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ABSTRACT 
Enhancement in the performance of lubricants and energy efficiency of the system 

continues to be a major challenge to the transportation and lubricant industries. The reduction 

of carbon emissions is key to meeting sustainable development goals, especially for the 

transportation and industrial sectors. Lubricants play a vital role in efficiently keeping the 

crucial machine/equipment parts healthy and running. However, the drive towards employing 

lower viscosity oils with low SAPS (Sulphated Ash, Phosphorous, and Sulphur) to enhance the 

fuel economy impacts the wear and durability of critical tribo-pairs operating under the 

boundary lubrication (BL) regime. Thus, to comply with stringent norms, novel lubricants, 

particularly composed of new age additives nano oils (oils with nanoparticles) and ionic 

liquids, are currently the focus of research attention. In the past decade, nanoparticles (NPs) of 

several solid lubricants of various categories (polymeric, metallic, inorganic, and 

carbonaceous) have been explored as additives in oils and greases. While oil miscible ionic 

liquids were first explored as lubricant additives in 2012 and considering the vastness of unique 

ionic liquids, very few ionic liquids have been explored in lubricants, possessing great untapped 

potential for further research. Based on an extensive literature survey in this thesis work, 

research gaps were identified, which led to the objectives of the work.  

This thesis attempts to explore the synergy between phosphonium ionic liquid and 

various categories of nanoparticles as hybrid lubricant additives for the potential enhancement 

of tribological performance. The study also aims to replace/minimize SAPS compounds 

prevalent in modern lubricants. For this, we conducted a feasibility study by formulating hybrid 

nano-oils composed of phosphonium phosphate ionic liquids and three oxide nanoparticles 

(CuO, Al2O3, SiO2). Best performing hybrid nano-oil (composed of IL and CuO) gave nearly 

36% wear reduction compared to the base oil. The formulated nano-oil showed poor dispersion 

stability (1-2 days) which severely limited its real application.  

Further role of cation and anion in lubricants is not well understood. For this three ionic 

liquids (ILs) (1) trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl) phosphinate, (2) 

trihexyltetradecylphosphonium bis(2-ethylhexyl)phosphate, and (3) 

trihexyltetradecylphosphonium dibutyl phosphate were synthesized and added with 

nanoparticles in a synthetic base oil to obtain hybrid nanolubricants (PAO+ILs+NPs). 

Tribological and extreme pressure performances of the lubricants were tested using a four-ball 

tribometer. Hybrid nanolubricants showed excellent synergy in friction (23-30%) and wear 

(41-57%) reduction which was significantly higher (1.5-2 times) than the performance of 
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commercial ZDDP (20 and 25% friction and wear reduction respectively). Further hybrid 

nanolubricants enhanced extreme pressure properties of the base oil by up to 75% while ZDDP 

improved by 40%. Despite showing superior tribological performance compared to ZDDP, the 

hybrid nano-oil gave poor dispersion stability (4 days to 1 week) which again limits its 

application.  

The performance of any additive not only depends on its chemistry but also on 

compatibility with other additives in that formulation hence studying their synergistic and 

antagonistic behavior becomes a pre-requisite for availing the potential of additives. We 

studied complex three-way interactions among oil miscible phosphonium phosphate ILs, metal 

oxide NPs (ZnO), and common commercial dispersant (PIBSA, used in engine oil to disperse 

insoluble compounds) in synthetic base oil (PAO6) for steel-steel tribopair under boundary 

lubrication. This study provides not only physicochemical compatibility among these additives 

but also their mutual synergistic/antagonistic interaction with rubbing surfaces. Based on 

antifriction, antiwear performance, and surface characterization we observe that the PIBSA 

dispersant did not negatively affect the performance of base oil or any additive combination. 

No precipitation or cloudiness was observed, inferring plausibly no chemical reaction among 

IL, NP, and dispersant PIBSA during sample preparation or storage.  

In pursuit of long term stable dispersion of hybrid nano-oil, we have further explored 

novel nanoparticles (Boehmite and Zinctitanate) for better dispersion stability and their 

synergistic effect with the best-performing phosphonium ionic liquid. We observed wear 

reduction in the range of 49 and 53 % for Zinctitanate and Boehmite hybrid nano-oil 

respectively. Further, we have conducted extensive surface characterization of worn surfaces 

and observed active elements (P, and residues of nanoparticles) on the respective worn surface, 

confirming the tribochemical reaction and tribosintering process as the dominant mechanism 

of tribofilm formation for ILs and NPs, respectively. All the hybrid nanolubricants 

outperformed ZDDP indicating that compatibility between ILs and NPs can help in decreasing 

overdependence on ZDDP provided the long-term dispersion stability of NPs is addressed. 

Based on the performance of different formulated lubricants we recommend Zinctitanate 

hybrid nano-oil with 49% wear reduction and over 100 days of stability.      
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1.1. General 

Tribology is an interdisciplinary approach to studying friction, wear, and lubrication of 

interacting surfaces under relative motion. The word “Tribology” was first coined by British 

Mechanical engineer, Peter Jost in his famous report “popularly known as Jost report” 

published in 1966. He surveyed British industries and estimated a potential loss of 515 million 

pounds (roughly 1.1-1.4% of GDP) attributed to friction, wear, and corrosion[1–3]. This made 

the word “Tribology” popular, which is derived from the Greek word “tribos” meaning 

‘rubbing or sliding’ and can be loosely translated as “the science of rubbing”. But the field of 

tribology is not new, it existed in its traditional form since the beginning of recorded human 

history. It is well documented that early human civilizations used natural lubricants (oils, 

animal fats) and developed methods such as bearings and other low friction surfaces to reduce 

friction and wear[1]. The scientific study of tribology can be traced back as far as the 15th 

century to Leonardo da Vinci’s unpublished note, where he observed proportionality between 

limiting frictional force and normal reaction. The quest to control friction and wear continued 

for the next few centuries and a seminal understanding of basic underline mechanisms were 

made such as fundamental laws of friction (Guillaume Amontons in 1699, Charles-Augustin 

de Coulomb in 1785), hydrodynamic lubrication (Osborne Reynolds in 1886), Archard 

equations of wear based on the theory of asperity contact (John Frederick Archard in 1953)[1].  

Wear not only reduces mechanical performance but also expedites material wastage 

and any reduction in wear can significantly boost overall efficiency and productivity. Wear is 

primarily caused by friction between interacting surfaces which further leads to energy 

dissipation. According to Holmberg et.al 28% of the fuel energy is wasted in overcoming 

friction losses in an automotive car, while 21.5% is actually available for moving the 

vehicle[4]. As per estimates, one third of currently used energy is being wasted in overcoming 

friction in one form or another [5]. Proper lubrication and material selection are the most 

effective methods to mitigate wear, reduce friction, and enhance productivity.  

The worldwide energy demand is projected to increase by 50% by 2050. To fulfill 

future energy requirements and reduce over dependency on conventional sources researchers 

are exploring renewable energy alternates such as (solar, biofuels, wind, etc.). This has 

prioritized research in the generation and storage of cleaner energy and improving existing 

technologies of production and storage with the overall aim to reduce energy losses. The 

demand for extremely efficient equipment having low fuel consumption characteristics is ever 
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increasing. Formulating new lubricants consisting of advanced lubricant additives may 

significantly reduce emissions, improve fuel economy and increase the useful life of machines. 

This has been a strong motivation for exploring new lubricants, methods, and related 

technologies.          

 

1.2. Lubricants      

Almost all mechanical equipment under relative motion (sliding/rubbing) requires 

lubricants in some form or other. Lubricant provides a protective film between interacting 

surfaces (due to lesser direct metal to metal contact) under relative motion and reduces asperity 

contacts and subsequently reduces friction and wear. Friction and wear are system properties 

and are highly influenced by the nature of operation or equipment design. Lubricants may 

provide diverse functionalities; a few are listed below[6].   

(a). Lubrication: Lubricant film decreases metal to metal contact between rubbing surfaces 

resulting in decreased friction, wear, and energy to move one surface over another. 

(b). Cooling: Lubricants may take away heat from critical components of equipment such as 

gears, and automotive engines.  

(c). Clean operation: Lubricant suspends harmful products such as wear debris, dust, sludge, 

and carbon resulting in cleaner operations.  

(d). Protection: Lubricants may consist of additives such as AW, EP, antioxidants, rust, and 

corrosion inhibitor which reduces their exposure to water, oxygen, acids, etc. resulting in 

prevention from oxidation, corrosion, and wear.  

(e). Transfer power: In some applications (hydraulic systems) lubricants may be used for power 

transmission in addition to surface protection. Circulating systems, transmissions, fork lifts, 

and earth movers are a few examples of hydraulic systems.     

Lubricants are generally liquid but depending on specific service requirements, they 

may be applied in different forms i.e. solid, semi-solid, and liquids. Molybdenum disulfide 

(MoS2) and graphite are the most common used solid lubricants. Greases are categorized as 

semi-solid lubricants and are generally preferred where maintenance intervals are large. 

Greases not only provide lubrication but also protects components from dirt and water (external 
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impurities) by staying in contact. Liquid lubricants are the most popular and commonly found 

application in gear, engine, hydraulic, and various industrial components. Liquid lubricants can 

enter in the contact zone and provides lubricity due to excellent wettability. Depending on the 

viscosity, applied load, and service condition liquid lubricants may provide protective film 

ranging from monolayer to several nanometres thick, which controls the overall tribo-

performance.  

Depending on the applications and service conditions lubricants are formulated using 

base oil and performance additives. The base oil may be mineral or synthetic or a combination 

of both, and controls the bulk of the lubricant properties. For instance, if base oil is fire-resistant 

and biodegradable, then formulated lubricant is most likely to be fire-resistant and 

biodegradable. While the additives are chemical compounds, which are added to impart 

particular desirable properties or improve existing ones in a dosage ranging from 0.1 to 30% 

of the overall oil composition. Selecting a lubricant for a specific task is based on Common 

lubricant selection criteria which are listed below (figure 1.1)[6].  

 

 

 

 

 

 

 

1.2.1. Base oils 

Since its inception, human civilization was dependent on vegetable oil till the drilling 

of the first oil well (the year 1859 at Titusville, Pennsylvania, USA) in the second half of the 

19th century. Due to superior stability and cost-effectiveness, Mineral oils rapidly replaced 

vegetable oil, which facilitated rapid industrialization in the 20th century. Currently, the 

majority of the lubricants market share is comprised of mineral-based oils. Crude oil is 

Figure 1.1 common lubricant selection criteria. 
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composed of organic compounds (primarily hydrocarbons) and some residuum (contaminant 

of metal and metal salts) and their composition varies greatly attributed to changes in density, 

wax content, Sulphur content, and geographical location[6]. The organic parts can further be 

categorized as hydrocarbons (paraffinic, naphthenic, aromatic), asphaltenes, aromatics, hetero-

organic compounds, and resins, along with atomic nitrogen, sulphur, and oxygen in their 

structures. These complexities make it extremely difficult to know the exact chemical structure 

of mineral oil and hence are generally categorized based on viscosity, sulphur content, and 

degree of refining (API group 1,2,3).  

Table 1.1 Mineral oil groups based on API categorization 

Category of base oil Sulphur content (%) Viscosity Index Saturates (%) 

Group I (Mineral) > 0.03 80 to 120 And or < 90 

Group II (Mineral) ≤ 0.03 80 to 120 And ≥ 90 

Group III (Mineral) ≤ 0.03 > 120 And ≥ 90 

Group IV (Synthetic) All polyalphaolefins  (PAO) 

Group V (Others) All others not included in the above 4 groups 

 

Contrary to mineral oil synthetic oils have known molecular structures and give 

predictable behaviour. While mineral oil due to complexities, residuum, and unknown 

molecular structure may not give predictable behaviour. Synthetic processes enable molecules 

to be built in a laboratory using chemistry (polymerization, esterification, alkylation) from 

simpler substances to give the precise or desired oil properties. In this chapter synthetic word 

is exclusively used to refer to man-made compounds used for lubrication. Even though mineral 

oil is economical and abundant, they have several disadvantages compared to synthetic oils 

such as relatively poor oxidation stability, shear-thinning, lower flash and fire point, higher 

pour point, etc. It is well known that MWFs derived from synthetic base oil inherit better 

thermos-oxidation and chemical stability than mineral oil. Synthetic oils can be classified into 

7 categories based on chemical compounds used for formulation[6]. (1) Synthetic Hydrocarbon 

Polymers (Polybutenes, Alkylated Aromatics, Polyalphaolefins), (2) Phosphate Esters, (3) 

Carboxylate Esters (Polyol Esters, Aliphatic Esters), (4) Silicon Compounds (Silicate Esters, 

Silicones), (5) Poly-alkylene glycols, (6) Halogenated Hydrocarbons, (7) Poly-phenyl ethers. 
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Based on chemical structure these synthetic oil groups possess distinct physicochemical 

properties and cost. MWFs formulated from a synthetic hydrocarbon can be economically as 

close to mineral oil and may give superior performance to that of mineral oil. In addition, 

synthetic oils have low-temperature fluidity, stable at extreme temperatures and pressure but 

are economically restrictive and in limited supply. 

1.2.2.     Lubricant additives: 

Neat base oil is generally not adequate for dynamic operating conditions and may require 

performance-enhancing compounds called additives (up to 30%) to be blended into the base 

oil. Additives may be in liquid or particulate (including nanoparticles) form and are generally 

categorized as chemically inert or chemically active. Generally, additives either enhance 

desirable properties or suppresses undesirable properties of the base oil and are generally 

expected to fulfill three functions[6, 7]. 

• Additives must fulfill the primary function for their addition in base oil 

• Preferably additives should be miscible in oil (except particle additives). 

• Ideally, additives should not hamper the performance of other additives in the base oil.  

Lubricant additives are generally categorized based on their function as shown in figure 2[6].    

 

 

 

 

 

 

 

 

The primary function of the above-listed additive groups are described briefly.  Figure 1.2 Categorization of lubricant additives based on their functions 
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• Oxidation inhibitors- control the decomposition of lubricants due to oxidation. 

• Dispersants- Enhances colloidal stability of insoluble components of lubricants 

including nano-additives 

• Detergents- Protects metal surfaces from acid attacks from combustion by-products 

(primarily acidic nature) by suspending and neutralizing them.  

• Film-forming agents- forms chemical films or increase the durability of the film on 

counter surfaces.  

• Friction modifiers- usually decrease the friction coefficient, resulting in improved fuel 

economy.  

• Antiwear and EP additives- generally disintegrate under tribostress and chemically 

react to the rubbing surfaces forming regenerative surface-bound protective tribofilm 

and reducing subsequent surface wear.  

• Rust and corrosion inhibitor- prevents rust and corrosion of metallic surfaces in 

contact with lubricants.  

• Viscosity modifiers- decrease the effect of temperature increase on viscosity change. 

• Pour point depressants- enhances lubricants ability to flow at a lower temperature.  

• Emulsifiers- generally used in metal working lubricants and hydraulic fluids for 

mixing water and oil. 

• Demulsifiers- separate water contaminants from the oil.   

• Foam inhibitors- decreases persistent foam formation ability of lubricants.  

• Seal swell agents- it maintains seal integrity.  

• Dyes- generally used to colour coding lubricants.  

• Biocides- prevent lubrication degradation due to microbial attack.  

• Couplers- stabilizes the water and organic microemulsions.  

The additives such as detergents, dispersants, extreme pressure (EP), antiwear (AW), 

corrosion and rust inhibitor, and oxidation inhibitors are chemically active and react with 

metallic surfaces or oxidative by-products. While additives such as demulsifiers, emulsifiers, 

foam inhibitors, and pour point depressants, VI improvers are chemically inert and enhance the 

physical properties of the lubricants. The following section discusses the additives which 

primarily enhance the tribological performance of the base oil.    
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1.3. Tribological additives in lubricants 

Antifriction (AFA), antiwear (AWA) and extreme pressure (EPA) additives are additives that 

improve the tribo-performance of the base oil.  

1.3.1.    Antiwear additives (AWA) 

AWA generally disintegrate under tribostress and chemically react to the rubbing 

surfaces forming regenerative surface-bound protective tribofilm and reducing subsequent 

surface wear. Zinc-alkyldithiophosphates (ZDDPs) are the most popular antiwear additive 

class used in a wide range of lubricant formulations due to their excellent solubility, low cost, 

and ability to form tribofilm rich in S, P, and Zn on underline metallic surfaces. The AW 

additives are suitable only for mild and moderate pressure conditions and reduce wear, friction, 

scoring, and scuffing under boundary lubrication conditions. AW additives are generally polar 

materials such as esters, acids, and fatty oils composed of Phosphorus, Sulphur, and various 

Chlorine compounds[8].  

1.3.2.    Antifriction additives (AFA) 

AFA control friction coefficient hence also known as friction modifiers. These 

additives generally form residual films on the rubbing surfaces having extremely low shear 

resistance resulting in overall friction reduction. AF additives are generally categorized into 

two broad groups, one is organic friction modifiers while the other is organomolybdenum 

(OM).  The OM additives may further be categorized into three types based on phosphorus and 

sulphur compositions i.e. molybdenum dialkyldithiophosphate, molybdenum 

dithiocarbamates, molybdate ester[9]. 

1.3.3.    Extreme Pressure additives (EPA)   

Usually, EPA remain dormant in lubricants and get activated at extreme pressure 

conditions (specific temperature and pressure) during sliding. They may chemically interact 

with rubbing metallic surfaces and form hard tribofilm, having lower shear resistance than the 

underline metallic surface. EP additives also control wear, reduce friction and decrease the 

severity of surface damage. This particular class of boundary lubricants are also called anti-

scuffing additives. The kinetics of the tribo-chemical reaction is highly influenced by an 

increase in localized heat due to initiation and breakage of short-lived micro weld junctions 
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between rubbing surfaces. Modern EP additives are generally composed of phosphorus, 

sulphur, borate, and chlorine compounds. 

 

1.4. Need for energy efficient oils              

The new stringent regulations to control automotive emissions have limited the use of 

sulphur (0.5%) and phosphorus (0.08% or 800 ppm) for engine lubricants. The new regulations 

have forced lubricant manufacturers and researchers to develop a new class of environment 

benign additives composed of lower SAPS (Sulphated ash, Phosphorous, and Sulfur) 

compounds. As per reports, fuel economy in the automotive industry can be improved by up to 

5.5% by using less viscous engine oil. But these lower viscosity engine oils may shift the 

lubrication regime from hydrodynamic towards mixed and boundary lubrication, which may 

result in higher asperity contacts and subsequently elevated friction and wear. While advanced 

lubricant additives may facilitate employing relatively lower viscosity base oil for formulating 

less viscous lubricants which may meet and excel existing service requirements along with a 

potential for multifold benefits such as fuel economy, reduced cooling, and exhaust losses. 

Moreover, modern lubrication systems are being pushed to severe operating conditions 

(higher temperature, sliding speed, loads, and torque transfer) in many industrial components 

such as heavy duty engines, and wind turbines (>10 MW). Increasing lubrication system 

efficiency with decreased surface distress mandates continuous innovation in lubricants and 

surface engineering (texturing, coating).    

1.5. Organization of this Thesis 

Chapter 1: Briefly explains research preliminaries and the conceptual background of the 

research area particularly key aspects of tribology, and lubrication, with an emphasis to base 

oil lubrication, additives, and their functions. This chapter also includes the need for developing 

energy efficient lubricants.  

Chapter 2: A Systematic Literature Review has been conducted to find the literature related 

to oil miscible ionic liquids, nanoparticles, and their synergy. The literature review attempts to 

give detailed evolution of ionic liquids, the effect of their physicochemical properties on 

miscibility, and the tribological performance of lubricants. Nano lubricants, especially based 
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on NPs of solid lubricants, (SLs) is discussed. Further, this chapter covers the synergistic effect 

between ionic liquids, nanoparticles, and their underline mechanism. Finally, it identifies the 

research gaps, objectives, and execution strategy.  

Chapter 3: Reveals the particulars of selected materials chosen for the investigations. Various 

techniques employed for the characterization, development of nano-oils, and performance 

evaluation and instruments/apparatus utilized are discussed. 

Chapters  4, 5, 6, and 7 comprise the experimental investigations on formulated hybrid oils.  

Chapter 4: Reveals the outcome of the study investigating the compatibility between 

phosphonium ionic liquid and three oxide nanoparticles (CuO, Al2O3, SiO2) for their tribo-

performance in API Group 1 mineral oil. A different set of lubricants were formulated 

composed of ionic liquid, nanoparticles, and hybrid additive to assess their tribological 

performances and potential compatibility. Excellent synergy has been observed for CuO and 

Al2O3 hybrid nanolubricants with friction and wear reduction up to 24 and 36% respectively 

while no conclusive evidence of synergy was observed for SiO2 hybrid nanolubricant.   

Chapter 5: Investigates the synergistic effects between three common cation based 

phosphonium ionic liquids and nanoparticles as a hybrid oil additive and their comparative 

study with commercial ZDDP. Even though all ILs share the same cation and phosphorus 

concentration but they performed distinctively, inferring that trio chemistry of both cation and 

anion are equally important for tribofilm formation. Further, all the hybrid nanolubricants 

outperformed ZDDP indicating that compatibility between ILs and NPs can help in decreasing 

overdependence on ZDDP. 

Chapter 6: Investigates the Three-way compatibility study among Nanoparticles, Ionic Liquid, 

and Dispersants for potential in lubricant formulation. Formulated commercial lubricants 

consist of base oil and more than half a dozen of performance additives and their overall 

performance does not only depend on their chemistry but also on compatibility with other 

additives in that formulation. Based on antifriction, antiwear performance, and surface 

characterization we observed that PIBSA dispersant did not negatively affect the performance 

of ionic liquid or any additive combination. 

Chapter 7: Explores the potential of novel Boehmite and Zinctitanate NPs study as lubricant 

additives along with their synergistic effect with ionic liquid. Visual inspection and DLS 

analysis show excellent dispersion stability (negligible sedimentation for the first 30 days) of 

0
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Boehmite NPs due to their ability to slow agglomeration. Zinctitanate nanoparticles also 

showed excellent dispersion stability (majority dispersed even after 225 days) in the synthetic 

base oil, and the DLS study confirms very limited agglomeration of colloidal nanoparticles 

over time. Based on the performance of formulated lubricants we recommend 0.5 and 1 wt% 

as optimum concentrations for Boehmite and Zinctitanate nanoparticles for excellent wear 

reduction. Further synergistic studies of these nanoparticles were studied with the best-

performing phosphonium phosphate ionic liquid.  

Chapter 8: Summarizes the salient conclusions of the research work in the thesis and 

recommends future work to be taken forward. Based on the study it is evident that ionic liquids 

and nanoparticles both contribute to the protective tribofilm formation. All hybrid 

nanolubricants outperformed commercial antiwear additives indicating the potential of 

replacing harmful existing antiwear additives with hybrid nanolubricants provided the long-

term dispersion stability of NPs is addressed. 
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2.1.    Lubricant additive development timeline  

The first patent to enhance lubricity using organic fatty acids was filed in 1918. Since then 

dozens of distinct additive groups have been developed over the years. Among these additives, 

nanoparticles and ionic liquids are fairly recent and have the potential to replace/minimize 

SAPS compounds used in commercial additives. Figure 2.1 details additive development over 

the years and highlights recent additives (IL, NPs).       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2. Ionic liquids  

Ionic liquids (ILs) are innovative compounds with tuneable physical, chemical, biological 

and thermal properties. These inherent properties have promising potential to revolutionize 

many disciplines of science and engineering research such as solvents, catalysts, machining, 

electrolytes, cell biology, and many more at both laboratory and commercial scales [10–12]. 

Ionic liquids are entirely made up of ions (cation and anion). Technically molten table salt can 

be categorized as an ionic liquid having a melting temperature of 801oC but at standard 

temperature and pressure, it remains in the solid crystalline phase. Nowadays in scientific 

literature and general use the term “ionic liquids” refers to the ionic compounds that are in a 

liquid phase below 100oC while the ionic compounds having a melting temperature above 

Figure 2.1 Additive groups developed over the years 
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100oC is loosely termed “molten salt”[11, 13, 14]. “Room-temperature ionic liquids” (RTIL) 

are another term used for these ionic liquids; generally, consisting of organic cations and 

organic or inorganic anions.  

Ionic liquids are also called “designer solvents”, for the possibility of obtaining desired 

physicochemical properties by altering cations and anions (hence tuneability). For instance, by 

altering cations and anions or both, viscosity, water miscibility, corrosive resistance, and 

polarity can be tuned for task-specific applications[13]. Ionic liquids inherit several desirable 

properties such as negligible vapour pressure or nonvolatility at ambient conditions, 

noncorrosive, nonflammable, excellent thermal stability, tunable polarity, solubility, basicity, 

acidity, etc[10, 11]. Compared to hazardous volatile organic compounds (VOCs) ionic liquids 

are often considered green solvents since it has extremely low vapour pressure. 

 

2.2.1.    A brief evolution of ionic liquids. 

Paul Walden in the year 1914 synthesized the first-ever room temperature ionic liquid 

(ethyl ammonium nitride) by metathesis reaction between hydrochloride salt and lipophilic 

counterions[15]. The compound was water-like with a melting temperature of 12oC. Following 

decades several other first-generation ionic liquids were synthesized using derivatives of 

imidazolium and pyridinium cations with metal halide anions[16].  Chloroaluminate and other 

metal halide anions of first-generation ionic liquids attributed toxicity, non-biodegradability, 

water reactivity, and air sensitivity, making it difficult to handle other than in an inert 

atmosphere[17–19].          

The limitations of first generational ILs prompted the exploration of water and air 

stable, second-generation ILs. This was achieved by replacing water and air sensitive metal 

halide anions with halides (Cl-, Br-, I-) and other sets of anions such as tetrafluoroborate (BF4
-

), hexafluorophosphate (PF6
-), etc[17, 20]. While two more cation groups i.e., Ammonium and 

Phosphonium derivatives were also introduced along with earlier imidazolium and pyridinium-

based cations. These second-generation ILs pioneered novel applications in various disciplines 

of scientific and engineering research due to their excellent physicochemical properties. These 

ILs were still economically restrictive due to higher initial material costs (particularly 

fluorinated anions) and costly final product purification methods[18]. One of the major 

limitations of these ILs was their toxicity and corrosive nature which could be attributed to 

Keihan
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halides. To eliminate toxicity and for excellent biodegradability third-generation, ILs were 

synthesized from biodegradable cations and anions replacing harmful halide anions. 

Environment benign and stable anions such as fatty acids, amino acids, sulphates, phosphates, 

etc. are being explored in the third generation ILs providing several advantages such as 

excellent biodegradability, lower cost, lower toxicity, no purification requirement, etc. 

Generally, ILs are categorized by their cation group and alkyl-imidazolium, alkyl-ammonium, 

alkyl-pyridinium, and alkyl-phosphonium are the most widely studied ILs. In particular, 

functionalized alkyl imidazolium has been widely reported in the literature due to its higher 

thermal stability and lower melting points. Figure 2.2 shows the molecular structures of the 

most common cations and anions used in the ILs research for friction reduction.       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.2. Most common (a) cation and (b) anion groups in the IL research. 
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2.2.2.   Physicochemical properties of ionic liquids 

Physical properties of ILs such as melting point, miscibility, viscosity, density, 

hydrophobicity, and thermal stability have shown a strong correlation with cation and anion 

structure. That means depending on the service condition ILs properties can be tuned by 

altering the molecular structure of the cation and anion[21, 22]. By attaching functionalized 

groups on both the ions of ILs the specific properties can be induced in the ILs. For instance, 

tribo-active elements and groups such as phosphates, sulphate, etc. can be added in ILs by 

replacing imidazolium and pyridinium-containing cations with phosphonium and ammonium 

groups to enhance the protective film formation capability of the lubricants[21, 23–26].  

Researchers have reported that the melting point of ILs highly depends on the 

composition, symmetry, and chain length of both the ions of ILs[27–30]. It was observed that 

with the same anion group melting temperature of IL was decreased by replacing shorter 

cations with larger cation groups. In general, published literature has reported that bulky 

unsymmetric cations reduce the melting point of the ILs[28, 30]. Zheng et.al. varied symmetry 

and chain length of imidazolium ILs and reported that symmetric ILs with shorter chain length 

(N=4, 6) normally crystallized while asymmetric ILs with longer chain lengths gave 

comparatively lower melting temperatures [30]. Holbrey et.al. classified ILs in three categories 

based on their thermal behavior and also observed similar results of an increase in chain length 

decreased the melting point due to decreased lattice energy, disordered crystal packing, and 

prolongation of molecular structure[27]. Similarly, anion’s molecular structure also influences 

the melting point of the ILs. Fredlake et.al explored 13 imidazolium-based ILs having different 

anions and observed increased melting points with anion order Br> Cl> BF4> PF6> Tf2N[31]. 

In addition, they observed a decrease in density with an increase in cation chain length while 

an increase in density with an increase in the molecular weight of anions.        

A direct correlation between ILs structure and viscosity can be established. It was 

reported that an increase in chain length, symmetry, and branching of cation or anion increased 

the viscosity of ILs[32–34]. Xue and coworkers studied the effect of alkyl chain branching on 

the physicochemical properties of ILs and reported that for the same Carbon number the 

branched structure registered higher viscosity than the linear structure[32]. They attributed this 

to relatively higher stable packing between both the ions (cation and anion) due to symmetry. 

An increase in alkyl chain length increased the viscosity due to stronger van der Walls 

interaction between ions reported by Zeng et. al[33]. Viscosity also influences the fluid film 
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formation during machining and generally higher viscosity may provide a better surface finish. 

The tunable properties of ILs may be used to obtain desirable viscosity by altering the 

molecular structure of cations and using higher molecular weight for anions. 

The inherent properties, such as excellent thermal stability and lower vapor pressure 

are some of the biggest advantages of using ILs in lubricants. ILs may have broader fluidity, 

ranging from -100 to 450oC suitable for application in many disciplines particularly for high 

temperature applications[35]. As per published literature for cation with symmetric structure, 

ILs thermal stability was relatively enhanced while on the other hand increased chain length 

decreased thermal degradation temperature[28, 36]. Tao et.al. explored imidazolium cation by 

altering it with varying functional groups such as n-alkyl, cyclo-alkyl, aromatic, and 

aliphatic[37]. Further, they reported that ILs composed of the n-alkyl group are most stable 

among the functionalized groups with a degradation temperature of 436oC. Shirota et.al. 

reported that Di-cationic imidazolium-based ILs showed higher decomposition temperatures 

than mono-cationic ILs with anions such as NTf2, BF4, NPf2, and NO3[38]. Several studies 

have also reported the effect of anions structure on the stability of ILs having the same 

cation[31, 35, 39–42].     

 

2.2.3.   Ionic liquid in lubricants before 2012 

IL was first studied as a lubricant in 2001 by Ye et al[43]. They evaluated 1-methyl-3-

hexylimidazolium tetrafluoroborate and 1-ethyl-3-hexylimidazolium tetrafluoroborate’s 

tribological properties using optical SRV ball on disc configuration. Following the lead of Ye’s 

group, several other researchers explored various ILs as neat lubricants[44–47]. Despite their 

excellent tribological properties, ILs as base oils are economically restrictive due to their high 

cost. Iglesias et al. attempted to blend 1 wt% crystal [N12,H,H,H] [Cl] in a neutral base oil, 

which was way over the solubility limit of the base oil nevertheless, they reported improved 

tribological properties for aluminium-steel tribopair[48]. Several other researchers attempted 

to use ILs as an additive in base oils, but limited success was achieved since earlier ILs were 

immiscible in base oils due to their relatively shorter anion chain length[7, 49–51]. From year 

2001 to 2011 most of the ILs were imidazolium and pyrrolidinium cation based along with 

small inorganic anions such as PF6, Sulphate, BF4, Cl and hence were immiscible in nonpolar 

oils.  

at
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2.2.4.   Ionic liquids as lubricants additives 

The breakthrough was made in 2012 by Qu’s group with the synthesis of phosphonium 

based oil miscible IL. They reported two ILs i.e. trihexyltetradecylphosphonium bis(2-

ethylhexyl) phosphate ([P6,6,6,14][DEHP]) and trihexylltetradecylphosphonium bis(2,4,4-

trimethylpentyl) alkylphosphinate ([P6,6,6,14][BTMPP]) which were soluble with all the 

common nonpolar base oils[52, 53]. Since 2012 several other oil miscible ILs such as 

phosphonium, ammonium, pyrolidium, and imididazolim based have been studied[7]. 

Phosphonium and ammonium based IL have been the focus of study for their better affinity 

towards metallic surfaces when added as a lubricant additive. Table 2.1 gives important studies 

exploring the performance of phosphonium and ammonium based ILs compared to different 

groups of the base oil.    

Table 2.1 Important Ionic Liquids studies as lubricant additives and their observations 

SN.  Ionic liquids Base oil comments References 

1 [P66614][DEHP] PAO, 5W-30 • IL was fully miscible up to 5%.  

• IL showed a 60% reduction in friction 

• IL blend decreased wear by three times compared to the base oil. 

• IL was stable up to 3470C 

[54] 

2 [P66614][DEHP],  
[P26614][DEHP] 

 

PAO, 10W, 
10W30 

 

• Both the ILs were fully miscible up to 5% blend and stable up to 
around 3500C 

• Both ILs decreased friction significantly and wear twice less 
than the base oil 

[53] 

3 ([P4444]-[DEHP] , 
[P66614][DEHP],  

[P66614][i-C7H15COO],  
[P66614][n-C7H15COO],  
[P66614][i-C9H19COO], 
[P66614][n-C9H19COO],  
[P66614][nC17H35COO], 
[P66614][RSO3] 

 

PAO • For eight ILs temperature stability was up to 250,310, 347,348, 
308, 330, 327, 308, 431 0C respectively 

• Sulfonate IL was the most oxidation-stable and carboxylate was 
the least stable.  

• For eight ILs solubility was found to be between 1% to 10%. 

• It was found that IL with shorter alkyl chain lengths were having 
less solubility.  

• All the IL showed excellent antiwear properties 

• The antiwear ranking observed was.  

Phosphonium phosphate> phosphonium carboxylate > phosphonium 
sulfonate 

[24] 

4 5 aprotic ILs i.e 
([N2222][DEHP]), 
([N4444][DEHP]) 
([N6666][DEHP]) 

 ([N8888-][DEHP]) 
([N8881][DEHP]) 

4 protic ILs i.e.  

([N222-H][DEHP]) 
([N444H][DEHP]) 
([N666H][DEHP]) 
([N888H][DEHP]) 

Engine oil without 
AW additives 

• [N8888][DEHP], [N8881][DEHP] and [N888-H][DEHP] was blended 
with base oil in concentration of 2.04, 1.78 and 1.74 wt%, 
respectively.  

• ILs were also compared with ZDDP. 

• [N888H][DEHP] and [N8881][DEHP] both showed superior wear 
protection properties than ZDDP. 

• Protic [N888H][DEHP] generated the least amount of wear. 

[55] 

5 Five ILs different 
cations but same 
anions.([P8888][DEHP]) 
[P66614][DEHP], 

GTL 4 base oil • It was observed that each alkyl chain should be of at least 6 
carbons atoms long for oil solubility.  

[56] 
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([P44414][DEHP]) 
([P4448][DEHP]), 
([P4444][DEHP]) 

•  [P8888][DEHP] and [P66614][DEHP] enhanced wear protection of 
the base oil 

6 [P4,4,4,2][C2C2PO4], 
[P6,6,6,14][(C2F5)3PF3] 

Three easter oil 
and one Vegetable 
oil 

• Both ILs show improved antifriction and antiwear properties 
at1% ILs blended in the base oil.  

• Due to very low melting points, both lubricants can be used at 
very low temperatures.  

• Pure [P4,4,4,2][C2C2PO4] shows  low coefficient of friction but 
inferior anti-wear properties and bad temperature stability than 
[P6,6,6,14][(C2F5)3PF3]. 

[57] 

7 N_DEHP,  N_DBDTP, 
P_TMPP,  P_TFSI,  
P_DMP, P_DEDTP 
compared with 
ZDDP 

Blend of SN 150 
and bright stock 
90 

• N_DEHP showed the lowest coefficient of friction.  

• N_DEHP and P_TFSI outperformed ZDDP, but N_DBDTP, 
P_TMPP, P_DMP, and P_DEDTP performed inferior to ZDDP 
for wear reduction. 

[25] 

8 [P66614][(iC8)2PO2], 
[P66614][BEHP] 
compared with ZDDP 

YUBASE • Both the ILs enhanced the antifriction properties of the base oil. 

• Is was observed that [P66614][BEHP] blended with base oil 
performed better than[P66614][(iC8)2PO2]. 

• [P66614][BEHP] showed superior wear reduction than 
[P66614][(iC8)2PO2]. 

•  The ZDDP showed less friction than both ionic liquids. 

[58] 

9 P[6,6,6,14]DPP, 
P[6,6,6,14]BEHP, 
P[1,4,4,4]DPP, 
C3mpyrNTf2 , 
P[6,6,6,14]NTf2, 
P[6,6,6,14](iC8)2PO2. 

VO, TMP, PE MO 
and PAO. 

• All the blended IL showed reduced friction and wear properties 
over the base oil.  

• The research shows that the majority of the properties of the 
blended lubricant depend on the unique performances of the base 
oils, e.g. If base oil shows high friction and wear then, IL blend 
in the base oil did not improve the base oil performances.  

[59] 

10 Two oil-miscible 
quaternary ammonium 
phosphites ILs(POPA 
and PTPA) compared 
with ZDDP.  

PAO 10 • Both the ILs outperformed the ZDDP in friction and wear 
reduction. 

• Both the ILs have better extreme pressure properties than ZDDP.  

[60] 

 

2.3.   Nano-oils/Nano-lubricants 

Due to very tiny size, dispersibility, large surface area, insolubility, durability, 

nonvolatility, and nonreactivity with other additives, researchers quickly understood the 

potential of nanoparticles (NPs) in lubricants, opening a new exciting stream of nanolubricants.  

Choi et al. first coined the term “Nanofluids” referring to colloidal nanoparticles in base 

fluid[61]. The advantages of NPs are their nanometer size and higher aspect ratio, since they 

may interact with asperities of rubbing surfaces and may reduce friction and wear by 

mechanisms such as ball bearing, mending, polishing, and film formation. The other significant 

benefit of NPs over Sulphur and Phosphorus-based commercial antiwear additives is that NPs 

need not rely on tribochemical reactions which are system sensitive[5]. As per characteristic 

chemical compositions, Gulzar et.al has categorized these nanoparticles into 7 major 

classes[62]. 

s
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1. Metals (Cu, Ti, Fe, Al, Pb, etc.) 

2. Metal oxide or sulphides (CuO, Fe2O3, TiO2, ZnO, etc.) 

3. Carbon based (graphene, graphite, etc.) 

4. Chalcogenides (MoS2, WS2, etc.) 

5. Nanocomposites (Al2O3/SiO2, SiO2/ZrO2, etc.) 

6. Ceramics (hBN, Al2O3, SiO2, etc.) 

7. Others (PTFE, etc) 

 

2.3.1.   Mechanism of nanoparticles in lubricants  

Well-dispersed NPs get attracted toward rubbing metallic surfaces due to two important 

factors. The first is undulation due to increased temperature at the rubbing junctions 

propagating NPs towards the rubbing surface. While the other is a stronger electric field due to 

the generation of exo-electron on the rubbing surface which may lead to the migration of 

NPs[63]. Based on surface characterization reported in the literature there are four known 

mechanisms for enhanced wear protection provided by nanoparticles[64, 65]. Two of these 

mechanisms could be accredited to the direct action of NPs (film formation, and ball bearing) 

while others are due to secondary surface-enhancement (polishing and mending effects).  

(a) Mending (self-repairing) effect- This occurs if nanoparticles occupy the scars and 

grooves of the counter surfaces, compensating for the loss of material (NPs fill the 

groves and scars), which may result in reduced wear[64].   

(b) Polishing effect- the average roughness of rubbing surfaces is minimized due to the 

abrasive action of the nanoparticles. Owing to lower surface roughness this polishing 

or “artificial smoothing” effect results in improved tribological performance[64]. 

(c) Ball bearing or rolling effect- this is the result of a direct action of nanoparticles, 

which occurs when quasi-spherical or spherical nanoparticles roll between counter 

surfaces, converting sliding friction into a combination of rolling and sliding 

friction[64].  

(d) Protective film- Film formation results in a coherent, smooth and sacrificial thin film 

on top of the rubbing surface attributed to tribosintering/chemical reaction between 

substrate and nano-additives under tribostress. Due to very low shear resistance, this 

film may reduce wear and friction significantly. For effective protection of substrate, 
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the tribofilm formation rate should be higher than the progressive material removal rate 

due to wear. 

Though, in various studies, the classification of active mechanisms is still a subject of 

discussion[9, 64, 65]. 

 

2.3.2.  Dispersion of nanoparticles 

Colloidal NPs tend to sediment over time predominantly due to agglomeration caused by 

Brownian motion and gravity (since NPs are denser than base oil)[66]. For stable dispersion, 

the nanoparticles should be small, preferably less than 100nm. Due to no affinity towards oil, 

significant proportions of the nanoparticles are difficult to disperse in the base fluid. It is 

extremely difficult to obtain stable dispersion without dispersants/surfactants. The colloidal 

stability of these NPs may be improved by: 

• Using polymer groups to functionalize nanoparticles, reduces agglomeration due to 

steric repulsion.  

• Using ionic dispersant and surfactants, which provides electrostatic repulsion resulting 

in reduced agglomeration 

• Using high polarity base oil 

Ultrasonic based methods (bath and probe sonication) is the most popular method 

employed for dispersing NPs in lubricants. Probe sonication is the most effective method which 

generates successive sequences of high pressure (around 500 bar attributed to cavitation effect) 

for an extremely short duration (microseconds) due to the passing of high frequency ultrasonic 

waves in lubricants. Dispersants are employed to enhance the colloidal stability of nonmiscible 

constituents of lubricants (dirt and impurities) and has become an integral part of commercial 

lubricants. Numerous research has proved the effectiveness of dispersants in enhancing the 

colloidal stability of NPs.  
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2.4.   Synergy between ionic liquids and nanoparticles 

Several researchers have contributed to the exploration of IL as a base oil and 

performance additive in mineral, synthetic as well as in biolubricants as discussed in section 

2.2.4. [67]. ILs and NPs can fulfill the expectations of modern lubricants and appear promising 

as hybrid lubricant additives. But very few researchers have concentrated their efforts on 

exploring the synergy between IL and other additives moreover the tribofilm formation for 

synergy is still not well understood[68–73]. Xiaoqiang Fan et.al. produced modified graphene 

oxide (MGO) using graphene oxide (GO) and three alkyl imidazolium ILs i.e. LB104, LP105, 

LF106 by epoxide ring opening reaction[72]. The MGO and GO were added in multialkylated 

cyclopentanes (MACs) as an additive in 0.1 wt% concentration. The study reported that hybrid 

additive in MACs provided effective separation of tribo-surfaces which was instrumental in 

excellent friction and wear reduction properties i.e. 27% and 74% respectively compared with 

neat MACs. Raman spectra of the worn surface showed two weak D and G bands, confirming 

the presence of modified Graphene (MG) on the surface, which may have adsorbed on the 

rough surfaces due to relative sliding motion and made a physical protective film. XPS spectra 

confirmed the formation of wear resistant components such as FeF2 and B2O3 due to the tribo-

chemical reaction of ILs. The study claimed that there was a synergy between hybrid additives. 

Their proposed theory for tribomechanism was physical adsorption film for modified graphene 

and tribo-chemical reaction film formation for IL. Jose Sanes et.al. also explored the synergy 

between imidazolium based IL (1-octyl-3-methylimidazolium tetrafloroborate) and graphene 

hybrid additive in paraffinic mineral oil and fully formulated engine oil[70]. The hybrid 

lubricant showed 33% friction reduction and lowest (almost negligible) material loss compared 

to paraffinic mineral oil. EDS analysis showed a similar atomic concentration of Carbon and 

Oxygen outside and inside of the wear track which was in accordance with a negligible material 

loss for hybrid lubricant. On the other hand for fully formulated engine oil (FFO) the highest 

wear reduction was observed with FFO+IL blend and not with FFO+IL+G, inferring that no 

synergy was observed between IL and graphene in fully formulated oil which could be 

attributed to no continuous physical protective layer of graphene on the steel surface. Moreover 

when 0.005 wt.% graphene was added exclusively in FFO Surprisingly 73% reduction in 

friction coefficient was observed. 

Yi Li et.al. explored the synergy between ILs and Mo NPs in PEG base oil[69]. Their 

group developed two new series of 2-mercaptobenzothiazole (N12 & EM) based ILs and added 
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in base oil along with Mo NPs in 0-1wt% concentration and tested on a ball on a disc 

tribometer. It was interesting to note that there was no clear trend observed for the friction 

coefficient of the single and hybrid additives, but all the single and hybrid additives managed 

to decrease wear significantly at lower and elevated temperatures. The highest wear reduction 

was observed for PEG+N12+Mo hybrid additive which was almost 2% (98% wear reduction) 

of base oil at elevated temperature. Although the wear reduction was excellent at elevated 

temperature but a similar trend was observed at a lower temperature also. The superior 

tribological performance was credited to the formation of tribochemical product i.e. MoS2, 

MoO2, MoO3, and Fe2O3 on the worn surface confirmed by EDS and XPS spectroscopy. Raman 

spectra of worn surface also confirmed the formation of MoS2 (Mo from NPs and S from MBT 

anion) tribofilm at elevated temperature. Raman spectra showed the presence of MoS2 tribofilm 

only on the surfaces lubricated with a hybrid additive and not with any single additive. Yi Li’s 

group claimed that MoS2 concentration is directly proportional to sliding time and at the end 

of the test 50-90 nm thickness of tribofilm was found on the worn surface. Rashi Gusain et al. 

synthesized graphene-ionic liquid hybrid nanomaterial by covalently grafting imidazolium ring 

and using three distinct anions, bis(salicylate)borate (BScB), Oleate (OL), and 

hexafluorophosphate (PF6)[71]. Graphene-IL hybrid nanomaterials were blended in PEG-200 

in a concentration ranging from 0-0.05mg/mL. Their group observed that Gr-BScB hybrid 

nanomaterial recorded the lowest friction (28%) at an optimum concentration of 0.02 mg/mL. 

Gr-OL showed good wear protection but Gr-PF6 blend showed the highest friction coefficient, 

even higher than base oil due to the tribo-corrosive effect from the decomposition of Gr-PF6 

under high load. When Gr-IL blend was directly compared with the IL blend, wear reduction 

was 55-78% and 7-39% respectively at a concentration of 0.02 mg/mL. The superior friction 

and wear reduction was attributed to tribo-chemical thin film formation by Gr-IL along with 

good mechanical strength of graphene nanosheets. 

Jun Qu et.al. focused their efforts in exploring the synergy between IL and ZDDP, a 

common antiwear additive in GTL base oil[68]. For this they selected three phosphonium 

([P8888][DEHP], [P 66614][DEHP], [P 66614][BTMPP] and one ammonium [([N888H][DEHP])] 

based IL in different proportions such that maximum phosphorus limit do not cross regulatory 

limit for engine oil of 0.08 wt%. The study concluded that ([P8888][DEHP] and [P66614][DEHP] 

showed synergy while [P66614][BTMPP] and [([N888H][DEHP] had no such synergy with ZDDP 

even though these two ILs share same cation or anion with [P66614][DEHP] indicating that both 

cation and anion are critical and play an important role for synergy. The study credited a very 

also a
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high concentration of active agents such as Oxygen, Zinc, Sulphur, and phosphorus on the worn 

surface for synergy between some of ILs and ZDDP.  Whereas Zinpeng Li et al. explored the 

synergy between alkylphosphate-ammonium IL (DOPD) and alkylphenylborate IL (DBDB) in 

rapeseed oil and tested in a different concentrations ranging from 0.25 to 1% by using four-ball 

tribotester[73]. It was observed that DOPD and DBDB showed different friction and wear 

reduction properties. DBDB showed very slight friction reduction properties at high loads 

(392N and 490N) except 1wt.% . While DOPD firstly decreased friction up to 196N and then 

showed an increasing trend of friction coefficient at higher load. Moreover, the combination of 

the DOPD and DBDB showed synergy and a declining trend of friction coefficient with the 

increase of applied load. While wear performance slightly varies from the friction reduction 

trend, for instance, DOPD performed remarkably superior to DBDB in wear reduction, this 

implies that it resists shearing force effectively at higher load. When both the ILs were blended 

in base oil synergy was observed for wear reduction and at lower load the wear reduction of 

the combined ILs were similar to DOPD but at higher load the combined ILs performs superior 

to DOPD alone due to formation of more compact surface protection film which was confirmed 

by the SEM and XPS spectra. Nasser et al. explored three phosphonium-based ILs with hBN 

nanoparticles in highly viscous synthetic gear oil for wind turbine application and observed 

synergy with friction (17–28%) and wear (65–92%) reduction over the base oil[74]. Seymour 

et al. explored polymer brush grafted silica NPs with phosphonium ILs in synthetic base oil 

and observed synergy with 20–35% friction reduction compared to single additives. Based on 

tribofilm characterization they further reported that both additives underwent tribochemical 

reaction and possible formation of covalent bond (Si, P, O) between anion of IL and silica 

NPs[75]. 

 

2.5.  Inadequately researched, literature review of key papers.      

2.5.1. Inadequately researched Trihexyltetradecyl phosphonium [P66614] 

cation based Ionic Liquids-    

ILs reported till 2011 in lubrication posed several concerns such as thermal oxidation, 

corrosion, cost, toxicity, and miscibility[7]. Qu et.al first synthesized Trihexyltetradecyl 

phosphonium cation-based oil miscible ionic liquids ([P66614][DEHP], ([P66614][BTMPP])) 

in 2012[54]. The cation and anion of both these ILs are composed of quaternary molecular 
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structure which could be attributed to excellent miscibility in most of the mineral and synthetic 

non-polar base oil. With the introduction of oil miscible ionic liquid in 2012, the mainstream 

approach has been shifted from employing ILs as a base (neat) lubricant to using them as 

lubricant additives. Since then, dozens of thermally stable, noncorrosive, and oil miscible ionic 

liquids have been synthesized which has addressed above mentioned technical barriers[21]. 

Zhou et.al explored [P66614] with various carboxylate anions ([i-C7H15COO], [n-C17H35COO] 

and [i-C9H19COO],) having different alkyl chain lengths to understand the effect of chain 

length on miscibility and tribological performances[24]. They reported varying miscibility 

range (2-10%) attributed to distinct long alkyl chains and branched structures of those ILs. 

Various studies have confirmed in laboratory scale and engine dynamometer test that the 

addition of ILs even in relatively low concentration can significantly improve the tribological 

performance of the lubricants, suggesting affordability and feasibility for real industrial 

usage[7]. Several studies have confirmed that surfaces lubricated with phosphonium ILs 

generally show a strong phosphorus signal on the worn surface indicating the formation of 

phosphorus containing tribofilm. While the exact mechanism is still not known but based on 

the surface characterization results a hypothesis is proposed. First, an initial layer of the 

protective film is formed due to a tribochemical reaction between rubbing metallic surface and 

anion of ILs and its decomposed product with oxygen. This initial layer acts as a foundation 

for new tribofilm growth but it may also hamper further reaction between the metal substrate 

and ILs. For continuous tribofilm growth and self-healing, there are two primary sources of 

metal cations to react with ILs. (a) exposer of a fresh nascent surface due to wear, (b) deposition 

of nucleated tribochemical product on the surface.  

Most of the studies have used base oil to blend ILs without using any additive packages. 

Except for a couple of studies exploring the compatibility of ILs with commercial antiwear 

additives (ZDDP), little is known about IL interaction with other surface adsorbing additives 

such as dispersants, detergents, and friction modifiers. This may be an important area of 

research for formulating ILs in an additive package for the potential commercial application. 

Long term stability of ILs in formulated lubricants are still to be explored particularly 

interaction with the lubricant byproducts such as acids, soot, water, fuels, and wear particles. 

Considering the vastness of the unique ILs very few have been explored so far and need further 

studies by altering different cation and anion groups.   
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2.5.2.   Inadequately researched nanoparticles  

Since the last decade several researchers have dispersed metal (Cu, Ni, Mo, W)[76–78], 

metal oxides (CuO, ZnO, TiO2)[78–80], ceramic (Al2O3, SiO2)[81, 82], composites 

(Ag/MWCNT, TiO2/SiO2)[83, 84], polymer (PTFE)[85], chalcogenides (MoS2, WS2)[86, 

87], nitride (hBN)[88] and Carbon-based (Graphite, Graphene, Diamond)[89, 90] NPs in 

diverse base oils (synthetic, mineral, biolubricants). These studies have revealed the potential 

of NPs in reducing surface wear, friction coefficient, and enhancing EP performance. Most of 

the above mentioned nanoparticles have been studied for their shapes, sizes, and concentrations 

in a different base oil. Generally, colloidal NPs perform superior to micro sized particles due 

to higher surface area to volume ratios resulting in increased interaction with metallic surface 

and oil molecules. Reported studies confirm that nanolubricants performance is influenced by 

various factors such as morphology, size, concentration, and chemical composition of NPs[64, 

65]. Antiwear properties generally depend on the nature of the tribofilm formation on the 

counter surface under boundary lubrication which is highly influenced by the chemical 

composition of the NPs[65]. This has been a strong motivation for exploring various NPs 

groups (metal, metal oxide, composites, etc.) having different Physico-chemical properties for 

their antiwear, antifriction, and EP performances[65].     

Oxide and ceramic nanoparticles used in this study such as CuO, Al2O3, SiO2, hBN, 

and ZnO are already explored as nanolubricants but their synergy with ionic liquids is not 

known. In this study despite showing excellent synergy with ILs, these NPs showed poor 

dispersion stability. In pursuit of better colloidal stability novel study of nanoparticles 

(boehmite and Zinctitanate) were undertaken. Boehmite comes under unique categories of NPs 

called hydroxide minerals such as Talc, and Serpentine. The natural and synthetic Serpentine 

minerals also known as Magnesium Silicate Hydroxide (Mg3Si2O5(OH)4) have been explored 

as a lubricant additive by several researchers[91–97]. A couple of studies have explored Talc 

as a lubricant additive and claimed excellent friction and wear reduction properties due to the 

formation of SiOx and MgO compounds on the worn surface[98, 99].  

On the other hand, Boehmite (γ-AlOOH) which checks many desirable brackets i.e., 

green, biocompatible, and eco-friendly mineral has not been explored for its tribological 

properties. Boehmite also called Aluminium oxide hydroxide mineral, one of the common 

constituents of Aluminium ore bauxite is stable and if heated above 450OC leads to dehydration 

of its crystals (2AlOOH⟹Al2O3+H2O) and formation of Aluminium oxide (Al2O3)[100, 101]. 



27 | P a g e  
 

It has a lamellar (orthorhombic) structure and in every layer, the O atom has closed (cubic) 

packing while OH groups are on the surface making the overall structure loosely packed[102]. 

Due to its extremely low toxicity, biocompatibility, eco-friendliness, and low cost, Boehmite 

has found application in various fields such as photocatalysis, antimicrobial activity, 

determination of toxic metals, flame retardation, etc[101, 103–106]. Boehmite material has 

some inherent advantages such as lower molecular weight (59.988 g/mole), lower density 

(3g/cm3), and lower Mohs scale hardness (3.5), making it a promising candidate for lubricant 

additive. Lei Zhang et al. covalently synthesized hybrid material consisting of Graphene oxide, 

Boehmite, and 3-glycidoxypropyl-trimethoxysilane (GO-GPTS-AlOOH) to enhance the 

dispersion stability of Graphene oxide in lubricating oil[107]. they claimed that the improved 

friction and wear reduction was due to the excellent strength of the lamellar Graphene sheet, 

while no detail was given regarding the role of Boehmite grafted particles in friction and wear 

reduction.  

On the other hand, Zinctitanate (ZnTiO3) has been investigated in various disciplines 

such as microwave dielectric, antibacterial, nanofiber, catalyst, gas sensor, white pigment, 

corrosion inhibitor, and luminescent material due to its outstanding properties, but its potential 

tribological properties have not been explored[108]. Further agglomeration of colloidal NPs in 

nonpolar base oil accelerates the sedimentation rate and is the single biggest hurdle for 

commercializing NPs in lubricants. This ternary oxide material inherits a larger specific surface 

area which could be instrumental in enhancing colloidal stability.  

 

2.5.3.   Inadequately researched synergistic effects 

Sane et al. observed the synergy between imidazoliumbased IL and graphene NPs in 

paraffinic mineral oil, while no synergy was observed in fully formulated engine oil [109]. 

Gusain et al. synthesized three graphene–IL hybrid nanomaterials and dispersed 0.02% in PEG-

200 base oil [26]. Their group reported synergy for Gr-BScB and Gr-OL, but Gr-PF6 recorded 

higher friction than the base oil. Qu et al. explored the synergy between four ILs and ZDDP, a 

common friction modifier additive [110]. Their group reported that no synergy was observed 

for [P66614] [BTMPP] and [N888H][DEHP] with ZDDP even though they share either the 

same cation or anion with the other two ILs which showed synergy with ZDDP. The above 

results express that multiple factors affect the synergy between ILs and other performance 
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additives, and a more focused study exploring the synergy of ILs with other additive packages 

is required.  

 

2.6.   Research gap, motivation and problem formulation.  

Based on the extensive literature survey, following research gaps were identified.  

• Considering the vastness of unique ionic liquids, very few ionic liquids have been 

explored in lubricants, possessing great untapped potential for the introduction of novel 

IL.   

• The role of the cations and anions of the ionic liquids on the tribo-performance (EP, 

AW, AF) is not well understood and calls for further research.  

• Antiwear properties generally depend on the nature of the tribofilm formation on the 

counter surface under boundary lubrication which is highly influenced by the chemical 

composition of the nanoparticles and colloidal stability, this is a strong motivation for 

exploring various NPs groups (metal, metal oxide, composites, etc.) having different 

Physico-chemical properties and higher dispersion stability for antiwear, antifriction, 

and EP performances. 

• The effect of ionic liquids and NPs in combination can lead to synergism. However, 

little is reported on this aspect in the literature. It would be interesting to investigate the 

combo-effect of ionic liquids and NPs of varying categories and morphology. 

The above research gap has been the motivation for undertaking this study and based on 

research gap objectives have been formulated.  

 

2.7.  Objectives 

• To investigate compatibility between phosphonium ionic liquid and three oxide 

nanoparticles (CuO, Al2O3, SiO2) for their tribo-performance in mineral base oil (SN 

500).    

• To explore synergism between three common cation based phosphonium ionic liquids 

and nanoparticles as a hybrid oil additive and their comparative study with commercial 

ZDDP. 

• Three-way compatibility study among Nanoparticles, Ionic Liquid, and Dispersant for 

potential in lubricant formulation. 
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• To explore the potential of Boehmite and Zinctitanate NPs as lubricant additive and 

their synergistic effect with Ionic Liquids. 

 

2.8. Work methodology  

As per the above-defined objectives, the following strategy was implemented step-wise for the 

completion of the study.  

Step 1: Selection of base oil, ionic liquids, nanoparticles 

a. Selection of base oil (mineral or synthetic) 

b. Selection/synthesis of ionic liquids 

c. Selection of nanoparticles 

Step 2: Characterization of Ionic liquids and nanoparticles 

Step 3: Preparation of hybrid nano-oils by optimizing various factors i.e. nanoparticles and 

ionic liquid concentrations, sonication time and method, dispersant type etc. 

Step 4: Physical characteristics of hybrid nanolubricants i.e. viscosity, density, stability etc. 

Step 5: Assessing the tribological properties of the formulated lubricants.  

Step 6: Worn surface characterization after tribo-tests.  

The following figure 2.3 details a graphical representation of the work methodology 

implemented for the completion of the study.  

 

 

 

 

 

 



30 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Schematic depicting implementation methodology. 
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3.1. Selected material details 

3.1.1. Base oil 

Primarily API (American Petroleum Institute) group IV base oil, PAO was employed 

for the formulation of multiple series of lubricants with ILs, and NPs. The PAO is synthetic 

base oil and is generally named based on the value of its kinematic viscosity at 100 oC (e.g., 

PAO-6). PAO was selected due to its high viscosity index (VI), oxidation stability, low 

volatility, low temperature flowability, non-toxicity, and compatibility with mineral oil. PAO-

6 was obtained from Synthomaxx India and was used as received. Table 3.1 details the data 

provided by the supplier.      

Table 3.1 Details of the base oil (PAO6) as provided by the supplier. 

Base Oil Physical Properties Values 

 

 

 

Polyalphaolefins 6 (PAO-6) 

Kinematic 

Viscosity 

           @40oC 30.92 (mm2/s) 

           @100oC 5.916 (mm2/s) 

Viscosity Index 139 

Density             @ 29.5oC 0.8187 (g/cm3) 

Pour Point -68oC 

Flash Point 238 oC 

Fire Point 271 oC 

 

3.1.2. Selected dispersant 

To enhance the colloidal stability of NPs in base oil a commercial dispersant PIBSA 

(product code: UNOL P 1057) from Univenture Industries Pvt. Ltd was used. PIBSA 

(Polyisobutylene Succinic Anhydride) is derived from different grades of polyisobutylene by 

reacting it with maleic anhydride which helps in dispersing immiscible constituents of the 

lubricants. PIBSA dispersant was blended at a fixed concentration of 1 wt% in selected 

lubricants to minimise its possible intervention with other additives[88, 111]. Table 3.2 gives 

a few of the physicochemical properties of PIBSA.   
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Table 3.2 Important details of dispersant PIBSA. 

Product name Appearance Specific Gravity Viscosity @ 100oC Flash Point 0C 

UNOL P 1057 Thick Amber 0.92-0.99 600-950 180-200 

 

3.1.3. Selected nanoparticles details 

Studies confirm that nanolubricants performance is influenced by various factors such 

as morphology, size, concentration, and chemical composition of NPs[64, 65]. Antiwear 

properties generally depend on the nature of the tribofilm formation on the counter surface 

under boundary lubrication which is highly influenced by the chemical composition of the 

NPs[65]. This has been a strong motivation for exploring various NPs groups (metal, metal 

oxide, composites, etc.) having different Physico-chemical properties for their antiwear, 

antifriction, and EP performances 

In search of better dispersion stability and tribological performance different categories 

of NPs i.e. metal oxides (CuO, ZnO), ceramic (Al2O3, SiO2), nitride (hBN), hydroxide 

(AlOOH) and hybrid (ZnTiO3) were added with ILs to study their synergistic effect in a base 

oil. The following table summarizes important information about nanoparticles.      

Table 3.3 Gives important details of selected nanoparticles. 

Sr 
No 

Nanoparticle Supplier APS 
(nm) 

Density 
(g/cm3) 

Colour Molecular 
Weight 
(g/mol) 

1 CuO SRL Pvt.Ltd 40 6.31 Black 79.54 

2 SiO2 Alpha Aesar 30-50 2.64 White 60.08 

3 Al2O3 Nano Research Lab 30-50 3.98 White 101.96 

4 ZnO SRL Pvt.Ltd 30 5.6 White 81.38 

5 hBN SRL Pvt.Ltd 70 2.1 White 24.82 

6 AlOOH SRL Pvt.Ltd 20 3 White 59.99 

7 ZnTiO3 Sigma Aldrich <100 5.18 White 161.26 
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3.1.4. Ionic liquids. 

Three phosphonium phosphate ILs were used in this study composed of common cation 

trihexyltetradecylphosphonium ([P66614]).   

1. trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl) phosphinate i.e. ([P66614] 

[BTMPP]),  

2. trihexyltetradecylphosphonium bis(2 ethylhexyl)phosphate i.e. ([P66614] [DEHP])  

3. trihexyltetradecylphosphonium dibutyl phosphate i.e. ([P66614] [DBP]) 

Among these ([P66614] [BTMPP]) was obtained from Sigma-Aldrich (>95%, CAS 

number- 465527-59-7, Molecular weight 773.27 g/mol) and was used as received. While the 

other two ILs ([P66614] [DEHP]) and ([P66614] [DBP]) were synthesized in the organic 

chemistry lab of NIT Warangal. Common cation, trihexyltetradecylphosphonium chloride (≥ 

95%, CAS number- 258864-54-9, Molecular weight-519.31 g/mol) was obtained from Sigma-

Aldrich. Both anions bis(2-ethyl hexyl) phosphate(≥97%, CAS number- 298-07-7, Molecular 

weight 322.42 g/mol), and Dibutyl phosphate(≥ 97%,  CAS number-107-66-4, Molecular 

weight- 210.21 g/mol) were obtained from Sigma Aldrich.    

Table 3.4 Gives important details of selected Ionic Liquids. 

Ionic Liquids Cation Anion Supplier CAS No Code 
trihexyltetradecylphosphonium 
bis(2,4,4-trimethylpentyl) 
phosphinate 

 
[P66614] 

 
[BTMPP] 

 
Sigma Aldrich 

 
465527-59-7 

 
IL1 

trihexyltetradecylphosphonium 
bis(2-ethylhexyl)phosphate 

[P66614] [DEHP] Synthesized IL2 

trihexyltetradecylphosphonium 
dibutyl phosphate 

[P66614] [DBP] Synthesized IL3 

 

 

 

 

 

 

 
Figure 3.1 Molecular structure of the Cations and Anions of the three ILs  



35 | P a g e  
 

3.1.4.1. Synthesis of ionic liquids  

ILs were synthesized by following the process reported by J.sun. et.al [112]. The typical 

procedure is as follows: equal moles of cation feedstock (4g of trihexyltetradecylphosphonium 

chloride) were mixed in anion feedstock (2.48g of bis 2-ethyl hexyl phosphate or 1.61g of 

dibutyl phosphate) in 10g of hexane. A solution was made using an equal mole of KOH (0.43g) 

with 10g distilled water and was added into the reaction system dropwise, followed by stirring 

the mixture at room temperature for over 4 hours. The organic compound was separated and 

washed with distilled water three times to remove KCl; the solvent was removed by rotary 

evaporation, and the compound was dried in a vacuum. The synthesis of ILs were confirmed 

by mass spectroscopy. IL2 mass spectroscopy m/z ES+ 483.5 ([C6H13]3C14H29P+), ES- 321.2 

([C8H17O]2OPO-), IL3 Mass spectroscopy m/z ES+ 483.5 ([C6H13]3C14H29P+), ES- 209.1 

([C4H9O]2OPO-). The synthesis yielded 6g of ([P66614] [DEHP]) and 5.25g of ([P66614] 

[DBP]), which was approximately 92 and 93 yield %, respectively. Figure 3.2 shows the 

scheme of reaction for IL2 and IL3, while figure 3.3 highlights the process for the synthesis of 

ILs.  

 

 

 

 

 

 

 

 

 

. 

 

 
Figure 3.2 Graphical representation of the reaction scheme 

o
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Figure 3.3: Reaction scheme for synthesis of (IL2) i.e., ([P66614] [DEHP]) and IL3 i.e., 
([P66614] [DBP]). 

 

3.1.5. Zinc dithiophoshate (ZDDP) 

ZDDP is the primary commercial antiwear additive used in the formulation of most 

hydraulic oils, motor oils, and greases[6]. Other than better tribological properties ZDDP is 

also known to provide secondary enhancement of lubricants properties and acts as an 

antioxidant and corrosion inhibitor. They are generally added in the range of 600-2000 ppm of 

phosphorus in modern lubricants[6]. In this study, ZDDP was used for a comparative study 

with hybrid nanolubricants composed of ILs and NPs. The ZDDP was obtained from United 

Petrofer Limited India (product code: ADDIV SPG 4575) consisting of active elements i.e. 

Phosphorus (9.9%), Zinc (10%), Sulphur (19%). Figure 3.4 gives the molecular structure of 

ZDDP.     

 

 

 

 

Figure 3.4 Molecular structure of ZDDP. 
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3.2. Characterization of nanoparticles  

3.2.1. X-Ray Diffraction  

X-Ray Diffraction (XRD) is a very powerful technique used for identifying the phase 

and unit cell dimension of crystalline material. It works on the principle of X Ray’s constructive 

interference and crystalline sample. XRD technique (make Bruker D8 Advance) with 

monochromatic Cu Kα (λ = 1.5406 Å) radiation was used to analyze the crystal size and phase 

structure of the NPs. Average crystal size was calculated using Scherrer’s equation (D β cosø=k 

λ, where D is crystalline size, k is Scherrer’s constant, β is FWHM, λ is X-ray wavelength).  

3.2.2. Field Emission Scanning Electron Microscope  

A Field Emission Scanning Electron Microscope (FE-SEM) (model JSM-7800F, JEOL, 

Japan) coupled with energy-dispersive X-ray spectroscopy (EDS) of oxford instruments was 

used to understand the morphology of the nanoparticles. the instrument has a spatial resolution 

of up to 0.5 nm.   

3.2.3. High Resolution Transmission Electron Microscope.  

High Resolution Transmission Electron Microscope (HRTEM, make FEI Tecnai TF20) 

was employed to characterize the morphology and size of selected nanoparticles. it has 200 kV 

field emission gun, capable enough to produce high resolution micrographs.   

 

3.3.    Sample preparation  

Two step methods have been employed for mixing additives in a base oil. At first, the 

additives were added in base oil being stirred (magnetic stirrer) at 1000 rpm for rapid mixing 

followed by 45 min ultrasonic probe sonication (make Dakshin Ultrasound, 190 W power, 20 

kHz frequency, operated in a pulsed mode of 2 s on and 1 s off). Probe sonication is the most 

effective method which generates successive sequences of high pressure (around 500 bar 

attributed to the cavitation effect) for an extremely short duration (microseconds) due to the 

passing of high frequency ultrasonic waves in lubricants. 
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 3.4.  Dispersion stability studies.  

The colloidal stability of NPs depends on various factors such as the physicochemical 

characteristics of NPs, base oil, and dispersion method. Colloidal NPs tend to sediment over 

time predominantly due to agglomeration caused by Brownian motion and gravity (since NPs 

are denser than base oil). For formulating commercial nano-oils, dispersion stability becomes 

a prerequisite and should be studied. Visual inspection and Dynamic Light Scattering (DLS) 

methods were used to study NPs stability in the base oil. 

3.4.1. Visual inspection 

Visual inspection is a simple and popular method used to study the dispersion stability 

of the NPs in the PAO base oil. Well dispersed nano-oil is kept in a transparent container and 

stored for an extended period of time, with regular observation. Photographs were taken at 

regular intervals without any disturbance to the sample while in storage. 

3.4.2. Colloidal particle size analysis using Dynamic Light Scattering-  

Dynamic Light Scattering (DLS) is a technique used to find the average hydrodynamic 

dimeter (dh) of suspended particles in the base oil. It uses the following Stokes-Einstine 

equation to estimate the hydrodynamic dimeter of colloidal particles.   

𝑑ℎ =
𝑘𝛽𝑇
3𝜋ɳ𝑜𝐷

   where T is the absolute temperature, 𝑘𝛽 is Boltzmann’s constant, D is diffusion 

coefficient, ɳ𝑜 is medium viscosity. 

To study the agglomeration of NPs over time, dynamic light scattering (Zetasizer nano 590 

Malvern Instruments UK) was employed. Formulated nanolubricant is generally too thick to 

be directly used for DLS analysis hence it was diluted with petroleum ether/base oil in a 

particular weight ratio. For dilution, prepared nanolubricants were stored without any 

disturbance in separate containers, and just before the DLS study, a sample was taken out on a 

stipulated day from the top of the container. Extreme care was taken to not disturb the settled 

NPs of the container while taking out samples for the DLS study. 

3.5.   Tribological testing  

The tribological performances of the lubricants were evaluated under a mixed and boundary 

lubrication regime, using a four-ball tribometer (DuCom Instruments, India). The tribometer 
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uses tetrahedral geometry in which the top steel ball is rotated at desired rpm against three 

stationary balls submerged in lubricant as shown in figure 3.5. The tetrahedral contact of balls 

is loaded with a lever mechanism, and frictional torque is recorded continuously on the 

computer. For the wear analysis, the wear scar diameter (WSD) of the bottom three balls are 

measured using an optical microscope at the end of the test. For reliability and repeatability, 

all the tests were conducted three times, and average, WSD, and COF were considered with 

the provision for standard deviation in data representation. Bearing balls of diameter 12.7mm, 

average roughness (Sa) 35nm, AISI 52100 steel balls with chemical composition of C, 0.98-

1.10%; Si, 0.15-0.35%; Mn, 0.25-0.45%; P, < 0.025%; S, < 0.025%; Cu, 0.30<; Cr, 1.3-1.6%; 

Ni,0.30< having hardness of 63-66 HRC (as provided by supplier) were used for both the wear 

and extreme pressure (EP) tests. The tribological tests were performed according to ASTM 

4172B test standards, which include 1200 rpm, 40kg applied load, 750C temperature, and 60 

minutes of test duration. The EP tests were performed according to the energy institute’s 

standard IP 239, which is similar to ASTM 2783 test standards. The typical test parameters 

include the speed of 1450 rpm, room temperature, 60 seconds of test duration, and progressive 

loading till the seizure occurs. According to IP 239 for each test, the load is increased in steps 

from 10kg to 100kg and if the seizure doesn’t occur the load is increased by 25kg stepwise 

beyond 100 kg till the seizure occurs. Once the seizure occurred at any particular point, the 

load is reduced by 10 kg stepwise to obtain maximum non-seizure load.  All the loads below 

the weld load are considered the maximum non-seizure load or pass load for the lubricants.  

Table 3.5 Tribological testing parameters 

Test parameter ASTM 
4172 

EP tests IP 239 

Equipment 4-ball 
tribometer 

4-ball tribometer 

Load, N 392 Increasing load in the step of 25kg till seizure or 
welding occurs followed by 10kg stepwise reduction 

for maximum non-seizure load 
Speed, RPM 1200 1450 
Temperature, 0C 75 Room temperature 
Test duration, 60 min 60 Sec 

 

 

 

O
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Figure 3.5 Camera image of four ball tribometer along with a tetrahedral arrangement 
of balls and concept of wear scar diameter (WSD) and Seizure load measurement. The 
tribometer is used to assess the lubricants performance with respect to friction, wear 
reduction and load bearing capacity.  

 

3.6.   Density, Viscosity measurement of formulated lubricants  

Stabinger viscometer (SVM 3000) following ASTM D7042 standards was used to measure 

the kinematic viscosity and density of the lubricants. The viscometer works on the Couette 

principle, and the measurement of kinematic viscosity and density is based on torque and speed 

measurement. The other important parameter for lubricant is the viscosity index (VI), which is 

a unitless number indicating the temperature dependence of the lubricant’s kinematic viscosity. 

The viscosity index was calculated according to ASTM D-2270 in which the viscosity of the 

prepared sample at 40OC and 100OC is compared with standard reference oil having 0 

(naphthenic base oil) and 100 (paraffinic base oil) viscosity index[6]. The higher the viscosity 

index, the more stable the oil is with respect to changes in temperature. 
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3.7. Worn surface characterization techniques employed 

3.7.1. Field Emission Scanning Electron Microscope (FESEM) or Scanning 

Electron Microscope (SEM).  

Based on the availability FESEM or SEM was employed for characterizing the 

morphology of worn surfaces lubricated under different oils. The FESEM details have already 

been discussed in section 3.2.2. The scanning electron microscope (SEM) (model Tescan 

VEGA-3 LMU) was used with an accelerating voltage of 20 kV to study the morphology of 

the worn surface. An energy-dispersive X-ray spectroscopy (EDS) of oxford instruments 

coupled with SEM was used to study the elemental composition of worn surfaces. To remove 

any weakly absorbed contaminants (lubricant residues) tribo-tested balls were sonicated in 

Hexane for 5 minutes prior to any surface characterization. 

3.7.2. Raman spectroscopy   

To understand the nature of the tribofilm and the role of additives in tribofilm 

formation, for selected lubricants, Raman spectroscopy was employed (Renishaw InVia Raman 

with 10 mW laser powered and 532 nm excitation wavelength). The instrument is coupled with 

Leica microscope to observe the surface being scanned.  

3.7.3. X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a widely employed technique for exploring 

the chemical state of tribofilm. XPS (make K ALPHA+, Thermo Fisher Scientific Instruments, 

UK) with Al Kα monochromatic radiation (1486.7 eV, beam current 6 mA) and 150 eV pass 

energy over a spot size of 200 μm was employed to understand the chemical state of tribofilm. 

Further core level spectra of triboactive elements were acquired using pass energy of 30 eV. 

The binding energy of C 1s (284.8 eV) was used for the calibration of other elements. XPS 

analysis chamber pressure was maintained below 10–8 mbar. For depth profiling, several rounds 

of Ar-ion sputtered were conducted to obtain near surface zone (100 nm deep) for selected 

worn surfaces. The peak fitting feature of Origin software was used for baseline correction and 

deconvolution.   
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4.1. General 

Modern-day lubricants are a mixture of base oil and few performance additives, hence 

compatibility becomes one of the important factors for the application of any additive in 

commercial lubricants. Since IL as a lubricant additive is the newest dimension in lubricant 

science and due to economic constraints it is not feasible to use IL as a neat lubricant, hence it 

becomes of great interest to explore the synergy, mechanism of tribofilm formation and 

compatibility of IL with other commercial additives. On the other hand metal oxide and 

ceramic NPs have been the center of attraction since the last decade[113–115]. This study is 

an attempt to explore the synergy between IL and the three distinct NPs along with the 

mechanism of tribofilm formation. Way over 80% of currently used lubricant is still dominated 

by mineral base oils. Moreover, most of the synergy study is conducted in synthetic lubricants 

hence group 1 mineral base oil is selected for this study.   

4.2. Materials and methods. 

4.2.1. Ionic liquid and nanoparticles 

ILs and NPs used in this study were procured and used without any further processing. 

The IL trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate 

([P66614][BTMPP]),was purchased from Sigma Aldrich. The CuO NPs of average particle size 

(APS) 40 nm were purchased from SRL laboratories Ltd., Al2O3 NPs were purchased from 

Alpha Aesar with APS of 30 to 50 nm while SiO2 NPs with 30-50 nm were obtained from Nano 

Research Lab. More details about ILs and NPs are provided in chapter 3. Group 1 mineral oil 

SN500 was obtained from Hindustan Petroleum Corporation Limited. Table 4.1 gives the 

physicochemical properties of the base oil used in this study. Table 4.2 shows the cation and 

anion of the ([P66614][BTMPP]). 

Table 4.1 physical properties of Base oil SN 500. 

Physical Properties Results Test Standards 
Colour L 2.0 – 2.5 ASTM D 1500 
Density @ 29.5O C 0.886 ASTN D 1298 
Kinetic viscosity @ 40O C 110 ASTM D 445 
Kinetic viscosity @ 100O C 11.82 ASTM D 445 
Viscosity Index  90.7 ASTM D 2270 
Flash Point OC 234 ASTM D 92 
Pour Point OC -3 ASTM D 97 
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Table 4.2 Physical properties of IL. 

Cation and Anion of ([P66614][BTMPP]) Molecular 
weight 

Density 
g/ml @ 

20oC 

 

 
 
    773.27 

 
 
   0.895 

 

4.2.2. Sample preparation  

([P66614][BTMPP]) has very good solubility in mineral oil but the international 

lubricants standardization and approval committee (ILSAC GF-5) has set the limit for 

phosphorus concentration at 800 ppm in engine oil to avoid the poisoning effect of exhaust 

gases. During this study, we blended 0.2, 0.5, and 0.8 wt % IL in the mineral base oil. Even 

though all the blends improved the tribological properties but there was very little difference 

between the 0.5 and 0.8% blend’s friction and wear reduction performances, however, the 

phosphorus concentration was significantly high in 0.8% compared to the 0.5% IL blend. 

Moreover, our objective was to study the synergy between IL and NPs as a hybrid lubricant 

additive, hence we chose 0.5 wt% (Phosphorus content <500 ppm) of IL to explore the synergy 

with NPs while limiting the phosphorus content well within 800 PPM, as the limit set by 

ILSAC-GF6 for lubricants. For NPs different concentrations (0.05, 0.1, 0.15, 0.2 wt. %) were 

added to the base oil without any dispersant to obtain the same effective concentration for all 

three NPs. Among NPs, SiO2 showed improvement up to 0.05% (0.2% for CuO and Al2O3) 

and at 0.1% the tribological performances deteriorated, the reason for poor tribological 

performances may be caused by the abrasive effect due to a higher concentration of SiO2 on 

steel tribopair. Due to poor performance at higher concentrations of SiO2 the optimum 

concentration was fixed at 0.05 wt. % for all NPs as a single additive. For the hybrid additives, 

NPs concentration was kept the same (0.05%) while IL concentration was reduced to 0.45% so 

the maximum additive concentration remains at 0.5%. Two step method has been used for a 

homogenous distribution of additives in the base oil. In the first step lubricant containing 

additive was stirred for 6 minutes, followed by ultrasonically dispersing for 10 minutes. The 

same two steps method is used for the hybrid (BO+IL+NPs) lubricant sample preparation as 

well. After dispersing NPs with the help of ultrasonication in the base oil, due to very small 

particle size (30-50nm), the nanoparticles were dispersed in the base oil well over two days 

Mr
H
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before any visual sign of settling down and all the tests were performed within 6 hours of the 

sample preparation. Moreover, using additives other than IL and NPs (any dispersant) may 

influence the tribological performances of the lubricant blend and it would have been very 

difficult to draw any conclusion with respect to IL and NPs performance exclusively in hybrid 

lubricant. Hence no dispersant was used for this study. Figure 4.1 shows the photos of the 

hybrid nanolubricant and figure 4.2 shows the FE-SEM images of nanoparticles used in this 

study. The FE-SEM images confirm that all the NPs have spherical morphology. 

 

 

 
 
 
 
 

Figure 4.1 Camera Image of formulated hybrid nano-lubricant (a) Mo+IL1+Al2O3  (b) 
Mo+IL1+CuO (c) Mo+IL1+SiO2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 FE-SEM image of (a) Al2O3 (b) CuO and (c) SiO2 shows nearly spherical 
morphology 
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4.2.3. Tribological testing 

DuCom’s four ball tribometer was used for the tribological testing and its technical details 

are given in chapter 3. Repeatability is a very important factor for reliability, hence all the tests 

were repeated at least three times. The friction and wear assessment tests were conducted 

following ASTM 4172B standards while the EP properties of the lubricants were tested 

according to ASTM D2783 using four ball tribometer, which involves stepwise progressive 

loading until the welding of the balls occurs. The test duration is for 10 seconds at a constant 

speed of 1760 RPM. The load at which the welding occurred is termed the failure load and the 

last un-welded load is considered the pass load or maximum non-seizure load. Since in ASTM 

D2783, the loading gap between successive loadings are wide eg. 63-80-126-160-200-250kg 

hence intermediate loads of 5kg in progression have been taken into consideration for 

pinpointing the closest non-seizure load. Table 4.3 gives characteristic values for standard test, 

and EP tests. 

Table 4.3 Characteristic values for the tests 

Test parameter              Tribological tests EP test 
 ASTM D: 4172B ASTM D:2783 

Load, N 392 Up to seizure 
Speed, RPM 1200 1760 
Lubricant temperature, 0C 75 ± 5 Room temperature 
Test duration, 60 min 10 Sec 

 

4.2.4. Surface characterization of worn surfaces 

The morphology of the worn surface was studied using Tescan VEGA-3 LMU Scanning 

Electron Microscope and an electron-accelerating voltage of 15KV was employed.  For WSD 

comparison HUVITZ LUSIS HC-30MU optical microscope was used. An oxford instrument’s 

energy dispersive X-ray spectrometer (EDS) coupled with SEM was used to probe the 

elemental composition of the WSD surface. To further investigate tribofilm formation on the 

worn surface, Renishaw InVia Raman spectra with an excitation wavelength of 532 nm and 

laser power of 10 mW was used. Before surface characterization, the steel balls were cleaned 

ultrasonically using hexane for 6 minutes to remove lubricant residues.  
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4.3. Results and Discussions 

4.3.1. Friction and wear reduction performances  

Figure 4.3 gives the frictional torque variation, wear scar diameter, and friction 

coefficient performance tested following ASTM 4172B standard for base oil and all the single 

and hybrid nanolubricants. It is evident from figure 4.3(a) that the frictional torque of base oil 

fluctuates continuously till 1800 seconds and then becomes stable but remains highest and 

lubricates the surface poorly. When 0.5 wt% ionic liquid was blended in base oil the friction 

coefficient reduced significantly with an overall friction reduction of 11.86% as shown in 

figure 4.3(c). It was interesting to note that the ionic liquid blend showed the lowest starting 

frictional torque up to the first 230 seconds which can be attributed to the adsorption of IL on 

steel surfaces due to its affinity towards rubbing surfaces. On the other hand, the addition of 

NPs in the base oil, other than SiO2 both CuO and Al2O3 show similar and significant friction 

reduction which was around 12% than the neat base oil. CuO hybrid nanolubricant performed 

better than Al2O3 hybrid nanolubricant and their friction reduction was 24, and 19% 

respectively. SiO2 hybrid nanolubricant showed 5.8% overall friction reduction which was less 

than the performance of the IL blend indicating no synergy. While Al2O3 and CuO hybrid 

nanolubricant showed lower friction coefficients inferring synergy between NPs and IL. 
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Figure 4.3 (a) Frictional torque variation Vs time (b.) average wear scar diameter (c.) 

average friction coefficient tested following ASTM: D 4172B test conditions, 

Figure 4.3 shows the average wear scar diameter (WSD) and the friction coefficient of lubricant 

samples tested at ASTM 4172B test conditions. The highest WSD was observed for base oil as 

shown in figure 4.3(b). By blending 0.5% IL the reduction in WSD was 14.32% compared to 

the neat base oil. The addition of CuO, Al2O3, and SiO2 NPs in base oil also decreased WSD 

by 10.06, 11.58, and 6.25% respectively. Even though all the NPs have APS around 50 nm but 

still they showed quite distinct tribological properties. All the hybrid nanolubricant performed 

superior to the single additive. The CuO hybrid nanolubricant showed the lowest wear of 

36.64%, followed by Al2O3 hybrid nanolubricant which reduced wear by 32.88 % compared 

to the neat base oil. The most surprising change was observed in SiO2 hybrid nanolubricant 

with an overall wear reduction of 16.69% which is slightly better than the Ionic liquid blend.  
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4.3.2. Extreme pressure performances 

 

 

 

 

 

 

 

Figure 4.4 Extreme Pressure performance of lubricants.   

Figure 4.4 gives the comparative load carrying capacity of single and hybrid 

nanolubricant tested according to ASTM D 2783 test parameters. Even though the test duration 

is 10 seconds, in this short duration lubricant undergoes extremely severe pressure and 

tribostress due to which the top surface is worn out rapidly and fresh surfaces are exposed 

continuously. It is interesting to note that IL blend in the base oil has the highest non-seizure 

load among the single additives (19.04%) compared to BO, the reason may be the formation 

of adsorption film due to inherent polarity of cation and anion of the IL, which is evident from 

lowest friction coefficient registered for the first 250 seconds observed in figure 3. The NPs 

improved EP performance of the lubricant slightly due to tribo-sintering but the best EP 

performance was observed for hybrid nanolubricant of Al2O3 and CuO, which increased load-

bearing capacity by 30.95 and 34.92% respectively clearly indicating synergy between IL and 

NPs. Even though SiO2 hybrid lubricant enhanced load carrying capabilities by 15% but 

synergistic behavior between IL and SiO2 wasn’t observed since IL as a single additive 

performs better than SiO2 hybrid nanolubricant.   

Figure 4.5 showed the photograph of steel balls undergone the EP test at 130 kg. Due to the 

high load and speed of rotation excessive heat is generated on non-conformal ball contact 

which leads to deformation or welding of the steel balls. Figure 4.5(a) shows the welded steel 

balls lubricated with neat BO. It can be inferred from the figure that at 130 kg load, base oil 

Fundament

that led
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couldn’t separate the rubbing surface and high contact pressure lead to the generation of 

excessive heat resulting welding of steel balls within 10 seconds. Ball (b) and (e) lubricated 

with IL blend and SiO2 hybrid nanolubricant respectively, withstand the test at 130kg but shows 

some sign of plastically deformed steel due to excessive heat generation caused by high 

friction. The plastically deformed surface appears to be black in colour around the 

circumference of WSD.  Figure 4.5 (c),(d) shows very low or no black texture which reflects 

that Al2O3 and CuO hybrid nanolubricant managed to separate rubbing surfaces more 

effectively.   

 

 

 

 

 

 

 

 

 

Figure 4.5,  steel Balls after EP test at 130 kg (a) BO, (b) BO+0.5% IL, (c) BO+0.45% 

IL+0.05% Al2O3 (d) BO+0.45% IL+0.05% CuO, (e) BO+0.45% IL+0.05% SiO2 

 

4.3.3. Surface Characterization 

4.3.3.1. Morphology of worn surface using SEM 

Four ball tribometer and EP test results of this study have demonstrated the synergistic 

effect between IL and NPs. In order to understand the principle and mechanism of synergies 

several surface characterization techniques such as SEM, EDS, and Raman spectra have been 
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employed. Figure 4.6 shows the SEM analysis of the worn surface lubricated with the base oil 

and all three hybrid nanolubricants at ASTM D 4172B test conditions. The suffixes 1,2 are 

being used to annotate the same wear scar for 200 and 20μm scale respectively. Deep and rough 

furrows are present throughout the WSD of the steel ball lubricated with the base oil, indicating 

excessive wear during the rubbing process as shown in figure 4.6(a). Although the WSD of the 

SiO2 hybrid nanolubricant was slightly less if compared with the base oil but it also shows deep 

and rough furrows and no sign of SiO2 adsorbed on the worn surface due to tribosintering.  

Tribosintering occurs when the oxide nanoparticles come into contact with rubbing surfaces 

and due to high load, temperature, and tribostress NPs get sintered on the surface[116–118]. 

The tribosinterd particles form a protective film called tribofilm which decreases direct metal 

to metal contact between tribopair resulting in decreased wear. Figure 4.6 (a) and (d) are the 

SEM image of the worn surface for BO and SiO2 hybrid nanolubricant. Both have severe wear 

throughout the WSD, indicating the phenomenon of intense metallic adhesive wear. CuO and 

Al2O3 hybrid nanolubricant have almost similar shapes to the WSD which has some deep 

furrows at the center and very shallow scratches at the top and bottom of WSD nevertheless 

smallest WSD if compared with the base oil figure 4.6 (b),(c). the worn surfaces appear 

relatively smooth, indicating Al2O3 and CuO NPs firmly sintered on the rubbing surfaces 

respectively and forming strong tribofilm resulting decreased in metal to metal contact[117]. 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 SEM images of WSD at 200 and 20 μm respectively for  (a1,2). BO (b1,2). 
BO+0.45%IL+0.05%Al2O3 (c1,2). BO+0.45%IL+0.05%CuO   (d1,2).  BO+0.45%IL+0.05%SiO2    
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4.3.3.2. Elemental composition of worn surface using EDS analysis 

Table 4.4 gives the elemental concentration of the worn surface obtained by EDS while 

figure 4.7 shows the EDS spectra of the worn surface lubricated with IL blend and all three 

hybrid nanolubricant. EDS spectroscopy is not a quantitative technique but it can be used for a 

comparative study of the same material worn surface lubricated with different additives. Table 

4.4 shows the atomic concentrations of worn steel surface which was lubricated with base oil 

contains 5.66% oxygen concentration highest among all the tested samples. The high oxygen 

present on the worn surface indicates that BO was not able to separate the rubbing surface 

effectively and due to high wear fresh surface was exposed to oxidation. IL blend showed good 

oxidation-reduction properties since the reduction in oxygen presence on the worn surface was 

approximately five times compared to the base oil figure 4.7(a). IL blend showed a very high 

amount of carbon (24%) presence on the worn surface with a reduction of iron when compared 

to the base oil. Jun Qu et.al. explored tribofilm formation by [P66614][BTMPP] in GTL for Steel 

and gray cast iron tribopair[68]. On XPS spectra of worn surface, their group claimed that 

tribofilm was formed on the worn surface due to tribochemical reaction of IL. The product of 

tribochemical reaction primarily oxide phosphate (20.7%) was found on the worn surface. 

These oxide phosphates showed a more intense O-P bond and having a binding energy of 

531.5eV resulting in a pretty stiff tribofilm. In this study also the EDS spectra of worn surface 

lubricated with IL blend showed an elevated level of phosphorus (0.91%). These high 

concentration of phosphorus must be in the phosphate phase, inferring the formation of 

phosphate rich tribofilm on the worn surface figure 4.7(b).  

The EDS spectra of Al2O3 and CuO hybrid nanolubricant show 0.85 and 0.81% phosphorus 

on the worn surface, reflecting almost no change in the formation of phosphate rich tribofilm, 

even with tribosintering of Al2O3 and CuO NPs. On the other hand, SiO2 NPs in hybrid 

lubricant decreased phosphorus concentration on the worn surface to 0.39% which is nearly 

half the amount if compared with IL. Due to the abrasive nature of SiO2, the tribochemical 

product (phosphate) adsorbed on the worn surface must have been abraded due to relatively 

high wear.  

EDS spectra of worn surface lubricated with Al2O3 and CuO hybrid nanolubricant shows a 

strong presence of Al (0.51%) and Cu (0.69%) on the worn surface figure 4.7 (b),(c). On the 

other hand, almost negligible trace of Si has been observed for worn surfaces lubricated with 
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SiO2 hybrid lubricant indicating SiO2 is not able to sinter on the rubbing surface in these 

operating conditions figure 4.7(e).  

Table 4.4 EDS Atomic percentages of WSD after the test at ASTM conditions 

Lubricants Atomic percentages of the WSD, after the test at ASTM conditions 

C Fe O Cr P Al Cu Si 
BO 3.61 89.2 5.66 1.52 -- -- -- -- 
BO+0.5% IL 24.59 72.03 1.03 1.44 0.91 -- -- -- 
BO+0.05% Al2O3+0.45% IL   12.6 83.67 0.82 1.55 0.85 0.51 -- -- 
BO+0.05% CuO+0.45% IL 11.39 84.95 0.47 1.69 0.81 -- 0.69 -- 
BO+0.05% SiO2+0.45% IL 6.91 87.25 3.53 1.83 0.39 -- -- 0.0
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Figure 4.7 EDS analysis of worn surface at ASTM test conditions lubricated with (a). BO+0.5%IL 
(b). BO+0.45%IL+0.05%Al2O3 (c). BO+0.45%IL+0.05% CuO (d)BO+0.45%IL+0.05%SiO2 

 

4.3.3.3. Raman spectroscopy of worn surfaces 

Figure 4.8 gives the Raman spectra of worn surface lubricated with BO, Al2O3, and 

CuO hybrid nanolubricant. Tribological properties are the surface phenomenon, especially the 

top few nanometers of surface depth control the friction and wear behavior of any tribopair. 

The results of the four ball test and SEM analysis show the synergistic behavior between IL 

and NPs and a significant reduction in friction and wear. To further investigate the protective 

film formation of the worn surface lubricated with BO, Al2O3, and CuO hybrid nanolubricant, 

micro Raman spectra were performed using Renishaw InVia Raman spectra with an excitation 

wavelength of 532nm and laser power of 10 mW as shown in figure 4.8. The Raman spectra 

of worn surface lubricated with CuO hybrid nanolubricant shows three peaks at 291, 341, and 

628 cm-1. Due to the very less concentration of CuO on the worn surface, the Raman peaks are 

small, and also the peak at 341 cm-1 has a very weak Raman intensity but the other two peaks 

are easily distinguishable. CuO has only two molecules per unit cell and belongs to the C6
2h 

space group and has 9 zone-centered optical phonon modes but only three modes are Raman 

active i.e. Ag+2Bg. out of the observed Raman spectra for the CuO, peak 291 cm-1 can be 

assigned to Ag, and peaks 341 and 628 cm-1  can be assigned to Bg modes[119]. Xu J et.al. and 

Gulzar et.al have obtained similar Raman spectra for rubbing surfaces lubricated with CuO 

nanolubricant[116, 119]. The similarity confirms the formation of tribofilm due to the 

tribosintering of CuO. 

low
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For Al2O3 there is 7 allowed vibration and raman band ranging from 375 to 751 cm-1 

but in our study lubricated surface with Al2O3 hybrid nanolubricant shows no distinguishable 

raman peak[120]. Raman spectroscopy is a weak phenomenon and multiple factors affect the 

spectra such as low concentration, strong fluorescent background and detector noise generated. 

These factors may be responsible for the not distinguishable Raman peak in the spectra even 

though EDS spectra have shown a significant presence of Al on the worn surface. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. Raman spectra of worn surface 

 

4.4. Mechanism of the tribofilm formation 

The surface characterization of the worn surface lubricated with hybrid nanolubricant (CuO 

and Al2O3 hybrid lubricant) confirms that there are two predominant mechanisms associated 

with tribofilm formation in hybrid nanolubricants, first is tribochemical reaction for ILs, and 

second is tribosintering for oxide nanoparticles. Phosphonium based ILs have a good affinity 

towards metallic surfaces. During operation initially, the IL gets adsorbed on the rubbing 

surfaces, and when the load is applied at elevated temperature IL undergoes a tribochemical 

reaction and forms a tribofilm rich in phosphate (O-P with binding energy 531.5eV). This 

phosphate rich tribofilm along with weak adsorbed IL film provides very good protection for 

rubbing surfaces. These tribochemical reactions are a continuous process and the abraded film 

is replaced continuously throughout the operation. On the other hand, the oxide NPs provide a 

bearing effect due to rolling action and get accumulated in the asperities, decreasing surface 
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roughness. Under the application of load due to high stress, these NPs undergo the 

tribosintering process and form a strong protective film on the worn surface as confirmed by 

SEM, EDS, and Raman Spectra.  

The mechanism of tribochemical reaction and tribosintering are responsible for excellent 

synergy observed for CuO and Al2O3 hybrid lubricants. The EDS spectra show an increased 

concentration of Cu (0.69%) and Al (0.51%) along with phosphorus and carbon, on the worn 

surface lubricated with CuO and Al2O3 respectively, confirming that both the additives 

contribute in enhancing tribological performance. For instance, as shown in figure 4.4 at ASTM 

4172B test conditions 0.5 wt% IL blend decreased wear by 14.32% while 0.05% CuO and 

Al2O3 NPs decreased wear by 10.06 and 11.58% respectively. In contrast, CuO and Al2O3 

hybrid nanolubricant decreased wear by 36.64 and 32.88% respectively, which is more than 

double of either single additive. These results indicate compatibility between IL and NPs in 

friction and wear reduction as a hybrid lubricant additive. On the other hand, due to the abrasive 

nature, there was no synergy observed between IL and SiO2 hybrid lubricant. EDS spectra of 

worn surface lubricated with SiO2 hybrid lubricant shows negligible tribosintering of SiO2 NPs 

(0.09% Si) and decreased phosphorus concentration (0.39 %) on the worn surface, which is 

less than half of the phosphorus (0.91%) concentration for the surface lubricated with IL blend. 

The decreased phosphorus concentration infers that SiO2 NPs increased the rate of abrasion 

resulting in poor sustainability and a low concentration of phosphorus rich tribofilm.  

 

4.5. Important observation  

The study explored the synergy between phosphonium based IL and three NPs, i.e. CuO, Al2O3, 

SiO2, as hybrid nanolubricant added in group 1 mineral oil. Based on the tribological tests and 

surface characterization techniques following conclusions are drawn.  

• 0.5 wt% IL1 blend in base oil has the lowest friction coefficient for the first 230 seconds 

and managed to decrease friction by around 12% and wear nearly 16% compared to the 

base oil. 

• Excellent synergy has been observed for CuO and Al2O3 hybrid nanolubricant and 0.5 

wt% of these hybrid nanolubricants decreased the friction coefficient by nearly 24 and 

19% respectively, while wear reduction was 36 and 32% respectively. 
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• SiO2 hybrid nanolubricant decreased wear by 16.69%, while at the same test conditions 

IL blend decreased wear by 16%, hence no conclusive evidence of synergy was 

observed for SiO2 hybrid nanolubricant.  

• IL blend improved the extreme pressure property by 19%, indicating IL has the very 

good load-bearing capability and certain synergy has been observed for CuO and Al2O3 

hybrid nanolubricant which registered 34 and 30% increases in non-seizure load 

respectively. On the other hand, no synergy has been observed for SiO2 hybrid 

nanolubricant since its load-carrying capacity was less than the IL blend. 

• There are two predominant mechanisms associated with tribofilm formation and 

responsible for excellent tribological properties associated with NPs and IL1. IL1 

([P66614][BTMPP]) undergoes tribo-chemical reaction and generates tribofilm of a 

strong phosphate layer on the worn surface, confirmed by XPS and EDS spectra. 

Whereas deposition of NPs on the worn surface takes place due to the tribosintering 

process which is confirmed by SEM, EDS, and Raman analysis.   
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Chapter - 5 
 

Ionic liquid-nanoparticle based hybrid-nanolubricant 
additives for potential enhancement of tribological 

properties of lubricants and their comparative study with 
ZDDP 
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5.1. General  

Most of the currently used friction and wear modifier additives were invented over a half-

century ago and contain a Sulphur based additive such as Zinc dithiophosphate (ZDDP). ZDDP 

has biocompatibility issues and poisons the catalytic converter of automotive vehicles[121, 

122]. These performance limitations and environmental impact can be reduced by developing 

new additives such as Ionic liquids (ILs) and Nanoparticles (NPs). ILs and NPs can fulfill the 

expectations of modern lubricants and appear promising as hybrid lubricant additives. There 

are few studies exploring the synergy between ILs and NPs as discussed in chapter 2.  

Can ZDDP (a common antiwear additive) be replaced/minimized with ionic liquids 

(ILs) and nanoparticle (NPs) based hybrid nanolubricant additives? To answer this question, 

three ionic liquids (ILs) (1) trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl) 

phosphinate i.e.([P66614] [ BTMPP]), (2) trihexyltetradecylphosphonium bis(2-

ethylhexyl)phosphate i.e. ([P66614] [DEHP]) and (3) trihexyltetradecylphosphonium dibutyl 

phosphate i.e. ([P66614] [DBP]) were added with nanoparticles (hBN and ZnO) in synthetic 

base oil (PAO) to obtain hybrid nanolubricants (PAO+ILs+NPs). To the best of our knowledge, 

this is the first study exploring trihexyltetradecylphosphonium dibutyl phosphate ([P66614] 

[DBP]) as a lubricant additive while few studies have reported the performance of ([P66614][ 

BTMPP]) and ([P66614] [DEHP]) as lubricant additive[24, 123–125]. Further, there is no 

published report dealing comparative performance of ILs and NPs based hybrid lubricant 

additives with commercial antiwear additives (ZDDP). In this chapter complex interaction 

between three common cations based ILs and two NPs (hBN, ZnO) with respect to their 

dispersibility, viscosity index, tribological, and EP properties have been explored under 

boundary lubrication. Further, this study reports a comparative study between hybrid 

nanolubricants with ZDDP additives aiming to assess the feasibility of reducing our 

overdependence on harmful ZDDP. The study also attempts to understand the mechanism of 

tribofilm formation for hybrid nanolubricants and the role of cations and anions in it.  

 

 

 

 



60 | P a g e  
 

5.2. Materials and Methods 

5.2.1. Materials  

IL1, trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl) phosphinate ([P66614][ 

BTMPP]) (≥95 % sigma-aldrich) were used as received. While IL2, 

trihexyltetradecylphosphonium bis(2-ethylhexyl)phosphate ([P66614] [DEHP]) and IL3, 

trihexyltetradecylphosphonium dibutyl phosphate ([P66614] [DBP]) were synthesized using, 

common cation trihexyltetradecylphosphonium chloride (≥95 % sigma-aldrich), and two 

distinct anions i.e. bis(2-ethyl hexyl) phosphate(≥97 % sigma-aldrich) and Dibutyl 

phosphate(≥97 % sigma-aldrich) respectively. Two distinct crystal structured NPs are used in 

this study, one is Zinc Oxide Nanoparticles (APS 30 nm) and the other hexagonal Boron Nitride 

(APS 70 nm), known for 2D-planner structure. The ZDDP was obtained from United Petrofer 

Limited India (product code: ADDIV SPG 4575) consisting of active elements i.e. Phosphorus 

(9.9%), Zinc (10%), Sulphur (19%). For base oil, Polyalphaolefins (PAO-6 Synthomax India) 

was used as received. The material characteristics of PAO, ILs, and NPs are given in table 5.1. 

 

5.2.2. Ionic liquid and nanoparticles   

Out of a total of 3, two ionic liquids ([P66614] [DEHP]) and ([P66614] [DBP]) reported in this 

study were synthesized in our Synthesis lab following the process reported by j.sun.et al. [112]. 

The detailed synthesis process is reported in chapter 3. Figure 5.1 (a), (b) gives the FE-SEM 

(make JOEL 7800F) image of hBN and ZnO nanoparticles, respectively. Both of these NPs 

shows nearly spherical morphology.  

Table 5.1 Material characteristics of base oil, ionic liquids, and nanoparticles used in 

this study as provided by supplier. 

Material  Properties 

Nanoparticles Size 
(APS) 

Density 
(g/cm3) 

Supplier CAS No 

hBN 70 2.1 SRL Pvt.Ltd 10043-11-5 
ZnO 30 5.6 SRL Pvt.Ltd 1314-12-2 
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Ionic Liquids Cation Anion Supplier CAS No 
trihexyltetradecylphosphonium 
bis(2,4,4-trimethylpentyl) 
phosphinate 

 
[P66614] 

 
[BTMPP] 

Sigma 
Aldrich 

 
465527-59-7 

trihexyltetradecylphosphonium 
bis(2-ethylhexyl)phosphate 

[P66614] [DEHP] Synthesized 

trihexyltetradecylphosphonium 
dibutyl phosphate 

[P66614] [DBP] Synthesized 

    
    
Base Oil Physical Properties Values 
 
 
 
Polyalphaolefins 6 (PAO-6) 

Kinematic 
Viscosity 

           @40oC 30.92 (mm2/s) 
           @100oC 5.916 (mm2/s) 

Viscosity Index 139 
Density             @ 29.5oC 0.8187 (g/cm3) 
Pour Point -68 
Flash Point 238 
Fire Point 271 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 : FE-SEM image of (a) hBN nanoparticles and (b) ZnO nanoparticles.  

 

5.2.3. Sample preparation 

ILSAC (International Lubricants Standardization and Approval Committee) has set 0.08 wt%, 

or 800 ppm the upper limit of phosphorous concentration for engine oil, hence IL and ZDDP 

blends in base oil were prepared in such a way that maximum phosphorus concentration was 

limited to 800 ppm as single additives. The optimum concentration for ZnO and hBN NPs 
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reported in the literature varied between 0.4-1.2 wt%[64, 80, 107, 126] and 0.1-1wt%[88, 127–

129] respectively. To obtain the optimum NPs concentration for this study, NPs were dispersed 

in varying concentration ZnO (0.25,0.5,0.75,1wt%) and hBN (0.4,0.7,1wt %) and was tested 

using a four-ball tribometer. ZnO nanolubricant improved wear up to 0.5 wt% beyond that 

performance deteriorated, while hBN showed improvement up to 1 wt% concentration. Hence 

0.5 and 1 wt% concentrations of NPs were used for ZnO and hBN respectively when used as a 

single additive in the base oil. The study compares hybrid nanolubricants (IL+NPs) tribological 

performance with single additives i.e. IL, NPs and ZDDP hence while formulating hybrid 

nanolubricant, the concentration was reduced to half of their single additive concentration, i.e., 

400 ppm phosphorus concentration for ILs and 0.25 and 0.5 wt % for ZnO and hBN NPs 

respectively for fair comparison. A two-step method was used for the sample preparation, first 

stirring (magnetic stirrer 1000 r/min) for 2 hours followed by 45 minutes ultrasonic probe 

sonication (make Dakshin Ultrasound, 190 W power, 20 kHz frequency, operated in a pulsed 

mode of 2 seconds on and 1 second off). 

 

5.2.4. Worn surface analysis 

A scanning electron microscope (SEM) (model Tescan VEGA-3 LMU) was used with an 

accelerating voltage of 20kV to study the morphology of the worn surface. An energy-

dispersive X-ray spectroscopy (EDS) of oxford instruments coupled with SEM was used to 

study the elemental composition of worn surfaces. X-ray photoelectron spectroscopy (XPS) 

(make K ALPHA+, Thermo Fisher Scientific Instruments, UK) with Al Kα monochromatic 

radiation (1486.7 eV, beam current 6 mA) and 150 eV pass energy over a spot size of 200 µm 

was employed to understand the chemical state of tribofilm. Further core level spectra of O 1s, 

P 2p, B 1s, N1s, and Zn 2p were acquired using pass energy of 30 eV. The binding energy of 

C 1s (284.8 eV) was used for the calibration of other elements. XPS analysis chamber pressure 

was maintained below 10-8 mbar. Tested balls were ultrasonically washed in hexane for a 

minimum of 10 minutes to eliminate any adsorbed lubricant residues.     
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5.2.5. Tribological experiments     

The tribological performances of the lubricants were evaluated under boundary lubrication 

regime, using a four-ball tribometer (DuCom Instruments, India). The detailed experimental 

setup is discussed in chapter 3. The tribological tests were performed according to ASTM 

4172B test standards, which include 1200 rpm, 40kg applied load, 750C temperature, and 60 

minutes of test duration. The EP tests were performed according to the energy institute’s 

standard IP 239, which is similar to ASTM 2783 test standards. The typical test parameters 

include the speed of 1450 rpm, room temperature, 60 seconds of test duration, and progressive 

loading till the seizure occurs. All the loads below the weld load are considered the maximum 

non-seizure load or pass load for the lubricants.  

 

5.3. Results and Discussion 

5.3.1. Stability analysis  

PAO base oil is a transparent liquid; hence visual inspection method was used for stability 

analysis for prepared lubricant samples. ([P66614][ BTMPP]) and ([P66614] [DEHP]) ILs have 

shown good miscibility in different base oil as reported in the literature [24, 123–125]. For 

([P66614] [DBP]), miscibility was studied following Otero et.al, in which 5 wt% IL was blended 

in base oil and centrifuged for 10 minutes at 1400 rpm[57]. No separate phase was observed 

indicating, excellent miscibility of all three ILs (minimum of 5 wt% concentration) in PAO 

base oil, which could be attributed to the longer molecular chain length of both cation and 

anion. To study the influence of ILs on dispersion stability of NPs, photographs of prepared 

samples of hybrid nanolubricants were taken every 8 hours interval. Figure 5.2 shows no 

sedimentation for both the NPs and hybrid nanolubricants for the first 24 hours. After 48 hours, 

the ZnO nanolubricant showed significant sedimentation of NPs at the bottom of the container 

while very few sedimentations were observed for the hBN nanolubricant. This may be due to 

the lower density of hBN (2.1g/cm3) compared with ZnO (5.6 g/cm3) NPs. On the other hand, 

hBN hybrid nanolubricants (PAO+ILs+hBN) did not show any sedimentation, while ZnO 

hybrid nanolubricant (PAO+ILs+ZnO) showed some sign of sedimentation; nevertheless, the 

majority of NPs were dispersed even after 48 hours. After 72 hours, some degrees of 

sedimentation were observed in all the samples, but it was interesting to note that all the hybrid 
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nanolubricant had more dispersed NPs than their single additive counterparts. hBN 

nanolubricants showed significant settlement at the bottom of the container, while its hybrid 

nanolubricants showed very little settlement. Similarly, almost all the ZnO NPs settled after 72 

hours in the single additive sample, while in the ZnO hybrid additive, sample significant 

proportion of NPs were still dispersed. After 96 hours, ZnO hybrid nanolubricants showed the 

settlement of almost all the NPs while the hBN nanolubricant appeared clear by visual 

inspection only after a week. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 dispersion stability of prepared sample over four days for (A) PAO+hBN,                  
(C) PAO+IL1+hBN, (E) PAO+IL2+hBN, (G) PAO+IL3+hBN, (B) PAO+ZnO, (D) 
PAO+IL1+ZnO, (F) PAO+IL2+ZnO, (H) PAO+IL3+ZnO. ILs have shown marginal 
improvement (2 days to one week) of NPs dispersion inferring that ILs on its own may not 
provide long term dispersion stability in lower viscosity oils.     
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Nasser et al. have reported that 1 wt% phosphonium phosphate ILs enhanced the dispersion 

stability of hBN NPs at least by 60 days[74]. Other than blended ILs this could be attributed to 

the higher viscosity of the base oil. They used highly viscous (PAO-32 base oil, generally used 

as transmission oil, kinematic viscosity 32 cSt at 373.15 K) base oil which gave over two 

months dispersion stability on its own. While in the present study the dispersion stability was 

enhanced marginally i.e., almost a week and 2 days for hBN and ZnO NPs respectively due to 

relatively lower viscosity of base oil. Based on the above results an inference can be drawn that 

phosphonium phosphate ILs perform relatively better in dispersion stability for highly viscous 

oil while ILs on their own may not provide adequate long term dispersion stability in low 

viscosity base oil. Other methods such as surface modifications (e.g. hairy nanoparticles) and 

dispersants for enhancing colloidal NPs stability in low viscous base oils may be prerequisite 

for availing benefits of hybrid nanolubricants [66, 75].     

 

5.3.2. Effect on Viscosity and Density  

Table 5.2 Viscosity, Viscosity Index and Density change with additive addition in base 
oil 

Lubricants Kinematic Viscosity (mm2/s) Viscosity 

Index 

(VI) 

% VI 

Change 

Density 

(g/cm3) 

@ 29.5oC 

% 

Density 

Change 

@ 

40oC 

% 

Change 

@ 40oC 

@ 

100oC 

% 

Change 

@ 100oC 

PAO 30.92  ---- 5.92 ---- 139.20 ---- 0.8187 ---- 

PAO+hBN 32.39 4.76 6.26 5.94 146.71 5.40 0.8268 0.99 

PAO+ZnO 31.98 3.43 6.15 4.13 143.87 3.35 0.8263 0.93 

PAO+IL1 31.16 0.78 6.01 1.69 142.34 2.26 0.8198 0.13 

PAO+IL1+hBN 32.04 3.62 6.19 4.74 145.55 4.56 0.8257 0.86 

PAO+IL1+ZnO 31.71 2.55 6.10 3.21 143.17 2.85 0.8241 0.66 

PAO+IL2 31.20 0.91 5.98 1.18 140.41 0.87 0.8194 0.09 

PAO+IL2+hBN 31.94 3.30 6.20 4.91 146.81 5.47 0.8259 0.88 

PAO+IL2+ZnO 31.67 2.43 6.11 3.38 144.01 3.46 0.8246 0.72 

PAO+IL3 31.02 0.32 5.95 0.68 140.11 0.65 0.8192 0.06 

PAO+IL3+hBN 32.03 3.59 6.14 3.89 142.98 2.71 0.8251 0.78 

PAO+IL3+ZnO 31.56 2.07 6.08 2.88 143.20 2.87 0.8239 0.64 

 

Table 5.2 shows the kinematic viscosity, and density values obtained from Stabinger 

viscometer (SVM 3000), which works on the Couette principle and measures viscosity 
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according to ASTM D7042. IL1 and IL2 improved the viscosity marginally (0.78 and 0.91% 

respectively) at 40oC, while IL3 improved 0.32% as a single additive. This could be due to the 

shorter chain length of IL3 compared with the other two ILs. hBN NPs performed better than 

ZnO as a single additive, this could be due to the higher concentration of hBN NPs (1 and 0.5 

wt % for hBN and ZnO respectively). Interestingly, at elevated temperature(100oC), hBN and 

ZnO nanolubricants improved viscosity by 5.94 and 4.13% respectively, which was 

significantly higher than their respective viscosity at 40oC. Similarly, at elevated temperature, 

ILs also performed significantly better and enhanced viscosity by 1.69, 1.18, and 0.68% for 

IL1, IL2, and IL3 respectively. This could be due to the thinning effect of base oil at an elevated 

temperature and comparatively negligible thinning for ILs while NPs remained indifferent. For 

hybrid nanolubricant, the viscosity was highly influenced by their NPs constituents, and 

improvement is lesser than their respective individual nanolubricants performance since hybrid 

nanolubricants consist of only half of the NPs concentration. IL1 and IL2 improved viscosity 

index (VI) by 2.26 and 0.87% respectively, while marginal improvement (0.65%) by IL3 as a 

single additive. Nanolubricants showed a similar trend as that of their viscosity performance 

and improved VI by 5.40 and 3.35 % for hBN and ZnO nanolubricants respectively. No 

significant improvement in density was observed by the addition of ILs (≈0.1%), while 

marginal improvement was observed with NPs (≈0.9%) due to the higher relative density of 

NPs. 

 

5.3.3. Tribological performances  

Figure 5.3 (a)(b) shows the average wear and friction performance of lubricants tested at 

ASTM 4172 standard. The PAO base oil registered the highest average friction and wear and 

lubricated the surface poorly. As expected ZnO and hBN nanolubricants showed excellent 

antiwear properties with 23 and 27 % reduction of WSD respectively, while the friction 

reduction was recorded 9 and 11% respectively compared to neat PAO. It is evident from these 

tribological performances that both the NPs managed to separate the rubbing surface 

effectively due to the formation of tribofilm on the rubbing surface, by a combination of 

mechanisms such as Bearing effect, mending effect, polishing effect, and film formation, 

resulting in reduced friction and wear[64, 122, 130]. The average wear reduction for IL1,2,3 was 

8, 30, and 21%, and friction was reduced by 10, 25, and 19 % respectively. Due to the ionic 

nature and inherent polarity, ILs adsorb on metallic surfaces forming weak adsorbed protective 
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layers on the rubbing surfaces. Under high temperature and tribostress, these adsorbed layered 

ILs form tribofilm on the rubbing surfaces due to tribochemical reaction. These weak 

adsorption layers with the phosphate-film are self-repairing and responsible for improved 

tribological properties[7].  The performance of ILs depends on its chemistry and test results 

have shown IL2 and IL3 performed relatively better compared to IL1 even though all the ILs 

have common cation and similar phosphorus concentrations. The poor performance of IL1 may 

be due to the inability to form sustainable tribofilm at elevated temperature and high tribostress 

indicating both cation and anion play important role in tribofilm formation. It is interesting to 

note that even though nanolubricants showed excellent wear reduction but their friction 

reduction was not as impressive as IL2 and IL3, indicating that these ILs may provide better 

friction reduction properties compared to NPs.  

When it comes to synergistic behavior, IL1 blended hybrid nanolubricants 

(PAO+IL1+hBN, PAO+IL1+ZnO) showed synergy and decreased friction by 18 and 22% 

respectively, which is significantly higher than that of both the NPs and IL1 as a single additive.  

While marginal improvement was observed for antiwear properties since average wear 

reduction was 32 and 29% respectively, which is slightly higher than respective nano 

lubricant’s performance as single additives.  IL2 hybrid nanolubricants (PAO+IL2+hBN, 

PAO+IL2+ZnO,) decreased friction by 30 and 29%, while wear reduction was 57 and 50% 

respectively. IL3 hybrid nanolubricants (PAO+IL3+hBN, PAO+IL3+hBN) reduced friction by 

26 and 23 %, while wear reduction was 41 and 43% respectively. The tribological properties 

for IL2 and IL3 blended hybrid nanolubricants showed excellent synergy in reducing friction 

and wear, indicating that both mechanisms of tribofilm formation for NPs and ILs 

complemented each other.  
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Further ZDDP had a similar phosphorus concentration as that of ILs and showed good 

friction (20%) and wear (25%) reduction over the base oil. The performance of ZDDP was 

slightly better than IL3 as a single additive while IL2 showed better friction and wear reduction 

compared to ZDDP. On the other hand, IL1, IL2, and IL3 hybrid nanolubricants showed 

synergy and outperformed ZDDP significantly even though they were composed of half of the 

phosphorus concentrations and no Sulphur as that of ZDDP. Figure 5.3(c) gives the average 

COF performance over the entire test duration (3600 seconds) for hybrid. All the hybrid 

nanolubricants show lower starting friction compared to base oil due to effective synergy 

Figure 5.3 lubricant performance tested according to ASTM 4172 standards i.e. 40kg 
load, 1200 rpm, 75oC temperature for 3600 seconds (a) Wear performance of lubricants 
(b) Friction performance of lubricants (c) Friction coefficient vs time performance of 
lubricants. ILs and NPs based hybrid nanolubricants shows synergy and outperforms 
commercial ZDDP antiwear additives.   
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between ILs and NPs. It is interesting to note that COF value of base oil keeps ascending 

throughout the test duration due to lack of protective additives.    

5.3.4. Extreme Pressure performances 

The EP performance of lubricants was tested according to IP 239 test standard and results 

are shown in figure 5.4. The test duration is for 60 seconds, and due to high tribostress top 

surface layers get removed several times, and new tribofilm is replaced continuously. The 

inability to provide protective film by the lubricants at these extreme working conditions leads 

to excessive heat generation due to direct metal-to-metal contact and ultimately seizure of these 

rubbing surfaces. The PAO was capable of separating tribopair up to 100 kg, and at 115kg, 

seizure occurred. IL1, IL2, and IL3 improved non-seizure load by 15, 40, and 25% respectively. 

ZnO (50%) nanolubricants slightly outperformed hBN (40%) nanolubricants despite higher 

concentration of hBN (1 wt%) NPs compared to ZnO (0.5 wt%). Other than the morphology 

and physico-chemical properties of NPs this could be plausible due to the smaller average 

particle size of ZnO (30 APS) compared to hBN (70 APS) NPs. IL1 hybrid nanolubricants 

showed the same performance as that of its single hBN and ZnO NPs respectively while IL2 

hybrid nanolubricant showed excellent synergy with both the NPs and improved non-seizure 

load by 65 and 75% with hBN and ZnO NPs respectively. IL3 hybrid nanolubricant also 

showed synergy with both the NPs, and improvement was 65% with both the NPs. On the other 

hand, ZDDP showed better performance than IL1 and IL3 and similar performance as of IL2 

as a single additive but IL2 and IL3 hybrid nanolubricants significantly outperformed ZDDP.  
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5.3.5. Surface characterization  

5.3.5.1. SEM-EDS analysis of worn surfaces  

To understand the worn surface morphology and possible tribofilm formation on lubricated 

surfaces, SEM and EDS spectroscopy were employed. Base oil protects the surface poorly, 

which is evident from the morphology of the worn surface, as shown in figure 5.5 (a). The 

surface shows deep long grooves and pits throughout the worn surface, which may have been 

caused due to abrasive and adhesive wear (plastic deformation) respectively. Under high load 

and tribostress, lubricant fails to separate the asperities of rubbing surfaces resulting in wear of 

the tribopair. In abrasive wear, the asperities of rubbing surfaces dig into the other and may 

produce long and deep grooves, while in adhesive wear localized bonding takes place in which 

a chunk of material adheres to the opposite surfaces and get removed or plastically deformed 

during subsequent sliding[122]. The addition of additives still showed abrasive and adhesive 

wear but the severity of the wear and WSD was relatively lesser compared to the base oil. On 

the other hand, Both the NPs showed a combination of minor abrasive and adhesive wear as 

Figure 5.4 Extreme Pressure (EP) performance of formulated lubricants tested following 
IP 239 standard i.e. step wise progressive loading till seizure, room temperature, 1450 
rpm and 60 seconds of test duration. Hybrid nanolubricants outperform all the single 
additives having similar additive concentrations.   

 

0
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shown in figure 5.5 (b, c). Similar wear morphology was also observed for ILs except for IL1 

(figure 5.5 d) which showed few deeper pits and just 8% WSD reduction indicating poor 

surface protection. Hybrid nanolubricants showed minor pits and grooves (little surface 

damage) throughout the worn surface nevertheless gave relatively smoother surface. Surface 

lubricated with ZDDP lubricant showed negligible adhesive wear while moderate abrasive 

wear concentrated in small patches. In general, the worn surface morphology is in good 

agreement with the wear and friction behavior discussed above.  
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Figure 5.5 SEM micrograph of worn ball surfaces lubricated with different formulation 
listed at bottom right. Base oil lacks effective surface protection and shows dominant 
adhesive wear (plastic deformation). As expected, addition of additives improved surface 
morphology and reduced overall WSD. Hybrid nanolubricants showed synergy and 
provided effective surface protection as evident from smoother surface with little surface 
damage and WSD. 
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Table 5.3 Elemental composition of worn surface lubricated with different formulations. 

Lubricants Atomic % of the worn surface 
O P S Zn B  N C Fe Cr 

PAO 6.10 0 0 0 0 0 4.58 87.79 1.53 

PAO+hBN 4.01 0 0 0 2.09 1.37 3.28 88.04 1.21 

PAO+ZnO 9.57 0 0 1.92 0 0 5.34 81.75 1.42 

PAO+IL1 3.24 0.58 0 0 0 0 4.38 90.64 1.16 

PAO+IL1+hBN 3.25 0.34 0 0 1.45 0.67 11.18 81.67 1.44 

PAO+IL1+ZnO 7.33 0.25 0 0.78 0 0 7.86 82.42 1.36 

PAO+IL2 9.26 1.92 0 0 0 0 7.61 79.82 1.39 

PAO+IL2+hBN 3.61 1.69 0 0 1.53 0.84 5.86 85.16 1.31 

PAO+IL2+ZnO 5.32 1.22 0 1.83 0 0 12.67 77.52 1.44 

PAO+IL3 6.81 1.67 0 0 0 0 6.31 83.7 1.51 

PAO+IL3+hBN 5.23 0.91 0 0 1.72 0.95 3.52 86.41 1.26 

PAO+IL3+ZnO 5.54 1.10 0 1.2 0 0 4.92 85.86 1.38 

PAO+ZDDP 8.26 1.27 0.91 0.83 0 0 9.13 78.14 1.46 

 

        EDS is a semi-quantitative technique that gives the elemental composition of the surfaces 

and can be very effective in a comparative study of the worn surface. Table 5.3 gives the 

elemental composition of worn surfaces lubricated with different formulations. In general, 

Nascent steel surfaces exposed during rubbing get oxidized and form ferrous oxide compounds 

(primarily FeO, Fe2O3)[85, 110]. Few studies have linked higher oxygen concentration in the 

tribofilm to poor surface protection and higher wear[131, 132]. In our study too, surfaces 

lubricated with best performing (IL2 and IL3) hybrid nanolubricants gave relatively lower 

Oxygen concentrations (3-5%). But few additives (Table 5.3) despite giving lower WSD 

registered higher Oxygen concentration compared to the base oil. Hence in these working 

conditions higher oxygen concentration to base oil may not correlate to poor surface protection. 

But at the same time, a direct correlation between the phosphorus concentration of the tribofilm 

and tribological performance of the lubricants can be drawn. IL2 hybrid nanolubricant showed 

1.69 and 1.23% P concentration with hBN and ZnO NPs respectively, which is higher (1.1 and 

0.9%) than that of IL3 hybrid nanolubricant. Higher P concentration in the tribofilm could 
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mean thicker tribofilm (plausibly composed of FePO4) and be the plausible explanation for the 

better performance of IL2 over IL3[110, 133]. On the other hand, IL1 hybrid nanolubricant 

showed a very low concentration of phosphorus (0.34,0.25 %) in the tribofilm, which was 

around 4-5 and 3-4 times lesser compared to IL2 and IL3 hybrid nanolubricants respectively. 

The poor performance of IL1 blended lubricants could be attributed to the inability of IL1 in 

defusing higher active P concentration in the tribofilm despite having the same cation and 

concentration of phosphorus as that of IL2 and IL3[110]. In boundary lubrication under high 

load lubricant films between rubbing surfaces become thinner, NPs (if in sufficient 

concentration) may support the proportion of the loads and reduce adhesive wear. At the 

nanoscale level, metallic surfaces generally are not smooth and consist of uneven asperities 

and valleys. Further, these NPs transferred between rubbing surface and under tribostress 

formed self laminating protective film primarily due to polishing, mending effects and film 

formation[107, 130]. hBN hybrid nanolubricant showed an almost similar concentration of B 

and N on the worn surface, irrespective of the ILs combination. While Zn concentration in IL1 

hybrid nanolubricant is significantly less than compared with IL2 and IL3 hybrid 

nanolubricant. Worn surfaces of hybrid nanolubricants gave relatively lesser triboactive 

element composition compared to their respective single additive formulation due to reduced 

additive concentration and probable competition between both the additives for adsorption on 

the rubbing surface[131]. ZDDP is known to disintegrate and self-react with rubbing surfaces 

under tribostress and form metal phosphates and oxides[110, 134]. ZDDP gave a significant 

concentration of P on the worn surface while a lower concentration of S indicating tribofilm 

has predominantly consisted of phosphates and lower concentrations of sulfides.     

5.3.5.2. XPS analysis 

          To understand the nature and chemical state of the tribofilm, XPS spectroscopy was 

employed. XPS is a powerful technique, scans a few atomic layers (1 to 5 nm) depth of the 

surface and can help in profiling integration of additives in the tribofilm[135]. IL1 and IL2 have 

been reported undergoing tribochemical reactions and forming phosphate tribofilm in literature 

while newly synthesized IL3 is not explored [136, 137]. Figure 5.6 shows the complete XPS 

survey spectra of surfaces lubricated with IL3 hybrid nanolubricants along with key core level 

spectra of individual triboactive elements of the worn surface. The atomic composition 

obtained from quantitative XPS analysis (Table 5.4) shows elevated additive concentration (2-

4 times) compared to EDS elemental composition results tabulated in Table 5.3. This could be 
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attributed to the different probing depths of EDS (few micrometers) and XPS (few 

nanometers). Core level XPS spectra of both the surfaces lubricated with PAO+IL3+hBN and 

PAO+IL3+Zn gave P 2p peaks at ≈133.6 and ≈133.5 eV BE respectively which could be 

attributed to phosphates (P-O) bond[57, 75]. This suggests that IL3 (just like IL1 and IL2) 

decomposed due to higher tribostress and react with the rubbing surfaces and subsequently 

form protective film composed of phosphates. For surface lubricated with PAO+IL3+Zn two 

distinct O 1s peaks were observed; the peak at ≈531.03 eV BE can be attributed to phosphate 

(O-P bonding) excluding Fe-O-P bonds and the other peak ≈530.4 eV BE can be associated 

with Fe-O bonds and Fe-O-P bonds[56, 75, 138]. Similarly, the surface lubricated with 

PAO+IL3+hBN also shows two peaks; peak at ≈530.7 eV BE can be associated with 

phosphates while ≈530.1 eV can be attributed to Fe-O and Fe-O-P bonds. Further, the surface 

lubricated with PAO+IL3+hBN showed peaks of B 1s at ≈190.3 eV BE and ≈191.2 eV BE 

which are in accordance with the observation made by Kimura Yoshitsugu et al[139]. The peak 

of 191.2 eV could be attributed to some form of Boron oxides (obviously not stoichiometric 

Boron oxide generally assigned peak at ≈192.8 eV), inferring hBN NPs undergoing mechano-

chemical induced oxidation[139]. While the lower peak of B 1s (≈190.3 eV) could be attributed 

to Boron nitride. The peak of N 1s at ≈398.5 eV could be attributed to hBN[140]. The surface 

lubricated with PAO+IL3+Zn showed a single peak of Zn 2p at ≈1023 eV BE corresponding 

to ZnO NPs. 
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Table 5.4 atomic composition of the tribofilm obtained from XPS quantitative analysis 

Samples Elements in tribofilm (at%) 
Fe O C P B N Zn 

PAO+IL3+hBN 12.5 65.4 9.5 5.2 3.5 3.9 0 
PAO+IL3+ZnO 10.3 69.3 8.1 5.9 0 0 6.4 

 

5.4. Mechanism of tribofilm formation 

Based on the tribological, EP performance, and surface characterization techniques we 

deduce possible mechanism of the tribofilm formation as follows. Dispersed Ionic liquids get 

adsorbed on steel surfaces due to their affinity towards metallic surfaces (polar nature)[7]. 

These weakly adsorbed films, under tribostress, may undergo chemical degradation releasing 

active elements which react with the nascent steel surface and subsequently form complex 

tribofilm composed of phosphates and ferrous oxides as evident from the above-reported 

surface characterization results. Simultaneously, NPs provide a protective film on the worn 

surface due to the tribosintering mechanism[130]. Tribological performance and surface 

characterization techniques infer compatibility between ILs and NPs with the formation of 

Figure 5.6, from top left clockwise, XPS survey spectra of worn surface (WSD) of balls 
lubricated with PAO+IL3+hBN and PAO+IL3+Zn hybrid nanolubricants and core level 
spectra of O 1s, P 2p, Zn 2p, B 1s, N 1s.   

does
applying

agate
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regenerative tribofilm composed of residues from both additives. Based on the above results 

we deduce that the weak adsorbed ILs film, tribochemically reacted phosphate film, and 

tribosintered NPs reduce/prevent direct surface to surface contact between rubbing surfaces 

due to the formation of regenerative sacrificial tribofilm. Figure 5.7 (a) depicts the tetrahedral 

arrangement of lubricated steel balls. Figure 5.7(b) shows ILs and NPs between the asperities 

of the steel balls. Figure 5.7(c) depicts the formation of regenerative sacrificial tribofilm 

composed of phosphate and tribosintered NPs on the steel substrate.    

 

 

 

 

 

 

 

 

 

 

     

 

 

 

5.5. Important observations 

In this study the synergy between ILs (([P66614][ BTMPP]), ([P66614] [DEHP]) ([P66614] 

[DBP])) and NPs (hBN, ZnO) based hybrid nanolubricant additives have been explored for 

steel-steel contact under boundary lubrication. The performances are also compared with a 

common commercial antiwear additive i.e., ZDDP. This study also reports phosphonium IL 

([P66614] [DBP]) for the first time as a lubricant additive. 

Based on tribological performance and surface characterization we would like to conclude that: 

Figure 5.7 Mechanism of tribofilm formation for hybrid nanolubricants (a) Tetrahedral 
arrangement of the lubricated steel balls (b) ILs and NPs in asperities (peaks and valleys) 
of rubbing surfaces. (c) tribofilm (brown colour) composed of complex phosphate 
compounds (Fe-P-O) along with tribosintered NPs. ILs due to polarity also provide weak 
physisorbed layer top of the rubbing surfaces.    
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• All ILs showed excellent miscibility (at least 5 wt%) in PAO and excellent tribological 

performance with 21 and 19% of wear and friction reduction respectively.  

• IL2 and IL3 hybrid nanolubricants showed excellent synergy in friction, wear 

reduction. IL2 hybrid nanolubricants (PAO+IL2+hBN and PAO+IL2+ZnO) decreased 

friction by 30 and 29%, while wear reduction was 57 and 50% respectively. IL3 hybrid 

nanolubricants (PAO+IL3+hBN and PAO+IL3+ZnO) reduced friction by 25 and 23 %, 

while wear reduction was 41 and 43% respectively. 

• The IL1 hybrid nanolubricants improved wear reduction marginally if compared with 

the other two ILs, even though it shares the same cation and phosphorus concentration 

as that of IL2 and IL3, inferring that tribochemistry of both cation and anion are equally 

important for the tribofilm formation.  

• IL2 and IL3 hybrid nanolubricants showed synergy and enhanced extreme pressure 

(EP) performance of the base oil up to 65 - 75% respectively.  

• Ionic liquids (ILs) enhanced the dispersion stability of hBN and ZnO NPs by a week 

and 2 days respectively. But it was observed that ILs on their own may not provide 

prolonged stability in lower viscosity oils and further dispersion stability enhancement 

methods for NPs should be explored.  

• All the hybrid nanolubricants outperformed ZDDP indicating that compatibility 

between ILs and NPs can help in decreasing overdependence on ZDDP provided the 

long term dispersion stability of NPs is addressed.  

• Relative viscosity enhancement of base oil was higher at elevated (100o C) by the 

addition of ILs (1-2%) and NPs (≈5%) due to their physicochemical properties. While 

NPs improved the density of base oil marginally (<1%), and negligible changes were 

recorded for ILs.   

• Surface characterization techniques confirmed synergy between ILs and NPs in the 

formation of regenerative sacrificial tribofilm on the counter surfaces composed of 

phosphates (Fe-P-O) and tribosintered NPs.  
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Chapter - 6 
 

Three-way compatibility study among Nanoparticles, 
Ionic Liquid, and Dispersant for potential in lubricant 

formulation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



80 | P a g e  
 

6.1. General 

According to HOLMBERG et.al, 23% of the world's energy consumption can be traced 

back to tribological contacts[141]. 20% energy is consumed to overcome friction while 3% is 

consumed to reproduce the worn components. It is estimated that with the advances in materials 

and lubricants, the energy losses associated with friction and wear can be reduced up to 40% 

which is nearly 1.4% of the world’s GDP[141]. This has prompted the relentless pursuit of 

efficient, durable, and relatively greener lubricants but the biggest motivation is still the lowest 

possible friction and higher efficiency. Further to reduce pumping losses and minimize 

hydrodynamic shear, attempts are being made to develop lubricants with the lowest possible 

viscosity, effective enough to decrease friction and wear between rubbing surfaces[65]. 

Southcombe et.al filed the first lubricant patent in 1918, which used vegetable-derived fatty 

acid additive in mineral oil and reported improved lubricity[142]. Since then, several different 

additives have been developed such as antioxidant, antiwear, friction modifiers, dispersants, 

etc[7, 121, 143].  

Among these two of the most promising and newest additive friction modifier groups are 

nanoparticles (NPs) and Ionic Liquids (ILs). NPs have been a fascination for the last two 

decades and have seen limited applications in commercial lubricants and greases. NPs may 

decrease friction and wear due to either of these four mechanisms i.e., bearing, mending, 

polishing and film formation attributed to tribochemical reaction[65]. While on the other hand, 

ILs are relatively new, the first oil miscible ILs were synthesized in the year 2012 and gave 

excellent antifriction (AF), antiwear (AW) performance as lubricant additives[125]. ILs may 

also contain triboactive elements such as P, N, F, and B which under tribostress may 

disintegrate and chemically react to nascent surfaces resulting in relatively stronger protective 

film[21, 125, 144]. The most common cation groups used in lubricants research with excellent 

tribological properties are phosphonium, ammonium, pyridinium, imidazolium[125].  

Formulated commercial lubricants consist of base oil and more than half a dozen of 

performance additives[122]. There are few studies exploring the compatibility between the 

newest additive groups i.e. ILs and NPs[74, 82, 109, 145, 146]. Most of these studies have 

reported excellent synergy between ILs and NPs and possess the potential to limit or replace 

ecologically harmful SAPS (Sulphated Ash, Phosphorus, Sulphur) compounds from existing 

commercial lubricants[89]. But generally, colloidal NPs in lubricants have poor stability due 

to agglomeration and are prone to sedimentation. Generally, two approaches are prevalent for 



81 | P a g e  
 

enhancing the dispersion stability of colloidal NPs[66].  The first method attempts to change 

lubricant formulation by the addition of dispersant compounds along with NPs. While the other 

method involves modification of NPs by amphiphilic compounds to achieve stable suspension 

of NPs[66]. A prolonged colloidal suspension is obtained when Brownian motion overcomes 

attractive forces (due to interaction between NPs) of colloidal NPs. Inferring for successful 

exploitation of NPs potential in commercial lubricants dispersion (dispersant compounds, 

modification of NPs by amphiphilic compounds) methods will be instrumental.  

The performance of any additive not only depends on its chemistry but also compatibility 

with other additives in that formulation hence studying their synergistic and antagonistic 

behavior becomes a pre-requisite for availing the potential of additives. The only study 

exploring the interaction among ILs, friction modifier (MoDTC), and dispersant is published 

by Weimin Li. et.al in 2020[131]. Further, to the best of our knowledge, no study exploring the 

three-way interaction between IL, NPs, and dispersant (used in engine oil to disperse insoluble 

compounds) is reported yet. This chapter reports, complex three-way interactions among oil 

miscible phosphonium phosphate ILs, metal oxide NPs (ZnO), and common commercial 

dispersant (PIBSA) in synthetic base oil (PAO6) for steel-steel tribopair under boundary 

lubrication. This study provides not only physicochemical compatibility among these additives 

but also their mutual synergistic/antagonistic interaction with rubbing surfaces. This study may 

provide a platform for new lubricant formulation composed of ILs, NPs, and dispersants along 

with other additives.      

 

6.2. Materials and Methodology  

6.2.1. Materials 

Poly-alpha-olefin (PAO-6) synthetic base oil was obtained from Synthomaxx India and 

was used as received. The PAO is generally named (e.g., PAO-6) based on their kinematic 

viscosity at 100oC. Based on comparative study (chapter 5) best performing phosphonium 

phosphate IL was used in this study i.e. trihexyltetradecylphosphonium bis(2-

ethylhexyl)phosphate ([P66614] [DEHP]). The IL was synthesized in our synthesis lab 

following the process reported by Sun. J et. al[112]. The information about cation, anion and 

detailed synthesis process is reported in chapter 3. Zinc Oxide (ZnO) NPs were obtained from 

SRL Pvt.Ltd (CAS number: 1314-13-2, Molecular weight: 81.38) and were used as received. 
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While the dispersant Polyisobutylene Succinic Anhydride (PIBSA) was obtained from 

Univenture Industries Pvt.Ltd (Trade Name: UNOL P 1057). 

6.2.2. Sample preparation 

International Lubricant Specification Advisory Committee (ILSAC-GF-6) for API Engine 

Oil has limited the maximum Phosphorus concentration to 800 ppm or 0.08 wt%[147]. The IL 

used in this study was added in base oil in such a way that the maximum Phosphorus 

concentration was within 800 ppm concentration. Varying concentrations of ZnO NPs (0.4-1.2 

wt%) have been reported in the literature[64]. Further 0.5 wt% ZnO NPs concentration was 

used in this study after optimum concentration test (detailed in result and discussion section). 

A constant 1 wt% of PIBSA dispersant was used for all the formulations in this study[99]. For 

fair comparison among IL, NPs, and their hybrid (IL+NPs) additives, the concentration of ILs 

and NPs were halves (i.e. 400 PPM phosphorus concentration for ILs and 0.25% wt% for ZnO 

NPs) for hybrid nanolubricants composed of PAO+ IL+ZnO. Mechanical stirring (2 hours) 

followed by probe sonication (45 minutes, make Dakshin Ultrasound) was used for dispersing 

NPs in formulated lubricants, while ILs were dispersed by stirring (1 hour) at room 

temperature.   

6.2.3. Surface characterization      

To explore the morphology of the worn surface Scanning Electron Microscopy (SEM) 

make Tescan VEGA-3 LMU was employed. Elemental composition of worn surface can give 

a thorough understanding of additives role in tribofilm formation responsible for improved 

tribological performance. For this Energy-Dispersive X-Ray Spectroscopy (EDS) make oxford 

instruments coupled with SEM was used in this study. An optical microscope (HUVITZ LUSIS 

HC-30MU) was used for WSD comparative study. To remove any weakly adsorbed lubricant 

residues, tribo-tested steel balls were washed in hexane for at least 10 minutes.         

6.2.4. Tribological Testing  

Antifriction and antiwear performance of formulated lubricants were assessed using 

DUCOM’s four-ball tribometer. It uses a tetrahedral arrangement of four steel balls (AISI E 

52100, diameter 12.7mm, average surface roughness 35 nm, hardness 63-66 HRC) and its 

specifications and methods are discussed in chapter 3. The antifriction and antiwear tests were 

performed following ASTM 4172 test standards which include 392 N load, 75OC temperature, 

speed 1200 RPM, and test duration of 1 hour. Figure 6.1(a, b) shows an optical image of 
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formulated hybrid nanolubricant (PAO+PIBSA+IL+ZnO) and FE-SEM images of ZnO NPs 

respectively. The ZnO NPs show spherical morphology having APS of 30 nm.         

 

 

 

 

 

 

 

 

6.3. Results and Discussion       

6.3.1. Antifriction and antiwear performance. 

As discussed in sample preparation, section 6.2.2, the optimization tests were performed to 

obtain optimum ZnO NPs concentration and test results are shown in figure 6.2(a, b). The 

highest wear reduction of 23% was observed at 0.5 wt% NPs concentration and beyond that 

performance did not improve. On contrary at 1 wt % NPs concentration the friction and wear 

increased. Hence based on the highest wear reduction (least wear scar diameter), 0.5 wt% ZnO 

NPs were used in this study as a single additive.  

Figure 6.3 (a, b) shows average wear and friction reduction respectively tested following 

ASTM 4172 test standards. Without any additive base oil protects the surface poorly which is 

evident from the higher wear scar diameter (WSD) and friction coefficient (cof). The addition 

of dispersant (PIBSA) marginally improved average cof (≈1%) and average wsd (≈2%) but 

overall performance was similar to that of the base oil. The addition of ZnO NPs significantly 

improved antiwear performances (23%) and friction reduction (9%) over the base oil. This 

could be attributed to mechanisms such as ball-bearing effect, mending effect, polishing effect, 

and film formation[64, 85]. Among these balls bearing effect and film formation are attributed 

to the direct action of NPs while the mending effect and polishing effect provides secondary 

Figure 6.1 (a) optical image of formulated hybrid nanolubricant composed of 
(PAO+PIBSA+IL2+ZnO) (b) FE-SEM image of ZnO nanolubricants showing near spherical 
morphology.  
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surface enhancement. The ball bearing mechanism proposes that spherical NPs rolls during 

rubbing of counter surfaces, acting as nano-sized bearing balls, and may further convert sliding 

friction into a combination of sliding and rolling friction[99, 132]. While in film formation 

mechanism NPs either chemically react or get tribosintered due to tribostress resulting in 

protective sacrificial tribofilm formation. Effective prolong surface protection mandate the self 

replenishment rate of tribofilm to be higher than wear rate[64]. These mechanisms due to the 

direct action of NPs form a regenerative sacrificial protective film on the counter surfaces[64, 

65]. During the mending effect, NPs compensate for the loss of material due to wear and fill 

the grooves and scars of the rubbing surface resulting in enhanced surface finish[85]. While in 

polishing effect roughness of the rubbing surfaces is reduced by abrasive treatment of the 

NPs[85]. The dispersant PIBSA added with ZnO NPs did not hamper ZnO NPs performance 

and marginally improved the friction (11%) and wear (24%) reduction compared to ZnO 

nanolubricant performance. Phosphonium phosphate IL ([P66614][DEHP]) used in this study 

registered excellent friction (26%) and wear (30%) reduction over base oil. This could be 

attributed to the disintegration of ILs under tribostress and subsequently the formation of 

protective tribofilm composed of phosphate compound[82, 110, 124, 144, 148]. Further 

dispersant PIBSA added with IL gave similar friction (26%) and wear (29%) reduction 

performance as that of IL inferring compatibility between ILs and PIBSA.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Optimization test varying ZnO concentration (a) wear scar diameter (b) 
friction coefficient. Based on the least wear scar diameter, 0.5 wt% concentration was 
selected for further study.   
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Hybrid nanolubricant composed of IL and NPs additive showed the highest improvement 

in friction and wear reduction i.e. 29 and 50% respectively. This infers excellent synergy 

between IL and NPs in protective film formation. The addition of dispersant PIBSA further did 

not hamper synergy between ILs and NPs, provided similar friction and wear reduction 

performance. Figure 6.4 gives the comparative cof performance of all the lubricant 

Figure 6.3 tribological performance of formulated lubricants tested following ASTM 
4172 standard (a) average wear scar diameter (b) average friction coefficient. Above 
results shows excellent synergy between IL and NP in reducing friction and wear. Further 
these results confirm no antagonistic effect due to addition of dispersant PIBSA on the 
performance of IL and NP as single additive or hybrid nanolubricants.  

Figure 6.4 Friction coefficient of formulated lubricant tested following ASTM 4172 
standard for entire test duration of (60 minutes) 
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formulations along with base oil for the entire test duration of 60 minutes. As discussed earlier 

base oil shows poor surface protection due to the absence of additives which is evident from 

ascending friction coefficient throughout the test duration. It was interesting to note that hybrid 

nanolubricant (PAO+ZnO+IL) with or without dispersant PIBSA registered the lowest starting 

friction which remained lower throughout the test.       

6.3.2. Surface characterization  
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The SEM, EDS surface characterization techniques were employed to understand the 

morphology and elemental composition of worn surfaces. The SEM, EDS results along with 

elemental mapping of worn surface of base oil (PAO) and hybrid nanolubricant 

(PAO+PIBSA+IL+ZnO) are shown in figure 6.5. The worn surface lubricated with base oil 

shows deep grooves and furrows due to adhesive and abrasive wear as shown in Figure 6.5 (1). 

In boundary lubrication, rubbing surfaces are separated by extremely thin lubricants 

Figure 6.5 (1) SEM image of worn surface (2) EDS spectra (3) elemental mapping of worn 
surfaces lubricated with PAO base oil. (4) SEM image of worn surface (5) EDS spectra 
(6) elemental mapping of worn surfaces lubricated with hybrid nanolubricants 
(PAO+PIBSA+IL+ZnO). SEM images of worn surface lubricated with hybrid 
nanolubricant shows minor abrasive wear while in absence of any additive base oil shows 
deep pits inferring adhesive wear. EDS spectra and elemental mapping shows presence 
of Zn, and P throughout the worn surface inferring contribution of both additives (IL 
and NP) in tribofilm formation.  
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(monolayer of lubricant molecules), adsorbed on the counter surfaces[122]. Under tribostress, 

these thin tribofilms are unable to prevent direct asperity contact resulting in abrasive and 

adhesive wear (plastic deformation). On the other hand, surface lubricated with hybrid 

nanolubricant shows minor abrasive wear while negligible adhesive wear. This could be 

attributed to excellent synergy in protective film formation by additive constituents of the 

hybrid nanolubricants. figure 6.6 gives the optical image of worn surface lubricated with 

different formulations.  

To further analyze the role of additives and the nature of the tribofilm EDS 

Spectroscopy was employed. EDS spectroscopy is a semi-quantitative elemental analytical 

technique, that scans a few micrometer depths and can give the elemental composition of the 

tribofilm. Worn surface lubricated with base oil shows Fe, O, C, Cr. Elemental O can be traced 

to oxidation (various oxides) of nascent steel surface due to progressive wear under boundary 

lubrication[146]. EDS spectra of worn surface lubricated with hybrid nanolubricant 

(PAO+PIBSA+IL+ZnO) shows peaks of P and Zn additionally, inferring both the additives 

contributed in the tribofilm. Since the steel balls after the tribotest were washed in Hexane to 

remove loosely adsorbed lubricant residues on the worn surface prior to surface 

characterization, the Zn elements of the worn surface are likely to be tribosintered under 

tribostress[64, 89, 130]. Tribosintering occurs when tiny NPs get trapped between rubbing 

surfaces and due to high stress get compacted and tribosintered resulting in protective film 

formation[64, 85, 130]. While elemental P found on the worn surface could be attributed to 

phosphate film (plausibly FePO4) formed due to tribochemical reaction under tribostress. 

Initially due to inherent polarity Phosphonium phosphate ILs get adsorbed on the rubbing 

metallic surfaces resulting in weak film. Further, progressive wear breaks these weak films and 

direct asperity contacts lead to high thermomechanical stresses. Exposer to these high 

thermomechanical stresses propagates decomposition of ionic liquid and subsequent 

tribochemical reaction with rubbing surfaces resulting in relatively stronger tribofilm. Jun Qu 

et.al reported 200 nm thick phosphate-rich tribofilm formed on the substrate[148]. Similar 

phosphate film is also reported in literature for surfaces lubricated with lubricants composed 

of phosphonium phosphate ionic liquids[125, 144, 149, 150]. Tribological performance and 

surface analysis confirmed that both additives contributed to the formation of sacrificial 

protective tribofilm.     
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The only published study exploring the interaction among IL, dispersant PIBSI, and 

friction modifier (ZDDP, MoDTC) have reported synergistic and antagonistic behavior[131]. 

They observed the reaction of PIBSI with aprotic ILs resulting in poor dispersion stability of 

MoDTC and depletion of ILs ability to form a protective film. While in this study no 

antagonistic tribological results were observed due to the addition of PIBSA in any of the 

lubricant formulations. Further, no precipitation or cloudiness was observed with the addition 

of PIBSA in lubricant formulation. It was interesting to note that the addition of dispersant 

PIBSA might have marginally improved the antifriction performance of base oil and ZnO 

nanolubricant apart from enhancing the dispersion stability of the base oil. 

 

6.4. Important observation 

Three-way interaction between phosphonium phosphate IL ([P66614][DEHP]), an 

oxide NP (ZnO), and a commercial dispersant (PIBSA) has been studied. Based on antifriction, 

antiwear performance, and surface characterization we conclude that PIBSA dispersant did not 

negatively affect the performance of base oil or any additive combination. No precipitation or 

cloudiness was observed, inferring plausibly no chemical reaction among IL, NP, and 

dispersant PIBSA during sample preparation or storage. Further strong synergy between IL and 

Figure 6.6 Optical images of worn surfaces lubricated with (a) PAO, (b) PAO+PIBSA, 
(c) PAO+ZnO, (d) PAO+PIBSA+ZnO, (e) PAO+IL, (f) PAO+PIBSA+IL, (g) 
PAO+IL+ZnO, (h) PAO+PIBSA+IL+ZnO.  
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NP was observed in friction and wear reduction which could be attributed to regenerative 

protective tribofilm formation composed of residues of both the lubricant additives. The 

outcome of the present study is not limited to engine oil formulation but any system of lubricant 

formulations composed of additives such as friction modifiers 
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Chapter – 7 
 

To explore the potential of Boehmite and Zinctitanate NPs 
as lubricant additive and their synergistic effect with Ionic 

Liquids 
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Part 1: Potential of Boehmite as lubricant additive 

7.1 General 

It is estimated that lower viscosity lubricants can enhance the fuel economy of 

automotive vehicles by 5.5% due to the reduction in viscous losses[5]. But lower viscosity will 

change the lubrication regime towards elastohydrodynamic, mixed, and boundary lubrication, 

this may further increase direct asperity interactions between rubbing surfaces resulting in 

accelerated wear and subsequent lubricant failure. One method to achieve the low viscosity 

effective lubricant is by developing better antiwear (AW) and extreme pressure (EP) additives, 

compounds that form a protective film on the rubbing surfaces, decrease friction and increase 

load-carrying capacity. Formulated engine oils are currently dominated by Sulphur and 

Phosphorus based compounds such as Zinc dithiophosphates (ZDDP), organic phosphates, acid 

phosphates, organic Sulphur compounds, etc. which have biocompatibility issues and poison 

the catalytic converters[9]. In particular, ZDDP forms protective film through complex 

tribochemical reactions, subject to specific operating conditions such as elevated temperature 

and higher mechanical shear rate[143]. On the other hand, ZDDP may not perform better with 

non-ferrous tribopairs and coatings which are finding their increasing applications in modern 

mechanical systems[151]. This has led to the relentless pursuit of new biocompatible, green, 

and extremely efficient lubricant additives with an overall aim to increase fuel economy and 

emission reduction. Among various approaches to develop efficient additives, NPs have shown 

promising potential due to their inherent physicochemical properties.  

The advantages of NPs are their nanometer size since they may interact with asperities 

of rubbing surfaces and may reduce friction and wear by mechanisms such as ball bearing, 

mending, polishing, and film formation. The other significant benefit of NPs over Sulphur and 

Phosphorus-based commercial antiwear additives is that NPs need not rely on tribochemical 

reactions which are system sensitive[64]. Several studies have revealed the potential of NPs in 

reducing surface wear, friction coefficient, and enhancing EP performance as discussed in 

chapter 2.  

One of the unique categories of NPs as a lubricant additive could be hydroxide minerals 

(Talc, Serpentine, and Boehmite). The natural and synthetic Serpentine minerals also known 

as Magnesium Silicate Hydroxide (Mg3Si2O5(OH)4) have been explored as a lubricant additive 

by several researchers[91, 92, 94–96, 152, 153]. Chang et al. explored synthetic Serpentine 

1
This is
impt
Perhaps
in dud
inintro



93 | P a g e  
 

NPs in PAO base oil and observed excellent wear reduction (≈30-45%)[91, 92]. They also 

concluded stronger tribofilm rich in Mg, Si, O was formed due to the pressure-dependent 

decomposition of Serpentine particles. Wang et al. explored Serpentine NPs having different 

morphology for their tribological properties and observed tubular crystal structure registering 

the highest antiwear performance among others[94]. Helong Yu et al. dispersed 1 µm sized 

natural Serpentine particles in the mineral base and claimed the formation of 500-600nm thick 

porous tribofilm composed of Fe3O4, FeSi, AlFe, SiO2, and Fe3C compounds. Talc is another 

silicate mineral consisting of Silicon, Magnesium, Hydrogen, and Oxygen with some metallic 

impurities. A couple of studies have explored Talc as a lubricant additive and claimed excellent 

friction and wear reduction properties due to the formation of SiOx and MgO compounds on 

the worn surface[98, 99].                     

On the other hand, Boehmite (γ-AlOOH) which checks many desirable brackets i.e., 

green, biocompatible, and eco-friendly mineral has not been explored for its tribological 

properties. Boehmite also called Aluminium oxide hydroxide mineral, one of the common 

constituents of Aluminium ore bauxite is stable and if heated above 450OC leads to dehydration 

of its crystals (2AlOOH⟹Al2O3+H2O) and formation of Aluminium oxide (Al2O3)[36,37]. It 

has a lamellar (orthorhombic) structure and in every layer, the O atom has closed (cubic) 

packing while OH groups are on the surface making the overall structure loosely packed[38]. 

Due to its extremely low toxicity, biocompatibility, eco-friendliness, and low cost, Boehmite 

has found application in various fields such as photocatalysis, antimicrobial activity, 

determination of toxic metals, flame retardation, etc[101, 103–106]. Boehmite material has 

some inherent advantages such as lower molecular weight (59.988 g/mole), lower density 

(3g/cm3), and lower Mohs scale hardness (3.5), making it a promising candidate for lubricant 

additive. Lei Zhang et al. covalently synthesized hybrid material consisting of Graphene oxide, 

Boehmite, and 3-glycidoxypropyl-trimethoxysilane (GO-GPTS-AlOOH) to enhance the 

dispersion stability of Graphene oxide in lubricating oil[154]. they claimed that the improved 

friction and wear reduction was due to the excellent strength of the lamellar Graphene sheet, 

while no detail was given regarding the role of Boehmite grafted particles in friction and wear 

reduction. To the best of our knowledge, this is the first study exploring the potential of 

Boehmite NPs as a lubricant additive. This novel study explores the effect of Boehmite NPs 

on viscosity index, density, surface wear, friction coefficient, and EP properties of the PAO 

base oil. This study also explores the colloidal stability and mechanism of tribofilm formation 

of Boehmite NPs.           
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7.2. Materials and Methods 

7.2.1. Materials and lubricants formulation 

The Boehmite (γ-AlOOH) NPs with APS (Average Particle Size) 20 nm were obtained 

from Sisco Research Laboratories Pvt. Ltd. (Molecular weight 59.99, CAS no 1318-23-6, 

product code 21772). Polyalphaolefins (PAO-6) base oil having viscosity 6 cst at 100OC was 

obtained from Synthomax India and was used as received. Generally, NPs in the non-polar 

base oil are known to have poor long-term colloidal stability. To enhance the colloidal stability 

of NPs in PAO a dispersant PIBSA (Univenture Industries Pvt. Ltd. India) at 1 wt% fixed 

concentration was added in all the formulated nanolubricants. A two-step method was used to 

decrease the initial agglomeration of NPs as reported in the literature[89, 99]. In the first step, 

a measured quantity of NPs was added in Acetone and stirred for 20 minutes (1000 rev/min) 

followed by sonicating for 30 minutes (make Dakshin Ultrasound, 20 kHz frequency, 190 W 

power, operating in a pulsed mode of 1 second off and 2 seconds on). In the second step, the 

sample was added into PAO and was kept on a hot plate for 5 hours, maintained at 65oC to 

evaporate Acetone while continuously stirring the sample. Boehmite NPs were dispersed in 

0.25, 0.5, 0.75, and 1wt% concentration in PAO base oil. Table 7.1 gives the concentrations of 

each constituent in the formulated lubricants and their respective coding.  

Table 7.1 Nanolubricants formulation and their coding used in this study 

Sr. No OILs  NPs concentration (wt%) code 
1 PAO (group IV synthetic base oil) 0 P 
2 PAO+ 1wt% PIBSA (dispersant) 0 Pd 
3  

PAO+ 1wt% PIBSA + NPs 
0.25 P0.25 

4 0.5 P0.5 
5 0.75 P0.75 
6 1 P1 

 

7.2.2. Characterization of Boehmite nanoparticles.  

The FE-SEM (JSM-7800F, JEOL, Japan) micrograph shows spherical/quasi-spherical 

morphology of Boehmite NPs as shown in figure 7.1(a). FTIR measures the discrete vibrational 

frequencies emitted by thermally excited molecules and can help in identifying bonds and 

individual groups of the molecule. Figure 7.1(b) shows the FTIR spectra (Shimadzu 8400S) of 

Boehmite NPs with peaks at 3292, 3091, 2095, 1974, 1642, 1384, 1156, 1073, 747, 623, 482 

cm-1  and are in accordance with earlier reported studies and detailed bond structure can be 



95 | P a g e  
 

found elsewhere[155–157]. Figure 7.1(c) shows the XRD patterns (Bruker D8 Advance) of the 

Boehmite NPs used in this study. The peaks are in agreement with Joint Committee on Powder 

Diffraction Standards card number (JCPDS 00-021-1307) and show no other crystalline peak 

than Boehmite NPs, confirming the purity of Boehmite[155–158]. The FWHM (full width half 

maximum) value of crystallite 031 diffraction was used in the Scherrer equation to calculate 

crystallite sizes of Boehmite NPs and the estimated crystallite size was 9nm. XRD peaks 

confirm the orthorhombic crystal structure of Boehmite NPs as reported in earlier studies. 
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7.2.3. Tribological and Extreme Pressure (EP) testing 

The tribometer (make DuCom Instruments), used in this study consists of four steel 

balls (material AISI-52100, diameter 12.7mm) arranged in the equilateral tetrahedron 

configuration. The detailed description of the tribometer is discussed in chapter 3. To enhance 

reliability average friction and wear of three tests were considered for data representation. The 

antiwear tests were performed following ASTM 4172 standard which includes 1200 rpm speed, 

392 N load, 75OC temperature, and test duration of 60 minutes. The extreme pressure (EP) tests 

were performed following IP 239 test standards which include 1450 rpm speed, room 

temperature, test duration of 60 seconds, and progressive loading till seizure.  

7.2.4. Surface characterization  

An optical microscope (HUVITZ LUSIS HC-30MU) was used for the comparative 

study of surfaces lubricated with different formulated lubricants. A scanning electron 

microscope (SEM) (make JEOL, JSM-7800F, Japan) was used to study the wear scar 

morphology. An EDS (energy-dispersive X-ray spectroscopy) of Bruker corps coupled with 

SEM was employed to explore the elemental constituents of the protective film formed on the 

surfaces. To remove any lubricant residues steel balls after tests were washed in hexane prior 

to surface characterization. Furthermore, to understand the nature of the tribofilm and the role 

of Boehmite NPs in tribofilm formation, Raman spectroscopy was employed (Renishaw InVia 

Figure 7.1 (a) FE-SEM micrograph (b) FTIR spectrum (c) XRD spectrum of Boehmite 
nanoparticles 
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Raman with 10mW laser powered and 532 nm excitation wavelength). X-ray photoelectron 

spectroscopy (Thermo Fisher Scientific Instruments, K ALPHA+) with monochromatic 

radiation of Al Kα (beam current 6 mA, 1486.7 eV) and pass energy of 150 eV on 200 μm spot 

size was used to analyze the chemical state of the tribofilm. The core-level spectrum of Fe 2p, 

Al 2p, and O 1s was acquired using 30 eV pass energy.   

7.3 Results and Discussions 

7.3.1.Dispersion stability  

The colloidal stability of NPs depends on various factors such as physicochemical 

characteristics of NPs, base oil, and dispersion method. Varying degree of NP dispersion 

stability has been reported in the literature with as low as 2 days to a few months[79, 80, 99]. 

Visual inspection is one of the methods used to study the dispersion stability of the Boehmite 

NPs in the PAO base oil. Figure 7.2 shows the dispersion stability of the best performing 

lubricant sample (P0.5) over time. Photographs were taken every day without any disturbance 

to the sample while in storage. Figure 7.2 shows negligible sedimentation for the Boehmite 

NPs for the first 30 days. In around 45 days, the nanolubricant showed some sign of 

sedimentation visible at the top of the container, but a majority of NPs were still dispersed. On 

the other hand, very few NPs were still dispersed around 60 days while the majority were 

settled at the bottom of the container. Excellent colloidal stability of Boehmite NPs could be 

attributed to the lower agglomeration, larger surface area, lower density, and of course 

dispersant PIBSA. In around 75 days, almost all the NPs were settled.  

 

 

 

 

 

 Figure 7.2 Photographs of formulated nanolubricants (P0.5) over time 
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Table 7.2 Average size distribution of Boehmite NPs 

 

 

 

 

 

 

 

Stable dispersion is obtained when Brownian motion due to thermal agitation 

overcomes the attractive forces among colloidal NPs[66]. Agglomeration of NPs can increase 

its average particle size which may accelerate the rate of sedimentation several folds. To study 

the agglomeration of NPs over time, dynamic light scattering (Zetasizer nano 590 Malvern 

Instruments UK) was employed. Formulated nanolubricant (P0.5) was too thick to be directly 

used for DLS analysis hence it was diluted with petroleum ether in the weight ratio of 6:4. For 

dilution, prepared nanolubricants were stored without any disturbance in separate containers, 

and just before the DLS study, a sample was taken out on a stipulated day from the top of the 

container. Extreme care was taken to not to disturb the settled NPs of the container while taking 

out samples for the DLS study. DLS analysis gave 77 nm average size of NPs (figure 7.3) just 

after lubricant formulation inferring some degree (≈4 times) of initial agglomeration since as 

per supplier, APS of Boehmite NPs was 20nm. DLS analysis cannot give the whole picture for 

the stability of colloidal NPs on its own, because it only gives the average particle size 

dispersed after a period without considering settled NPs at the bottom of the container. Hence 

both methods of visual inspection and DLS analysis should take into perspective while studying 

the stability of Boehmite NPs. Table 7.2 shows agglomeration started at the time of lubricant 

preparation and was relatively lower initially. After one month, a clear trend was observed for 

a rapid increase in the average size of dispersed NPs over time. This could be the reason for 

Size distribution of NPs over time 
Time (days) 0 20 40 60 75 
Avg size (d.nm) 77 87 113 168 Settled 

Figure 7.3 Dynamic Light Scattering (DLS), size distribution of nanoparticles (0 days) 
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accelerated sedimentation after a month of lubricant formulation as can be seen by visual 

inspection.  

7.3.2.Effect on Viscosity  

Stabinger viscometer (SVM 3000) following ASTM D7042 standards was used to 

measure kinematic viscosity and density of the lubricants. The viscometer works on the Couette 

principle, and the measurement of kinematic viscosity and density is based on torque and speed 

measurement. The other important parameter for lubricant is viscosity index (VI), which is a 

unitless number indicating the temperature dependence of lubricant’s kinematic viscosity. The 

viscosity index was calculated according to ASTM D-2270 in which the viscosity of the 

prepared sample at 40OC and 100OC is compared with standard reference oil having 0 

(naphthenic base oil) and 100 (paraffinic base oil) viscosity index[6]. The higher the viscosity 

index, the more stable the oil is with respect to changes in temperature.    

Table 7.3 shows the kinematic viscosity, and density values obtained from the 

viscometer. PIBSA dispersant improved the viscosity marginally (0.32 and 0.34%) at 40OC 

and 100OC. Interestingly, at elevated temperature(100OC), 1wt% Boehmite concentration 

improved viscosity by 4.56%, which was notably higher than the viscosity increase of 3.75% 

at 40OC. This could be attributed to the thinning effect of PAO due to an increase in temperature 

while NPs remained indifferent. A similar trend was also observed for VI improvement and 

the highest improvement of 4.35% was observed for 1% Boehmite concentration (P1). The 

density of the nanolubricants increased gradually with the addition of NPs which can be 

attributed to the higher density of Boehmite mineral. 

Table 7.3 Effect of Boehmite NPs concentration on viscosity and density 

Sr. No Viscosity (cSt) and changes at 40 and 1000C Viscosity 
Index 
(VI) 

Density at 
29.50C  
(g/cm3) 

Kinematic 
viscosity 
@400C 

% 
change 

Kinematic 
viscosity @ 

1000C 

%change 

P 30.92 ---- 5.92 ---- 139.20 0.8187 
Pd 31.02 0.32 5.94 0.34 139.56 0.8192 
P0.25 31.22 0.97 6.02 1.69 142.45 0.8225 
P0.5 31.51 1.91 6.09 2.89 144.11 0.8241 
P0.75 31.76 2.72 6.14 3.74 144.95 0.8249 
P1 32.08 3.75 6.19 4.56 145.25 0.8261 
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7.3.3.Tribological performance of lubricants 

In four-ball tribometer balls are arranged in a tetrahedral geometry, resulting in three-

point contacts between the top rotating ball and bottom 3 fixed balls. These non-conformal 

point contacts under applied load exert high stress on rubbing surfaces, which results in severe 

wear or seizure in case of lubricant failure. Figure 7.4(a) shows the average WSD performance 

for samples tested at ASTM 4172 test standards. Base oil has managed to separate the direct 

contact between rubbing surfaces but performed poorly with the highest WSD. All the 

concentrations of Boehmite NPs tested in this study improved the friction and wear 

performances over the base oil. P0.25 nanolubricant showed significant enhancement in wear 

reduction (19%) and the highest wear reduction was observed for P0.5 (24%) over the base oil. 

On the other hand, no improvement was observed on further increase in NPs concentration as 

P0.75 showed a 16% reduction. In contrast, a 1 wt% concentration of NPs degraded the base oil 

performance and gave wear reduction of just 11%. Figure 7.4(b) shows the friction coefficient 

of the nanolubricants and P0.25 and P0.5 showed the highest improvement of ≈15% while the 

least improvement of 7% was observed for P1. The optimum concentration for friction and 

wear reduction was observed to be in the range of 0.25 – 0.5 wt % concentration beyond that 

performance did not improve. Surprisingly base oil, similar to that of P0.25 gave low initial 

friction as shown in figure 7.4(c). But after around 500 seconds of initial operation friction 

coefficient started ascending due to the inability of base oil to provide effective surface 

protection resulting in increased asperity contacts. While Boehmite nanolubricants provided 

better surface protection, reduced asperity contacts resulted in a lower friction coefficient. 

Optical images of worn surface lubricated with formulated lubricants are shown in Figure 7.5.  
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Figure 7.6 shows the SEM (Scanning Electron Microscope) micrographs of worn 

surfaces. Worn surface lubricated with PAO base oil i.e. figure 7.6(a) shows tiny pits, and deep 

long grooves, which could be attributed to adhesive and abrasive wear respectively. Abrasive 

wear occurs when harder asperity digs into the opposite surface and may produce grooves 

(micro-cutting/plowing) while direct asperity contact under tribostress causes localized 

bonding which removes a chunk of materials due to subsequent sliding resulting adhesive wear. 

Figure 7.4 Performance of nanolubricants tested following ASTM 4172 standards (a) 
Average WSD (b) Average COF (c) Friction coefficient over test duration (60 minutes). 
Boehmite nanolubricant provided better surface protection, reduced asperity contacts as 
evident from reduced friction and wear.   

 

Figure 7.5 WSD of the surfaces lubricated with (a) P (b) P0.25 (c) P0.5 (d) P0.75 (e) P1 
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For worn surface lubricated with Boehmite nanolubricants i.e. figure 7.6(c) shows narrow 

groves and negligible pits, this could be attributed to minor abrasive wear and negligible 

adhesive wear due to reduced asperity contacts and better surface protection provided by 

Boehmite NPs.    
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To explore the nature of tribofilm EDS Spectroscopy was employed. EDS is a semi-

quantitative technique and elemental composition obtained from EDS can be used effectively 

for comparative worn surface analysis. Figure 7.6(b) shows the full EDS spectrum of the worn 

surface lubricated with PAO base oil with atomic weight concentration of Fe, O, Cr, C and 

elemental mapping of O. The spectrum shows the presence of oxygen (6.1%) on the worn 

surface which may have been induced due to oxidation of nascent steel surface formed during 

rubbing even in lubricated condition. It is well established that Oxygen forms porous hard 

tribofilm consisting of various Iron oxides (FeO, Fe2O3) on the worn surface via chemical 

reaction (2Fe+O2⟹FeO and 4Fe+3O2⟹Fe2O3)[33,50]. Figure 7.6(d) gives the EDS spectrum 

of worn surface lubricated with P0.5 along with concentration and mapping of elemental 

Oxygen and Aluminium. Ideally, lower wear exposes less nascent steel surface to oxidation 

but despite having lower wear, EDS shows a higher concentration of elemental Oxygen on the 

worn surface lubricated with Boehmite nanolubricants. One plausible explanation could be the 

dehydration of Boehmite NPs under tribostress, a similar phenomenon was reported for other 

hydroxide NPs (Serpentine and Talc)[91, 97–99]. 

Four mechanisms i.e. ball bearing, mending, polishing, and tribofilm formation have 

been reported in the literature for enhancing tribological properties. Among these two are due 

to direct action of NPs (ball bearing and tribofilm formation) while mending and polishing 

effects are due to secondary surface enhancement[64]. However, the occurrence of these 

mechanisms is subject to discussion in various studies. Quasi-spherical and spherical NPs 

generally acts as nano-sized ball bearing, rolls between rubbing surface, and may convert 

Figure 7.6 (a) WSD of surface lubricated with P (b) EDS analysis of surface lubricated 
with P (c) WSD of surface lubricated with P0.5 (d) EDS analysis of surface lubricated with 
P0.5. Reduced grooves and pits of worn surface lubricated with Boehmite nanolubricants 
could be attributed to reduced asperity contact and enhanced surface protection due to 
tribosintered NPs. 
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sliding contact friction to sliding-rolling friction. While the protective film is formed due to 

tribochemical reaction or tribosintering of NP additives on the rubbing surfaces under 

tribostress. For excellent surface protection, the self-replenishment rate (tribofilm formation) 

should be higher than the wear rate of rubbing surfaces under boundary lubrication. In the 

mending effect, NPs occupy cracks and grooves of worn surfaces resulting in a smoother 

surface and overall reduced friction and wear. In the polishing effect, harder NPs under stress 

deforms the asperities of the rubbing surfaces resulting in a smoother surface. The elemental 

Al (0.79%) of the worn surface could plausibly be attributed to predominantly tribosintered 

NPs since bearing, polishing, and mending effects provide weaker tribofilm and may not have 

left any residues since balls were washed in hexane before surface characterization.    

7.3.4.Extreme Pressure (EP) properties.  

EP tests were conducted following the IP 239 test standards and nanolubricants 

performance is shown in figure 7.7(a). Base oil failed at 125 kg and the reduced load of 115kg 

as well, making 100 kg the maximum non-seizure load. Due to nonconformal point contact and 

higher load, the top layer of the balls is removed several times before complete failure of the 

lubricant i.e. seizure, within 60 seconds of test duration.  The P0.25 showed significant 

improvement (25%) in EP performance over the base oil but further concentration increase (0.5 

wt%) showed no increase in load-carrying capacity. It is interesting to note that at ASTM D 

4172 wear test condition beyond 0.5% concentration performance of friction and wear 

deteriorated while in EP tests the increased concentration to 1 wt% (P0.75 and P1) has increased 

load carrying capacity by 40%. This may be due to a shorter test span and relatively higher 

load index in EP tests and higher NPs concentration may increase the availability of NPs 

between asperities for tribofilm repair. Moreover, the high concentration of Boehmite NPs can 

also occupy intermediate space between asperities and directly support the load.     
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Figure 7.7(b) shows the SEM micrograph of the pre-weld worn surface lubricated with 

P1 nanolubricant. At extreme load, a significant proportion of lubricant is squeezed out of 

contact points and fails to form stable lubricant film resulting in relatively higher direct asperity 

contacts.  This is obvious from the dominant adhesive wear of the pre-weld surface tested for 

extreme pressure properties. Figure 7.7(c) shows the elemental mapping of the active elements 

Al and O distributed on the worn surface. Figure 7.7(d) shows the complete EDS spectrum of 

the pre-weld surface.     

7.3.5.Raman spectroscopy  

EDS spectroscopy shows, the tribofilm formed on the worn surface is composed of a 

significant proportion of Al elements.  To further investigate the nature of the Al elements of 

the tribofilm, i.e. whether it is in the Boehmite phase or dehydrated (2AlOOH⟹Al2O3+H2O) 

into Aluminium oxide (Al2O3) under tribostress, Raman spectroscopy was employed. Raman 

spectrum of the Boehmite nano-powder is shown in figure 7.8(b) giving active peaks at 363, 

448, 494, 679, and 732 cm-1 in accordance with the earlier reported studies[158–160]. These 

peaks could be attributed to hydroxyl transmission mode and strong peak intensity at 363 cm-1 

may be associated with Al ion coordinated by 6 O atoms. Raman spectrum of wear-tested and 

pre-weld worn surfaces are shown in figure 7.8(a). Pre-weld worn surface shows two Raman 

peaks at 360 and 496 cm-1 which could be attributed to the trapped boehmite NPs in the large 

pits/grooves due to severe adhesive wear (plastic deformation). In contrast, no distinguishable 

Boehmite peak was observed for the wear-tested surface. On the other hand, the wear-tested 

surface shows a large peak at 650-660 cm-1, which could be attributed to oxide film primarily 

composed of γ-FeOOH and α-Fe2O3 due to exposure to elevated temperature (>75OC) for 

Figure 7.7 (a) EP (Extreme Pressure) performance (b) SEM micrograph of pre-weld ball 
lubricated with P1 (c) Elemental mapping of pre-weld surface lubricated with P1 (d) EDS 
analysis of pre-weld ball lubricated with P1 
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longer test duration (3600 seconds) and relatively lower wear[161–163]. While the same peak 

was not visible for pre-weld surface plausibly due to shorter test duration (60 seconds) and 

progressive removal of the top layer due to severe adhesive wear. It was also interesting to note 

that, no distinguishable Aluminium oxide peaks (as per literature 375, 417, 432, 450, 578, 642, 

751 cm-1) were observed in the Raman spectrum of both the surfaces[164]. No distinguishable 

characteristic peaks of Boehmite and aluminium oxide could be due to various factors affecting 

peak intensities of the Raman spectrum such as low NPs concentration, strong fluorescent 

background, and detector noise.   

 

 

 

 

 

 

 

 

 

7.3.6. XPS analysis 

X-ray photoelectron spectroscopy (XPS) was employed to further probe the triboactive 

elements i.e. Fe, O, Al to understand the chemical state and nature of the tribofilm. XPS scans 

a few atomic layer (1 to 5 nm) depths of the worn surface and may help in analyzing the 

chemical state of the elements[135]. Figure 7.9 shows the core level XPS spectrum of Fe 2p, 

O 1s, and Al 2p of the worn surface lubricated with P0.5. XPS spectrum of Fe 2p shows two 

dominant peaks at binding energies of ≈710.8 eV and ≈724.5 eV which in association with O 

1s peak of ≈530.1 eV could be attributed to Fe-O bonds i.e. Fe2O3 respectively[55, 133, 150]. 

Further XPS spectrum of Al 2p peak at ≈74.0 eV could most likely be attributed to Al2O3, but 

Figure 7.8 Raman spectrum of (a) Wear and EP tested ball (b) Boehmite nanoparticles 
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a small chemical shift of binding energies among oxides (Al2O3), and oxyhydroxides (AlOOH) 

makes unambiguous distinction practically impossible[165–167]. A chemical shift occurs due 

to changes in the field of core electron’s electrostatic potential and coordination (e.g. octahedra 

vs tetrahedral), Oxidation number, and ligand types[165]. Al 2p chemical shift binding energies 

are in the range of 0.2-0.5 eV among oxide, hydroxide, and oxyhydroxides which are nearly 

equal to that of XPS instruments precision, making accurate detection impossible[165, 167]. 

But O 1s peak inherits a larger chemical shift and could be used to identify the crystal structure 

of oxygen and hydroxyl groups[165]. The XPS spectrum of O 1s shows a peak at ≈530.9 eV, 

which could be attributed to the Oxygen of Al2O3 crystal while no distinct peak of Boehmite 

(OH bond, ≈532.2 eV) was observed, inferring elemental Al on the worn surface should be 

Al2O3[165]. Based on the surface characterization of worn surfaces lubricated with Boehmite 

NPs, we propose that just like Talc (dehydration temperature above 800oC) and Serpentine 

(dehydration temperature around 700oC), Boehmite mineral dehydrated under tribostress[91, 

97, 99].  

 

 

 

 

 

 

7.4. Mechanism of tribofilm formation  

Well dispersed NPs forms a thin, low shear film on the rubbing metallic surfaces due 

to two important factors. The first is undulation due to increased temperature at the rubbing 

junctions propagating NPs towards the rubbing surface. While the other is a stronger electric 

field due to the generation of exo-electron on the rubbing surface which may lead to migration 

of NPs[63]. Figure 7.10(a) shows the schematic diagram of the tetrahedral arrangement of four 

balls. During operation under tribostress, Boehmite NPs get dehydrated into aluminium oxide 

(Al2O3) and subsequently compacted and sintered on the rubbing surfaces as shown in figure 

Figure 7.9 Core level XPS Spectra of Fe 2p, O 1s, Al 2p 
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7.10(b). Simultaneously at higher load, nascent steel surfaces get oxidized and a few hundred 

nanometers thick self-repairing and porous tribofilm of iron oxides are formed[97, 168, 169]. 

Figure 7.10(c) depicts sacrificial, regenerative protective film formed on the rubbing surface 

composed of Ferrous oxides and tribosintered Al2O3.  

 

    

 

 

 

 

 

 

 

 

7.5.Important observations 

This novel study explores Boehmite NPs as a lubricant additive in synthetic (PAO-6) base oil. 

The nanolubricants were prepared by varying NPs concentrations (0.25, 0.5, 0.75, 1wt%) and 

fixed concentration (1 wt%) of dispersant PIBSA. Based on the aim of this study, tribo-

performances, and worn surface characterization, we would like to conclude that.   

• Boehmite NPS showed excellent friction and wear reduction properties compared with 

the base oil. Following are the order of their performance and the highest improvement 

was observed with 0.5% concentration. 

P0.5 (24%) > P0.25 (19%) > P0.75 (16%) > P1 (11%)                 ⟹ Wear Reduction Performance 

Figure 7.10 (a) Equilateral tetrahedral configuration of four-balls (b) Compacting and 
tribosintering of NPs under tribostress (c) Sacrificial protective film composed of Ferrous 
oxides and tribosintered Al2O3.    
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P0.5 (15.36%) > P0.25 (14.74%) > P0.75 (11.61%) > P1 (7.55%)  ⟹ Friction Reduction 

Performance 

• For the EP test, increased NPs concentration increased load-carrying capacity of the 

base oil. The performance order is listed below. 

P1 (40%) = P0.75 (40%) > P0.5 (25%) = P0.25 (25%)                   ⟹   EP  Performance 

Based on the performance of formulated lubricants we recommend 0.5wt% as optimum 

concentration for excellent wear reduction. The improvement in tribological and EP 

performances could be attributed to the excellent dispersion stability and ability of NPs to form 

tribofilm composed of sintered NPs.  

• The surface characterization techniques confirm dehydration of Boehmite into 

Aluminium oxide and tribofilm composed of tribosintered Aluminium oxides (Al2O3).  

• Visual inspection and DLS analysis show excellent dispersion stability (negligible 

sedimentation for the first 30 days) of Boehmite NPs due to their ability to slow 

agglomeration.  

• Relative viscosity increase due to the addition of NPs was higher at elevated 

temperature (100OC) than at 40OC and the highest viscosity index improvement of 

4.35% was observed for P1.  
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Part 2: Potential of Zinctitanate as lubricant additive 

7.6.General  

Lubricants are expected to provide not only mobility and durability but also energy 

efficiency, making them indispensable for modern civilization. The friction losses (engine, and 

transmission) can be reduced by advancement in additives with a potential for multifold 

benefits such as fuel economy, reduced cooling, and exhaust losses. Antiwear, antifriction and 

extreme pressure (EP) additives are generally added during lubricant formulation to impart 

desirable properties catering to specific service conditions[122, 170]. Antifriction additives 

generally form residual films on the rubbing surfaces having extremely low shear resistance 

resulting in friction reduction[89]. While antiwear additives generally disintegrate under 

tribostress and chemically react to the rubbing surfaces forming regenerative surface-bound 

protective tribofilm and reducing subsequent surface wear. Zinc-alkyldithiophosphates 

(ZDDPs) are the most popular antiwear additive class used in a wide range of lubricant 

formulations due to their excellent solubility, low cost, and ability to form tribofilm rich in S, 

P, and Zn on underline metallic surfaces [110, 143]. But ZDDP derived protective films on 

rubbing surfaces are system dependent and may form a very weak film at room temperature, 

while few studies have reported no ZDDP-induced tribofilm formation[171, 172]. Furthermore, 

it is observed that thiophosphate constituents of ZDDP after combustion poison the catalytic 

converter resulting in increased emission[121, 173]. Similarly, other antiwear, and EP additives 

such as organic phosphate and sulfide groups are primarily composed of Phosphorus, Sulphur, 

and various Chlorine compounds which are not eco-friendly and have been put under 

regulatory restriction for maximum permissible limits[147]. In addition, the automotive 

industry is aspiring for low viscosity grade oils for the potential of increased fuel economy due 

to reduced viscous/pumping losses[174, 175]. But due to lower viscosity, the lubrication regime 

may shift toward hydrodynamic, mixed, and boundary lubrication, resulting in increased 

asperity contacts and may need effective additive packages to reduce subsequent wear. While 

increasing the concentration of Phosphorus, Sulphur composition in low viscous oil may not 

be a viable option, due to the limit on maximum Phosphorus and Sulphur concentrations 

(maximum 800ppm) by International Lubricants Standardization and Approval Committee 

(ILSAC). This has prompted the relentless pursuit of alternative, eco-friendly, and effective 

lubricant additives such as nanoparticles and ionic liquids[7, 64, 82, 144].    
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In the last two decades nanoparticles (NPs) have shown promising potential in enhancing 

fuel economy and emission control as lubricant additives[65, 176, 177]. The detailed literature 

review of NPs in lubricants is discussed in chapter 2. Further, most of the NPs are eco-friendly 

and considered “green” and may decrease/replace harmful lubricant additives. These studies 

confirm that nanolubricants performance is influenced by various factors such as morphology, 

size, concentration, and chemical composition of NPs[64, 65]. Antiwear properties generally 

depend on the nature of the tribofilm formation on the counter surface under boundary 

lubrication which is highly influenced by the chemical composition of the NPs[65]. This has 

been a strong motivation for exploring various NPs groups (metal, metal oxide, composites, 

etc.) having different Physico-chemical properties for their antiwear, antifriction, and EP 

performances[65].   

This novel study explores Zinctitanate (ZnTiO3), a new type of metal-containing NPs as a 

potential additive for AW and EP properties. Zinctitanate has been investigated in various 

disciplines such as microwave dielectric, antibacterial, nanofiber, catalyst, gas sensor, white 

pigment, corrosion inhibitor, and luminescent material due to its outstanding properties, but its 

potential tribological properties have not been explored[108]. Further agglomeration of 

colloidal NPs in nonpolar base oil accelerates the sedimentation rate and is the single biggest 

hurdle for commercializing NPs in lubricants. This ternary oxide material inherits a larger 

specific surface area which could be instrumental in enhancing colloidal stability. The present 

study assesses the potential of Zinctitanate NPs for AW, AF, and EP performances along with 

dispersion stability and sacrificial film formation mechanism in a synthetic base oil.    

7.7.Materials and Methodology  

7.7.1.Materials and nano-lubricant formulation 

Zinctitanate (ZnTiO3) NPs used in this study were obtained from Sigma-Aldrich (CAS NO-

12036-43-0, MW=161.26). As per the supplier, NPs have an average particle size (APS) <100 

nm with a purity of 99%. PIBSA (Polyisobutylene Succinic Anhydride), kindly provided by 

Univenture Industries Pvt. Ltd (Product code: UNOL P1057) was used as a dispersant (1wt% 

fixed concentration) to enhance the dispersion stability of NPs. Synthetic base oil PAO6 used 

in this study was obtained from Synthomaxx India. It is an API group 4 base oil which is 

generally named with the abbreviation PAO (for Poly-alpha-olefin group) followed by its 

kinematic viscosity at 100OC. For lubricant formulation, firstly PIBSA dispersant of fixed 
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concentration (1 wt.%) was added in colourless base oil and stirred continuously till consistent 

light yellow colour (visual inspection) is obtained indicating homogeneous blending of 

dispersant at room temperature. Subsequently measured quantity of Zinctitanate nanoparticles 

was introduced into the oil and stirred for 10 minutes followed by a minimum of 30 minutes of 

sonicating (product of Dakshin Ultrasound operated in a pulsed mode of 2 seconds on 1 second 

off) to limit initial nanoparticles agglomeration. Different nanolubricants were prepared by 

varying nanoparticle concentrations in a succession of 0.25 wt.% up to 1 wt.% and were coded 

by PZT (abbreviation for PAO and ZincTitanate) followed by nanoparticles concentration.      

7.7.2.Characterization of Zinctitanate (ZnTiO3) nanoparticles 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.11 (a) XRD Spectrum (b) TEM micrograph of Zinctitanate nanoparticles. TEM 
micrograph reveals quasi spherical (pentagonal) morphology of nanoparticles. 
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XRD technique (make Bruker D8 Advance) with Cu Kα radiation was used to analyze the 

crystal size and phase structure of the NPs (figure 7.11(a)). The intense diffraction peak values 

(2θ) at 23.86, 30.16, 32.56, 35.33, 40.26, 49.20, 53.48, 56.89, 61.93, and 63.32 are in 

accordance with JPCDS card number 26-1500 confirming rhombohedral crystal structure[178, 

179]. The nanocrystals have unit cell parameters a=b=5.082, c=13.84 Ao with the R3 space 

group. Average crystal size was calculated using Scherrer’s equation (D β cosø=k λ, where D 

is crystalline size, k is Scherrer’s constant, β is FWHM, λ is X-ray wavelength) and was 

observed to be in the range of 18-23 nm. Transmission electron microscope (TEM, make FEI 

Tecnai TF20) image of ZnTiO3 NPs shows pentagonal (quasi-spherical) shaped morphology.       

7.7.3.Tribological testing and worn surface characterization.  

A Four-ball tribometer (make DuCom Instruments) mimicking boundary lubrication 

regime was employed to study AW, AF, and EP performance of Zinctitanate nano-oils. The 

detailed experimental setup is described in chapter 3. AW (antiwear) performance was assessed 

following industry standard (ASTM 4172B) which involves 1200 rpm of chuck rotation, 40kg 

applied load, at least 75OC ball pot temperature, and tested for 60 minutes. For reliability and 

repeatability, the average value (friction coefficient and WSD) of three tests were considered 

for data representation. Extreme pressure performance was assessed following the Energy 

Institute’s test standards (IP 239) which consist of 1450 rpm, 60 seconds of test duration, and 

progressive loading till lubricant film breakdown resulting in seizure (either WSD greater than 

4mm or balls welded together).  

7.7.4.Surface characterization 

To remove any weakly absorbed contaminants (lubricant residues) tribo-tested balls were 

sonicated in Hexane for 5 minutes prior to any surface characterization. To explore morphology 

and elemental compositions of wear scars, a scanning electron microscope (SEM, brand: JEOL, 

model:780F, Japan) coupled with an energy dispersive X-ray spectroscope (EDS, make: Bruker 

crops) was employed. To further probe the chemical state of the tribofilm formed on the worn 

surface X-ray Photoelectron spectroscopy (XPS, brand: Thermo Fisher Scientific Instruments, 

model: K ALPHA+) with X-ray monochromatic source of Al Kα (1486.7 eV) focused on a 

spot of 300µm diameter was employed. C 1s with the binding energy of 284.8 eV was used for 

calibration of binding energies.               
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7.8.Results and Discussions 

7.8.1.Colloidal stability of Zinctitanate nanolubricants 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Colloidal NPs tend to sediment over time predominantly due to agglomeration caused 

by Brownian motion and gravity (since NPs are denser than base oil)[66]. Visual inspection 

Figure 7.12 (a) Camera images of 1 wt% Zinctitanate nanoparticle dispersed in base oil 
over 250 days. (b) Dynamic light scattering (DLS) analysis of fresh and 30 days stored 
samples. Zinctitanate nanoparticles with dispersant PIBSA showed excellent dispersion 
stability in synthetic base oil.       
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and Dynamic Light Scattering (DLS) methods were used to study NPs stability in the base oil. 

DLS study was conducted once for a fresh sample (0 days) and another after 30 days of storage 

without any redispersion. For DLS (make: Zetasizer nano 590 Malvern Instruments UK) study 

sample was taken out carefully from the top of the container and diluted (0.1 mg/g) with neat 

PAO base oil[150]. The fresh sample of Zinctitanate nanolubricant gave hydrodynamic 

diameters (z-average) of 321nm (St Dev 248nm) and even after 30 days of storage, little 

agglomeration was observed with a hydrodynamic diameter of 346nm (St Dev 177nm) as 

shown in figure 7.12(b). Generally, a lower hydrodynamic diameter signifies better dispersion, 

and a small increase in hydrodynamic diameter over 30 days of storage infers the ability of 

Zinctitanate NPs to resist agglomeration resulting in excellent colloidal stability.  

Further figure 7.12(a) (camera images) shows the visual observation of 1 wt. % NPs 

dispersed in the base oil enriched with 1 wt.% dispersant (PIBSA) over 250 days. Around 70 

days of storage, some form of phase separation was visible near the top end of the sample but 

distinguishable phase separation was observed only around 110 days. The sedimentation has 

gradually increased over the next 100 days nevertheless a significant proportion of the NPs 

were still dispersed even after 250 days of storage. Thermal agitation pushes NPs in lubricants 

to move randomly resulting in Brownian motion, and if Brownian motion overcomes attractive 

forces among particles, stable dispersion is obtained. DLVO (Derjaguin and Landau, Verwey 

and Overbeek) and Steric stabilization are two widely accepted theories explaining the 

colloidal stability of particles[66]. According to DLVO theory particle polarization causes Van 

der Walls forces which attract nanoparticles towards each other while electrostatic forces 

among particles oppose it[66]. Though, in a nonpolar base oil, these forces are weak and 

believed to have limited or no role in colloidal stabilization[180]. While the steric stabilization 

theory proposes a balance between complex attractive Van der Walls forces and repulsive steric 

forces for stable dispersion. The steric repulsion comes into action when NPs adsorbed with 

surface layers approach each other, causing deformation of grafted/absorbed surface layer 

resulting in repulsive forces[66]. Physicochemical properties of Zinctitanate NPs and steric 

stabilization provided by dispersant may be a plausible explanation for the excellent colloidal 

stability of NPs in the synthetic nonpolar base oil.                       

7.8.2.Tribological performance 

In absence of any additive, base oil registered the largest WSD as evident from figure 

7.13(a) tested following ASTM 4172 standard. It was observed that successive increases in 
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nanoparticle concentration in base oil reduced average WSD respectively. A small 

concentration (0.25 wt%) of Zinctitanate nanoparticle in base oil reduced WSD by 9% and a 

maximum wear reduction of 26% was observed for 1wt% Zinctitanate concentration. AF 

behavior also gave a similar trend and a 14% friction coefficient reduction was observed for 

0.75 wt% concentration while 1 wt% concentration registered a 12% improvement. Figure 7.13 

(c) shows that base oil registered the highest µ fluctuation for the entire test duration. For the 

initial 500 seconds friction was relatively low but due to the inability of neat oil to form stable 

film and subsequent poor surface protection accelerated wear rate as evident from the 

increasing µ trend till the end of the test. Interestingly, the addition of a small concentration 

(0.25 wt%) of Zinctitanate nanoparticles gave very low initial friction, but the friction 

coefficient increased rapidly inferring weaker film formation, not sufficient to provide stable 

surface protection. Increasing NPs concentration reduced fluctuation of µ value and PZT-0.75 

gave negligible fluctuation indicating thicker film coated on rubbing surfaces.   

PZT-1(26%)> PZT-0.75(21%)> PZT-0.5(14%)> PZT-0.25(9%)>P     AW performance @ ASTM 4172  

PZT-0.75(14%)> PZT-1(12%)> PZT-0.5(9%)> PZT-0.25(6%)>P       AF performance @ ASTM 4172 
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7.8.3.Topography analysis of the worn surface.  

To explore the morphology of the wear scar and constituents of the plausible tribofilm, 

steel balls were thoroughly examined using SEM and EDS analysis. Figure 7.14 shows the 

SEM micrograph, elemental mapping (X 500), and chemical elements of respective wear scars. 

Counter surfaces in the boundary lubrication regime are generally separated by a very thin film 

(monolayer) of lubricant molecules adsorbed on rubbing pairs. The thin lubricant film under 

tribostress is unable to reduce direct asperity interaction which results in adhesive (plastic 

deformation) and/or abrasive wear [122]. The surface lubricated with the base oil (micrograph 

figure 7.14(a)) shows rough topography consisting of severe abrasion and plowing/micro-

cutting. While the surface lubricated with Zinctitanate nanolubricants (micrograph figure 7.14 

(b)) shows relatively shallower and narrower groves (minor abrasion marks) inferring 

protection provided by Zinctitanate nanoparticles. Other than abrasion marks, the micrograph 

of the worn surface with base oil lubrication shows micro pits throughout the worn surface that 

can be accredited to adhesive wear. Generally, asperity interaction under poor lubrication and 

Figure 7.13 (a) Average Wear (b) Average Friction Coefficient (c) Friction Coefficient (µ) 
vs time performance throughout the test duration for formulated nanolubricants tested 
following ASTM 4172 standards i.e., 1200 rpm, 40kg applied load, 75OC temperature, 
and 60 minutes of test duration. For the initial 500 seconds friction was relatively low but 
the inability of base oil to provide effective surface protection accelerated wear rate as 
evident from the increasing µ trend till the end of test duration. While nanoparticle 
concentration reduced fluctuation of µ and PZT-0.75 gave negligible fluctuation 
indicating thicker film coated on rubbing surfaces.  
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severe working condition may lead to localized bonding of asperities and subsequent sliding 

remove chunks of material (plastic deformation)[122]. In general, a good agreement between 

worn surface morphology and surface wear was observed in this study.      

EDS elemental analysis of surfaces with base oil lubrication shows primarily O, Fe, Cr, and 

C as shown in figure 7.14. Interestingly, the Oxygen concentration was highest for surfaces 

undergone severe surface damage i.e. surfaces lubricated with neat base oil. Both signature 

elements of Zinctitanate (Ti, Zn) were detected for the surfaces lubricated with Zinctitanate 

nanolubricants.    

Based on surface characterization reported in the literature there are four known 

mechanisms for increased wear protection provided by nanoparticles[64, 65]. Two of these 

mechanisms could be accredited to the direct action of NPs (film formation, and ball bearing) 

while others are due to secondary surface-enhancement (polishing and mending effects). 

Though, in various studies, the classification of active mechanisms is still a subject of 

discussion. The mending (self-repairing) effect occurs if nanoparticles occupy the scars and 

grooves of the counter surfaces, compensating for the loss of material, which may result in 

reduced wear[64]. While during the polishing effect, the average roughness of rubbing surfaces 

is minimized due to the abrasive action of the nanoparticles. Owing to lower surface roughness 

this polishing or “artificial smoothing” effect results in improved tribological performance[64]. 

The ball bearing effect is the result of a direct action of nanoparticles, which occurs when quasi-

spherical or spherical nanoparticles roll between counter surfaces, converting sliding friction 

into a combination of rolling and sliding friction[64]. On the other hand, stronger film 

formation results in sacrificial film on top of the rubbing surface attributed to 

tribosintering/chemical reaction between substrate and nano-additives under tribostress. For 

effective protection of substrate, the tribofilm formation rate should be higher than the 

progressive material removal rate due to wear.  
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7.8.4.Extreme Pressure performance 

Based on the tribological performance and surface characterization results of this study, 

Zinctitanate NPs appear to be tribosintered/chemically reacted on the worn surface resulting in 

the formation of sacrificial, regenerative, and protective tribofilm. EDS analysis shows higher 

Zinctitanate NPs signature (Zn, Ti) on the worn surface tested following stipulated test 

condition (higher load) than ASTM 4172 standard. This could be due to relatively severe 

working conditions due to higher load-induced tribostress.         

Generally, the EP performance of nanolubricants highly depends on the ability of 

nanoparticles to enter the contact zone and form a protective film on metallic rubbing surfaces. 

The film may form either due to tribochemical reaction or smeared nanoparticles or a 

combination of both[85, 99]. This film should not only be uniformly distributed, and coherent 

but also possess the ability to resist seizure by minimizing direct asperity contacts[99]. The EP 

performance test of Zinctitanate nanolubricants following IP 239 standard is shown in figure 

7.15(a). Initially, a direct correlation between Zinctitanate concentration and EP performance 

(maximum non-seizure load / pre-weld load) was observed up to 0.75 wt.% with the highest 

enhancement of 65% beyond that (for 1wt %) no further enhancement was observed. During 

60 seconds of the test, the top layer progressively gets removed several times due to tribostress, 

Figure 7.14 SEM-EDS characterization of worn surface lubricated with (a) PAO, (b) PZT-1 
following ASTM 4172 test standards. SEM micrographs shows relatively smoother 
topography (less plowing/micro-cutting) of surfaces lubricated with nanolubricants than 
respective base oil.   
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and the presence of Zinctitanate nanoparticles between asperity contacts has certainly resisted 

seizure resulting in higher load-carrying capacity.    
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To understand phenomenal EP performance enhancement and the presence of plausible transfer 

film, surface characterization (SEM-EDS) of respective pre-weld ball lubricated with PAO and 

1 wt.% concentration is shown in figure 7.15. The worn surface of the pre-weld ball lubricated 

with the base oil (figure 7.15(b)) shows rough topography with severe scuffing marks in 

addition to deep continuous grooves along with sliding direction. Surface lubricated with 

nanolubricant shows tribofilm composed of Zinctitanate nanoparticles as evident from EDS 

elemental dot mapping as shown in figure 7.15(c). The tribofilm appears to be patchy strips 

and covers a large area of the worn surface as shown in respective SEM micrographs and EDS 

dot mapping.  

 

 

Figure 7.15 (a) EP performance of different nanolubricant concentration. (b) SEM 
micrographs of pre-weld worn surface under PAO base oil lubrication. (c) SEM 
micrographs and EDS dot map of pre-weld worn surface lubricated with nanolubricants. 
The SEM-EDS results indicated patchy, coherent tribofilm on worn surface composed of 
Zinctitanate nanoparticles attributed to excellent EP performance  
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7.8.5.XPS characterization of the tribofilm. 

To further probe the chemical state of the tribofilm XPS spectrum of worn surface 

lubricated with 1 wt.% Zinctitanate nanolubricant was employed. The top of figure 7.16 

(plotted with blue colour) shows core level XPS spectroscopy of near-surface zone while the 

bottom (plotted with red colour) shows core level spectroscopy of 100 nm deep surface 

obtained by ion sputtering. The core level Ti spectra show two main peaks of ≈458.8 and ≈464.5 

eV binding energies that could be attributed to the formation of FeTiO3[111, 183, 184]. 

Tribostress (compacting, sintering, and localized heating) may lead to the disintegration of 

Zinctitanate NPs and subsequent tribochemical reaction with Fe of exposed nascent steel 

surface resulting in the formation of FeTiO3 film. This deposited film on the rubbing surface 

is sacrificial and may provide wear protection to interfacial surfaces. In addition to the above 

two peaks, Vinay Saini et.al has also reported a binding energy peak at ≈458.6 eV associated 

with TiO2[111]. This peak in the near-surface zone is most likely to be buried inside the main 

peak of ≈458.8 eV and was not distinguishable[111]. The100 nm deep surface zone shows a 

distinguishable Ti peak with a binding energy of ≈458.6 eV that in association with the ≈530.0 

eV peak of O1s can be accredited to TiO2. The dominant O1s peak of ≈531.3 and ≈531.1 eV 

for near-surface and 100 nm deep zone respectively could be associated with ferrous oxide 

(FexOy) formed due to localized frictional heat[99, 133]. Both these surfaces also show Zn2p 

peaks around ≈1021 (Zn 2p3/2) and ≈1044 eV (Zn 2p1/2) which could be associated with ZnO. 

The Fe2p core level spectra show two dominant peaks with binding energies of ≈710.5 and 

≈724.4 eV, which could be attributed to ferrous oxides (Fe2O3)[75, 133, 182].  

Atomic composition of near-surface and 100 nm deep surface zone obtained from quantitative 

XPS analysis are tabulated in Table 7.4. The Ti and Zn composition obtained by XPS 

spectroscopy (3.74, 1.82 atomic%) were significantly higher than the respective EDS (1.23, 

0.86 atomic%) compositions. This is due to dissimilar probing depths of XPS (few nanometers) 

and EDS (few micrometers). The 100 nm deep worn surface shows a significant presence of 

Zinctitanate constituents i.e., Ti (1.56 %) and Zn (0.97 %), inferring tribofilm thickness of over 

100 nm.     
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Table 7.4 Atomic concentration of tribo-active elements obtained by XPS spectroscopy of 
worn surface lubricated with Zinctitanate nano-oil. The presence of a significant amount 
of Zn and Ti elements on the 100nm deep surface indicates the protective tribofilm to be 
at least 100nm deep.      

Samples Atomic % 

O C Fe Ti Zn 

Near surface zone 58.68 9.36 26.4 3.74 1.82 

100 nm depth surface 25.37 4.12 67.98 1.56 0.97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.16 core level XPS spectra of Fe, O, Ti, Zn for worn surface lubricated with PZT-1. 
top spectra (plotted with blue colour) for near surface zone surface, bottom graph (plotted 
with red colour) 100 nm deep surface obtained by Ar-ion sputtering. Ti 2p core level spectra 
of both surfaces shows two binding energies at ≈458.8 and ≈464.5 eV which could be 
attributed to the formation of FeTiO3 due to disintegration of Zinctitanate NPs and 
subsequent tribochemical reaction with nascent steel surface. While Zn2p peaks of transfer 
film around ≈1021 (Zn 2p3/2) and ≈1044 eV (Zn 2p1/2) could be associated with ZnO.    
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7.8.6.Synergistic effect of ionic liquid and nanoparticles.  

The synergistic performance of both nanoparticles (Boehmite and Zinctitanate) with 

best performing phosphonium phosphate IL i.e. [P66614][DEHP] were assessed following 

ASTM 4172 standard and shown in figure 7.17. As single additive, optimum concentration (1 

wt%) of Zinctitanate nano-oil registered slightly better wear reduction compared to Boehmite 

nanoparticles (0.5 wt%). While as hybrid nano-oil, Boehmite registered superior antiwear 

properties of 53% compared to 49% of Zinctitanate. Similarly, Boehmite hybrid nano-oil also 

gave 26 % friction reduction which was relatively higher than Zinctitanate hybrid nano-oil 

(24%). EP (extreme pressure) performance were assessed following IP 239 standard. Boehmite 

hybrid nano-oil showed 50% enhancement in load bearing capacity over base oil, which is 

higher than respective individual additive performance i.e. IL2 (40%), Boehmite (25%). It was 

interesting to note that Zinctitanate hybrid nano-oil gave 65 % enhancement in load bearing 

capacity which was similar to Zinctitanate as single additive. This could be attributed to severe 

operating condition and inability to provide continuous surface protection at extreme pressure.               
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7.17 Tribological performance of Zinctitanate and Boehmite hybrid nano-oil. (a) 
antiwear, (b) antifriction performance tested according to ASTM 4172 standards i.e. 40kg 
load, 1200 rpm, 75oC temperature for 3600 seconds. (c) EP performance tested following 
IP 239 standards. Tribological performance of these hybrid nano-oil showed shows 
synergy with 53% wear and 26 % friction Coefficient reduction. Boehmite hybrid nano-
oil slightly outperformed their Zinctitanate counterpart.   

 

Table 7.5 gives the EDS analysis of the worn surfaces lubricated with boehmite and 

Zinctitanate hybrid nanolubricants. Presence of Phosphorus on the worn surface could be 

attributed to tribochemical reaction of phosphonium phosphate IL under tribostress and 

subsequent formation of iron-phosphate compounds (FePO4) as observed in XPS analysis. 

While Al could be attributed to tribosintered nanoparticles in the form of Al2O3 due to 

dehydration of boehmite nanoparticles as observed in XPS analysis. On the other hand, 

presence of Ti on the worn surface lubricated with Zinctitanate may be associated with 

tribochemical reaction with substrate and subsequent formation of FeTiO3, and TiO2 as 

observed in XPS study. While Zn is present in the form of ZnO as given by XPS analysis.    

Table 7.5 EDS analysis of worn surfaces 

Lubricants Atomic % 

O C Fe Cr Zn Ti P Al 

PAO+IL2+Boehmite 5.87 6.72 84.06 1.23 - - 1.47 0.65 

PAO+IL2+Zinctitanate 5.36 6.89 83.25 1.31 0.73 1.12 1.34 - 
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7.9.Important Observations:  

This novel study explores the potential of Zinctitanate nanoparticles as antiwear and extreme 

pressure additives along with synergy with best performing IL in API group four base oil 

mimicking boundary lubrication regime. Based on the colloidal stability, tribological behavior, 

and tribofilm characterization of worn surfaces, we conclude that.  

1. Zinctitanate nanoparticles showed excellent dispersion stability (majority dispersed 

even after 225 days) in the synthetic base oil, and the DLS study confirms very limited 

agglomeration of colloidal nanoparticles over time. The excellent colloidal stability 

could be attributed to physicochemical properties of Zinctitanate nanoparticles along 

with steric repulsion provided by dispersant PIBSA. 

2. Zinctitanate nanolubricant showed excellent antifriction (14%) and antiwear (26%) 

properties over PAO-6 synthetic base oil and based on the antiwear performance we 

recommend 1wt.% as optimum nanoparticle concentration.      

3. An increase in nanoparticle concentration increased extreme pressure performance and 

a maximum improvement of 65% was observed at 1 wt. % concentration.  

4. Morphology of worn surface lubricated with nanolubricants gave negligible adhesive 

wear and minor abrasive wear which may be accredited to the direct action of 

nanoparticles (bearing effect and tribosintering) in protective film formation.  

5. Surface characterization techniques corroborate tribofilm (at least 100nm thick) 

composed of FeTiO3 and ZnO attributed to tribosintering/tribochemical reaction under 

severe working conditions (compacting, sintering, and localized heating).   

6. Boehmite hybrid nanolubricant marginally outperformed Zinctitanate counterpart with 

53 and 49% wear reduction respectively but Zinctitanate gave superior dispersion 

stability compared to that to Boehmite.   

7. Surface characterization confirm role of both additives (ILs and NPs) in tribofilm 

formation.  
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Chapter – 8 
 

Conclusions and Scope for Future Work 
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8.1. General 

In pursuit of efficient lubricant with potential to replace/minimize harmful SAPS compounds 

of commercial lubricants, 7 distinct NPs and 3 phosphonium phosphate ILs were studied. Other 

than tribological performances, the emphasis was given to long term stability of formulated 

hybrid nano-oil. This study explores tribological i.e. antiwear (AW), antifriction (AF) and 

extreme pressure (EP) performances along with physicochemical properties of formulated 

lubricants. Figure 8.1 gives the methodology employed for lubricant formulation and 

performance analysis.   

 

 

 

 

 

 

 

 

 

8.2. Overall conclusions of the study.  

• All three ILs showed excellent miscibility (at least 5 wt%) in PAO, strengthening the 

hypothesis that reducing the charge density of ions (due to longer alkyl chain length of 

both ions) would increase the IL’s compatibility with neutral oil molecules. 

 

• We are the first to explore IL3 i.e. [P66614][DBP] as a lubricant additive and observed 

very good tribological performance with 21 and 19% of wear and friction reduction, 

respectively. 

 
• Based on AW, AF and EP performances these ILs can be ranked as  

IL2 (30%) > ZDDP (25%) > IL3 (21%) > IL1 (8%)      AW performances 

Figure 8.1 Methodology employed for lubrication formulation and performance 
analysis 
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IL2 (25%) > ZDDP (20%) > IL3 (19%) > IL1 (10%)      AF performances 

IL2 (40%) = ZDDP (40%) > IL3 (25%) > IL1 (15%)      EP performances 

It was interesting to note that despite having same cation and similar phosphorus 

concentration, IL1 improved wear reduction marginally if compared with the other two 

ILs, inferring that tribochemistry of both cation and anion are equally important for the 

tribofilm formation. 

 

• IL2 and IL3 showed excellent synergy with various nanoparticles and gave friction 

reduction in the range of 25 – 30%, while wear reduction was 41-57 %. 

 

• IL2 and IL3 hybrid nanolubricants showed compatibility and enhanced extreme 

pressure (EP) performance of the base oil in the range of 65–75%. 

 

• Ionic liquids (ILs) enhanced the dispersion stability of hBN and ZnO NPs by 

marginally. But it was observed that ILs on their own may not provide prolonged 

stability in lower viscosity oils and further dispersion stability enhancement methods 

for NPs should be explored. 

 
 

• PIBSA dispersant did not negatively affect the performance of base oil or any additive 

combination. No precipitation or cloudiness was observed, inferring plausibly no 

chemical reaction among IL, NP, and dispersant PIBSA during sample preparation or 

storage. Which indicates that PIBSA dispersant can be employed along with 

phosphonium phosphate ILs to disperse non-miscible lubricant constituents (specially 

NPs) 

 

• In search of better colloidal stability, we explored novel nanoparticles, i.e. Boehmite 

and Zinctitanate, which showed excellent friction (14-18%), wear (23-53%) reduction 

properties and enhanced EP performance (40-75%) compared with the base oil. Based 

on the wear performance of formulated lubricants we recommend 0.5 and 1 wt% as 

optimum concentration for Boehmite and Zinctitanate NPs respectively. 
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• The surface characterization techniques confirm dehydration of Boehmite into 

Aluminium oxide and tribofilm composed of tribosintered Aluminium oxides (Al2O3). 

While Zinctitanate formed tribofilm (at least 100nm thick) composed of FeTiO3 and 

ZnO attributed to tribosintering/tribochemical reaction under severe working 

conditions (compacting, sintering, and localized heating). 

 

• All the hybrid nanolubricants outperformed ZDDP indicating that compatibility 

between ILs and NPs can help in decreasing overdependence on ZDDP provided the 

long term dispersion stability of NPs is addressed.  

Based on wear reduction results with best performing IL i.e. [P66614][DEHP], hybrid 

nano-oils can be ranked as: 

hBN (57%) >  AlOOH (53%) > ZnO (50%) > ZnTiO3(49%) > ZnDDP (25%) 

 

• Visual inspection and DLS analysis show excellent dispersion stability of Boehmite 

(negligible sedimentation for the first 30 days) and Zinctitanate (110 Days for phase 

separation) NPs due to their ability to slow agglomeration over time. We recommend 

Zinctitanate hybrid nano-oils based on long term stability and tribological performance 

(49% wear reduction which is nearly double of ZDDP performance of 25%).  

 

Table 8.1 dispersion stability of various nanoparticles in PAO non polar base oil 

enriched with dispersant PIBSA 

Nanoparticles Average Particle Sizes (nm) Duration 

CuO 40 nm 1 Week 

Al
2
O

3
 30-50 nm 11 days 

SiO2 30-50 nm 10 Days 

ZnO 30 nm 8 Days 

hBN 70 nm 15 Days 

Boehmite (AlOOH) 20 nm 45 Days 

Zinctitanate (ZnTiO
3
) 100 nm < 110 Days 

` 
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• Surface characterization techniques confirmed synergy between ILs and NPs in the 

formation of regenerative sacrificial tribofilm on the counter surfaces composed of 

phosphates (Fe–P–O, plausibly FePO4) and tribosintered/triboreacted NPs. Extensive 

characterization of worn surfaces lubricated with different lubricant formulations 

reveals primarily tribosintering for oxide nanoparticles (CuO, Al2O3, SiO2, ZnO), while 

hBN and ZnTiO3 appears to be disintegrated and chemically reacted with nascent steel 

surface. On the other hand, we observed just like Talc, and Serpentine, Boehmite 

mineral dehydrated in to Al2O3 and subsequently tribosintered on the worn surfaces.     
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8.3. Scope for future work 

• Studies may focus on introduction of newer ionic liquids with tuning molecular 

structure. 

• Studies can be extended to reused oils. 

• The potential of nanolubricants can be further explored with different base oils, i.e. 

vegetable oils, synthetic oils, greases etc. 

• The compatibility of ionic liquids and NPs can be explored in the presence of other 

essential additives (anti-oxidant, corrosion inhibitors, etc.) 

• NPs can be functionalized to enhance the dispersibility in oils.  
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