) 

25 50 75 100 125 150 200 300 

(a) Fuel lubrication with D100 

Disk scar width  

(µm) 
82.0 88.5 97.7 101.4 108.8 110.6 116.6 124.4 

Ball scar diameter1  

(µm) 
203.6 206.9 211.6 213.4 217.2 218.1 221.2 225.2 

Ball wear volume2   

(×103 µm3) 
16.9 18.0 19.7 20.4 21.9 22.2 23.5 25.2 

Mean contact pressure3  

(MPa) 
153.6 148.7 142.2 139.8 134.9 133.8 130.1 125.5 

(b) Fuel lubrication with DE10 

Disk scar width  

(µm) 
100.5 103.2 106.0 110.6 116.1 120.7 124.4 133.6 

Ball scar diameter1  

(µm) 
213.0 214.4 215.8 218.1 221.0 223.3 225.2 229.9 

Ball wear volume2   

(×103 µm3) 
20.2 20.7 21.3 22.2 23.4 24.4 25.2 27.4 

Mean contact pressure3  

(MPa) 
140.3 138.5 136.7 133.8 130.3 127.7 125.5 120.4 

(c) Fuel lubrication with G200 

Disk scar width  

(µm) 
92.2 95.9 99.5 102.3 106.9 112.4 116.1 119.8 

Ball scar diameter1  

(µm) 
208.8 210.6 212.5 213.9 216.3 221.0 225.1 222.8 

Ball wear volume2   

(×103 µm3) 
18.6 19.3 20.0 20.6 21.5 22.6 23.4 24.2 

Mean contact pressure3  

(MPa) 
146.0 143.5 141.0 139.1 136.1 130.3 125.6 128.2 

1Ball diameters and volumes estimated using linear equation (with goodness of fit, R2 giving 0.9021) 

constructed in our previous work (Ref. 41 in the manuscript) by this group, which writes: 

𝑦 = 0.5092𝑥 + 161.82 

in which y is estimated ball scar diameter, and x is measured disk scar width determined from 

controlled sliding time experiment. 2Ball wear volumes determined using Eqs. 2 and 3 in the 

manuscript. Mean contact pressure determined using flat-on-flat contact model, where contact area 

is calculated from wear scar size produced on rubbed balls and from constant load applied at 5 N. 
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Table A8. Summary of parameters utilized for simulating frictional product growth patterns as 

estimated by ECR values measured in different fuel blends. 

Parameters for tribochemical reaction simulation Statistical  

Relationship 

Fuel 

Blends 

[P]i 

(Ω) 

[A]i 

(Ω) 

[P]i + [A]i 

(Ω) 

[P]i/[A]i 

(a.u.) 

ktribo_f 

(s Ω-1) 

α1 

(Ω) 

R2 

diesel, ethanol-diesel, and carbon-based nanofluid fuel blends 

D100 9.25E-02 6.48E-01 7.40E-01 2.00E+00 2.00E-01 3.60E-01 0.84 

DE10 9.78E-04 6.29E-01 7.30E-01 9.43E+02 2.20E-01 2.50E-01 0.96 

G100 1.80E-03 6.78E-01 6.80E-01 3.77E+02 2.10E-01 2.50E-01 0.92 

G200 1.87E-02 6.91E-01 7.10E-01 3.70E+01 2.05E-01 2.50E-01 0.84 

anhydrous ethanol-diesel blends  

DE10 9.78E-04 6.29E-01 7.30E-01 9.43E+02 2.20E-01 2.50E-01 0.96 

DE20 1.83E-04 5.10E-01 5.10E-01 2.78E+03 2.40E-01 2.20E-01 0.95 

DE40 1.06E-08 3.60E-01 3.60E-01 3.40E+07 2.50E-01 1.00E-01 0.95 

1α is the constant of Eq. (11). 

2R values are Pearson correlation coefficient to indicate the statistical relationship between 

experimental data and simulation results. 

 

 

Table A9. Summary of parameters utilized for simulating wear of iron substrates as estimated by 

determined ball wear volumes in D100, DE10, and G200. 

Parameters for tribochemical reaction simulation Statistical Relationship 

Fuel 

Blends 

[V]i* 

(103 × µm3) 

ktribo_w 

(Ω-0.5 s-1) 

n 

(a.u.) 

Correlation coefficient 

(R)** 

D100 1.69E+01 3.24E+01 4.13E-01 0.96 

DE10 1.80E+01 3.46E+01 4.06E-01 0.96 

G200 1.74E+01 2.71E+01 4.11E-01 0.94 

* [V]i is initial wear volumes resulting from run-in events in different fuel lubrication systems.  

** R values are Pearson correlation coefficient to indicate statistical relationship between 

experimental data and simulation results. 

  



150 

(a) (b) 

 

 

(c) (d) 

  

Fig. A7. (a) SEM images of ODG@TiO2 NPs;  (b) TEM-EELS image of ODG@TiO2 NPs; (c) 

thermal gravimetric (TG) and derivative of TG analysis on TiO2 NPs; (d) dispersion stabilities of 

1.0 w.t. % TiO2 in PAO, 1.0 w.t. % ODG@TiO2 in PAO, 1.0 w.t. % TiO2 in HEO, 1.0 w.t. %, 

ODG@TiO2 in HEO (from the left to right). 
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(a)  

  

(b)  

  

Fig. A8. SEM images on flat wear tracks generated from (a) PAO and (b) HEO lubrication 

systems with addition of 1.0% TiO2 NPs 
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Fig. A9. SEM-EDS surface elemental analysis on wear track generated from 1.0% ODG@TiO2 

blended with (a) PAO; (b) HEO base oils 
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(a) (b) (c) 

   
(d) (e) 

  

(a1) 

       
(d1)  

  

Fig. A10. TEM-FIB cross-sectional analysis on tribofilm with different magnified views (a) 1.0% 

TiO2 in HEO, (b) 1.0% ODG@TiO2 in HAO, (c) neat HEO; (d) 1.0% TiO2 in PAO, (e) 1.0% 

ODG@TiO2 in PAO and TEM-EDS-FIB elemental mapping of (a1) thick part tribofilm of 1.0% 

TiO2 in HEO, (d1) 1.0%TiO2 in PAO. 
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