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ABSTRACT 

The lubricant is essential for the smooth working and desired performance of tribopairs. In the 

applications like internal combustion engine where the tribopairs have to operate in adverse 

tribological condition like high speed, high temperature, high range of operating temperature, long 

oil changing intervals etc., the use of proper lubricant becomes critical and essential. The improper 

lubrication in an I.C. engine may be hazardous for environment moreover it reduces the service 

life of the tribopairs.  

The lubricant used for modern-day I.C. engine cannot be plain mineral oil or synthetic oil. A lot 

of performance booster additives have been used to enhance the physical and chemical stability 

along with tribological and thermal performance the lubricant. The lubricants nowadays are 

blended up to 25% with such lubricant additives. The nanoparticles have proved to be very 

promising lubricant additives as they possess unique physical, chemical, thermal and tribological 

properties. Such particles can be used as a lubricant additive to enhance overall the performance 

of the lubricant. 

In the present work, attempts have been made to study the tribological performance of the 15W40 

lubricating oil in the presence of various nanoparticles. The stable nanolubricant with various 

compositions of the nanoparticles have been prepared and investigated for stability by Zeta 

potential test. The zeta potential values for the nanolubricant ranges from 24 mV to 45 mV which 

indicate moderate to high stability 

The tribological analysis of the nanolubricant was conducted on the pin on disc tribometer 

according to ASTM G-99. The coefficient of friction and specific wear rate in presence of 

nanolubricant has been compared with the fresh 15W40 lubricant for both fully flooded and 

starved lubrication conditions. The nanolubricant decreased the C.O.F. significantly moreover the 

S.W.R. in case of nanolubricant was negligible as compared to fresh 15W40. 

The tribological and extreme pressure analysis of the nanolubricant had also been conducted on 

the four ball tester according to ASTM D4172 and ASTM Din 51350-02, the wear scar diameter 

was measured by the vision inspection system at 300 X magnification. The C.O.F. decreased upto 

25% and WSD decreased upto 59% in case of nanolubricant. The weld load for the nanolubricant 

increased upto 29%. 
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The novel nanolubricants had been synthesized by combination of two nanoparticles and tested 

for the tribological performance on both pin on disc tribometer and four ball tester, performed 

better than the fresh 15W40. The novel nanolubricants were used in the internal combustion engine 

for the performance analysis and emission analysis. The BSFC decreased and BTE increased 

significantly in presence of nanolubricant. The engine emission also decreased in presence of 

nanolubricant.   
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CHAPTER 1 

INTRODUCTION 

 

This chapter deals with the brief introduction to tribological parameters, lubricant, properties 

of lubricant, lubricant additives and grading of lubricant. The brief introduction of 

nanoparticles and their tribological impact has also been included in this chapter. 

1.1 Motivation 

The intrinsic international norms for engine emission made the researches to work on a highly 

efficient system with strict pollution norms. The frictional losses due to an improper lubricating 

system for the I C engine are around 20-30% [1,2], moreover the faulty lubrication results for 

the escape of harmful flue gasses and unburnt hydrocarbon to the environment. Therefore, the 

lubricant and lubricating system is an essential component of the I C engine for enhancing the 

performance. The lubrication requirements of modern automotive engines cannot be met by 

simple mineral oils alone, or even by synthetic fluids. Both require some additives for 

enhancing their physical and chemical properties according to the field of application. The 

typical constituents of lubricants for gasoline and diesel engines are to be selected in such a 

way that the frictional loss and wear of the cylinder liner and piston rings or piston and piston 

ring would be minimum. The major component of the lubricant is the base fluid that is high-

quality solvent-refined mineral oil. For certain high-performance applications, e.g. high power 

output, long oil-change intervals, low starting temperatures, better efficiency etc., it may be 

necessary to use more highly processed mineral oils or synthetic chemical products. The base 

fluid is supplemented with additives, according to the required role in the field of application. 

In the formulation of lubricants, great care needs to be taken to obtain the correct balance of 

properties, some of which conflict with others, often more than one additive is used to obtain 

the desired result. The additives can be macroscopic or microscopic and with the recent 

development in nanotechnology, the nanoparticles added to the lubricant as additives enhance 

the performance by reducing friction and wear of the tribopair.  

 



` 

2 

  

1.2 Tribology 

Tribology ‘the study of rubbing’ has been coined in the Greek language, which is the 

combination of tribos and logy. Tribos means rubbing and logy means study. The knowledge 

of tribology and its effects are age-old still the term “Tribology” was coined in 1966 by 

“Committee of organization for economic cooperation and development”. In other word 

tribology is the study of friction, wear, and lubrication of contacting surfaces subjected to some 

load and having relative motion.  

 

1.2.1 Friction 

Friction may be defined as the resistive force which opposes the motion occurred due to sliding 

or rolling of the solid body over another solid body. The direction of friction force is opposite 

to the direction of motion of the surface. Friction is a necessity for us for performing many 

days to day activities like walking, the weaving of clothes, driving automobiles, etc. at the 

same time it is important to study the power losses due to friction as around 30% of the power 

produced by the prime mover goes waste due to friction [2].  

In 1519 Leonardo da Vinci was the first to postulate frictional laws. After that Amontons in 

1699 and Coulomb in 1785 quantified friction. The differences between static and kinetic 

friction were given by Coulomb. The force which required to start the movement of one body 

over the other is termed as the static friction force. The force that maintains sliding along the 

surface is termed as the kinetic friction force. The magnitude of kinetic friction is generally 

lower as compared to static friction. The ratio of the force of friction to the normal applied load 

acting on the surface is termed as Coefficient of friction (C.O.F.). 

𝐹 =  𝜇𝑊  ………………………. (1.1) 

where F = Force of friction, W = Normal applied load and μ = coefficient of friction (C.O.F.) 

The coefficient of friction (C.O.F.) does not depend upon the normal load. It is the property of 

the materials of surfaces in contact. The theoretical calculation of C.O.F. was done by Bowden 

and Tabor’s simple adhesion theory, modified adhesion theory and deformation theory [11], 

but this theoretical approach is very complicated than the experimental methods. Inclined plane 
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rig and pin-on-disc rig are two of the most widely used methods for determination of the C.O.F. 

of the tribopairs.  

1.2.2 Wear 

Wear may be termed as the gradual removal of material from one or both the surfaces in contact 

having a relative motion under a normal load. When the interaction occurs at the interface of 

the two surfaces having asperities, wear take place.  It’s not a characteristic of material but 

system feedback. Interface wear is mainly characterized by the operating conditions of the 

system. Wear may or may not be desired in a system depending upon the requirements. Wear 

is desired while performing the following tasks:  shearing, machining, writing, and polishing, 

on the other hand, it is not desired in performing many machine applications such as gears, 

bearings and cams. Generally, it was observed that high frictional force caused accelerated 

wear rate in the surfaces, but this is not true always. The surface having solid lubricant shows 

lesser C.O.F. but higher wear as compared to the surface having liquid lubrication. The 

exceptionally low wear rate but average frictional values are shown by ceramics. Friction and 

wear can be associated with each other for some particular conditions. Mechanical or chemical 

action causes wear in the surfaces and the thermal action is the one which accelerates the wear 

rate. 

A brief description of the different type of wear mechanism is given below: 

1.2.2.1 Adhesion Wear 

Adhesive wear could be experienced in material from one surface to another during the relative 

motion as shown in Figure 1.1. When the C.O.F. between the two surfaces becomes high it 

results in a high amount of heat generation between the surfaces which results in either solid 

phase welding at the contact point or localized bonding between the surfaces. An eradicated 

particle from one surface tends to be either completely or momentarily attached to another 

surface [3,4]. When this bond break it results in the removal of micro-particles from the 

surface. High friction coefficient was observed because of the adhesive wear of the sample [4]. 

One simply cannot observe the adhesion of two casually placed objects because of the oxides 

and oil film on the surface. Surface hardness is inversely proportional to the surface adhesion 

so it can be controlled with the increase of surface hardness.  Adhesive wear of the coating can 



` 

4 

  

be defined as plastic deformation of minor fragments within surfaces when two surfaces slide 

relatively [4]. 

 

Figure 1.1 Mechanism of adhesion wear 

1.2.2.2 Abrasive Wear 
 

When a material with higher hardness is forced against the material having lower or equal 

hardness, abrasive wear occurs. The extent of abrasive wear is much more than realized. A soft 

material may also cause abrasive wear if there is any presence of a hard particle.  

 

Figure 1.2 Abrasive wear mechanism a) Two-body abrasion, b) three body abrasion 
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There are two modes of abrasive wear mechanism: two-body wear mechanism and three body 

wear mechanism. The simplest example of two body wear mechanism is the rubbing of emery-

paper on the surface. Rigidly held grit or hard asperities pass over the cutting tool. In the three-

body mechanism, grits may roll and slide over the surface because of loose bonding [5]. 

Schematic of the two bodies and three body mechanism are given in Figure 1.2. 

1.2.2.3 Fatigue Wear 

When the two or more surfaces have asperities contacts and high-stress concentration, the 

asperities of one surface deforms the asperities of another surface. Due to multiple cycles the 

crack initiate as shown in Figure 1.3 (a). As the number of cycles increases the crack propagates 

(Figure 1.3 (c)) ultimately resulting in the release of wear particle (Figure 1.3 (d)) from the 

material. The wear particles are generated by fatigue propagated cracks, hence the term ’fatigue 

wear’. The strain on the worn surfaces are of very high magnitude and plastic in nature causes 

the modification of the microstructure of the material and effects the wear processes [6.7]. 

 

 

Figure 1.3 Mechanism of fatigue wear 
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1.2.2.4 Erosive Wear 

The erosive wear caused due to the impact of solid or liquid particle against the surface of an 

object as shown in Figure 1.4. Erosive wear is very much present in the internal combustion 

engine where the wear debris or the dust or any other foreign material mixed in the lubricating 

oil strikes the surface and cause damage on the surface [8]. 

Erosive wear mechanism involved various mechanism which is controlled by a different 

parameter such as particle material,  the angle of incidence, impact velocity, particle size, etc. 

If the erosive particle is hard, then there is the possibility of the abrasive type of wear process. 

Erosive wear refers to unspecified numbers of wear mechanism which occurs when relatively 

small particle impact against the mechanical components. The known mechanism of the 

erosive wear is abrasion, fatigue, plastic deformation, erosion by the brittle fracture, melting 

and melting and superplastic flow [9]. 

 

Figure 1.4 Mechanism of erosive wear 

1.2.2.5 Corrosive wear 

The wear due to the localized chemical reaction between the surface which is caused as 

elevated temperature and the tribofilm between the surfaces may act like an electrolyte. The 
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chemical reaction between the surfaces causes the wear of one surface due to anodic transfer 

as shown in Figure 1.5. 

 

Figure 1.5 Mechanism of erosive wear 

1.2.3 Lubrication 

Lubrication is the process in which friction between the surfaces has close proximity and a 

relative motion is reduced using lubricants. i) It reduces the wear of one or both the surfaces. 

If there is adequate lubrication, then the rate of wear is considerably reduced preventing 

excessive stresses at tribopair. ii) Lubrication is also needed for smooth and continuous 

operations of equipment and different machine components. When the lubricants’ layers break 

down, it causes the surfaces of the component to rub against each other which generates heat 

and further local welding occurs between the surfaces. By using different lubrication methods, 

the maintenance cost and power losses can be minimized too. Lubrication also minimizes the 

expansion of metal due to frictional heat. Lubrication Mechanism may be understood by 

Specific Film Thickness (SFL) [10]. 
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Ʌ =  
ℎ𝑚𝑖𝑛

√𝑅𝑟𝑚𝑠𝑎
2 + 𝑅𝑟𝑚𝑠𝑏

2
  …..……………….. (1.2) 

 

hmin = Distance between the tribopairs 

Rrmsa = Distance between the consecutive peaks 

Rrmsb = Distance between the consecutive volleys 

If  

Ʌ < 1: Boundary Lubrication 

1 < Ʌ < 3: Mixed Lubrication 

3 < Ʌ < 5: Elastohydrodynamic Lubrication 

Ʌ > 5: Hydrodynamic Lubrication  

1.3 Lubrication Mechanisms 

1.3.1 Thick Lubrication  

In thick film lubrication as shown in Figure 1.6 (a) the tribosurface are separated from each 

other by a thick layer of lubricant. The C.O.F.(μ) ranges from 0.001 to 0.03 in this range. This 

type of lubrication regime is produced when the lubricant gets pumped between the tribopair, 

the speed of tribopair is high and the load on the tribopair is low. There is no asperity contact 

in this type of lubrication regime. The lubricant film thickness in the type of lubrication is in 

the category of elasto-hydrodynamic to hydrodynamic lubrication [11]. 

1.3.2 Boundary Lubrication 

In boundary lubrication as shown in Figure 1.6 (b) the tribosurface are separated from each 

other by a thin layer of lubricant. The C.O.F.(μ) ranges from 0.05 to 0.15 in this range. This 

type of lubrication regime is produced when the lubricant has not been pumped between the 

tribopair, the speed of tribopair has been very slow and the load on the tribopair is high. There 

is very high asperity contact in this type of lubrication regime. This type of lubrication is 



` 

9 

  

achieved by high adhesion between lubricant and tribopair. The film thickness in this type of 

lubrication regime ranges from 1-10 nm [11].  

1.3.3 Mixed Lubrication 

When the lubricant film thickness gets reduced due to the increase in load or decrease of speed 

or maybe some time due to inadequate pressure generated by the pump, the asperity contact 

starts to form. The asperity contact is not that high as in case of boundary lubrication still it is 

considerably high to increase the coefficient of friction, the C.O.F. values in mixed lubrication 

ranges from 0.035 to 0.05. The mixed lubrication regime can also be observed in the case of 

virgin surfaces where the surface roughness is considerably high [11].   

 

Figure 1.6: Lubrication Regimes, a) Fluid Film Lubrication, b) Boundary Lubrication, c) 

Mixed Film Lubrication 
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1.4 Lubricants 

Lubricants are the substances used to i) reduce the wear, ii) reduce friction, iii) oxidation iv) 

corrosion, of the tribopairs. The basic function of the lubricants is to protect the surfaces from 

wear by providing slipping of one tribosurface over the other by developing a sharable layer 

over the tribopair. The researchers are continuously working on the development of advanced 

lubricants and oils to minimize the maintenance cost due to friction and wear. The properties 

of the lubricants like viscosity and surface tension enable the lubricant to maintain a stable 

layer between the tribopairs [12].  

Table 1.1: Type of Lubricants 

Type of Lubricant Properties of Lubricant Examples 

SOLID -  The coating of softer 

solid material in the tribopair 

Protecting the tribopair from 

the wear and reduces friction 

 High load bearing capacity  

 Corrosion resistance  

 High stability for changing 

temperature and pressure  

 Easy to clean poor heat 

dissipation  

 High C.O.F. and wear  

  

 Polymer 

 Solid- Metal 

 Cermet 

LIQUID – The liquid lubricants 

are pumped to the interface of 

tribopair to resolve friction and 

wear. 

 Low viscosity oil 

 High thermal conductivity  

 Pressure is required to ensure 

proper lubrication  

 Better adhesive property  

  

 Vegetable oils 

 Animal Fat 

 Mineral oil 

 Synthetic oil 
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GAS – The pressurized gas 

used having ultra-low viscosity 

separating the tribopair to 

prevent wear and reduce 

friction. 

 High working temperature 

range  

 Better cleaning  

 Very low viscosity  

 Highly Volatile 

 Air 

 Nitrogen  

 Helium 

 Mist 

The lubricant provides inertness to the atmosphere, protecting the surface from corrosion and 

oxidation. In the working conditions for the IC engine, the lubricant carries away extra heat 

generated and protects the surface from thermal cracking. The lubricant also prevents failure 

due to stress concentration and fatigue. Lubricants are selected according to the requirements 

for the reduction of wear and friction. Different types of lubricants are needed for different 

tribopairs as shown in Table 1.1. 

1.4.1 Properties of lubricants 

The study of physiochemical properties of the lubricant is very important as it gives an idea 

about the service life, service conditions and field of application of the lubricant. 

1.4.1.1 Viscosity  

The most important physical property of the lubricating oil is viscosity. Viscosity directly 

affects the thickness of oil film separating the two surfaces is directly proportional to viscosity. 

Hence more is the viscosity more will be the fluid film thickness but oil with higher viscosity 

are difficult to pump resulting in power loss more over such oil is not used for micro and 

nanochannels. The factors affecting oil viscosity are temperature, pressure and shear rate [13]. 

The viscosity of lubricating oil decreases rapidly as the temperature is increased. In case of I 

C engine during cold start, the film thickness at the interface of the cylinder liner and piston 

rings happens to be more as the temperature of the engine increases the viscosity of lubricant 

decreases resulting in thin film lubrication [14].  

The viscosity of lubricant increases with the increase in pressure. The effect of pressure on 

lubricating oil is considerable for heavily loaded or concentrated contact such as ball bearing, 

in such contacts the lubricant at the interface of the tribopair behaves like a solid body 

separating the two surfaces so chances of failure/rupture of lubricating film increases [15,16]. 
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The effect of pressure is not that much in case of engine lubrication as there is not any drastic 

change in the working pressure of the lubricant.  

The lubricant behaves like a non-newtonion fluid. The viscosity of the lubricant decreases as 

the shear rate increases, such fluids are known as shear thinning fluids. The lubricants such as 

mineral oil show pseudoplastic behavior and the semi-solid lubricants show thixotropic 

behavior. 

1.4.1.2 Specific Heat 

Specific heat is another important parameter for lubricating oil as the lubricating oil also 

services as a cooling agent at the interface of the tribopair, i.e., it carries out excess heat 

generated due to friction at the interface of the tribopair [13]. Specific heat is the measure of 

heat carried out by the lubricating oil per kg, so more is the specific heat more will be the 

cooling performance of the lubricant. 

1.4.1.3 Thermal Conductivity 

Thermal conductivity is an important thermal property of the lubricating oil as it gives an idea 

about the amount of heat that the lubricant can conduct form the tribopair per unit temperature 

and protects the tribopair from damage due to thermal expansion. 

1.4.1.4 Thermal Diffusivity  

Thermal diffusivity enables the lubricant to eject the excess amount of heat conducted to the 

atmosphere and maintain its temperature at the safe working condition. 

1.4.1.5 Pour Point  

The pour point is the lowest temperature at which the lubricant would flow. The lubricant starts 

precipitating as it comes across the ultra-low temperature of the atmosphere, for such working 

conditions the pour point of the lubricant should be as low as possible [17]. 

1.4.1.6 Flash point and Fire Point  
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Flash point is the temperature at which the vapors of the lubricant will ignite and the 

temperature at which this ignition sustains is the fire point. The flash point and fire point should 

be as high as possible to avoid an accident. 

 

 

1.4.1.7 Volatility  

The lubricant working at higher operating temperature make come across the evaporation of 

the components due to higher volatility. This evaporation results in increased viscosity of the 

oil and the hydrocarbons evaporated mixes with the atmosphere which is hazardous. 

1.4.1.8 Oxidation Stability 

The lubricant working at a higher temperature may get molecular breakdown due to reaction 

with atmospheric oxygen. The resistance to such rearrangement at elevated temperature is 

termed as oxidation stability [18]. 

1.4.1.9 Surface Tension  

The properties of the lubricant like wetting and spreading on the surfaces are governed by 

surface tension. The surface tension should have a higher value to get the desired wetting effect 

on the tribosurfaces. 

1.4.2 Grading of Lubricants  

The lubricants have different viscosity grades according to the field of application. The SAE 

grading of lubricants according to the viscosity at 100 C is as per Table 1.2. 

The single grade oils are heaving constant viscosity at a different temperature at different 

environmental temperature. Such Oils cannot be used at the places where the temperature 

change is adverse. Moreover, these oils cannot be used for long oil change intervals as the 

effect of seasonal temperature change may affect the tribological performance of the lubricant. 

The multi-grade oils having different viscosity at a different temperature, for example, 15W40, 

it will behave as SAE 15 in a colder environment and SAE 40 in a warmer environment. This 
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would help the long oil change intervals and smooth working during a change in environment 

temperature. 

 

 

 

Table 1.2 SAE grading of lubricant [19] 

 

1.4.3 Lubricant additives 

The tribological conditions in the modern machinery are very critical so mineral oil alone 

might not be enough for the effective lubrication as the working temperature, antiwear 

properties and chemical stability is very less for mineral oil or even for the synthetic lubricants. 

To improve the properties like antiwear ability, anti-corrosion, extreme pressure performance, 

chemical stability, antifriction characteristic, etc. the lubricant must be blended with some 

additives. Some of the lubricant additives have been discussed below given in Table 1.3. 

  

SAE Viscosity Grade Min. Viscosity at 100° C   Max. Viscosity at 100° C 

0 W 3.8 cSt - 

10 W 4.1  cSt - 

15 W 5.6 cSt - 

20 W 5.6 cSt < 9.3 cSt 

25 W 9.3 cSt - 

30 W 9.3 cSt <12.3 cSt 

40 W 12.5 cSt < 16.3 cSt 

50 W 16.3 cSt < 21.9 cSt 

5  W 3.8 cSt < 3.8 cSt 

60 W 21.9 cSt < 26.1 cSt 
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1.5 Nanoparticles  

The nanoparticles having at least one dimension less the less than 100 nm are considered as 

nanoparticles. These particles may be metal, metal oxide or non-metal [21]. The nanoparticles 

are having high surface are to volume ratio resulting in higher thermal conductivity, thermal 

diffusivity, and heat transfer coefficient. The mechanical properties like elastic modulus, 

strength, hardness, the toughness of the nanoparticles is multiple times better than the bulk 

material [22-28]. The nanoparticles are having better anti-friction and anti-wear characteristics 

it has been reported that by using the nanomaterials in the lubricant the friction and wear 

decreased hence improving the tribological performance [29-31].  

The unique properties of the nanoparticles can be utilized by producing a nanofluid which is 

the colloidal solution of the base oil blended with the nanoparticles. The concentration of 

nanoparticles in the nanofluid is generally very low still the impact on the mechanical, 

chemical and physical properties is appreciable. The nanofluid is having wide application in 

the field of tribology, engine cooling, advanced air conditioning, and refrigeration systems, 

solar water heater, cutting fluid [32-35].   

1.5.1 Tribological effect of nanoparticles 

The properties of nanoparticles play a major role in influencing the tribological performance 

of lubricating oil. The different nanoparticles as lubricant additives had a different effect on 

the tribological properties. Nanoparticle provides the combined effects of rolling, sliding by 

the formation of a third body layer and tribofilms, as a result, improve the tribological 

properties when used as additives in the Lubricating Oil [36-40]. There are several parameters 

for quantifying the performance on Lubricating Oil. i) friction, the minimum friction 

coefficient approach (MFC) or maximum friction reduction (MFR) in order to determine the 

frictional losses. ii) wear performance, the maximum wear reduction percentage (MWR) may 

be selected to exhibit antiwear capability, regardless of the working conditions. iii) the 

statistical analysis, in this approach the experimented data can be analyzed by using software 

which will allow combining the major factors such as chemical composition, particle size, the 

morphology of nanoparticles along with the tribological performance together. Nanoparticles 
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having different chemical properties possess different chemical and physical properties, which 

will affect the performance of the Lubricating oil having the nanoparticles.  

The nanoparticles as lubricant additive enhance the tribological performance by the following 

mechanism: 

1.5.1.1 Rolling effect  

The nanoparticles possess better mechanical properties than the bulk material. Due to these 

properties, the nanoparticles act like small bearings at the interphase of the tribopairs and assist 

the rolling as shown in Figure 1.7. The metallic nanoparticles of spherical, blub and oval shape 

blended with the lubricating oil assist the smooth guiding of the tribopair over one another and 

produce a ball bearing type of effect. The C.O.F. reduced due to this rolling action. 

1.5.1.2 Mending effect  

The continuous motion of the tribopair over each other result in wearing of the surfaces. The 

micro/nano cracks might be produced on the surface due to the rubbing. The small size 

nanoparticles of harder materials get settled in the micro and nano cracks present on the surface 

of the tribopair. The cracks present on the surface not only gets repaired by the mending effect 

but the propagation of the crack also gets controlled. 

 

 

Figure 1.7: Tribological effect of the nanoparticles 
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1.5.1.3 Polishing effect 

The softer nanoparticles of sheet shape when blended with the lubricating oil comes under high 

pressure between the tribopair gets deposited on the tribopair producing thin nanocoating over 

the surface. This coating prevents the direct contact of the tribopair resulting in a huge 

reduction in wear.  

The nanoparticles played an important role in reducing the coefficient of friction, the rate of 

wear hence improving the tribological properties of the base lubricant. The nanoparticles 

enhanced the extreme pressure performance of the base lubricant. The nanoparticles present in 

the lubricant gave the healing effect to the tribopair. There is a need to explore the effect of 

blending of the nanoparticles in the field of IC engine.  
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CHAPTER 2 

LITERATURE REVIEW 

 

Literature review for the present work has been broadly divided into two parts. The first part 

contains the comprehensive review of for the preparation of nanofluid. In the second part, the 

study has been carried out for the tribological impact of the nanomaterial blended with 

lubricating oil. 

 

2.1 Mechanism of Preparation of Nanofluid 

The selection of the preparation method for nanolubricant is highly dependent on the stability 

of nanofluid. The nanoparticles have a small size and their shape may be considered as 

spherical so the particle’s sedimentation velocity can be calculated by Stoke’s Law [41].  

It is observed that to reduce the particle’s sedimentation velocity following measures may be 

taken: i) decrease the radius of the nanoparticles to be mixed in the solvent; if the radius of the 

nanoparticles is below the critical radius then no sedimentation takes place [42]. ii) Reduce the 

density gap between the nanoparticles and the Solvent. iii) Increase the flow velocity of the 

solvent. 

 

2.1.1 Different techniques for producing the Nanofluid based on the physical 

method 

2.1.1.2 Single Step Technique 

In the single step technique, there is a simultaneous synthesis of nanoparticles and preparation 

of nanofluid. The nanofluid is directly prepared by synthesis of nanoparticles in the solvent by 

a chemical method or physical vapor deposition technique. The pH value of the prepared 

nanofluid is kept constant during the synthesis [43]. Due to the simulation synthesis of 

nanoparticles and nanofluid, there is very less chance of aggregation and sedimentation. So the 

nanofluid prepared is homogenous in nature and remain homogenous for a long time. The main 

disadvantage of this method is that the solvent should have low vapor pressure and the size of 

the nanoparticles can’t be controlled precisely. 
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2.1.1.2. Two Step Technique 

In this technique, the previously synthesized nanoparticles are blended into the solvent to 

produce a nanofluid. Due to the high surface energy of nanoparticles, there is always a chance 

of aggregation and clustering of nanoparticles. Later on, these aggregated nanoparticles may 

sediment at the bottom. So it is very challenging to make a homogenous solution using the 

two-step method [44]. There are some techniques like ultrasonic homogenizing which may be 

applied to get a homogenous nanofluid. The method is most suited for the nonmetallic 

nanoparticles. To increase the repulsion between the nanoparticles some surfactants may also 

be used [45]. The advantage of this technique is that the nanoparticles used for nanofluid may 

be purchased having standard size and shape, but the aggregation and sedimentation free 

blending is to be done to prepare a homogenous solution. 

 

2.1.2. Preparation of non-metallic nanofluids  

Zafarin et al. got dried out ZnO nanoparticles by warming them at 1100C for 24 hr. The 

nanoparticles then added with polyethylene glycol and sonicated. The aggregation of particles 

was seen in the nanofluid bringing about more noteworthy size nanoparticles [46].  

Moosavi et al. synthesized the ZnO and ethylene glycol Nanofluid by using magnetic stirrer 

for homogenous mixing and stability of nanofluid. Ammonium Citrate was included as a 

dispersant in the proportion 1:1 with the nanoparticles. The nanofluid watched was free from 

sedimentation and agglomeration [47].  

Raykar et al. added acetylacetone in water-soluble ZnO the solution was ultrasonically 

homogenized and due to the presence of acetylacetone the size of nanoparticles reduced by 

chemical reaction and the nanoparticles remains homogenously suspended in the nanofluid 

[48].  

Wei et al. proposed ethylene glycol as a base fluid for ZnO nanoparticles. The ultrasonic 

homogenization was utilized to homogenize the nanoparticles in solute yet the molecule 

collection couldn't be controlled and the measure of nanoparticles in the nanofluid expanded 

10-20 times [49].  

Chung et al. prepared the nanofluid by scattering ZnO powder in deionized water. The colloidal 

solution was kept at 250 C and stirred for 30 min, and afterward, it was ultra-sonicated using 

various sonicators for comparison systems such as a single piezo-actuated bath, a solenoid-
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actuated bath and a static bath with the immersed horn. Ammonium polymethacrylate was 

blended as a dispersant.  It was concluded that the size reduction rate was maximum in 

sonication by ultrasonic horn and more over the sedimentation rates was least in case of 

ultrasonic horn [50].  

Lee et al. dispersed ZnO and Ethylene glycol Nanofluid using pulsed wire evaporation. The 

nanoparticles got scattered directly into Ethylene glycol with no surface contamination [51].  

Kole and Dey suspended the ZnO nanoparticles in water as a solvent and applied 

ultrasonication.  The examination was directed to get the ideal time of sonification. As the 

sonication time increased the size of nanoparticles decreased but after optimum value increase 

in time increased the nanoparticle size [52]. 

Suganthi et al. used ZnO nanoparticles and sodium hexametaphosphate as a dispersant in 5:1. 

They were blended with water as a solvent by ultrasonic homogenization. The nanofluid 

observed after several days was found to be stable [53]. 

Yang and Liu thought about the dependability of nanofluid by utilizing of surfactant 

(trimethyoxysilane) and without the utilization of surfactants. The nanofluid which was set up 

without surfactant i.e. the blending of nanoparticles was just by utilizing ultrasonication, the 

sedimentation happened. The utilization trimethyoxysilane of with mass fraction of 0.115 

felicitated the homogenous mixing of SiO2 nanoparticles in H2O and there was no 

sedimentation observed after 12 months of the sample preparation [54]. 

Timofeeva et al. added silica nanoparticles in the organic solvents using Benzalkonium 

chloride, Benzethonium chloride and cetyltrimethyl ammonium using bromide as surfactants 

for the stability of nanofluid. The preparation of nanofluid went through a stepwise procedure, 

initially, the solvent was enriched with the surfactants and then the nanoparticles in powder 

form were blended. The nanofluid was then homogenized using string and ultrasonic 

homogenization. Dynamic light scattering method and Scanned Electron Microscope both 

demonstrated that smallest particles size was obtained by Benzalkonium chloride followed by 

Benzethonium chloride and cetyltrimethyl ammonium bromide the nanofluid with no 

surfactant indicated biggest molecule measure [55]. 

Kulkarni et al. made a solvent of 60 % ethylene glycol (C2H6O2) and 40 % water the silica 

nanoparticles were homogenized in the solvent by using ultrasonication. Dynamic light 

scattering shows that the dispersion of nanoparticles was uniform [56].  
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Kanjirakat et al. prepared the colloidal solution of silica nanoparticles in deionized water as a 

solvent and this colloidal suspension later homogenized by sonicator. For stability of the 

nanofluid, the pH was kept to 4.5 by using Nitric acid [57]. 

Darzi et al. dissolved SiO2 a nanoparticle in added distilled water mixing were done by a 

magnetic stirrer for two hours [58]. 

Fazeli et al. blended the silica nanoparticles in distilled water and then ultrasonication for 90 

min. There was no sedimentation observed after 72 hours of the preparation of the nanofluid. 

[59]. 

Byrne et al.  blended CuO nanoparticles in water with and without the use of surfactant. CTAB 

was used as a surfactant in 1:1 by volume to the nanoparticles. The homogenization was done 

by ultrasonic vibrator. Dynamic light scattering results shows that when no surfactant was used 

and concentration of CuO was 0.1%, the average size of nanoparticle in the nanofluid decreases 

from 3000 nm to 300 nm after 4 h. with CuO concentration 0.1% nanofluid and CTAB was 

used as surfactant the average particle size of about 200 nm was observed. The outcome 

demonstrates that by using the surfactant, the average particle size of the nanoparticles 

decreased [60]. 

Lee et al. looked at the CuO nanofluid created by both sonication of CuO nanoparticles in DI 

water (two-step method) and preparation CuO nanofluid by a pulsed laser (one-step method). 

The nanofluid prepared by one step method was more steady having smaller nanoparticles 

[61]. 

Priya et al. prepared CuO nanofluid with water as a solvent. To avoid aggregation of 

nanoparticles in the nanofluids tironas was added as a surfactant. The optimum ratio of tironas 

and CuO was calculated as 1:2.5 [62]. 

Harikrishnan dispersed CuO nanoparticles in oleic acid to prepared the nanofluids. The 

homogenazition of the nanoparticles in nanofluid was done by ultrasonic vibrations. As the 

mass fraction of nanoparticles increased from 0.5 to 2.0% by weight, the sonication time 

increased from 30-45 minutes. The solution prepared was a colloidal mixing of CuO 

nanoparticles and oleic acid [63].  

Suresh et al. sol-gel method was used for synthesizing copper oxide nanoparticles. The 

nanoparticles were dispersed in distilled water by sonicating it for six hours for the 

homogeneity. The pH of the nanofluid was reported around 4.83 for stability [64]. 
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Kannadasan et al. synthesized CuO nanoparticles by the chemical precipitation method. These 

CuO nanoparticles were sonicated in water to get the nanofluid. As the sample was observed 

after 25 days, there was some sedimentation of nanoparticles observed [65]. 

Saeedinia et al. blended CuO nanoparticles in oil by using an ultrasonic homogenizer 

(400Wand 24 kHz) to stay away from the aggregation of the particles in the nanofluid. There 

was sedimentation observed after a few days of preparation of nanofluid [66].  

Chang et al. dispersed CuO nanoparticles into the water in the presence of NaHMP 

(CuO:NaHMP=1:3.12 by wt) as a dispersant. The homogenization of the solution was done by 

ultrasonic vibrator. It was observed that as the volume fraction of CuO was more than 0.40 

vol.%, the sedimentation of the CuO nanoparticles was evident in the nanofluid which indicates 

that the nanofluid was highly unstable. [67]. 

Lui et al. blended CuO nanoparticles in deionized water. The colloidal solution was 

homogenized for ten hours in an ultrasonic water bath. The pH of the nanofluid was kept at 7 

[68]. 

Sonawane et al. dispersed Al2O3 nanoparticles into aviation turbine fuel (ATF). The 

experiment was conducted to find the correct amount of surfactant to be added to the nanofluid 

for stability. At first, the Al2O3 nanoparticles were dispersed in ATF by ultrasonic sonication 

and no surfactant was used, the time of sonication was different for different samples but 

sedimentation was observed in all the samples within few minutes of the sonication. Oleic acid 

and Polyoxyethylene Sorbitan Monolaurate (‘Tween’ 20 42CrMo4) was used as surfactant and 

after several trials it was concluded that for the stability of nanofluid of ATF (10 ml) with 0.1 

ml Al2O3, 0.026 ml Oleic Acid and ‘Tween’ 20 LR should be added for the stability of the 

nanofluid. As the amount of nanofluid increased the amount of surfactant to be added increased 

proportionally, the sonication time doesn’t affect the stability of nanofluid [69].  

Gharagozloo diluted 20% w/w concentration of Al2O3-water nanofluid with deionized water. 

The stability of the solution was enhanced by keeping the pH of the nanofluid was kept at 5.5 

by adding nitric acid. The nanofluid was homogenized using ultrasonic homogenizer and 

remained stable for several days [70]. 

Hung et al. prepared a solvent of water and chitosan 0.5% by weight. Chitosan acts as a catonic 

dispersant in distilled water. Then Al2O3 nanoparticles were ultrasonically homogenized in the 

solution [71]. 
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Suresh et al. used the chemical vaporization process to synthesize the Al2O3 nanoparticles. The 

nanoparticles were used for preparing the nanofluid having water as the base fluid. The 

colloidal solution was treated with ultrasonic vibrations for six hours and afterward, the pH of 

the nanofluid was maintained at 4.9 for the stability of nanofluids [72]. 

Beck et al. blended the Al2O3 nanoparticles in ethylene glycol and the colloidal was subjected 

to ultrasonic homogenization. The solution remained stable without any surfactant due to the 

surface charge present on the surface of solute [73]. 

Soltani et al. prepared the solvent having distilled water added with carboxymethyl cellulose 

0.5% by weight. The Al2O3 nanoparticles were added to the solvent and mixed first by the 

mechanical method and after that ultrasonically [74]. 

Jian et al. added HCl to water to make the pH at 4.9. The Al2O3 nanoparticles were added and 

ultrasonically homogenized, the resultant nanofluid was stable without any traces of 

aggregation [75]. 

Singh et al. dispersed Al2O3 nanoparticles in ethylene glycol and water. The nanofluid of 

Al2O3-water was stabilized through electro-static technique; the pH of the nanofluid was kept 

at 4 by adding hydrochloric acid for the stability of nanofluid. The Al2O3-water nanofluid was 

stable for a few days. Al2O3 nanoparticles were sonicated in ethylene glycol and Al2O3-

ethylene glycol based nanofluid was observed homogenous and stable [76].  

Ho et al. used Al2O3 nanoparticles and water to form a colloidal suspension.  The primary 

suspension was done by magnetic stirring for two hours.  The pH value of the nanofluid kept 

at pH 3. The nanofluid didn’t show any sedimentation after two weeks of synthesis [77].  

Teng et al. dispersed Al2O3 nanoparticles in water blended using sonicator and electromagnetic 

stirring. The chitosan (0.3 wt.%) was used as a surfactant for the stability of nanofluid. There 

was no sedimentation and aggregation observed in the nanofluid after numerous days [78]. 

Yousefi et al.  observed that as the concentration of Al2O3 nanoparticles increased more the 

4% vol., the stability of solution decreased. Triton was used as a dispersant and the ultrasonic 

vibrator was used for homogenizing the nanofluid [79]. 

Heyhat et al. dispersed Al2O3 nanoparticles in distilled water. To enhance the stability of the 

suspension, sonication was done consistently for one hour at 400Wand 24 kHz. The 

characterization was done by SEM and zeta potential shows that the nanofluid was 

homogenous and physical stable [80]. 
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Lee et al. dispersed Al2O3 nanoparticles in DI water and sonicated the suspension. The pH was 

kept constant at 6.04. The sonication time was variable and the zeta potential test shows that 

the optimum time for sonication was five hours [81]. 

Pandey and Nema blended Al2O3 nanoparticles in distilled water using ultrasonic sonication 

for 8-16 hours. The nanofluid was stable and no sedimentation was seen [82]. 

Hegde et al. dispersed Al2O3 nanoparticles in DI-water and sonicated the colloidal solution. 

Although the nanoparticles used were of very small size, there were no signs of any aggregation 

found initially [83]. 

Esmaeilzadeh et al. prepared their nanofluid by ultrasonic mixing of Al2O3 nanoparticles in 

DI- water for four hours and then by electromagnetic stirring. There were no signs of 

aggregation and sedimentation as observed by TEM and XRD [84].  

Jacob et al. dispersed Al2O3 nanoparticles in Deionized water and the pH value of the 

suspensions was controlled. The colloidal solution was sonicated for homogeneity [85]. 

Mo et al. blended TiO2 nanoparticles in deionized water in three different concentrations 0.3% 

wt., 0.5% wt., 0.7% wt. Ammonia was added to keep the pH value to 8 and sodium dodecyl 

sulfate was added as a surfactant. The colloidal suspension was magnetically stirred for 10 min 

and ultrasonically homogenized for 40 min. The nanofluid with a concentration of 0.3% w/w. 

and 0.7% w/w. was stable for several days but nanofluid with a concentration of 0.5% w/w. 

demonstrated sedimentation [86]. 

Fedele et al. dispersed TiO2 nanoparticles in distilled water; the mixing was done by an 

ultrasonic homogenizer. The pH of the nanofluid was controlled to avoid sedimentation of the 

nanoparticles. The characterization was done by dynamic light scattering method. It was 

watched that following a few days the extent of nanoparticles in the nanofluid diminished 

because of halfway precipitation; however, after sonication, the nanoparticles procured a 

similar size starting size [87].  

Kayhani et al. added TiO2 nanoparticles and hexamethyldisilazane by mass ratio 2:1 the mixing 

was done by ultrasonic means for getting homogeneity. The resultant mixture was mixed with 

distilled water and again ultrasonic homogeneity of the nanofluid was done for 3-5 hours. The 

nanofluid showed no sedimentation [88]. 

Duanthongsuk and Wongwises prepared the water-based nanofluid having TiO2 nanoparticles. 

To prevent the sedimentation and aggregation of the nanoparticles in the nanofluid surfactants 
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were used and ultrasonic homogenization was used for uniform distribution of nanoparticles 

in the nanofluid [89]. 

He et al. prepared TiO2 – DI water Nanofluid by using ultrasonic homogenization. The 

nanofluid then processed in a medium mill to reduce aggregation of nanoparticles. The pH of 

the nanofluid was kept consistent to control the aggregation of nanoparticles [90]. 

Murshed et al. blended TiO2 nanoparticles in DI water and it was observed that the size of 

nanoparticles in the nanofluid incremented due to accumulation. To enhance the stability of 

the nanofluid cetyltrimethyl ammonium bromide surfactants were added to the nanofluid [91]. 

Sajadi and Kazemi mixed TiO2 nanoparticles in DI water by stirring process and then the 

ultrasonic homogenization was used for uniform distribution and stability of nanoparticles in 

the nanofluid [92]. 

Arani and Amani mixed TiO2 nanoparticles in distilled water. The solution was homogenized 

by ultrasonic vibrator and magnetic stirrer. The pH of the nanofluid was kept 5.67-7 to avoid 

sedimentation. CTAB was used as the surfactant. The nanofluid was observed stable after 

several days [93]. 

Chen et al. prepared TiO2 nanotube and ethylene glycol nanofluid using dry titanate nanotubes 

which were integrated based on the alkali hydrothermal transformation. The TiO2 nanotube 

and ethylene glycol mixed by gentle stirring, preceded by ultrasonic homogenization. The 

nanofluid was stable over a period of two months [94]. 

Abareshi et al. used deionized water as a solvent and dispersed Fe3O4 nanoparticles in it 

through sonication. Tetramethyl ammonium hydroxide was used as a dispersant to enhance 

stability. The pH estimation of the nanofluid was kept consistent to enhance the crystallinity 

of Fe3O4 nanoparticles. The zeta potential test indicates nanofluids have great scattering and 

soundness [95]. 

Li et al. prepared Fe3O4-water nanofluid by two methods, in the first nanofluid Fe3O4 

nanoparticles prepared by the chemical precipitation oleic acid were added as a dispersant. The 

distinctive volume fraction of the sample was obtained by adding more water to the original 

sample of the nanofluid. In the second technique, the nanoparticles were blended directly using 

an ultrasonic vibrator in deionized water. Sodium dodecylbenzenesulfonate was added for 

stability of the nanofluid [96]. 
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Yu et al. Fe3O4 nanoparticles synthesized by coprecipitation were added to kerosene to prepare 

the nanofluid. The nanoparticles were dispersed in Oleic acid first then after one hour, kerosene 

was added as a solvent. The suspension was blended slowly by stirring. The Fe3O4-kerosene 

nanofluid was obtained having volume concentration 1% was obtained by the phase-transfer 

process [97].  

Sundar et al. added Fe3O4 nanoparticles in water and balanced the pH value to 3, using H2SO4. 

The colloidal suspension was ultrasonicated for 2h. The nanofluid was having a uniform 

dispersion of the nanoparticles [98]. 

Sheikhbahai et al. prepared Fe3O4 –DI water nanofluid. To avoid sedimentation ethylene glycol 

was used as a surfactant and Fe3O4 nanoparticles were first sonicated in ethylene glycol and 

the DI water was added under vigorous agitation. No sedimentation was seen in the nanofluid 

[99]. 

Sundar et al. added Fe3O4 nanoparticles in the solvent having diverse concentrations of 

ethylene glycol and water mixture. The colloidal solution ultrasonically homogenized and was 

observed stable after several days. [100].  

Asadzadeh et al. added Fe3O4 nanoparticles in ethylene glycol; the suspension was stirred and 

then sonicated. There was no sedimentation evident in the nanofluid [101]. 

Phuoc and Massoudi added Fe2O3 nanoparticles in deionized water. Polyvinyl pyrrolidone 

(PVP) or Poly (ethylene oxide) (PEO) were used as a dispersant. The blending was carried out 

using a magnetic blender and ultrasonic sonication. It was discovered that the nanofluids were 

stable for several days when the concentration of nanoparticles in the base fluid was less than 

2% and the stability of the nanofluid decreased at higher concentration [102]. 

Abareshi et al. added α-Fe2O3 in glycerol. The homogenization of the colloidal suspension was 

done using ultrasonic vibrator [103]. 

Guo et al. added Fe2O3 nanoparticles in the blend of ethylene glycol and deionized water. 

Sodium oleate was used as the dispersant. The nanoparticles were mixed to the solvent with 

continuous stirring. Then the suspension was stirred using disperse mill and ultrasonication 

[104]. 

Yu et al. dispersed AlN nanoparticles in ethylene glycol and propylene glycol by stirring and 

ultrasonic homogenization. Due to aggregation, the average particles size of nanofluids 

increased as observed by Scanning Electron Microscope (SEM) [105]. 
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Woznik et.al.dispersed AlN nanoparticles in polypropylene glycol (PPG 425 & PPG 2000) in 

powder form. The colloidal suspension was stirred the magnetically homogenous mixture. It 

was observed that the sedimentation of nanoparticles was more in PPG 425 as compared to 

PPG 2000 and after 30 hours sedimentation rate of nanoparticles was more than 90% and 

remained constant after that. The Zeta potential of both PPG 425 and PPG 2000 reported as 

negative [106].  

Hu et al. dispersed AlN nanoparticles in the gaseous phase produced by plasma arc in ethanol, 

and castor oil was used as the surfactant. The mixing was done by magnetic stirrer at high 

speed after this the ultrasonic homogenization was done for 10 min. The nanofluid was 

characterized under Transmission Electron Microscopy (TEM) and it was observed that it 

remained stable for more than two weeks [107]. 

2.1.3. Preparation of metallic Nanofluids 

Xuan and li dispersed copper nanoparticles in transformer oil oleic acid was added 22 % by 

weight of Cu nanoparticles as dispersant the homogenization of the nanofluids was done by 

ultrasonic homogenizer [108].  

Li et al. CTAB and SDBS were used as surfactants for preparing Cu-water nanofluid. The pH 

control was used to enhance the stability of the nanofluid, HCl and NaOH were used for that 

purpose. The nanofluid prepared without surfactant reported 6770 nm particle size which 

indicates agglomeration but in the presence of SDBS as a surfactant and pH= 8.5-9.5 was 207 

nm. The suspension with CTAB as a dispersant was found stable without sedimentation after 

a week [109,110]. 

Peng et al. synthesized the nano refrigerant by adding Cu nanoparticles in R113 using plasma 

evaporation techniques. SDBS, CTAB, and sorbitam monooleate were used as surfactants. The 

colloidal mixture was homogenized results [111]. 

Kathiravan et al. synthesized Cu nanoparticles by the sputtering method and dispersed them in 

water with 9.0% SDS anionic surfactant. The suspension was sonicated for ten hours. The 

nanoparticles were evenly dispersed in water; still some agglomeration was observed [112].  

Kole and Dey dispersed Cu nanoparticles in distilled water the colloidal solution was 

homogenized by using magnetic stirrer there was no sedimentation observed, but due to 

aggregation the average particles sized increased [113].  
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Patel et al. synthesized Au and Ag nanoparticles by citrate reaction. The two-phase reduction 

of AuC14- by sodium borohydride was used for the synthesis of Au nanoparticles; the 

reduction took place in presence of an alkane thiol were present with thiolate covering in a 

medium of water and toluene. The nanofluid was stable after several months [114]. 

Asirvatham et al. added Ag nanoparticles in DI-water using ultrasonication. The pH values 

were measured differently for different volume concentration, of 0.3%, 0.6%, and 0.9%, were 

observed at 7.4, 7.1 and 6.8 respectively. The agglomeration of the nanoparticles was observed 

in the nanofluids [115]. 

Paranetthanuwat et al. dispersed Ag nanoparticles in water and sonication was done; the 

nanofluids was stable up to 48 h [116]. 

Tamjid and Guenther used a colloidal solution of Ag nanoparticles produced by sputtering on 

running liquid technique having a volumetric concentration of solid 4.37%. The colloidal 

solution was sonicated in diethylene glycol to make the homogenous nanofluids [117]. 

Sharma et al. prepared Ag nanofluids by single step technique using Ag nitrate as a precursor; 

the reducing agent was ethylene glycol, & polyacrylamide-co-acrylic acid as a dispersant. The 

concentration of polyacrylamide-co-acrylic acid and the reaction conditions played a vital role 

in controlling the size of nanoparticles and stability of nanofluid [118]. 

Hajian et al. dispersed Ag in DI water by chemicals reduction of Ag ions. The nanofluids were 

sonicated afterward [119]. 

Parametthanuwat et al. dispersed Ag nanoparticles in DI-water. The suspension was sonicated 

to get the stable nanofluid [120]. 

Paul et al. synthesized nano-Au and Ag nanoparticles dispersed water by a wet chemical 

bottom-up approach. The nanofluid was found stable without agglomeration and sedimentation 

as observed after 48 h [121.122]. 

Chaudhary et al. synthesized the Au nanoparticles in aqueous medium from HAuCl4 by 

chemical reduction and continuous stirring. The size of nanoparticles in the nanofluid can be 

controlled by controlling the rate of reaction and stirring. The nanofluid was stable after many 

days [123]. 
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2.1.4. Mixture of Nanoparticles 

Cho et al. a mixed combination of Al2O3 and AlN nanoparticles in n-hexane and oleic acid was 

used for pH controller to enhance stability. The mixture was subjected to ZrO2 bead-milling 

and ultrasonication. The excess of oleic acid was removed by ultra-filtration membrane. The 

nanoparticles then mixed with transformer oil and n-hexane were removed using a rotary 

vacuum evaporator [124]. 

Kim et al. prepared the nanofluid having ZnO, TiO2, Al2O3 as nanoparticles and water and 

ethylene glycol as solvent. The mixing was done by ultrasonic homogenization and .05 M 

Sodium dodecyl sulfate was the surfactant used for enhancing the stability of nanofluid [125]. 

Utomo et al. dispersed 30-40 wt.% of TiO2 and Al2O3 in distilled water; the colloidal solution 

was ultrasonic homogenization keeping pH constant, Large aggregation was observed even 

after sonication [126]. 

Longo and Zilio prepared Al2O3-water (15 wt.%, 30 nm) and TiO2-water (25 wt.%) nanofluids. 

The colloidal solution of nanofluid was first subjected to mechanical stirring, and then it was 

sonicated at 25 kHz for 48 h. The characterization of the nanofluid by Malvern nano-sizer 

shows that Al2O3-water and TiO2-water nanofluid show less aggregation and better stability 

when homogenized using sonication. The nanofluid remained stable for more than a month 

[127]. 

Qu and Wu dispersed Al2O3 and SiO2 in water. The nanofluids were obtained in a stepwise 

procedure. At first, the pH value of the nanofluids was adjusted to 9.7 and 4.9 for the SiO2 and 

Al2O3 nanofluids respectively. The colloidal solution of nanoparticles and water was 

ultrasonically vibrated for four hours. The TEM characterization shows that the Al2O3 

nanoparticles were dispersed homogenously as compared to SiO2 nanoparticles [128]. 
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2.2 Tribological impact of the nanomaterial mixed with lubricating oil 

A comparative study of Zhang et al. on CuNiAl against 42CrMo4 under different lubricants 

investigated that fretting friction torque was found out to be higher on comparing with sliding 

friction torque due to strain hardening and wear debris formation. It was also investigated that 

sea water had lower friction torques on comparing with filtered water, due to deposition of 

CaCO3 and Mg(OH)2 in seawater on wear trace. The wear morphologies showed that abrasive 

wear along with cracks and delamination was also observed, due to frequent shear stress and 

poor lubrication [129].    

Alawi et al. investigated that nanoregrigerants can be used to reduce energy consumption. 

HFC134a refrigerant mixed with nanoparticles and mineral oil can save up to 26.1% energy 

when 0.1% TiO2 nanoparticles fraction of mass was mixed. It was also concluded that 

surfactant type could be used to eliminate long term use problems of nanoparticles [130].   

Wu et al. observed that PIBS concentration can affect nano-MoS2-ZDDP tribological 

properties. Fig. 1 shows the mechanism of tribofilm formation of MoS2 with low PIBS 

concentration. It was also observed that C.O.F. of nano-MoS2-ZDDP without PIBS was 35.3% 

while when 3% PIBS concentration was used C.O.F. was 12.2% [131].  

Xia et al. investigated that nano lubricant method shows good dispersibility and stability with 

TiO2 nanoparticle agglomerate size up to 420nm. Oil droplets and TiO2 nanoparticles can 

prevent agglomeration when used in the lubricants. It was also observed that 2% TiO2 

nanoparticle addition in 1% O/W lubricant could reduce C.O.F. significantly up to 17.6% 

[132].  

Salah et al. observed that CNTs of oil fly ash could be used as a good lubricant additive with 

the further addition of CuO nanosheets can significantly enhance the performance of lubricant 

oil. It was also noted that when 0.5% w/w concentration was used in the lubricant oil, C.O.F. 

can be reduced up to 43% due to the formation of a protective layer on the disk [133]. 

Asnida et al. experimental result shows that the addition of copper (II) oxide nanoparticle in 

SAE10W-30 can significantly reduce C.O.F. and wear rate. It was also discussed by using 

RSM as statistical software that for optimal parameters for lower the better wear rate and 

C.O.F. were 75.152N load, 0.0086 wt % concentration, and 291.3360 rpm speed [134].  

Yazid et al. observed that for maintaining a long life, good stability, and good dispersion and 

for improved thermal properties, CNTs could be used as nanofluids. For better 
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functionalization of CNTs nanofluid, it was chemically treated via covalent functionalization 

[135]. 

 

 

Figure 2.1 The tribofilm forming mechanism of MoS2 nanosheet in the case of low PIBS 

concentration. [130] 

Bena et al. investigated that RCA under different frequency and observed that as the frequency 

increases chatter marks decreases and was sufficient lubricant. It was also observed that due to 

re-lubrication, the oscillating forming process has mixed lubrication condition [136]. 
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Hu et al. investigated new efficient continuity model for lubrication and also establish oil 

storage cross hatched texture. FBNS algorithm was adopted to solve the mass conserving 

model and to evaluate outlet and inlet boundaries accurately and efficiently [137]. 

Redhwan et al. examined the thermos-physical properties of PAG nanolubricants mixed SiO2 

nanoparticles and compared with Al2O3 nanolubricants. The experimental result shows that 

viscosity and thermal conductivity of SiO2 nanolubricants decreases with increase in 

temperature while increases with increase in volume concentration [138]. 

Sidik et al. investigated that CNT nanofluids show long termed stability and homogeneous 

dispersion with high thermal properties. It was also noted that production cost and stability are 

major factors for CNT fluids and its application towards solar collectors needs to restructure 

[139].  

Zhang et al. examined heterogeneous nucleation prepared Al2O3-coated h-BN powder and 

observed superior microstructure, relative density, and mechanical properties. It was also noted 

that STC ceramic cutting tool shows higher values and optimized cutting parameters obtained 

are f=0.102mm/rev, v=150m/min and ap= 0.2mm [140]. 

Dai et al. investigated the tribological performance of nanoparticle lubricants that possess 

different chemical and physical properties. Statistical comparison was used to study the 

morphological, physical and chemical properties of nanoparticle lubricants and results show 

that friction and wear were affected by all these parameters [141]. 

Zawawi investigated viscosity and thermal conductivity of composite nanolubricants for the 

refrigeration system. The experimental result shows that Al 2 O 3 and SiO 2 and PAG 46 based 

nanolubricant are homogeneously dispersed and behaves like Newtonian fluids. It was also 

noted that viscosity of composite lubricants was lower than single component nanolubricant 

[142]. 

EL-Seesy et al. examined the engine performance of biodiesel-diesel fuel blend multi-walled 

carbon nanotubes (MWCNT). The experimental result shows that mechanical engine 

performance of blend diesel decreases while emission in engine increases during operating 

conditions. It was also noted that at 50mg/l nanodose level, best mechanical performance was 

obtained [143].  

Darminesh et al. investigated biodegradable lubricants. The experimental result shows that 

biodegradable lubricant shows excellent properties on comparing with mineral oil. It was also 
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noted that there were some voids in biodegradable lubricants and additives were used to 

overcome these voids and result shows that excellent improvement was obtained. CuO, SiO2, 

and TiO2 are a common oxide of metals that were used as nano-additive, which shows excellent 

performance in nanolubricant [144]. 

Alasli et al. investigated sonicated MWCNTs blend with low viscous mineral oil. The 

experimental result shows that sonicated MWCNTs saturated, separated oil layer and 

lubricated. It had the ability to detach force with excellent viscosity and thermal conductivity 

of the nanolubricant [145]. 

Diabb et al. observed adhesion on the tool-tip. Experiments were conducted to study corn and 

sunflower oils with the addition of SiO2 nanoparticle having 0.025 wt %. The frictional 

characteristics were described by the Stribeck curve and showed excellent lubrication 

properties on comparing with other vegeTable oils [146]. 

Kedzierski et al. investigated viscosity, density, and thermal conductivity of zinc along with 

aluminum oxides nanolubricants. It was noted with an increase in the mass fraction of 

nanoparticles, viscosity, thermal conductivity, and density also increases while other the other 

end when the temperature increases thermal conductivity, density, and viscosity decreases 

[147]. 

Laad and Jatti investigated tribological properties of mineral oil with TiO2 as nanoparticle 

additives for engine oil applications. Experimental tests were conducted at different loads and 

a variable concentration of nanoparticles. It was noted that significant improvement in friction 

and wear was obtained when TiO 2 nanoparticles were used as an additive in mineral oils [148]. 

The inorganic fullerene IF-WS2 nanoparticles were useful in reducing sliding friction by 50%, 

where physical interference occurred in between the nanoparticles and the mating surfaces. 

The associated friction reduction was not appreciable in a hydrodynamic lubrication regime 

due to the lack of physical interaction between the IF particles in between the mating surfaces. 

The IF-WS2 nanoparticles were ineffective under intensive contact pressures [149,150]. WS2 

nanoparticles used with PAO (polyalphaolefin) resulted in a decrease in friction and wear up 

to 70% at a temperature of 1000C. The size of nanoparticles ranged from 50 nm to 130 nm 

[151. 152]. IF-MoS2 nanoparticles exhibited ultra-low friction coefficients (close to 0.04). The 

performance of the IF nanoparticles depends strongly on their crystalline size [153.154]. MoS2 

nanoparticles form a solid complex adsorption film on the steel surface which reduced friction 
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and wear [155]. Metallic nanoparticles showed mainly two types of tribological properties, 

first was the formation of tribofilm which could result in good surface properties and separation 

of contacting surfaces and second was a reduction of wear and friction through tribo sintering 

as the nanoparticles compacted on the wear track due to heat and pressure [156]. The Copper 

nanoparticles as an oil additive displayed better anti-wearing ability, load-carrying capacity 

and friction-reduction properties than ZDDP (Zinc Dialkyl Dithiophosphate) due to the 

formation of the third body layer, formed by mechanical compaction [157]. With the increased 

composition of Cu nanoparticles in friction and wear resistance increased up to 0.2% and then 

decreased as the composition was increased further [158]. Nanoparticles of Au and Ag mixed 

with the lubricating oil formed soft and low shear strength tribofilms and consequently the 

friction and wear reduced. These nanoparticles could be preferred for heavy load conditions 

[159,160]. By adding 2% Ag nanoparticles to multi alkylated cyclopentane, the C.O.F. reduced 

resulting in increased load carrying capacity of the lubricant [161]. Ni nanoparticles, when 

added up to 0.5% in the Lubricating oil, reduced friction up to 30% but as the concentration of 

Ni nanoparticles increased, the reduction in C.O.F. decreased. The minimum reduction of the 

C.O.F. was 7% at Ni 1% [160]. The suspensions with 0.5% of ZnO and ZrO2 had excellent 

tribological behavior, exhibiting a reduction in friction and wear. The tribological properties 

deteriorated as the concentration of ZnO and ZrO2 increased beyond 0.5% [162]. The C.O.F. 

decreased by 14-23% as the concentration of CuO nanoparticle increased from 1%-2% 

[163,164]. The wear scar diameter reduced in presence in CuO nanolubricant had a 

concentration of CuO nanoparticles up to 2%. the concentration of CuO was up to 2% in the 

Lubricating oil [165,166]. The suspended Al2O3 nanoparticles decreased the C.O.F.by 40–50% 

and reduced the metal wear rate. Also, the wear accelerated corrosion rate decreased in the 

presence of nanolubricant. Moreover, the stability of the colloidal solution was very high 

[167,168]. 0.1-0.2% TiO2 nanolubricant decreased the wear scar diameter due to the rolling 

effect of the nanoparticles on the surface. It also gave the surface repairing effect. Beyond 

0.2% TiO2 in the lubrication wear scar diameter increased due to the scratching effect of TiO2 

[169]. The nano-diamond particle in lubricant improved the anti-scuffing performance in the 

oil. The surface failure, attributed to the scuffing, was reduced due to the nano-diamond 

particles in the lubricant [170]. The expansion of graphite nanoparticles to the ointment 

upgraded the oil qualities. The nearness of nanoparticles between the rubbing surfaces 
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decreased contact between the plates going about as metal roller spacers. The morphological 

examination demonstrated that the expansion of nanoparticles diminished wear and brought 

about a generally smooth surface with fewer scars. The nearness of the graphite nanoparticles 

essentially diminished metal to metal contact at the tribopair [171,172]. The HV 1500 base oil 

with the expansion of WSe2 (Tungsten diselenide) nanorods indicated great tribological 

properties. Tribological tests demonstrated that the impact of WSe2 nanorods as oil added 

substance credited to the atom bearing component of moving a contact and the sliding grating 

between the scouring surfaces. Besides, a steady movie on the scouring surface not just endure 

the heap of the steel ball yet, also kept any immediate contact between the two scouring 

surfaces [173,174]. SiO2 nanoparticles in the paraffin improved the load-bearing capacity of 

the lubricant by separating the tribopair, preventing the direct contact and promoting rolling 

effect. It also prevented the expansion of the micro-cracks on the tribopair surface due to 

particle embedment [175,176]. hBN nanoparticles used as nano composite enhanced the 

mechanical properties like strength, modulus, hardness by 4%, 7%, and 16% respectively. It 

also enhanced thermal conductivity by 9% as compared to micro-composite [177]. PTFE 

nanoparticle increased load bearing properties due to large adhesion between lubricant and 

tribosurface. The mechanical energy adsorbed by PTFE nanoparticles under deformation. It 

reduced the friction and wear at extreme pressure [178,179]. The size of the nanoparticles 

influenced the tribological properties of the lubricating oil. The smaller the size of the 

nanoparticles entered easily at the interface of the tribopair [180]. The nanoparticles had a 

higher volume/area ratio were less preferred as lubricant additive [181]. The nanoparticles had 

mainly five types of morphology: granular, onion, sheet, spherical and tube. Majority of 

nanoparticles had spherical shape followed by granular, sheet, onion and tube respectively 

[182,183]. Onion morphology was considered best for tribology point of view. The stable 

onion morphology promoted the rolling motion of the nanoparticles at the tribopair. The 

unstable onion morphology promoted the easy penetration of nanoparticles between the 

tribopair [184].   
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2.3 Gaps in the Literature Review 

 The tribological properties of nanoparticles according to their size and morphology is not 

studied in details. 

 The combination of nanoparticles as additives in lubricating oil has not been discussed 

thoroughly. 

 The mathematical relation for computation of the amount of Nanoparticles to be added in the 

lubricating oil has not been developed.  

 The universal blending technique for mixing the nanoparticles in lubricating oil has not been 

developed.   

 The exhaustive study required for the study of tribological properties of Nanoparticles. 

 The exhaustive study required for the study of the performance of the I C Engine using 

lubrication with Nanolubricants. 
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2.4 Objective 

The proposed research work will incorporate the following objectives: 

1. Developing the blending technique for the nanoparticles in the Lubricating oil such that the 

mixture formed will be homogeneous.  

2. Fully flooded tribological and thermal analysis of lubricated piston rings material without 

nanoparticles in the lubricating oil.  

3. Fully flooded tribological and thermal analysis of lubricated Piston rings material with 

nanoparticles in the lubricant.  

4. Fully flooded tribological and thermal analysis of lubricated Piston rings material for 

computation of frictional losses when lubricant aided with a combination of different 

nanoparticles.  

5. Analysis of performance of I C Engine using Nano Lubricants and compare among them.  
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CHAPTER 3 

PREPARATION AND STABILITY ANALYSIS 

 

This chapter includes the various mechanisms used for the preparation of a stable blend of the 

selected nanoparticles with the lubricating oil. This chapter also includes the Zeta potential 

analysis of the prepared nanofluid. 

3.1 Equipment Used 

The equipment used for blending of nanoparticles were  

 Magnetic stirrer 

 Ultrasonicator 

3.1.1 Magnetic stirrer 

The magnetic stirrer shown in Figure 3.1 was used for the primary dispersion of the 

nanoparticles in the lubricating oil. The temperature range of the magnetic stirrer was 3500C 

and the speed range was 2000 rpm.  

 

Figure 3.1 Magnetic Stirrer 
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The lubricating oil was measured and poured in a beaker and kept over the magnetic stirrer. 

The measured quantity of the nanoparticles was added to the lubricating oil with continuous 

stirring.  

3.1.2 Ultrasonicator 

The horn type ultrasonicator shown in Figure 3.2 was used for enhancing the dispersion quality 

of the lubricating oil. The rated power of the ultrasonicator was 500 W with a frequency range 

of 50 Hz. The pulse of the ultrasonicator was adjustable. This type of ultrasonicator has been 

used for the large quantity fluid. The ultrasonicator produced the ultrasonic vibrations which 

were transferred to the nanoparticles present in the lubricating oil, this resulted in the repulsion 

of the particles towards each other. The repulsion resulted in enhancing stability by reducing 

the sedimentation of nanoparticles in the lubricating oil. 

 

Figure 3.2: Ultrasonicator 



` 

40 

  

3.2 Preparation and stability of Nanofluid 

The nanoparticles were selected based on the comprehensive literature review considering the 

tribological parameters and stability of the nanofluid. The selected nanoparticles of Graphite, 

SiO2, WS2, Cu and CuO were blended in 15W40 lubricating oil. The blending was done on 

w/w base from 0.2% to 1% in the succession of 0.2%.  The blending started with the uniform 

dispersion of nanoparticles in the lubricating oil. The stability of the nanoparticles was 

enhanced by different means. 

3.2.1 Preparation and stability of Graphite Nanofluid  

The Graphite nanoparticles were dispersed in the lubricating oil by magnetic stirring at 700 C 

and 2000 rpm for 2 hours. The nanoparticles were uniformly dispersed in the lubricating oil.  

The lubricating oil having dispersed nanoparticles was ultrasonicated at 20 kHz, 400W full 

pulse for 60 minutes. The stability of the nanolubricant was analyzed by visual inspection and 

zeta potential test.  

 

Figure 3.3: Effect of concentration of graphite nanoparticles on Zeta Potential 
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The zeta potential values shown in Figure 3.3 for graphite nanolubricants were found 25-36 

mV, which reflect moderate to high stability. The zeta potential value for the nanofluid having 

lesser concentration nanoparticles showed more stability than the higher concentration 

nanofluid as shown in Figure 3.3. 

3.2.2 Preparation and stability of SiO2 Nanofluid  

The SiO2 nanoparticles were dispersed in the lubricating oil by magnetic stirring at 700 C and 

2000 rpm for 2 hours. The nanoparticles were uniformly dispersed in the lubricating oil.  The 

lubricating oil having dispersed nanoparticles was ultrasonicated at 20 kHz, 400W full pulse 

for 3 hours. The stability of the nanolubricant was analyzed by visual inspection and zeta 

potential test. The zeta potential values for SiO2 nanolubricants were found 39-48 mV, which 

reflect high stability. The zeta potential value for the nanofluid having lesser concentration 

nanoparticles showed more stability than the higher concentration nanofluid. 

 

Figure 3.4: Effect of concentration of SiO2 nanoparticles on Zeta Potential 



` 

42 

  

3.2.3 Preparation and stability of Cu Nanofluid  

The Cu nanoparticles were dispersed in the lubricating oil by magnetic stirring at 700 C and 

2000 rpm for 2 hours. The nanoparticles were uniformly dispersed in the lubricating oil.  The 

lubricating oil having dispersed nanoparticles was ultrasonicated at 20 kHz, 400W full pulse 

for 3 hours. The Cu nanoparticles showed sedimentation after 24 hours more over the zeta 

potential values for the 1% Cu nanolubricant was 9 mV. The stability of the nanolubricant was 

enhanced by using CTAB as a surfactant. CTAB was first blended in the lubricant by magnetic 

stirring at 700 C and 2000 rpm for 1 hour, the nanoparticles of Cu were then added while 

stirring. The nanolubricant was stirred for 2 hours and then ultrasonicated at 20 kHz, 400W 

full pulse for 6 hours. The sedimentation was not observed for 15 days and the zeta potential 

values for the Cu nanolubricant were found 17-24 mV, which reflect moderate stability shown 

in Figure 3.5,3.6. The zeta potential value for the nanofluid having lesser concentration 

nanoparticles showed more stability than the higher concentration nanofluid. 

 

Figure 3.5: Effect of Surfactant on the Zeta Potential 
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Figure 3.6: Effect of concentration of Cu nanoparticles on Zeta Potential 

3.2.4 Preparation and stability of CuO Nanofluid  

The CuO nanoparticles were dispersed in the lubricating oil by magnetic stirring at 700 C and 

2000 rpm for 2 hours. The nanoparticles were uniformly dispersed in the lubricating oil.  The 

lubricating oil having dispersed nanoparticles was ultrasonicated at 20 kHz, 400W full pulse 

for 3 hours. The CuO nanoparticles showed sedimentation after 48 hours more over the zeta 

potential values for the 1% CuO nanolubricant was 11 mV. The stability of the nanolubricant 

was enhanced by using CTAB as a surfactant. CTAB was first blended in the lubricant by 

magnetic stirring at 700 C and 2000 rpm for 1 hour, the nanoparticles of CuO were then added 

while stirring. The nanolubricant was stirred for 2 hours and then ultrasonicated at 20 kHz, 

400W full pulse for 6 hours. The sedimentation was not observed for 19 days and the zeta 

potential values for the CuO nanolubricant were found 18-28 mV, which reflect moderate 

stability shown in Figure 3.5,3.7. The zeta potential value for the nanofluid having lesser 

concentration nanoparticles showed more stability than the higher concentration nanofluid. 
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Figure 3.7: Effect of concentration of CuO nanoparticles on Zeta Potential 

3.2.5 Preparation and stability of WS2 Nanofluid  

The WS2 nanoparticles were dispersed in the lubricating oil by magnetic stirring at 700 C and 

2000 rpm for 2 hours. The nanoparticles were uniformly dispersed in the lubricating oil.  The 

lubricating oil having dispersed nanoparticles was ultrasonicated at 20 kHz, 400W full pulse 

for 8 hours. The stability of the nanolubricant was analyzed by visual inspection and zeta 

potential test. The zeta potential values for graphite nanolubricants were found 29-43 mV, 

which reflect moderate to high stability. The zeta potential value for the nanofluid having lesser 

concentration nanoparticles showed more stability than the higher concentration nanofluid as 

shown in Figure 3.8.     
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Figure 3.8: Effect of concentration of WS2 nanoparticles on Zeta Potential 

The blending technique and the stability of nanofluid have been discussed in Table 3.1. The 

nanolubricant of SiO2 showed the highest value of zeta potential which means it is highly 

stable, followed by WS2 and graphite nanolubricant as shown in Figure 3.9. Both graphite and 

WS2 nanolubricant falls in the stable category as per zeta potential measurement. The 

nanolubricants of CuO and Cu using CTAB as surfactant showed moderate stability. 
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Table 3.1: Preparation and stability of nanolubricant 

Nanoparticles Base 

Fluid 

Surfactant Blending Technique Stability of 

nanolubricant 

Graphite 

Nanoparticles 

15W40 - Stirring for 2 hours at 700 

C and 2000 rpm and then 

sonication at 20 kHz, 

400W full pulse for 60 

minutes. 

The nanolubricant 

showed no 

sedimentation after 

30 days of blending. 

SiO2 

Nanoparticles 

15W40 - Stirring for 2 hours at 700 

C and 2000 rpm and then 

sonication at 20 kHz, 

400W full pulse for 3 

hours. 

The nanolubricant 

showed no 

sedimentation after 

30 days of blending 

Cu 

Nanoparticles 

15W40 CTAB Stirring for 2 hours at 700 

C and 2000 rpm and then 

sonication at 20 kHz, 

400W full pulse for 6 hours 

in succession of 1 hour. 

The nanolubricant 

showed  

sedimentation after 

15 days of blending 

CuO 

Nanoparticles 

15W40 CTAB Stirring for 2 hours at 700 

C and 2000 rpm and then 

sonication at 20 kHz, 

400W full pulse for 6 hours 

in succession of 1 hour. 

The nanolubricant 

showed 

sedimentation after 

19 days of blending 

WS2 

Nanoparticles 

15W40 - Stirring for 2 hours at 700 

C and 2000 rpm and then 

sonication at 20 kHz, 

400W full pulse for 8 hours 

in succession of 60 

minutes. 

The nanolubricant 

showed no 

sedimentation after 

30 days of blending 
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Figure 3.9: Zeta Potential of various nanolubricants 
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CHAPTER 4  

TRIBOLOGICAL AND THERMAL ANALYSIS 

 

This chapter contains the detailed tribological testing of the prepared nanolubricant using pin-

on-disc tribometer and four ball tester.  

4.1 Material and method  

The TR-20-LE Pin on Disc tribometer had been used for friction and wear measurement of the 

tribopair in sliding contact in the presence of the nanolubricant in fully flooded and starved 

lubrication conditions according to ASTM G99. The change in temperature of the tribopair 

was measured by the thermal imaging camera. The weight loss due to wear was measured by 

the digital weight balance.  The tribological and extreme pressure analysis was also conducted 

on the four ball tester according to ASTM - D4172 and ASTM - DIN 51350 respectively.  

4.1.1 Pin on Disc tribometer  

The TR-20-LE Pin on Disc tribometer had been used for friction and wear measurement of the 

tribopair in sliding contact in the presence of the nanolubricant in fully flooded and starved 

lubrication conditions according to ASTM G99. The tribopair used for the pin-on-disc 

tribometer has the cylindrical pin that remains stationary and the load is applied on it. The disc 

rotates at the desired speed. The variable parameters for tribological testing could be a normal 

load, sliding speed and the lubrication regime.  The machine made up from several assemblies 

like spindle assembly, loading lever assembly, sliding plate assembly & environmental 

chamber which have been mounted on the base structure. The structure made up of steel tubes 

absorbs shocks and load during the test. The disc had been clamped on the spindle with the 

help of screw which had been driven by an AC motor through timer belt. The holding lever 

assembly made of a single bar with specimen holder and dead weight’s. The dead weights had 

been suspended by wire rope to apply normal load on pin specimen. The fixed pivot point of 

the lever at center ensured that load applied at one end of pin get equally distributed. The 

frictional force produced between pin and disc was measured by the load cell. The lubrication 

chamber made up of two parts fixed around the disc to prevent oil spillage. The top part had 
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leak proof toughened glass and bottom part consisted of a cylindrical leak-proof chamber with 

a large outlet for draining oil during the test. At entry port to tank, a wire gauge mounted to 

collect debris and allows oil to flow through. The LVDT (Linear variable differential 

transducer) had been used to measure the wear between pin and disc. To achieve 1:1 leverage 

ratio this sensor is mounted at an exactly the same distance of specimen from the pivot point. 

The least count was 0.1 micrometer and the range of LVDT wear measurement was ± 2mm. 

Load Cell has been used to measure friction between pin and disc. It was mounted on a bracket 

at a distance equal to the distance between specimen and pivot. The frictional force measured 

by the load cell was up to 200N. The load cell with a bracket was mounted on a sliding plate 

and moved along with the sliding plate while setting wear track diameter. 

 

Figure 4.1: Pin on disc Tribometer 
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Figure 4.2: Pin on disc Tribometer 
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Table 4.1: Specifications Pin-On-Disc Tribometer 

Detail Description Remarks 

Tribopair 

 

Pin Dia 3,1,6,8,10 & 12 

Material: according to field of 

application 

Disc 

Dia 165mm x 8mm 

thick 

Material: according to the field of 

application 

Sensor specification  

Disk Speed 

Range 200 rpm-2000 rpm 

Can be controlled through software 

in the step of 1 rpm 

Least Count 1 rpm 

Display 

accuracy 

1 ± 1 % of the measured speed 

Normal Load Range 1N-200N In succession of steps of 5N. 

Frictional forces  Range 0-200N 

Least Count and 

accuracy  

0.1 N; 

( 0.1 ± 2% measured frictional forces) in N 

Wear Range ±2 mm 

  Sensor spec LVDT 

  

Least Count and 

accuracy 

0.1 micron; 

(0.1 ± 1% of measured wear) in micron 

Wear track diameter 50mm to 140mm 

Sliding speed 0.5m/s max 15m/s 

Timer Max 99 hrs,59min, 59sec 
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Figure 4.3: Pin on Disc Schematic 

Table 4.2: Parameters for tribological investigation on pin on disc 

Parameters Value 

Standard ASTM-G99 

Composition of Pin 

Specimen (%) 

C-3.55, Cr-1.04, Mn-0.59, Si-2.92, Fe-91.9. 

Composition of Disc 

Specimen (%) 

C-0.102, Cr-0.045, Mn-0.459, Si-1.727, Fe-97.667. 

Oil Specimen 15W40 and 15W40 blended with nanoparticles 

Load (N) 40  

Sliding speed (m/s) 3.663, 5.2631, 7.3260, 10.4712, 13.6054. 

Temperature Ambient 

Sliding Distance (m) 8000  
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4.1.1.1 Tribopair  

The mild steel disc had diameter 165 mm and thickness 10 mm was cast and then surface 

grinder was used for improving the surface finish of the disc, finally lapping was done on the 

disc to achieve a surface roughness less the 2 μm. The counter pin was a solid cylindrical pin 

made up of cast iron had 10 mm diameter 30 mm length. The parameters for the tribological 

investigation have been shown in Table 4.2. 

4.1.2 Thermal imaging camera  

The infrared radiation based thermal imaging camera having the temperature range up to 1200 

0C and sensitivity 0.10C was used as shown in Figure 4.4. The thermal imaging camera has 

been used for measuring the temperature of the tribopair before and after the experiment so 

that the change in temperature can be measured. The camera has been placed in a fixture near 

the pin on disc tribometer to get the accurate results.   

  

 

Figure 4.4: Thermal imaging camera 

4.1.3 Four ball tester  

TR-30L has been utilized for evaluating the wear and extreme pressure properties and 

coefficient of lubricants according to various ASTM standards. The equipment consists of four 

12.7 mm diameter steel balls, out of which three balls have been clamped together and placed 
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in lubricating oil which has to evaluate. The fourth ball which is placed over three steel balls 

rotated with the help of a motor. These balls have been held in position by a clamping ring and 

force applied by tightening lock nut. The normal load has also been applied on the balls by 

loading lever and dead weight placed on loading pan. The frictional force has been measured 

by a frictional force load cell placed in the ball pot. The machine can work on various variable 

parameter i.e. load, speed, temperature and duration of the test. After the compilation of test 

wear scar measured on the stationary ball. The wear scare diameter can be measured with the 

help of a standalone microscope.  

The machine may also be used for measuring the extreme pressure performance of the lubricant 

according to ASTM standards. The load during extreme pressure performance analysis have 

been increased in succession. The machine stops automatically as the weld has been achieved. 

Greater the value of the load at which the weld is achieved better is the performance of the 

lubricant.  

The four ball tester mainly consists of three assemblies 

4.1.3.1 Spindle assembly  

The spindle has been connected to the motor by belt and pulley arrangement at a ratio 1:1. The 

idler pulley has been used to increase the tension. The spindle has been mounted on top of the 

body between two high precision ball bearing to form a self-containing unit.  

 

4.1.3.2 Ball pot assembly 

This assembly made of three parts ball pot, ball pot race, and lock nut. Ball pot has been used 

to filling sample oil and to tightened the steel balls by ball pot race. The ball race has been used 

to position the ball at the time of tightening the lock nut. The Resistance Temperature Detectors 

(RTD) sensor placed between the heater to measure the oil temperature. The Ʌ (PID) sensor 

has been used to control the heating and set the oil temperature. The ball pot has been placed 

using the ball pot handle under the spindle. The loading button fixed inside the ball pot pushes 

the frictional force load cell button and the results have been displayed on the controller. 
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4.1.3.3 Loading arrangement 

The variable loading ratio up to 1:15, the loading arm has been pivoted and it exerts pressure 

when dead weight placed on the pan at the longer end. The load cell which measures the 1100 

Kg mounted inside the shorter end of loading lever lifts plunger, anti-friction disc, and ball pot 

when weights have been placed in loading pan. to exert a force on plunger the roller 

arrangement is used. The plunger has been moved over the linear bush bearing and on its top, 

a thrust bearing is placed to seat anti-friction disc. The dead weights of 1 Kg to 5Kg can be 

used to provide load upto 9999N.  

Table 4.3: Parameters of Four Ball Tester 

Parameters Wear Test Extreme Pressure Test 

Standard ASTM- D4172 ASTM- DIN 51350 

Ball 

Specimen 

Steel Balls, Diameter 12.7 mm, 

Ra=0.04 microns, Hardness RC 65 

Steel Balls, Diameter 12.7 mm, 

Ra=0.04 microns, Hardness RC 65 

Oil 

Specimen 

15W40 and 15W40 blended with 

graphite nanoparticles 

15W40 and 15W40 blended with 

graphite nanoparticles 

Load 196 N, 392 N, 588 N Incremental Load Starting form 2000 N 

Rotational 

speed of the 

top ball 

1200 rpm 1450 rpm 

Temperature 75 oC Ambient 

Test 

Duration 

60 minutes 60 s 
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Figure 4.5: Four ball tester 

 

Figure 4.6: Four Ball Tester Schematic 
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Figure 4.7: Schematic diagram of four ball tester 

 

Figure 4.8: Four Ball Tester 
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4.1.4 Vision Inspection System  

SVI IMG 5300 vision inspection system shown in Figure 4.9 has been used for measuring the 

wear scar diameter. The vision inspection system consists of a high magnification microscope 

have the magnification range of 35x to 225x. The picture of the sample can be captured by 

1/3” high-resolution camera. The sample has been placed under the microscope and the focus 

can be adjusted by using the joystick. Once the focus has been adjusted the image of the sample 

appears on the computer screen attached to the sample. The diameter of the wear scare can be 

measured by the measuring tools given in the software. 

 

Figure 4.9: Vision Inspection System 
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4.2 Tribological and thermal analysis on the Pin on disc tribometer 

The experiment was conducted at a load of 40 N with variable sliding speed of 3.663m/s, 

5.2631m/s 7.3260 m/s, 10.4712 m/s, 13.6054m/s. The atmospheric temperature at the time of 

testing was 280 C. The experiment was carried in fully flooded as well as starved lubrication 

condition. 

4.2.1 Measurements  

The values of the friction force were recorded from the friction sensor of the machine and wear 

of the pin was measured by weighing it before and after the experimental run. A weighing 

scale with 0.0001g accuracy was used for weighing of pin specimens. The collected data of 

the wear was then converted to volume loss  V and specific wear rate  swrW  using the 

following relations, [(Equation (1) and (2)]: 

 
100021 






ww
V          (1) 

Where,  the = density of the pinned specimen, 1w =Weight of the pin before test, 2w = Weight 

of the pin after the test 

sdnl

swr
SF

V
W




  (mm3/Nm)      (2) 

Where, nlF  = Normal load (N), sdS = Sliding distance 

4.2.1.1 Effect of Graphite nanoparticles on C.O.F. 

Figure 4.10 shows the variation of C.O.F. with respect to speed at a constant load of 40 N for 

the different compositions of nanoparticles in the lubricant starting from 1%, 0.8%, 0.6%, 

0.4%, 0.2% and Fresh 15W40 for fully flooded and starved lubrication.  

For fully flooded lubrication condition the fresh 15W40 lubricant showed higher C.O.F. then 

the graphite nanolubricant. At 3.663 m/s sliding speed the average value of C.O.F.in case of 

fresh 15W40 lubricating oil was observed ≈ 0.0229 which decreased as the nanoparticles were 

added to the lubricating oil. The minimum C.O.F. was observed in case of 0.6% w/w of 
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graphite nanoparticles ≈0.0102. After 0.6% the C.O.F. again increased up to 1% w/w graphite 

nanoparticles ≈ 0.0184 but the value was less than the fresh 15W40. Similar trends were 

observed at 5.263, 7.326, 10.471 and 13.605 m/s sliding speed as shown in Figure 4.10.  

 

 

Figure 4.10: Variation of C.O.F. with sliding speed for various compositions of Nanofluid in 

a) fully flooded Lubrication and b) Starved Lubrication c) Comparison of COF for fully 

flooded and Starved Lubrication. 
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For Starved lubrication condition, the fresh 15W40 lubricant showed higher C.O.F. then the 

graphite nanolubricant. At 3.663 m/s sliding speed the average value of C.O.F.in case of fresh 

15W40 lubricating oil was observed ≈ 0.0651 which decreased as the nanoparticles were added 

to the lubricating oil. The minimum C.O.F. was observed in case of 0.8% w/w of graphite 

nanoparticles ≈0.0433. After 0.8% the C.O.F. again increased up to 1% w/w graphite 

nanoparticles ≈ 0.0536 but the value was less than the fresh 15W40. Similar trends were 

observed at 5.263, 7.326, 10.471 and 13.605 m/s sliding speed as shown in Figure 4.10.  

 

Figure 4.11: XRD analysis of tribopair in presence of Graphite NL 

For both fully flooded and starved lubrication conditions the C.O.F.in case of the nanolubricant 

was less as compared to fresh 15W40. The 0.6% w/w of graphite nanoparticles blended in 

fresh 15W40 showed lowest C.O.F. for almost all the sliding speed values. The COF in case 

of graphite nanofluid first decreased but as the concentration was increased further the COF 

value again increased. The decrement in COF may be due to the coating action of nanoparticles 

on the surface of tribopair which can be observed by high intensity of nanoparticles in the XRD 



` 

62 

  

analysis (Figure 4.11). The COF started increasing after an optimum concentration of 

nanoparticles in the nanofluid, this may be due the cluster of nanoparticles not allowing the 

smooth gliding of the tribopair i.e. the increased concentration of nanoparticles acted as 

obstacle in the gliding of one tribosurface over the other.  

4.2.1.2 Effect of Graphite nanoparticles on Specific Wear Rate  

Figure 4.12 shows the variation of Specific wear rate with respect to sliding speed at a constant 

load of 40 N for the different compositions of nanoparticles in the lubricant starting from 1%, 

0.8%, 0.6%, 0.4%, 0.2% and Fresh 15W40 for fully flooded and starved lubrication.  

The specific wear rate for the fully flooded condition has lower values as compared to starved 

lubrication due to the presence of stable lubricating film between the tribopairs. The value 

specific wear rate was almost negligible in case of nanolubricant due to the no wearing of the 

contact surfaces. However, some wear observed at a higher concentration of nanoparticles in 

the lubricant.  

 

Figure 4.12: Variation of Specific wear rate with sliding speed for various compositions of 

nanofluid in a) Fully Flooded Lubrication and b) Starved Lubrication. 
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4.2.1.3 Thermal Analysis of graphite nanolubricant 

The temperature of the tribopair was measured at the start and end of the experiment with the 

help of a thermal imaging camera. The change in average temperature or temperature rise of 

the tribopair was calculated and plotted against sliding speed.  

 

Figure 4.13: Temperature Rise with sliding speed a) fully flooded lubrication b) starved 

lubrication c) Comparison of Temperature Rise for fully flooded and Starved Lubrication. 
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Figure 4.13 shows the temperature rise at various speeds for fully-flooded and starved 

lubrication condition. The temperature rise of the tribopair was less in case of graphite 

nanolubricant as compared to the fresh 15W40 lubricating oil. The temperature rise was less 

for the higher concentrations of the nanoparticles in the lubricant.  

The less temperature rise was an indicator of the increased thermal conductivity and specific 

heat of the lubricant due to the addition of nanoparticles. The theoretical change in thermal 

conductivity and specific heat was calculated with the help of ESS software as shown in Figure 

4.14. The blending of nanoparticles enhanced the thermal conductivity and specific heat of the 

nanolubricant.  

 

Figure 4.14: Variation in thermal conductivity and specific heat with the percentage of 

nanoparticles 

4.2.2.1 Effect of SiO2 nanoparticles on C.O.F. 

Figure 4.15 shows the variation of C.O.F. with respect to speed at a constant load of 40 N for 

the different compositions of nanoparticles in the lubricant starting from 1%, 0.8%, 0.6%, 

0.4%, 0.2% and Fresh 15W40 for fully flooded and starved lubrication.  

For fully flooded lubrication condition the fresh 15W40 lubricant showed higher C.O.F. then 

the SiO2 nanolubricant. At 3.663 m/s sliding speed the average value of C.O.F.in case of fresh 

15W40 lubricating oil was observed ≈ 0.0229 which decreased as the nanoparticles were added 

to the lubricating oil. The minimum C.O.F. was observed in case of 0.6% w/w of SiO2 

nanoparticles ≈0.00765. After 0.6% the C.O.F. again increased up to 1% w/w SiO2 
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nanoparticles ≈ 0.0127 but the value was less than the fresh 15W40. Similar trends were 

observed at 5.263, 7.326, 10.471 and 13.605 m/s sliding speed as shown in Figure 4.15.  

 

 

Figure 4.15: Variation of C.O.F. with sliding speed for various compositions of Nanofluid in 

a) fully flooded Lubrication and b) Starved Lubrication c) Comparison of COF for fully 

flooded and Starved Lubrication. 
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For Starved lubrication condition, the fresh 15W40 lubricant showed higher C.O.F. then the 

SiO2 nanolubricant. At 3.663 m/s sliding speed the average value of C.O.F. in case of fresh 

15W40 lubricating oil was observed ≈ 0.0651 which decreased as the nanoparticles were added 

to the lubricating oil. The minimum C.O.F. was observed in case of 0.6% w/w of SiO2 

nanoparticles ≈0.0331. After 0.6% the C.O.F. again increased up to 1% w/w of SiO2 

nanoparticles. The maximum value of C.O.F. was observed in case of 0.2% w/w of SiO2 

nanoparticles ≈ 0.0663 but the value was less than the fresh 15W40. Similar trends were 

observed at 5.263, 7.326, 10.471 and 13.605 m/s sliding speed as shown in Figure 4.15.  

 

Figure 4.16: XRD analysis of tribopair in presence of SiO2 NL 

For both fully flooded and starved lubrication conditions the C.O.F.in case of the nanolubricant 

was less as compared to fresh 15W40. The 0.6-0.8% w/w of SiO2 nanoparticles blended in 

fresh 15W40 showed lowest C.O.F. for almost all the sliding speed values. The COF in case 

of SiO2 nanofluid first decreased but as the concentration was increased further the COF value 

again increased. The decrement in COF may be due to the coating action of nanoparticles on 

the surface of tribopair which can be observed by high intensity of nanoparticles in the XRD 
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analysis (Figure 4.16). The COF started increasing after an optimum concentration of 

nanoparticles in the nanofluid, this may be due the cluster of nanoparticles not allowing the 

smooth gliding of the tribopair i.e. the increased concentration of nanoparticles acted as 

obstacle in the gliding of one tribosurface over the other. 

 4.2.2.2 Effect of SiO2 nanoparticles on Specific Wear Rate  

Figure 4.17 shows the variation of Specific Wear Rate with respect to sliding speed at a 

constant load of 40 N for the different compositions of nanoparticles in the lubricant starting 

from 1%, 0.8%, 0.6%, 0.4%, 0.2% and Fresh 15W40 for fully flooded and starved lubrication.  

 

Figure 4.17: Variation of Specific wear rate with sliding speed for various compositions of 

nanofluid in a) Fully Flooded Lubrication and b) Starved Lubrication. 

The specific wear rate for the fully flooded condition has lower values as compared to starved 

lubrication due to the presence of stable lubricating film between the tribopairs. The value 

specific wear rate was almost negligible in case of nanolubricant due to the no wearing of the 

contact surfaces in fully flooded lubrication condition but there was considerable wear in a 

starved condition still the specific wear rate in case of SiO2 nanolubricant was very less as 

compared to fresh 15W40. 
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4.2.2.3 Thermal Analysis of SiO2 nanolubricant 

The temperature of the tribopair was measured at the start and end of the experiment with the 

help of a thermal imaging camera. The change in average temperature or temperature rise of 

the tribopair was calculated and plotted against sliding speed.  

 

Figure 4.18: Temperature Rise with sliding speed a) fully flooded lubrication b) starved 

lubrication c) Comparison of Temperature Rise for fully flooded and Starved Lubrication. 
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Figure 4.18 shows the temperature rise at various speeds for fully-flooded and starved 

lubrication condition. The temperature rise of the tribopair was less in case of SiO2 

nanolubricant as compared to the fresh 15W40 lubricating oil. The temperature rise was less 

for the higher concentrations of the nanoparticles in the lubricant.  

The less temperature rise was an indicator of the increased thermal conductivity and specific 

heat of the lubricant due to the addition of nanoparticles. The theoretical change in thermal 

conductivity and specific heat was calculated with the help of ESS software as shown in Figure 

4.19. The blending of nanoparticles enhanced the thermal conductivity and specific heat of the 

nanolubricant.  

 

Figure 4.19: Variation in thermal conductivity and specific heat with the percentage of 

nanoparticles 

4.2.3.1 Effect of Cu nanoparticles on C.O.F. 

Figure 4.20 shows the variation of C.O.F. with respect to speed at a constant load of 40 N for 

the different compositions of nanoparticles in the lubricant starting from 1%, 0.8%, 0.6%, 

0.4%, 0.2% and Fresh 15W40 for fully flooded and starved lubrication.  

For fully flooded lubrication condition the fresh 15W40 lubricant showed higher C.O.F. then 

the Cu nanolubricant. At 3.663 m/s sliding speed, the average value of C.O.F.in case of fresh 

15W40 lubricating oil was observed ≈ 0.0229. There was a slight increment in the C.O.F. was 

observed in case of 0.2% w/w Cu nanoparticles but with the increase in concentration, the 

C.O.F. decreased. The C.O.F. in case of Cu nanolubricant at higher speed was very less as 

compared to fresh 15 W40. 
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Figure 4.20: Variation of C.O.F. with sliding speed for various compositions of Nanofluid in 

a) fully flooded Lubrication and b) Starved Lubrication c) Comparison of COF for fully 

flooded and Starved Lubrication. 

For Starved lubrication condition, the fresh 15W40 lubricant showed higher C.O.F. then the 

Cu nanolubricant. At 3.663 m/s sliding speed the average value of C.O.F.in case of fresh 

15W40 lubricating oil was observed ≈ 0.0651 but in case of 0.4% w/w Cu nanolubricant, it 
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was slightly higher 0.0665. The minimum C.O.F. was observed in case of 0.8% w/w of Cu 

nanoparticles ≈0.0464. After 0.8% the C.O.F. again increased up to 1% w/w Cu nanoparticles 

≈ 0.0546, but the value was less than the fresh 15W40. The C.O.F. in case of nanolubricant 

was less at sliding speeds of 5.263, 7.326, 10.471 and 13.605 m/s as shown in Figure 4.20.  

For both fully flooded and starved lubrication conditions the C.O.F.in case of the nanolubricant 

was less as compared to fresh 15W40. The 0.6% w/w of Cu nanoparticles blended in fresh 

15W40 showed lowest C.O.F. for almost all the sliding speed values. Figure 4.21 shows the 

presence of Cu nanoparticles on the surface of tribopair when investigated by XRD. These 

nanoparticles might be responsible for mending effect of the surface of the specimen. 

 

Figure 4.21: XRD analysis of tribopair in presence of Cu NL 

4.2.3.2 Effect of Cu nanoparticles on Specific Wear Rate  

Figure 4.22 shows the variation of Specific Wear Rate with respect to sliding speed at a 

constant load of 40 N for the different compositions of nanoparticles in the lubricant starting 

from 1%, 0.8%, 0.6%, 0.4%, 0.2% and Fresh 15W40 for fully flooded and starved lubrication.  
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The specific wear rate for the fully flooded condition has lower values as compared to starved 

lubrication due to the presence of a stable lubricating film between the tribopairs. The value 

specific wear rate increased with the increase in the concentration of the Cu nanoparticles in 

the lubricant in both fully flooded and starved condition.  

 

Figure 4.22: Variation of Specific wear rate with sliding speed for various compositions of 

nanofluid in a) Fully Flooded Lubrication and b) Starved Lubrication. 

4.2.3.3 Thermal Analysis of Cu nanolubricant 

The temperature of the tribopair was measured at the start and end of the experiment with the 

help of a thermal imaging camera. The change in average temperature or temperature rise of 

the tribopair was calculated and plotted against sliding speed.  
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Figure 4.23: Temperature Rise with sliding speed a) fully flooded lubrication b) starved 

lubrication c) Comparison of Temperature Rise for fully flooded and Starved Lubrication. 

Figure 4.23 shows the temperature rise at various speeds for fully-flooded and starved 

lubrication condition. The temperature rise of the tribopair was less in case of Cu nanolubricant 

as compared to the fresh 15W40 lubricating oil. The temperature rise was less for the higher 

concentrations of the nanoparticles in the lubricant.  
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Figure 4.24: Variation in thermal conductivity and specific heat with the percentage of 

nanoparticles 

The less temperature rise was an indicator of the increased thermal conductivity and specific 

heat of the lubricant due to the addition of nanoparticles. The theoretical change in thermal 

conductivity and specific heat was calculated with the help of ESS software as shown in Figure 

4.24. The blending of nanoparticles enhanced the thermal conductivity and specific heat of the 

nanolubricant.  

4.2.4.1 Effect of CuO nanoparticles on C.O.F. 

Figure 4.25 shows the variation of C.O.F. with respect to speed at a constant load of 40 N for 

the different compositions of nanoparticles in the lubricant starting from 1%, 0.8%, 0.6%, 

0.4%, 0.2% and Fresh 15W40 for fully flooded and starved lubrication.  

For fully flooded lubrication condition the fresh 15W40 lubricant showed higher C.O.F. then 

the CuO nanolubricant. At 3.663 m/s sliding speed, the average value of C.O.F.in case of fresh 

15W40 lubricating oil was observed ≈ 0.0229. The C.O.F. in case of CuO nanofluid was 

observed higher than the C.O.F. in case of fresh 15W40 lower sliding speed. As the sliding 

speed increased the C.O.F. in case of nanolubricant was less than the fresh lubricant.  

For Starved lubrication condition, the fresh 15W40 lubricant showed lower C.O.F. then the 

CuO nanolubricant at lower sliding speed. As the sliding speed increased the C.O.F. in case of 

nanolubricant was higher than the fresh lubricant.   
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For both fully flooded and starved lubrication conditions the C.O.F.in case of the nanolubricant 

was less as compared to fresh 15W40. The 0.2-0.4% w/w of CuO nanoparticles blended in 

fresh 15W40 showed lowest C.O.F. for almost all the sliding speed values.  

 

 

Figure 4.25: Variation of C.O.F. with sliding speed for various compositions of Nanofluid in 

a) fully flooded Lubrication and b) Starved Lubrication c) Comparison of COF for fully 

flooded and Starved Lubrication. 
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Figure 4.26: XRD analysis of tribopair in presence of CuO NL 

Figure 4.26 shows the presence of CuO nanoparticles on the surface of tribopair when 

investigated by XRD. These nanoparticles might be responsible for mending effect of the 

surface of the specimen. 

4.2.4.2 Effect of CuO nanoparticles on Study of Specific Wear Rate  

Figure 4.27 shows the variation of Specific Wear Rate with respect to sliding speed at a 

constant load of 40 N for the different compositions of nanoparticles in the lubricant starting 

from 1%, 0.8%, 0.6%, 0.4%, 0.2% and Fresh 15W40 for fully flooded and starved lubrication.  

The specific wear rate for the fully flooded condition has lower values as compared to starved 

lubrication due to the presence of a stable lubricating film between the tribopairs. The value 

specific wear rate increased with the increase in sliding speed in a fully flooded condition 

whereas in starved condition specific wear rate first increased than decreased. As the 

concentration of nanoparticles in the lubricant increased from 0.2% w/w to 1.0% w/w the 

specific wear rate also increased.  
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Figure 4.27: Variation of Specific wear rate with sliding speed for various compositions of 

nanofluid in a) Fully Flooded Lubrication and b) Starved Lubrication. 

4.2.4.3 Thermal Analysis of CuO nanolubricant 

The temperature of the tribopair was measured at the start and end of the experiment with the 

help of a thermal imaging camera. The change in average temperature or temperature rise of 

the tribopair was calculated and plotted against sliding speed.  

Figure 4.28 shows the temperature rise at various speeds for fully-flooded and starved 

lubrication condition. The temperature rise of the tribopair was less in case of CuO 

nanolubricant as compared to the fresh 15W40 lubricating oil. The temperature rise was less 

for the higher concentrations of the nanoparticles in the lubricant.  

The less temperature rise was an indicator of the increased thermal conductivity and specific 

heat of the lubricant due to the addition of nanoparticles. The theoretical change in thermal 

conductivity and specific heat was calculated with the help of ESS software as shown in Figure 

4.29. The blending of nanoparticles enhanced the thermal conductivity and specific heat of the 

nanolubricant.  
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Figure 4.28: Temperature Rise with sliding speed a) fully flooded lubrication b) starved 

lubrication c) Comparison of Temperature Rise for fully flooded and Starved Lubrication. 
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Figure 4.29: Variation in thermal conductivity and specific heat with the percentage of 

nanoparticles 

4.2.5.1 Effect of WS2 nanoparticles on C.O.F. 

Figure 4.30 shows the variation of C.O.F. with respect to speed at a constant load of 40 N for 

the different compositions of nanoparticles in the lubricant starting from 1%, 0.8%, 0.6%, 

0.4%, 0.2% and Fresh 15W40 for fully flooded and starved lubrication.  

For fully flooded lubrication condition the fresh 15W40 lubricant showed higher C.O.F. then 

the WS2 nanolubricant. At 3.663 m/s sliding speed the average value of C.O.F.in case of fresh 

15W40 lubricating oil was observed ≈ 0.0229 which decreased as the nanoparticles were added 

to the lubricating oil. The minimum C.O.F. was observed in case of 0.4% w/w of WS2 

nanoparticles ≈0.0122. After 0.4% the C.O.F. again increased up to 1% w/w WS2 nanoparticles 

≈ 0.0189, but the value was less than the fresh 15W40. Similar trends were observed at 5.263, 

7.326, 10.471 and 13.605 m/s sliding speed as shown in Figure 4.30.  
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Figure 4.30: Variation of C.O.F. with sliding speed for various compositions of Nanofluid in 

a) fully flooded Lubrication and b) Starved Lubrication c) Comparison of COF for fully 

flooded and Starved Lubrication. 

For Starved lubrication condition, the fresh 15W40 lubricant showed higher C.O.F. then the 

WS2 nanolubricant. At 3.663 m/s sliding speed the average value of C.O.F.in case of fresh 

15W40 lubricating oil was observed ≈ 0.0651 which decreased as the nanoparticles were added 

to the lubricating oil. The minimum C.O.F. was observed in case of 0.4% w/w of WS2 
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nanoparticles ≈ 0.0385. After 0.4% the C.O.F. again increased up to 1% w/w WS2 

nanoparticles ≈ 0.0535, but the value was less than the fresh 15W40. Similar trends were 

observed at 5.263, 7.326, 10.471 and 13.605 m/s sliding speed as shown in Figure 4.30.  

For both fully flooded and starved lubrication conditions the C.O.F.in case of the nanolubricant 

was less as compared to fresh 15W40. The 0.4% w/w of WS2 nanoparticles blended in fresh 

15W40 showed lowest C.O.F. for almost all the sliding speed values. The COF in case of WS2 

nanofluid first decreased but as the concentration was increased further the COF value again 

increased. The decrement in COF may be due to the coating action of nanoparticles on the 

surface of tribopair which can be observed by high intensity of nanoparticles in the XRD 

analysis (Figure 4.31). The COF started increasing after an optimum concentration of 

nanoparticles in the nanofluid, this may be due the cluster of nanoparticles not allowing the 

smooth gliding of the tribopair i.e. the increased concentration of nanoparticles acted as 

obstacle in the gliding of one tribosurface over the other.  

 

Figure 4.31: XRD analysis of tribopair in presence of WS2 NL 
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4.2.5.2 Effect of WS2 nanoparticles on Specific Wear Rate  

Figure 4.32 shows the variation of Specific Wear Rate with respect to sliding speed at a 

constant load of 40 N for the different compositions of nanoparticles in the lubricant starting 

from 1%, 0.8%, 0.6%, 0.4%, 0.2% and Fresh 15W40 for fully flooded and starved lubrication.  

The specific wear rate for the fully flooded condition has lower values as compared to starved 

lubrication due to the presence of stable lubricating film between the tribopairs. The value 

specific wear rate was almost negligible in case of nanolubricant due to the no wearing of the 

contact surfaces.  

 

Figure 4.32: Variation of Specific wear rate with sliding speed for various compositions of 

nanofluid in a) Fully Flooded Lubrication and b) Starved Lubrication. 

4.2.5.3 Thermal Analysis of WS2 nanolubricant 

The temperature of the tribopair was measured at the start and end of the experiment with the 

help of a thermal imaging camera. The change in average temperature or temperature rise of 

the tribopair was calculated and plotted against sliding speed.  



` 

83 

  

 

 

Figure 4.33: Temperature Rise with sliding speed a) fully flooded lubrication b) starved 

lubrication c) Comparison of Temperature Rise for fully flooded and Starved Lubrication. 
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Figure 4.34: Variation in thermal conductivity and specific heat with the percentage of 

nanoparticles 

Figure 4.33 shows the temperature rise at various speeds for fully-flooded and starved 

lubrication condition. The temperature rise of the tribopair was less in case of WS2 

nanolubricant as compared to the fresh 15W40 lubricating oil. The temperature rise was less 

for the higher concentrations of the nanoparticles in the lubricant.  

The less temperature rise was an indicator of the increased thermal conductivity and specific 

heat of the lubricant due to the addition of nanoparticles. The theoretical change in thermal 

conductivity and specific heat was calculated with the help of ESS software as shown in Figure 

4.34. The blending of nanoparticles enhanced the thermal conductivity and specific heat of the 

nanolubricant. 
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4.3 Tribological and Extreme Pressure analysis with Four Ball Tester 

The tribological testing for the prepared nanolubricant had been carried out on four ball tester 

according to ASTM- DIN 51350 for extreme pressure and ASTM- D4172 for friction and wear 

characteristics of the lubricating oil. 

In the four ball tester, the load is applied from vertically downwards direction. The upper ball 

rotates with constant rpm. The temperature of the assembly is maintained at the desired value 

by a temperature controlled unit. The frictional torque was measured by load displacement 

sensor that displays on the online monitor. The nanolubricants were tested on Four Ball Tester 

for their performance analysis by measuring C.O.F. and wear scar diameter and stability was 

analyzed by means of weld load measurement.   

4.3.1 Study of Coefficient of friction 

The experiment was performed on three loads 196 N, 392 N and 588 N. The C.O.F.(C.O.F.) 

increased with the increase of normal load. The lubricant blended with nanoparticles had lower 

values of C.O.F.as compared to the fresh lubricant shown in Figure 4.35. Table 4.4 and Figure 

4.36 shows the percent decrease in the value of C.O.F.as compared to the fresh 15W40 

lubricating oil. The nanoparticles of SiO2 blended with 15W40 lubricating oil showed ~ 15% 

to 25% decrease in C.O.F. The nanoparticles of graphite showed ~ 15% - 18% decrement in 

C.O.F. The nanoparticles of Cu and CuO showed ~ 9% - 20% and ~ 1.5% to 17% reduction in 

C.O.F. respectively whereas the nanoparticle of WS2 showed ~ 13% - 21% decrease in C.O.F. 

Table 4.4: Percentage decrease in C.O.F. values in the presence of nanoparticles in the 

lubricant 

Nano lubricant Percent decrease in coefficient of friction 

Load 196 N Load 392 N Load 588 N 

SiO2 Nano lubricant 17.46% 15.44% 25.55% 

Graphite Nano lubricant 16.23% 15.4% 17.72% 

Cu Nano lubricant 13.65% 9.07% 19.6% 

CuO Nano lubricant 2.78% 1.48% 17% 

WS2 Nano lubricant 13.64% 15.12% 21.13% 
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Figure 4.35: Load v/s C.O.F.in presence of various lubricants a) at load 196 N, b) at load 392 

N, c) at load 588 N. 
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Figure 4.36: Percent decrease in WSD and COF in case of nanolubricants. 

4.3.2 Study of Wear Scar Diameter 

The wear scar diameter (WSD) was examined for all three loads 196 N, 392 N and 588 N. The 

Wear scar diameter increased as the load increased. The nanoparticles blended with the 

lubricant decreased the Wear scar diameter significantly. Table 4.5 and Figure 4.36 shows the 

percent decrease in the value of Wear scar diameter as compared to the fresh 15W40 

lubricating oil. The nanoparticles of SiO2 blended with 15W40 lubricating oil showed ~ 50% 

to 59% decrease in WSD. The nanoparticles of graphite showed ~ 45% - 57% decrement in 

WSD. The nanoparticles of Cu and CuO showed ~ 33% - 49% and ~ 13% to 28% reduction in 

WSD respectively whereas the nanoparticle of WS2 showed ~ 17% - 26% decrease in WSD. 

Table 4.5: Percentage decrease in WSD values in the presence of nanoparticles in the lubricant 

Nano lubricant Percent decrease in Wear Scare Diameter 

Load 196 N Load 392 N Load 588 N 

SiO2 Nano lubricant 49.64% 59.91% 54.15% 

Graphite Nano lubricant 45.32% 56.82% 50.73% 

Cu Nano lubricant 43.16% 49.40% 33.17% 

CuO Nano lubricant 28.06% 13.07% 13.17% 

WS2 Nano lubricant 20.14% 25.57% 17.07% 
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Figure 4.37: Wear Scar Diameter observed by an optical microscope at 196 N. a) 15W40 

lubricant, b) Cu nanolubricant, c) CuO nanolubricant, d) WS2 nanolubricant, e) Graphite 

nanolubricant, f) SiO2 nanolubricant 
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Figure 4.38: Wear Scar Diameter observed by an optical microscope at 392 N. a) 15W40 

lubricant, b) Cu nanolubricant, c) CuO nanolubricant, d) WS2 nanolubricant, e) Graphite 

nanolubricant, f) SiO2 nanolubricant. 
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Figure 4.39: Wear Scar Diameter observed by an optical microscope at 588 N. a) 15W40 

lubricant, b) Cu nanolubricant, c) CuO nanolubricant, d) WS2 nanolubricant, e) Graphite 

nanolubricant, f) SiO2 nanolubricant. 
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4.3.3 Extreme Pressure Analysis  

The extreme pressure performance analysis of the prepared nanolubricant was conducted 

according to ASTM- DIN 51350. The weld load was calculated for each nanolubricant and 

compared with Fresh 15W40 lubricating oil Figure 4.40.  The extreme pressure performance 

of the nanolubricant showed better results than the fresh 15W40 Lubricating oil. The 

percentage increment in weld load for Cu nanolubricant, SiO2 nanolubricant, WS2 

nanolubricant, CuO nanolubricant, and Graphite nanolubricant obtained ~ 22%, 11%, 27%, 

29%, 19% respectively.  

 

 

Figure 4.40: Extreme Pressure Analysis of Nanolubricants 
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4.4 Tribological analysis of optimized nanolubricant 

After the tribological and extreme pressure analysis on a pin on disc and four ball tester, three 

nanolubricant was developed by a combination of more the one nanoparticle. The tribological, 

extreme pressure and thermal properties along with the stability of the nanofluid were 

considered for driving out the new composition. The composition of the newly developed 

lubricant is given in Table 4.6. The tribological behavior of the novel nanolubricants was 

studied on a pin on disc tribometer and four ball tester. 

Table 4.6: Composition of nanolubricant developed by a combination of nanoparticles 

Nanoparticle with 

composition 

Base oil Nanolubricant  Viscosity (mPa∙s) at 

40 oC 

0.6% SiO2 + 0.2% CuO 15W40 NL1 89.846 

0.6% Graphite + 0.2% CuO 15W40 NL2 88.527 

0.4% WS2 + 0.2% CuO 15W40 NL3 90.028 

 

4.4.1 Tribological and thermal analysis on the Pin on disc tribometer 

The experiment was conducted at a load of 40 N with variable sliding speed of 

3.663m/s, 5.2631m/s 7.3260 m/s, 10.4712 m/s, 13.6054m/s. The atmospheric temperature at 

the time of testing was 280 C. The experiment was carried in fully flooded as well as starved 

lubrication condition. 

4.4.1.1 Study of C.O.F. 

Figure 4.41 shows the variation of C.O.F. with respect to speed at a constant load of 40 N for 

the various nanolubricants developed.  

For fully flooded condition at lower sliding speed the nanolubricant 2 showed lowest C.O.F. 

followed by the nanolubricant 1. The nanolubricant 3 showed the highest C.O.F. As the higher 

sliding speeds were achieved the C.O.F. values for all the three nanolubricants increased but 

this increment was more for the nanolubricant 2 as compared to the other lubricants. At 13.663 

m/s sliding speed nanolubricant 2 showed the highest C.O.F. followed by nanolubricant 1 and 

nanolubricant 3 showed the lowest C.O.F. values. 
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For starved lubrication condition, the C.O.F. first decreased and then increased. The C.O.F. 

nanolubricant 2 was lower than the nanolubricant 1 and nanolubricant 3. 

 

Figure 4.41: Variation of C.O.F. with sliding speed for novel Nanolubricants in a) fully 

flooded Lubrication and b) Starved Lubrication. 

4.4.1.2 Study of Specific Wear Rate  

Figure 4.42 shows the variation of Specific Wear Rate with respect to sliding speed at 

a constant load of 40 N for the navel nanolubricants. 

The specific wear rate for the fully flooded condition has lower values as compared to starved 

lubrication due to the presence of stable lubricating film between the tribopairs.  

For fully flooded lubrication condition the specific wear rate for nanolubricant 2 showed 

minimum value followed by nanolubricant 1 and nanolubricant 3. 

For starved lubrication nanolubricant 3 showed lower values of C.O.F.as it acts as a solid 

lubricant and produces a protective coating over the surface of the tribopair. In starved 

condition, at higher speed, the nanolubricant 1 showed a lower value of the coefficient of 

friction.  
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Figure 4.42: Variation of Specific wear rate with sliding speed for novel nanolubricants in a) 

Fully Flooded Lubrication and b) Starved Lubrication. 

4.4.2 Tribological and Extreme Pressure analysis with Four Ball Tester 

The tribological testing for the prepared nanolubricant had been carried out on four ball tester 

according to ASTM- DIN 51350 for extreme pressure and ASTM- D4172 for friction and wear 

characteristics of the lubricating oil, the test conditions are given in Table 3. 

In the four ball tester, the load is applied from vertically downwards direction. The upper ball 

rotates with constant rpm. The temperature of the assembly is maintained at the desired value 

by a temperature controlled unit. The frictional torque was measured by load displacement 

sensor that displays on the online monitor. 

The nanolubricants were tested on Four Ball Tester for their performance analysis by 

measuring C.O.F. and wear scar diameter and stability was analyzed by means of weld load 

measurement.   

4.4.2.1 Study of C.O.F. 

The experiment was performed on three loads 196 N, 392 N and 588 N. The C.O.F.(C.O.F.) 

increased with the increase of normal load. At lower loads, i.e. 196 N and 392 N nanolubricant 

2 showed the minimum value of C.O.F. followed by nanolubricant 1. Nanolubricant 3 showed 



` 

95 

  

a maximum value of C.O.F.at smaller load. The variation of C.O.F. with respect to load was 

not that much in the case of nanolubricant 3 as compared to the other two nanolubricants. At 

388 N load nanolubricant 3 showed minimum C.O.F. followed whereas nanolubricant 1 

showed the highest value as shown in Figure 4.43. 

 

Figure 4.43: Load v/s C.O.F.in presence of various lubricants a) at load 196 N, b) at load 392 

N, c) at load 588 N. 
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4.4.2.2 Study of Wear Scar Diameter 

The wear scar diameter (WSD) was examined for all three loads 196 N, 392 N and 588 N. The 

wear scar diameter increased as the load increased. At 196 N load, the minimum WSD was 

observed for nanolubricant 2 followed by nanolubricant 1. For nanolubricant 3 the WSD was 

around 30% more than that in the case on nanolubricant 2 as shown in Figure 4.44. 

 

 

Figure 4.44: Wear Scar Diameter observed by optical microscope at 196 N. a) Nanolubricant 

1, b) Nanolubricant 2, c) Nanolubricant 3. 

 

At load 392 N minimum wear scare diameter was observed in case of nanolubricant followed 

by nanolubricant 3 which is having around 5% WSD than nanolubricant 1. The wear scar 
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diameter was highest in case of nanolubricant 2 was around 10 % more than the nanolubricant 

1 as shown in Figure 4.45. 

 

Figure 4.45: Wear Scar Diameter observed by an optical microscope at 392 N. a) 

Nanolubricant 1, b) Nanolubricant 2, c) Nanolubricant 3. 

At 588 N load, the wear scar diameter was minimum for nanolubricant 1 followed by 

nanolubricant 2 which is having around 10% more WSD than nanolubricant 1. The 

nanolubricant 3 had maximum wear scare diameter which was around 20% more than the WSD 

in case of nanolubricant 1. As shown in Figure 4.46. 
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Figure 4.46: Wear Scar Diameter observed by an optical microscope at 588 N. a) 

Nanolubricant 1, b) Nanolubricant 2, c) Nanolubricant 3. 

4.4.2.3 Extreme Pressure Analysis  

The extreme pressure performance analysis of the novel nanolubricants was conducted 

according to ASTM- DIN 51350. The weld load was calculated for each nanolubricant. The 

nanolubricant 1 showed minimum weld load i.e, 10500 N followed by nanolubricant 2 11500 

and nanolubricant 3 showed highest weld load of 12000 N, which makes it the better lubricant 

than the other two lubricants under extreme pressure conditions. 
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CHAPTER 5 

PERFORMANCE ANALYSIS OF INTERNAL COMBUSTION ENGINE 

 

5.1 Analysis of the Internal Combustion engine  

The international combustion engine used for performance study was the Kirloskar single 

cylinder diesel fueled four stroke engine shown in Figure 5.1. The light duty, water cooled, 

vertical engine diesel engine generally used for irrigation purpose by the farmers. The engine 

was selected because such engines work in more adverse conditions then the automobile 

conditions.  

Table 5.1: Specifications of the Test Engine 

Parameter Description 

Make Kirloskar 

Model AV1-5.0 

Engine Type Single cylinder 

Number of strokes Four stroke 

Type of cooling Water cooled engine 

Fuel Diesel 

Lubricating oil 15W40 

Bore 80 mm 

Displacement 110 mm 

Cubic Capacity 553 cc 

Compression Ratio 16.5:1 

Rated Power 3.7 kw/5 hp @ 1500 rpm 
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The long oil change intervals and dirt and dust near the operating condition make them 

tribological critical to study. The lubricating oil recommended for the engine is 15W40. The 

wet sump lubricating system is used for the engine. The specifications of the test engine are 

given in Table 5.1.  

 

Figure 5.1: Test engine 
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Figure 5.2 Loading Rheostat 

 

 

Figure 5.3 Data logger 
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The test engine was connected to a data logger which displays the load, rpm, temperature at 

various points and the fuel consumed shown in Figure 5.3. The loading for the test engine was 

electrical loading for high accuracy shown in Figure 5.2. The loading rheostat was connected 

to the engine through a dynamometer. The rpm was measured with the help of magnetic type 

rpm sensor. The eddy-current dynamometer and rpm sensor were directly connected to the data 

logger. The fuel consumption by the engine was also measured by the sensor and displayed on 

the data logger. There were thermocouples provided for measurement of temperature at various 

points such as inlet atmospheric temperature, air temperature, inlet fuel temperature, inlet air 

temperature to the heat exchanger, outlet air temperature from the heat exchanger, engine 

exhaust temperature, inlet water cooling temperature, exhaust cooling water temperature. The 

schematic of the wet pump lubricating system is used in the test engine is shown in Figure 5.4. 

The lubricant is kept in the oil sump. The lubricant from the oil sump is pumped by a pump 

which receives power from the engine. The oil strainer collects and filters oil from the sump. 

The oil is then supplied to a secondary high pressure filter which removes the foreign particles 

present in the oil. The oil pressure regulator ensures the optimum oil pressure. The pressurized 

oil flows through the oil lines which are meant to lubricate the moving engine parts. Oil from 

the main oil lines flows through the holes drilled inside the crankshaft and main bearing for 

their lubrication. The oil sprout connected with the oil lines forces the oil upwards to lubricate 

the piston and its parts. The oil flows through the oil rings to lubricate and form a thin film 

around the cylinder walls. The second oil line having sprouts connected to help in lubricating 

the camshaft and the valves. After lubricating the engine parts, the oil begins to flow 

downwards through a separate passage and finally gets collected in the oil sump. 



` 

103 

  

 

Figure 5.4: Wet sump lubricating system 

5.2 Performance Analysis of the IC Engine 

The performance analysis of the IC engine was studied by calculating the performance 

parameters like brake mean effective pressure, brake specific fuel consumption and brake 

thermal efficiency. The emission analysis was also performed where the exhaust gasses form 

the test engine were analyzed. The test was performed for fresh 15W40 and the three novel 

nanolubricant i.e. nanolubricant 1, nanolubricant 2 and nanolubricant 3.  

The oil sump was properly cleaned; the oil filter has been changed before changing the 

lubricant. After the oil change the engine was started and ran for 4 hours at no load before 

starting the actual performance analysis. This was done just to ensure that the lubricant flows 

to all the parts of the engine properly. 

Measurement of various engine performance parameters: The engine performance parameters 

like brake power, brake mean effective pressure, indicated power, brake thermal efficiency, 

brake mean effective fuel consumption was calculated with the help of observed parameters 
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from the data logger like engine load, fuel consumption, engine speed, temperature at various 

points, air flow rate. The equations for the measurement of the performance parameters are 

given bellow. 

Brake power (BP): It signifies the power output of the engine or the power given by 

the engine to the output shaft. The brake power is measured with the help of the dynamometer. 

The brake power may be calculated as per equation 5.2. 

Brake Torque = 9.81LR  Nm  ………………………5.1 

 

Brake power (BP) =
2πN×9.81×L×R

1000×60
       kW …………………… 5.2 

 

Where L is the Load (Kg)  

 R is the radius (m) 

 N is the rpm 

 

Brake mean effective pressure (BMEP): It the theoretical pressure which is exerted during each 

power stroke. The brake mean effective pressure can be calculated as per equation 5.3. 

B. M. E. F =
60000×brake power

lA N ×n
…………5.3 

Where l is the stroke length 

 A is the area of piston head 

 N is the rpm 

 n is the no of power stroke per cycle 

 n = ½ for four stroke engine 

 n = 1 for two stroke engine 
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 Brake specific fuel consumption (BSFC): It is the ratio of rate of fuel consumed to the 

brake power. Brake specific fuel consumption is given by equation 5.4. 

BSFC =
Mass of fuel consumption per unit time

Brake power
…….5.4 

  

Brake thermal efficiency: Brake thermal efficiency given in equation 5.5 is the ration 

of the brake power to the fuel power.  

Brake thermal efficiency =
𝒃𝒓𝒂𝒌𝒆 𝒑𝒐𝒘𝒆𝒓

𝒎𝒂𝒔𝒔 𝒐𝒇 𝒇𝒖𝒆𝒍/𝒔×𝒄𝒂𝒍𝒐𝒓𝒊𝒇𝒊𝒄 𝒗𝒂𝒍𝒖𝒆 𝒐𝒇 𝒇𝒖𝒆𝒍
……..5.5 

5.2.1 Results of engine performance analysis 

The engine performance measured for every 0.5 Kg of oil consumed. The time for the 

fuel consumption was recorded with the help of stop watch. The other important parameters 

for the test were recorded and displayed by the data logger. 

5.2.1.1 Brake specific fuel consumption (BSFC)  

The brake specific fuel consumption is considered to be one of the very important parameters 

for the performance testing as doesn’t consider the calorific value so such analysis may be 

replicated for number of fuels used for the same engine.  
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Figure 5.5: BSFC vs BMEP 

The BSFC vs brake mean effective pressure (BMEP) plot shows the decrease in BSFC upto 

3.2 bar BMEP after that the BSFC curve became steady as shown in Figure 13. In case of 

nanolubricant 1 and 2 the BSFC was minimum, in case of nanolubricant 3 BSFC was almost 

same as that for the fresh 15W40 but after 3.4 bar BMEP the BSFC decreased swiftly which 

indicates the at higher loads lubricant 3 have better properties than Fresh 15W40.  

5.2.1.2 Brake thermal efficiency (BTE)  

Brake thermal efficiency is a very important performance parameter for the engine as it not 

only considers the effectiveness of the engine to transform the chemical energy of the fuel to 

useful work but it also considers the tribological losses due to friction of various moving parts.  
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Figure 5.6: Brake Thermal Efficiency vs BMEP 

The BTE vs brake mean effective pressure (BMEP) plot (Figure 5.6) shows the increase in 

efficiency upto 3.4 bar BMEP after that the efficiency curve started dropping with less slope. 

The sudden increment in brake thermal efficiency as the BMEP or engine load was increased 

may be due to reduction in heat losses. After achieving the maximum efficiency, the 

tribological and losses increases slightly as the BMEP is further increased.  

In case on nanolubricant 2 the efficiency was maximum followed by nanolubricant 1, in case 

of nanolubricant 3 efficiency was almost same as that for the fresh 15W40 but after 4.1 bar 

BMEP the efficiency increased swiftly which indicates the at higher loads lubricant 3 have 

better properties than Fresh 15W40.  

 

  



` 

108 

  

5.3 Emission Analysis 

Engine emissions have been under critical consideration as the world eyes on the energy 

sources with cleaner exhaust which should not be hazardous. The exhaust form the engine was 

analyzed at the part as well a full load. The analysis was done to measure carbon dioxide 

(CO2), carbon monoxide (CO), hydrocarbons (HC) and smoke opacity.  

5.3.1 Carbon monoxide emission 

Carbon monoxide is one of the major pollutant present in the diesel engine exhaust. The carbon 

monoxide emission increases in the engine due to incomplete burning of the fuel which may 

be due to engine speed, engine load, fuel injection pressure, injection timing, fuel atomization, 

combustion chamber design. At no load the CO emission was very large it may be due to the 

fact the at smaller load the engine temperature was not sufficiently large to assist the complete 

burning of the fuel. As the load increased the burning of fuel us proper which resulted in 

decrease in CO emission. However, as the load increased from 70% till full load the fuel 

requirement for the engine increased resulting in increased CO emission. The CO emission in 

case of nanolubricant 1 was least followed by nanolubricant 3 and nanolubricant 2. Fresh 

15W40 showed highest CO emission as shown in Figure 5.7. 

 

Figure 5.7: CO emission vs BMEP  
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5.3.2 Carbon dioxide emission 

Carbon dioxide emission indicates the complete burning of the fuel; however, the emission of 

CO2 is very dangerous for the environment as it not only causes serious health in the human 

beings but it is also responsible for the ozone depletion. The CO2 emission increased with the 

increase in engine load. The CO2 emission was minimum for 15W40 lubricating oil followed 

by nanolubricant 3 and nanolubricant 1. The nanolubricant 2 showed maximum CO2 emission 

as shown in Figure 5.8.  

 

 

Figure 5.8: CO2 emission vs BMEP 

5.3.3 Hydrocarbon emission  

The fuel used for diesel engine has its primary constituent made up of hydrogen and carbon. 

The emission of unburnt hydrocarbons is toxic and dangerous for the environment. The factors 

affecting hydrocarbon emission are the availability of oxygen, engine cylinder crevices, 

residence time, fuel structure, temperature etc. The HC emission was highest in case of fresh 
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15W40 lubricant followed by nanolubricant 3, nanolubricant 2 had minimum HC emission 

which was around 16-29% less than the HC emission of 15W40. Similarly, in case of 

nanolubricant 1 and 3 the HC emission reduced by 9-16% and 0- 21% respectively as shown 

in Figure 5.9. 

 

 

 

Figure 5.9: Hydrocarbon emission vs BMEP 

5.3.4 Smoke opacity  

Smoke opacity has been one of the very critical parameters for the emission analysis of diesel 

engine as it refers to the soluble organic fraction of the particulate in the emission. These 

particulate are micro of nano size matter comprises of soot and hydrocarbon which may be 

injurious if inhaled. The smoke opacity increased with the increase in BMEP it may be because 

as the engine load/BMEP was increased more fuel was supplied to the engine which results in 
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decreased air/fuel ration. As the air flow was less as compared to fuel, it resulted in cracking 

of long chain hydrocarbon of fuel resulting in soot. More is the soot formation more would be 

the smoke opacity.  

 

 

Figure 5.10: Smoke opacity vs BMEP 

 

Till BMEP of 1.4 bar the smoke opacity was almost same for all the lubricants but as the BMEP 

increased further the smoke opacity in the presence of lubricant having the nanoparticles 

showed lesser value as compared to fresh 15W40 lubricating oil shown in Figure 5.10. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE SCOPE 

 

6.1 Conclusions 

Following conclusions have been made from this study: 

 Preparation of Nanolubricant  

o SiO2, Graphite and WS2 nanolubricant found stable after sonication having Zeta potential ~ 45 

mV, 34 mV and 37 mV respectively. Cu and CuO nanolubricant sonicated in the presence of 

CTAB as surfactant showed enhanced zeta potential upto 24 and 28 mV respectively, which 

indicated improved the stability of the nanolubricant. 

 Tribological analysis on pin-on-disc tribometer 

o The C.O.F. decreased in case of nanolubricant. The maximum drop in C.O.F. was observed in 

case of SiO2 nanolubricant followed by graphite and WS2 nanolubricant. In case of Cu and 

CuO nanolubricant the C.O.F. decreased but this decrement was very less as compared to the 

other nanolubricants.  

o For fully flooded lubrication the C.O.F. also dependent on the composition of nanoparticles in 

the lubricant, the amount of nanoparticles for which the C.O.F. showed minimum value was 

different for different nanolubricants. In starved lubrication condition; the C.O.F. was higher 

than the fully flooded condition, still it was less in case of nanolubricants. In starved lubrication 

condition also the C.O.F. depends on the type and amount of nanoparticles in the lubricant. 

o The specific wear rate for the fully flooded condition has lower values as compared to starved 

lubrication due to the presence of stable lubricating film between the tribopairs. The value 

specific wear rate was almost negligible in case of some of nanolubricant due to the no wearing 

of the contact surfaces or due to the mending nature of the nanoparticles.   

 Thermal Analysis 

o The nanolubricants increased the heat transfer rate at the interface of the tribopair increasing 

the heat transfer coefficient, this showed the decreased temperature of the tribopair.  
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o The maximum temperature drop was observed in case of Cu and CuO nanoparticles followed 

by WS2 and graphite nanoparticles SiO2 nanoparticles had minimum effect on the temperature 

of the tribopair. Moreover, as the composition of the nanoparticles in the lubricant increased 

the temperature drop also increased.  

o For fully flooded lubrication, the maximum decrement in temperature was observed in case of 

CuO nanolubricant around 7.6%, the Cu nanolunricant showed the decrease in temperature of 

around 7.1%, whereas the WS2 and graphite nanolubricant showed 5.2% and 5.05% decrease 

in temperature but the SiO2 nanolubricant showed only 1.8% decrease in temperature as 

compared to the fresh 15W40. In starved condition, the decrease in temperature for CuO, Cu, 

WS2, graphite and SiO2 nanolubricant was 9.1%, 8.8%, 7.2%, 4.5% and 2.7% respectively. 

 Tribological testing on Four ball tester 

o The antiwear characteristics of the nanolubricant were tested on four ball tester according to 

ASTM- D4172 showed improved tribological performance. The C.O.F. for SiO2 nanolubricant 

showed a decrease of ~ 15% to 25%. The nanoparticles of graphite showed ~ 15% - 18% 

decrement in C.O.F. The nanoparticles of Cu and CuO showed ~ 9% - 20% and ~ 1.5% to 17% 

reduction in C.O.F. respectively whereas the nanoparticle of WS2 showed ~ 13% - 21% 

decrease in C.O.F. 

o There was a significant reduction in wear scar diameter recorded when measured by optical 

microscope. In case of SiO2 nanolubricant WSD decreased by ~ 50% to 59%. The graphite 

nanolubricant showed ~ 45% - 57% decrement in WSD. Cu and CuO nanolubricant showed ~ 

33% - 49% and ~ 13% to 28% reduction in WSD respectively whereas the WS2 nanolubricant 

showed ~ 17% - 26% decrease in WSD. 

o The extreme pressure analysis was conducted according to ASTM- DIN 51350-02. There was 

a significant increase in weld load in case of nanolubricants which indicated the improved 

extreme pressure performance of the nanolubricant. The percentage increment in weld load for 

Cu nanolubricant SiO2 nanolubricant, WS2 nanolubricant, CuO nanolubricant and Graphite 

nanolubricant obtained ~ 22%, 11%, 27%, 29%, 19% respectively.  

 Performance analysis of I C engine 

o The brake specific fuel consumption decreased and the brake thermal efficiency increased in 

the presence of nanolubricant which indicates the performance enhancement of the IC engine 

in the presence of the nanolubricants.  
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o The HC emission was highest in case of fresh 15W40 lubricant followed by nanolubricant 3, 

nanolubricant 2 had minimum HC emission which was around 16-29% less than the HC 

emission of 15W40. Similarly, in case of nanolubricant 1 and 3 the HC emission reduced by 

9-16% and 0- 21% respectively. The CO emission decrease with the increase of BMEP/engine 

load upto some extant and the at full load it increased again. The CO emission in case of 

nanolubricant 1 was least followed by nanolubricant 3 and nanolubricant 2. Fresh 15W40 

showed highest CO emission. The CO2 emission increased with the increase in engine load. 

The CO2 emission was minimum for 15W40 lubricating oil followed by nanolubricant 3 and 

nanolubricant 1. The nanolubricant 2 showed maximum CO2 emission. 

6.2 Scope for future study: 

 The nanoparticles can be used as lubricant additive for other grades of lubricating oil. 

 The one step technique can be implemented for the preparation of nanolubricant. 

 The bio surfactants can be used as surfactants. 

 The nanolubricant can be developed for commercial use.   
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APPENDIX 

Appendix 1: Type of lubricant additives 

Main Type Function and sub-types 

Acid 

neutralizers 

Neutralise contaminating strong acids formed, for example, by 

combustion of high Sulphur fuels or, less often, by decomposition of 

active EP additives 

Anti-foam Reduces surface foam 

Anti-oxidants Reduce oxidation, Various types are: oxidation inhibitors, retarders; 

anti-catalyst metal deactivators, metal passivators 

Anti-rust Reduces rusting of ferrous surfaces swept by oil 

Anti-wear 

agents 

Reduce wear and prevent scuffing of agents rubbing surfaces under 

steady load operating conditions; the nature of the film is uncertain 

Corrosion 

inhibition 

Type (a) reduces corrosion of lead; type (b) reduces corrosion of cuprous 

metals 

Detergents Reduce or prevent deposits formed at high temperatures, e.g. in ic 

engines 

Dispersants Prevent deposition of sludge by dispersing a finely divided suspension 

of the insoluble material formed at low temperature 

Emulsifier Forms emulsions; either water-in-oil or oil-in-water according to type 

Extreme 

Pressure 

Prevents scuffing of rubbing surfaces under severe operating conditions, 

e.g. heavy shock load, by formation of a mainly inorganic surface film 

Oiliness Reduces friction under boundary lubrication conditions; increases load-

carrying capacity 

Pour point 

depressant 

Reduces pour point of paraffinic oils 
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Tackiness Reduces loss of oil by gravity, e.g. from vertical sliding surfaces, or by 

centrifugal forces 

Viscosity 

index 

improvers 

Reduce the decrease in viscosity due to increase of temperature 

 

Appendix 2: Type of additives for different machinery 

Type of 

machinery 

Usual base oil 

type 

Usual additives Special Requirements 

Food 

processing 

Medicinal white 

oil 

None Safety in case of 

ingestion 

Oil hydraulic Paraffinic down 

to about -20°C, 

naphthenic below 

Anti-oxidant, Anti-

rust, Anti-wear, Anti-

foam, Pour point 

depressant 

Minimum viscosity 

changes with 

temperature; minimum 

wear of steel/steel 

Steam and gas 

turbines 

Paraffinic or 

naphthenic 

distillates 

Anti-oxidants, Anti-

rust 

Ready separation from 

water, good oxidation 

stability 

Steam engine 

cylinders 

Unrefined or 

refined residual or 

high-viscosity 

distillates 

None or fatty oil Maintenance of oil film 

no hot surfaces; 

resistance to washing 

away by wet steam 

Air compressor 

cylinders 

Paraffinic or 

naphthenic 

distillates 

Anti-oxidants, Anti-

rust 

Low deposit formation 

tendency 
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Gears 

(steel/steel) 

Paraffinic or 

naphthenic 

Anti-oxidant, Anti-

wear, EP, Anti-foam, 

Pour point depressant 

Protections against 

abrasion and scuffing 

Gears 

(steel/bronze) 

Paraffinic Oiliness, Anti-

oxidants 

Reduce friction, 

temperature rise, wear 

and oxidation 

Machine tool 

slideways 

Paraffinic or 

naphthenic 

Oiliness, tackiness Maintains smooth sliding 

at very low speed. Keeps 

film on vertical surfaces 

Hermetically 

sealed 

refrigerators 

Naphthenic None Good thermal stability, 

miscibility with 

refrigerant, low flow 

point 

Diesel Engines Paraffinic or 

naphthenic 

Detergent, 

Dispersant, Anti-

oxidant, Acid-

neutralizer Anti-

foam, Anti-wear, 

Corrosion inhibitor 

Vary with type of engine 

thus affecting additive 

combination 

 

  



` 

135 

  

Appendix 3: Results of thermal Imaging camera  

Effect of Graphite nanoparticles on Temperature of tribopair 

Lubricant  Temperature 

(0C) 

Test 

Condition 

Sliding Speed (m/s) 

3.663 5.2631 7.3260 10.4712 13.6054 

Fresh 15W 40 Minimum Start 32.0 31.8 32.1 31.9 32.3 

End 32.8 32.9 33.5 33.6 34.0 

Average Start 32.8 32.7 32.8 33.0 32.9 

End 36.4 36.8 37.1 37.5 37.6 

Maximum Start 34.2 35.4 35.0 34.0 34.5 

End 37.4 38.9 39.1 39.2 40.8 

0.2 % Graphite 

nanoparticles 

Minimum Start 32.2 32.0 31.9 32.1 32.2 

End 32.8 32.9 32.8 33.6 33.8 

Average Start 32.9 32.5 32.8 32.7 32.7 

End 36.4 36.2 37.0 36.9 37.2 

Maximum Start 34.7 35.0 35.2 34.9 34.4 

End 37.5 37.9 38.7 40.2 40.4 

0.4 % Graphite 

nanoparticles 

Minimum Start 32.0 31.8 32.1 31.9 32.3 

End 32.8 32.9 33.5 33.6 34.0 

Average Start 32.8 32.7 32.8 33.0 32.9 

End 36.4 36.8 37.1 37.5 37.6 

Maximum Start 34.2 35.4 35.0 34.0 34.5 

End 37.4 38.9 39.1 39.2 40.8 

0.6 % Graphite 

nanoparticles 

Minimum Start 31.0 31.6 31.1 31.9 31.8 

End 31.8 32.6 32.2 33.4 33.4 

Average Start 31.4 31.5 32.0 32.6 32.9 

End 35.4 35.6 35.9 37.0 37.4 



` 

136 

  

Maximum Start 33.9 34.2 34.5 34.0 34.3 

End 36.4 36.9 37.1 38.5 39.9 

0.8 % Graphite 

nanoparticles 

Minimum Start 31.2 31.9 32.0 32.7 32.2 

End 31.9 32.6 32.9 33.7 33.1 

Average Start 32.4 32.8 32.9 33.3 33.1 

End 35.5 35.9 36.1 37.4 37.0 

Maximum Start 34.0 35.1 35.0 34.8 34.7 

End 36.8 38.9 39.0 38.9 39.4 

1.0 % Graphite 

nanoparticles 

Minimum Start 32.3 31.8 32.2 32.4 32.0 

End 32.9 32.4 33.1 33.3 33.0 

Average Start 32.9 33.0 32.4 32.8 33.0 

End 35.8 36.0 35.2 35.4 36.7 

Maximum Start 34.2 34.5 34.0 34.6 34.5 

End 36.7 37.9 38.2 38.8 39.0 

 

Effect of SiO2 nanoparticles on Temperature of tribopair 

Lubricant  Temperature 

(0C) 

Test 

Condition 

Sliding Speed (m/s) 

3.663 5.2631 7.3260 10.4712 13.6054 

Fresh 15W 40 Minimum Start 32.0 31.8 32.1 31.9 32.3 

End 32.8 32.9 33.5 33.6 34.0 

Average Start 32.8 32.7 32.8 33.0 32.9 

End 36.4 36.8 37.1 37.5 37.6 

Maximum Start 34.2 35.4 35.0 34.0 34.5 

End 37.4 38.9 39.1 39.2 40.8 

0.2 % SiO2 

nanoparticles 

Minimum Start 
31.6 31.4 31.5 31.6 31.7 

End 
32.3 32.4 32.8 33.1 33.5 

Start 
32.4 32.3 32.4 32.6 32.5 
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Average End 

35.9 36.2 36.9 36.8 36.2 

Maximum Start 
35 35.3 35.2 34.6 34.5 

End 
38.2 38.4 39.2 40.7 40.9 

0.4 % SiO2 

nanoparticles 

Minimum Start 
31.4 31.2 31.7 31.4 31.7 

End 
32.3 32.4 33.0 33.1 33.5 

Average Start 
32.3 32.5 32.4 32.9 32.7 

End 
35.9 36.8 37.0 37.4 37.6 

Maximum Start 
34.5 35.7 35 33.7 34.7 

End 
37.9 39.4 39.6 39.7 41.2 

0.6 % SiO2 

nanoparticles 

Minimum Start 
30.4 31 30.7 31.4 31.2 

End 
31.3 32.1 31.7 32.9 32.8 

Average Start 
30.9 31.3 31.6 32.5 32.7 

End 
34.9 35.6 35.8 36.9 37.4 

Maximum Start 
34.2 34.5 34.5 33.7 34.5 

End 
36.9 37.4 37.6 39.0 40.4 

0.8 % SiO2 

nanoparticles 

Minimum Start 
30.6 31.3 31.6 32.2 31.6 

End 
31.4 32.1 32.4 33.2 33.3 

Average Start 
31.9 32.6 32.5 33.2 32.9 

End 
35.0 35.9 36.2 37.3 37.1 

Maximum Start 
34.3 35.4 35 34.5 34.9 

End 
37.3 39.4 39.5 39.4 39.9 

1.0 % SiO2 

nanoparticles 

Minimum Start 
31.7 31.2 31.8 31.9 31.4 

End 
32.4 31.9 32.6 32.8 32.5 

Average Start 
32.4 32.8 32 32.7 32.8 

End 
35.3 36.0 35.1 35.3 34.7 

Maximum Start 
34.5 34.8 34 34.3 34.7 

End 
37.2 38.4 38.7 39.3 39.5 
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Effect of WS2 nanoparticles on Temperature of tribopair 

Lubricant Temperature 

(0C) 

Test 

Condition 

Sliding Speed (m/s) 

3.663 5.2631 7.3260 10.4712 13.6054 

Fresh 15W 40 Minimum Start 32.0 31.8 32.1 31.9 32.3 

End 32.8 32.9 33.5 33.6 34.0 

Average Start 32.8 32.7 32.8 33.0 32.9 

End 36.4 36.8 37.1 37.5 37.6 

Maximum Start 34.2 35.4 35.0 34.0 34.5 

End 37.4 38.9 39.1 39.2 40.8 

0.2 % WS2 

nanoparticles 

Minimum Start 
32 31.8 31.9 32 32.2 

End 
32.7 32.8 33.1 33.5 33.8 

Average Start 
32.6 32.5 32.6 32.8 32.7 

End 
36.1 36.4 37.1 37.4 37.4 

Maximum Start 
35.1 35.4 35.3 34.7 34.7 

End 
38.1 38.5 39.3 40.8 41 

0.4 % WS2 

nanoparticles 

Minimum Start 
31.8 31.6 32.1 31.8 32.1 

End 
32.7 32.8 33.4 33.5 33.9 

Average Start 
32.5 32.7 32.6 33.1 32.9 

End 
36.1 37.0 37.2 37.6 37.6 

Maximum Start 
34.6 35.8 35.1 33.8 34.8 

End 
37.9 39.5 39.6 39.8 41.4 

0.6 % WS2 

nanoparticles 

Minimum Start 
30.8 31.4 31.1 31.8 31.6 

End 
31.8 32.5 32.2 33.4 33.3 

Average Start 
31.1 31.5 31.8 32.7 32.9 

End 
35.1 35.8 36.0 37.1 37.6 

Maximum Start 
34.3 34.6 34.6 33.8 34.6 

End 
36.9 37.4 37.7 39.1 40.5 

0.8 % WS2 

nanoparticles 

Minimum Start 
31 31.7 32 32.6 32 

End 
31.8 32.6 32.8 33.6 34.8 
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Average Start 
32.1 32.8 32.7 33.4 33.1 

End 
35.2 36.1 36.2 37.5 35.2 

Maximum Start 
34.4 35.5 35.1 34.6 35 

End 
37.3 39.4 39.5 39.4 39.9 

1.0 % WS2 

nanoparticles 

Minimum Start 
32.1 31.6 32.2 32.3 31.8 

End 
32.8 32.3 33.1 33.2 32.8 

Average Start 
32.6 33 32.2 32.9 33 

End 
35.5 36.2 35.3 35.5 35.9 

Maximum Start 
34.6 34.9 34.1 34.4 34.8 

End 
37.2 38.4 38.7 39.2 39.5 

 

Effect of Cu nanoparticles on Temperature of tribopair 

Lubricant Temperature 

(0C) 

Test 

Condition 

Sliding Speed (m/s) 

3.663 5.2631 7.3260 10.4712 13.6054 

Fresh 15W 40 Minimum Start 32.0 31.8 32.1 31.9 32.3 

End 32.8 32.9 33.5 33.6 34.0 

Average Start 32.8 32.7 32.8 33.0 32.9 

End 36.4 36.8 37.1 37.5 37.6 

Maximum Start 34.2 35.4 35.0 34.0 34.5 

End 37.4 38.9 39.1 39.2 40.8 

0.2 % Cu 

nanoparticles 

Minimum Start 
32.4 32.2 32.3 32.4 32.4 

End 
33.2 33.3 33.2 34.0 34.2 

Average Start 
32.8 32.7 32.8 33 32.9 

End 
36.4 36.7 37.4 37.3 37.7 

Maximum Start 
35.2 35.5 35.4 34.8 34.8 

End 
38.1 38.4 39.3 40.8 41.0 

0.4 % Cu 

nanoparticles 

Minimum Start 
32.2 32 32.5 32.2 32.5 

End 
33.2 33.3 33.9 34.0 34.4 
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Average Start 
32.7 32.9 32.8 33.3 33.1 

End 
36.4 37.3 37.5 37.9 38.1 

Maximum Start 
34.7 35.9 35.2 33.9 34.9 

End 
38.0 39.5 39.7 39.8 41.4 

0.6 % Cu 

nanoparticles 

Minimum Start 
31.2 31.8 31.5 32.2 32 

End 
32.2 33.0 32.6 33.8 33.8 

Average Start 
31.3 31.7 32 32.9 33.1 

End 
35.4 36.1 36.3 37.4 37.9 

Maximum Start 
34.4 34.7 34.7 33.9 34.7 

End 
37.0 37.5 37.7 39.1 40.5 

0.8 % Cu 

nanoparticles 

Minimum Start 
31.4 32.1 32.4 33 32.4 

End 
32.3 33.0 33.3 34.1 33.5 

Average Start 
32.3 33 32.9 33.6 33.3 

End 
35.5 36.4 36.5 37.8 37.5 

Maximum Start 
34.5 35.6 35.2 34.7 35.1 

End 
37.4 39.5 39.6 39.5 40.0 

1.0 % Cu 

nanoparticles 

Minimum Start 
32.5 32 32.6 32.7 32.2 

End 
33.3 32.8 33.5 33.7 33.4 

Average Start 
32.8 33.2 32.4 33.1 33.2 

End 
35.8 36.5 35.6 35.8 36.2 

Maximum Start 
34.7 35 34.2 34.5 34.9 

End 
37.3 38.5 38.8 39.4 39.6 
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Effect of CuO nanoparticles on Temperature of tribopair 

Lubricant Temperature 

(0C) 

Test 

Condition 

Sliding Speed (m/s) 

3.663 5.2631 7.3260 10.4712 13.6054 

Fresh 15W 40 Minimum Start 32.0 31.8 32.1 31.9 32.3 

End 32.8 32.9 33.5 33.6 34.0 

Average Start 32.8 32.7 32.8 33.0 32.9 

End 36.4 36.8 37.1 37.5 37.6 

Maximum Start 34.2 35.4 35.0 34.0 34.5 

End 37.4 38.9 39.1 39.2 40.8 

0.2 % CuO 

nanoparticles 

Minimum Start 
32.8 32.6 32.7 32.8 32.8 

End 
33.6 33.7 33.6 34.4 34.6 

Average Start 
33 32.9 33 33.2 33.1 

End 
36.6 36.9 37.6 37.5 37.9 

Maximum Start 
35.3 35.6 35.5 34.9 34.9 

End 
38.2 38.6 39.4 40.9 41.1 

0.4 % CuO 

nanoparticles 

Minimum Start 
32.6 32.4 32.9 32.6 32.9 

End 
33.6 33.7 34.3 34.4 34.8 

Average Start 
32.9 33.1 33 33.5 33.3 

End 
36.7 37.5 37.7 38.1 38.0 

Maximum Start 
34.8 36 35.3 34 35 

End 
38.1 39.6 39.8 39.9 41.5 

0.6 % CuO 

nanoparticles 

Minimum Start 
31.6 32.2 31.9 32.6 32.4 

End 
32.6 33.4 33.0 34.2 34.2 

Average Start 
31.5 31.9 32.2 33.1 33.3 

End 
35.6 36.3 36.5 37.6 38.0 

Maximum Start 
34.5 34.8 34.8 34 34.8 

End 
37.1 37.6 37.8 39.2 40.6 

0.8 % CuO 

nanoparticles 

Minimum Start 
31.8 32.5 32.8 33.4 32.8 

End 
32.7 33.4 33.7 34.5 33.9 
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Average Start 
32.5 33.2 33.1 33.8 33.5 

End 
35.7 36.6 36.7 38.0 38.7 

Maximum Start 
34.6 35.7 35.3 34.8 35.2 

End 
37.5 39.6 39.7 39.6 40.1 

1.0 % CuO 

nanoparticles 

Minimum Start 
32.9 32.4 33 33.1 32.6 

End 
33.7 33.2 33.9 34.1 33.8 

Average Start 
33 33.4 32.6 33.3 33.4 

End 
36.1 36.7 35.8 36.0 35.4 

Maximum Start 
34.8 35.1 34.3 34.6 35 

End 
37.4 38.6 38.9 39.5 39.7 
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