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Abstract 
 

The development of recycled, renewable and sustainable products to replace fossil 

products is a vital concern from industrial, environmental and academic viewpoints. 

Lubricants are one of the synthetic products widely used in numerous fields of the 

manufacturing and industrial sectors. Furthermore in 2005, more than 38 million 

metric tons of oils were used in the lubrication techniques of various industrial 

applications in the United States (US). In other words, the need for alternative 

friendly lubricants needs to increase by about 36 billion gallons to meet expected 

demands in 2022. This need motivates the current investigation of the potential use 

of waste cooking oil as a lubricant for tribological applications. A review of the 

available literature reviewed no work related to this topic. However, many works 

have been conducted on vegetable oils and their potential as lubricant. The current 

study establishes the basis for the research in the area of waste cooking oil as a 

lubricant; focusing on the oil and its blend characteristics and applications in journal 

bearings.  

 

At the first stage of this study, comprehensive experiments were conducted on the 

wear and the frictional behaviour of brass, aluminium and mild steel metals sliding 

against a stainless steel counterface under dry contact condition for comparison 

purposes with the lubricant results. Furthermore, predicting the tribological 

performance of materials is a very complex task and many attempts to model the 

wear and frictional behaviour of materials have failed. In this study, the artificial 

neural networks approach is used as a tool to predict wear, roughness, interface 

temperature and the frictional behaviour of metals under different operating 

parameters.   

 

For the wear experiments under dry contact conditions, the wear and frictional 

performance of brass, aluminium and mild steel metals was investigated at different 

operating parameters: sliding distances (0 – 10.8 km) and applied loads (0 – 50 N) 

against a stainless steel counterface at a sliding velocity of 2.8 m/s. Experiments 

were performed using a block-on-ring (BOR) machine. To categorise the wear 

mechanism and damage features on the worn surfaces and the collected debris, 

scanning electron microscopy was used. A thermal imager was used to measure the 

interface temperature between the contacted bodies.  

 

The results of the dry tests revealed that the operating parameters significantly 

influence the wear and frictional behaviour of all the metals. Brass metal exhibited 

better wear and frictional behaviour compared to the other metals tested. This is 

mainly due to the presence of 4% of Pb which helped reduce the aggressiveness of 

the material removal. Three different wear mechanisms were observed: two-body 

abrasion (brass), three-body abrasion (mild steel) and adhesive (aluminium). Friction 

coefficient trends were almost steady for brass and mild steel, however, 

aluminium/stainless steel exhibited slight fluctuations due to the modifications of the 

worn surface due to the sliding.  

 

A biolubricant extracted from waste cooking oil (WCO) was developed in this study. 

Different blends of lubricant were prepared: fully synthetic 100%SO, 

75%SO+25%WCO, 50%SO+50%WCO 25%SO+75%WCO and 100%WCO. The 

prepared waste cooking oil was blended with 5% (wt) of EVA copolymer and 2% 
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(wt) of EC and synthetic oils. Viscosity, pour point and flash points of the blends 

were examined and compared with industrial lubricants, (10W-50, 15W-40, 5W-40, 

and 5W-30).  

 

The possibility of using WCO with its blend as a lubricant was tested using two 

techniques. First, a new tribology machine was designed and fabricated locally to 

study the wear and frictional performance of brass, aluminium and mild steel under 

lubricant conditions considering different sliding distances (up to 10.8 km), applied 

loads (10 N – 40 N) and sliding speed of 2.8 m/s at different lubricant temperatures 

(22oC, 40oC, 80oC). For consistent comparison purposes with the dry data, 113 kPa 

applied pressure was used as the dry contact condition was conducted mainly on 50N 

applied load which is equivalent to 113 kPa.  

This study found promising potential for the use of WCO as a lubricant from a 

viscosity viewpoint. The viscosity of the waste cooking oil was significantly 

enhanced with the addition of 5% (wt) of EVA copolymer and 2% (wt) of EC. 

Blending the waste cooking oil with the fully synthetic oil also showed good 

improvement in performance. Based on the viscosity data, it is found that the pure 

waste cooking oil is very comparable with W5-30 oil which is recommended for 

gasoline and diesel engines. Increasing the applied load reduced the specific wear 

rate due to the presence of the lubricant which assisted to absorb the heat in the 

interface and clear (polish) the rubbed surfaces. The lubricant temperature was the 

key in determining the wear behaviour of the materials. Increasing the temperature 

reduced the viscosity, leading to less lifting during the experiments (i.e. a high 

specific wear rate). Conversely, the lubricant temperature showed no remarkable 

influence on the frictional behaviour. This is mainly due to the chemical adsorption 

of the fatty acids on the worn surfaces which acted as coated layer. From the journal 

bearing testing results, the waste cooking oil and its blends exhibited a similar trend 

in oil pressure values to the ones obtained for the fully synthetic oil, thus 

demonstrating the potential of waste cooking oil and its blends for journal bearing 

applications. 

 

The complexity of predicting the wear and frictional performance of the materials 

motivates the tribologist to adopt an artificial neural network (ANN) approach, as it 

can be used to make such predictions with caution. In developing an ANN for this 

study, training function, performance and adopting functions were found to be the 

keys to predicting wear, roughness and interface temperature. The large input data of 

the friction coefficient (12009 x 3 x 3) made the prediction of friction coefficient 

difficult and led to poor ANN performance. Using individual inputs for each 

parameter and training the ANN in several steps improved the performance. About 

95.5% prediction performance was recorded, particularly for the wear, roughness and 

interface temperature. 
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Chapter 1: Introduction 
 

1.1 Introduction 
 

The discovery of petroleum in the late 1800s led to the replacement of animal fats, 

vegetable oils and mineral oils with synthetic oils (SOs). Petroleum oil gradually 

became the main lubricant base because of its low cost and superior performance. 

Lubricants are used widely in all fields of the manufacturing and industrial sectors. 

Lubricants are commonly used to reduce overheating and friction in a variety of 

engines, machinery, turbines and gears. Studies showed that, in the united states in 

2005, more than 38 million metric tons of oils were used in lubrication techniques.  

 

There is growing concern regarding the excessive use of petroleum-based oils, which 

significantly contributes to environmental pollution (Pop et al. 2008). Furthermore, 

the demand for fossil fuel and oil products is increasing in numerous areas. It has 

been predicted that alternative oils will need to increase to about 36 billion gallons 

by 2022 (Sadaka & Boateng 2009). Thus, there is an urgent need to find alternative 

resources to meet the great demand for oil in the coming years. The development of 

alternative fuels and/or oil products from natural resources aiming to replace the 

fossil products has become the major objective for many researchers and 

environmental and government bodies, especially in the developed world.  

 

Studies have shown that bio-oils have become the most successful candidate for an 

alternative fuel source. In the current decade, a few studies have investigated the 

potential of using sunflower oil, castor oil, soybean oil and pollock oil as bio-fuel for 

diesel engines. Most of their results have been promising, but many researchers have 

raised the tribological issue that bio-fuels damage engine components. Since 2010, 

several bio-lubricants have been under investigation in different countries (Ting & 

Chen 2011), including soybean oils (the US and South America), rapeseed oil 

(Europe) and palm oil (Asia) (Cheenkachorn & Fungtammasan 2010; Jayed et al. 

2009; Syahrullail, S. et al. 2011). These studies are in their initial stages and many 

issues need to be addressed before the application of these oils can occur (Kreivaitis 

et al. 2013; Luo, Yang & Tian 2013). The literature highly recommends thorough 

research on the performance and potential use of bio-lubricants. Moreover, in using 

edible bio-oils as fuels, several feed stocks have been proven impractical or 

infeasible because of their extremely high cost. This high cost is related to their 

current primary use as food resources, (Yaakob et al. (2013). 

 

The most promising feed stock in the development of a friendly low-cost bio-

lubricant is waste cooking oil (WCO), despite the drawbacks of its high free fatty 

acid (FFA) and water content (Balasubramaniam et al. 2012; Yaakob et al. 2013). 

Bio-fuels produced from WCO, as reported by many researchers, have numerous 

advantages such as low pollution (CO2, CO and NOx), low costs and acceptable 

brake-specific fuel consumption. However, to the knowledge of this researcher, no 

research has yet been attempted on the potential use of WCO as a lubricant.  

 

In the current project, a bio-lubricant is prepared from WCO and applied to metal 

contact surfaces. The oil was obtained from an Australian restaurant and filtered and 

prepared locally. A new tribological machine was designed and fabricated locally to 

perform tribological experiments using the newly developed lubricant at different 
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environmental temperatures. The experiments were conducted at different operating 

parameters under dry and lubricant contact conditions for different metal materials 

(mild steel, brass and aluminium). The artificial neural network (ANN) method was 

used to predict the friction coefficient under both dry and wet contact conditions. 

 

1.2 Research Question 
 

Replacing synthetic products with bio-friendly products is a vital issue for the 

environmental regulation sector, researchers and industry. Considering that WCO is 

free and there is an issue with its disposal, finding a use for it as a bio-friendly 

lubricant is one potential solution. However, under which conditions and operating 

parameters can such oil be used? Answering this question requires a comprehensive 

study that considers the development of a new oil using WCO, the design of a new 

experimental setup, the preparation of materials, the conduct of experiments under 

different operating parameters and contact conditions, and finally recommendations 

for use.  

 

1.3 Objectives of the Project  
 

The main objective of this study is to investigate the possibility of using WCO as a 

lubricant. To achieve this objective, the following sub-objectives are drawn:  

 

1. To extract bio lubricant oil from WCO and study its effect on the tribological 

behaviour of different metals 

2. To develop a new tribological machine that can to operate under lubricant 

conditions with various environmental temperatures 

3. To study the influence of different operating parameters on the tribological 

performance of different selected metals against smooth stainless steel (0.1-

0.3 m Ra) under dry and lubricant contact conditions 

4. To investigate the influence of lubricant temperature on the wear and 

frictional behaviour of different rubbed metals 

5. To categorise the wear mechanism of the worn surfaces using scanning 

electron microscopy and study the roughness profile of the rubbed surfaces  

6. To develop an ANN model considering all the operating parameters and oil 

temperature to predict the frictional behaviour of selected metals under 

lubricant contact conditions. 

 

1.4 Significance and Contributions 
 

The success of this project will contribute to many areas including: 

 

 Replacing fossil lubricant with bio-friendly lubricant will assist in reducing 

the impact of SO on the environment. In addition, using WCO in lubricant 

applications will be a useful way to dispose of oil 

 Producing free bio-oil will contribute to industry since it will save the large 

amounts of money that is paid for SOs while conforming to current 

environmental regulations 

 The outcomes of this research will be published in related international 

journals, contributing to the knowledge base  
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  Developing a new tribology setup will contribute to research in the field of 

tribology and establish a new research field at the University of Southern 

Queensland (USQ)  

 

1.5 Organisation of the Thesis 
 

This thesis contains eight chapters which are illustrated and summarised in Figure 

1.1. Chapter 1 briefly introduces the importance of lubricants, as well as their 

benefits to the environment. Chapter 2 reviews the literature on lubricants and their 

applications. Chapter 3 covers the methodology used for oil preparation and material 

selection. This chapter also includes the design concept and experimental details. 

Chapter 4 addresses the dry adhesive wear performance of common metals which 

establishes the base for this research. Chapter 5 introduces the lubricant 

characteristics and their effect on the adhesive wear behaviour of the common 

metals. The results are presented under the condition of room and elevated 

temperatures. Chapter 6 covers the results and discussion of the bearing tests using 

different waste cooking oils blends. Chapter 7 presents the results of different 

artificial neural network (ANN) models and the optimization of the ANN models. 

Chapter 8 concludes the dissertation and presents the main findings. 
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Chapter 2: Literature Review 
 

2.1 Introduction 
 
In the current decade, the development of recycled, renewable and sustainable 

products as replacement for fossil products is vital from industrial, environmental, 

and academic viewpoints. The excessive usage of petroleum-based oils significantly 

contributes to the pollution of the environment. The exploration of alternative oils 

from natural resources to replace fossil oils has become the major focus of many 

researchers, and environmental and government bodies. In this chapter, a 

comprehensive literature  review of existing research into the use of newly developed 

lubricants  based on plant oils is conducted. However, due to the limited research on 

the usage of WCO as lubricant, the majority of the literature reviewed in this chapter 

is related to the biolubricants extracted from vegetable oils. 

 

2.2 Lubricants and Biolubricants 
 

Tribology science is comprised of friction, wear and lubricant branches. It can be 

traced back to about 4500 BC when the first wheel was developed (Smith et al. 

1994). This was followed by the use of animal fat to ease the movement of rocks in 

the construction of the Egyptian pyramids. 

 

When two objects are in contact with each other, contact pressure is created between 

them; causing surface damage if there is no protector between them. A lubricant is 

used as a protector between mechanical devices to reduce the wear between their 

components (Yousif & El-Tayeb 2008). One hundred years ago, water was mainly 

used to cool cutting tools its use was due to its high availability and thermal capacity. 

Lubrication and cooling in machines are vital to reducing the effect of any cutting 

process at the interface of a cutting tool and work piece. The main drawbacks of the 

coolant are poor lubrication and the corrosion of machines. Mineral oils were also 

used at that time due to their higher lubricity, but the high costs and low cooling 

ability of mineral oils led to their use only in “low cutting speed machining 

operations” (Lawal, Choudhury & Nukman 2012). Any lubricant can be used to 

remove and reduce the heat from a device during its operation. Lubricants are 

commonly used to reduce overheating and friction in a variety of engines, 

machinery, turbines, and gears ('Chapter 3 - Lubricants and Their Composition'  

2014; Geitner & Bloch 2012).  

 

New areas of research were developed in tribology with the discovery of fossil oils 

and synthetic lubricants for various tribological applications. Lubricants are being 

used widely in all fields of manufacturing for materials and machines. In the current 

era, petroleum-based lubricants are mostly used by industries. However, the 

excessive usage of fossil oil lubricants is affecting the environment; causing 

problems such as groundwater, surface water and soil contamination and air 

pollution (Chapman 2014; Kim 2014; Pop et al. 2008). Specifically, synthetic 

lubricants can be emitted into the environment through cleaning activities and 

accidental leakage. Further to this, wastewater lubricants include free oil and 

emulsified oil, and are created from a mixture of oil with a wastewater and washing 

agent. Several techniques have been developed to overcome these problems, such as 
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corrugated plate interception (Khondee et al. 2012) and gravitational oil separation 

(Panpanit & Visvanathan 2001).  

 

Recently, the excessive world consumption of crude oil has had a severe economic 

impact, as it has led to a huge increase in the price of fuel products worldwide. 

Moreover, there is also a huge environmental impact. This has motivated researchers 

in the area of oils and fuel products to find an alternative friendly product to replace 

the synthetic product for several applications (Yusaf, Yousif & Elawad 2011). In 

addition, the use of environmentally friendly lubricants with renewable properties 

and sources, like inedible vegetable oils, are being reconsidered (Shashidhara, Y. & 

Jayaram, S. 2010). The high interest in the field of biolubricants is evidenced by the 

increasing number of relevant publications (Figure 2.1). The following sections will 

discuss the recent issues raised by such publications regarding potential biolubricants 

and their required characteristics. 

 

 

Figure 2.1: Data extracted from an international database (www.sciencedirect.com) showing the number of 
publications in the area of biolubricants. 

 

 
2.2.1 Biolubricants in the Recent Era 
 

Most of the lubricants used in rotary machine elements are based on mineral oils and 

SOs combined with different additives to meet the requirements of the intended 

application (Li et al. 2008). The main disadvantages and limitations of mineral oils 

are the poor biodegradability, high cost and limited supply (Delgado-Zamarreño et 

al. 2007). There is a need for environmentally friendly lubricants (Quinchia et al. 

2014) due to strict government and environmental regulations as reported by recent 

studies (Atabani et al. 2013; Mobarak et al. 2014). Petroleum-based lubricants are 

toxic to the environment and difficult to dispose of. Many lubricant manufacturers 

have reconsidered vegetable oils over synthetic fluids due to a combination of 

renewability, biodegradability, excellent lubrication performance and low cost 

(Nagendramma & Kaul 2012; Quinchia et al. 2012). 
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Bio-oil can be divided into vegetable and animal, based on its main ingredient. 

Vegetable oil is more popular than animal oil due to its availability, ease of 

extraction and low cost (Shashidhara, Y. M. & Jayaram, S. R. 2010; Suarez et al. 

2009). Vegetable oils are promising candidates as they provide a base fluid for eco-

friendly lubricants. As lubricants, they have numerous advantages such as good 

contact (Lawal, Choudhury & Nukman 2013), excellent lubricity (Suarez et al. 

2009), biodegradability (Franco & Nguyen 2011; Yilmaz 2011), very low volatility 

and high viscosity indices (VI) (i.e. minimum changes in viscosity with temperature) 

(Quinchia et al. 2010), and a high flash point due to the high molecular weight of the 

triglyceride molecule and excellent temperature–viscosity properties (Mejía, Salgado 

& Orrego 2013). Conversely, in their natural form, vegetable oils cannot fully meet 

the performance criteria for most lubricants due to drawbacks including poor low-

temperature properties, opacity, precipitation and poor flow at a relatively moderate 

temperature. Table 2.1 outlines the possible applications for different vegetable oils. 

 
Table 2.1: Different Types of Vegetable Oil and their Applications 

Vegetable oils Applications 

Canola oil (Mortier, Fox & 

Orszulik 2010) 

Hydraulic oils, metalworking fluids, food grade 

lubes, penetrating oils, chain bar lubes, tractor 

transmission fluids 

Castor oil (Shashidhara, Y. 

& Jayaram, S. 2010) 
Grease, gear lubricants 

Coconut oil (Chatra, 

Jayadas & Kailas 2012) 
Gas engine oils 

Crambe oil (Kazmi 2011) Intermediate chemicals, grease, surfactants 

Cuphea oil(Kazmi 2011) Motor and cosmetics oil 

Jojoba oil(Kazmi 2011) Cosmetic industry, grease, lubricant applications 

Linseed oil(Kazmi 2011) Paints, coating, lacquers, stains, varnishes  

Olive oil (Mortier, Fox & 

Orszulik 2010) 
Automotive lubricants 

Palm oil (Syahrullail, S et 

al. 2011) 
Grease, steel industry, rolling lubricant, 

Rapeseed oil (Shashidhara, 

Y. & Jayaram, S. 2010) 

Air compressor, chain saw bar lubricants, 

biodegradable grease 

 

Vegetable oils can be edible or nonedible. Edible oils are more commonly available 

than inedible oils. However, since most vegetable oils are edible, a limitation can be 

found in using such oil in tribological applications, i.e. human consumption of edible 

oils limits the usage of such oils. Therefore, edible oil is not highly recommended for 

use as a lubricant and/or fuel (Atabani et al. 2013; Haldar, Ghosh & Nag 2009; 

Rizwanul Fattah et al. 2013). Thus, two points should be considered in developing a 

new oil: the oil should have less impact on the environment and be inedible. The 

researcher finds WCO to be a potential alternative to synthetic and edible oils. From 

a fuel point of view, there are several recent studies aiming to convert WCO into bio-

fuels using different techniques (Talebian-Kiakalaieh, Amin & Mazaheri 2013; 

Yaakob et al. 2013). 

With regard to vegetable oils, most research has addressed the wear and frictional 

performance of the oil without any chemical additives, as reported recently by 

Madankar, Pradhan and Naik (2013) who worked with castor seed oil. Castro et al. 
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(2006) studied the wear properties of different modified neat soybean oils without 

any additives using a tribological setup at a fixed speed of 700 rpm. No remarkable 

effect of the different oils was found on the wear and frictional performance of the 

soybean oil. Table 2.2 summaries recent works on vegetable oil as a lubricant and 

their findings. Despite the growing research interest in this new field, there is no 

clear direction on the application of vegetable oil as a lubricant. 

 
 

Table 2.2: Summary of Recent Studies on Vegetable Oils as Lubricants 
 

Oil Type Main remarks  

Soybean 

Oil 

This work used mixtures of soybean oil original, epoxidised and 

hydrogenated as the base oils, focusing on their application as engine 

biolubricants. The results show that the epoxidised soybean oil has 

extremely high viscosity in comparison with engine lubricants and 

the original soybean oil, whereas the hydrogenated soybean oil is 

clearly opposite,(Ting & Chen 2011). 

Castor Oil There is excellent potential for a castor oil-based biodegradable 2T-

lubricant in two-stroke engines to reduce smoke pollution (Singh 

2011). 

Rapeseed 

Oil 

The results show that sage and thyme extracts have good oxidation 

stabilisation properties. Therefore, the modification of rapeseed oil 

with these extracts can improve the oxidation stability of rapeseed oil 

both in storage and in use (Kreivaitis et al. 2013). 

Sunflower 

Oil 

A comparative life cycle assessment analysis for the sunflower oil 

production line from conventional farming with organic farming 

showed environmental advantages (Spinelli, Jez & Basosi 2012). 

Jatropha 

Oil 

 

Jatropha oil in the base lubricant acted as a very good additive that 

reduced the friction and wear scar diameter by maximum 34% and 

29%, respectively during the tribo test (Shahabuddin et al. 2013). 

Palm Oil Compared to mineral-based commercial oil, the palm oil-based 

lubricant exhibits superior tribological properties, but offer no clear 

advantage on engine and emission performance (Cheenkachorn & 

Fungtammasan 2010). 
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2.2.2 Characteristics of Biolubricant Oils  
 

Low resistance to oxidative degradation and poor low temperature properties are the 

main performance issues in associated with the use of vegetable oils as a lubricant. 

Different methods for solving these problems include reformulation of additives, 

chemical modification to enhance thermal stability, and genetic modification of the 

seed oil crop. 

 

Triethanolamineoleate, triethanolmine and oleic acid are the main additives to the 

base oils that are used as lubricant oils. These affect the thermal stability of rapeseed 

and the tribological behaviour of base oils; demonstrating significantly better thermal 

stability and tribological behaviour.  

 

Modifications of the carboxyl group (including esterification/trans esterification 

techniques) and of the fatty acid chain (including selective hydrogenation—

dimerisation/oligomerisation—formation of C–C and C–O bonds, metathesis and 

oxidation techniques) are the two main chemical modification techniques in use. 

 

Different methods of genetic engineering and new vegetable oil types are used. 

Sunflower and high oleic soyabean oils are good examples having higher thermo-

oxidative stability and higher load transportation capacity. They need less adjustment 

to be used as base oil lubricants, compared to conformist plant-based oils as reported 

by Shashidhara, Y. and Jayaram, S. (2010). 

 

Quinchia et al. (2014) studied the low temperature behaviours of different types of 

vegetable oils used in lubricating applications. Quinchia et al. (2010) and Quinchia et 

al. (2012) also studied these behaviours after blending vegetable oils with pour point 

additives. Blends were prepared by rotating the samples at 300 rpm at 100 oC –150 
oC for 5–10 hrs, depending on the concentration and types of additive, and then 

cooled at room temperature. This thermal process was required to ensure that the 

additives were completely soluble in the vegetable oils. Different vegetable oils were 

used as base stocks: castor (from Spain), sunflower (from the local supermarket), 

soybean, rapeseed and high-oleic sunflower (from Germany and Spain). Their main 

physical properties are listed in Table 2.3. From the work reported by Quinchia et al. 

(2012); it can be found that unsaturated fatty acids is the key element influencing the 

low-temperature properties of vegetable oil-based lubricants. Furthermore, the 

presence of the fatty acids shows greater potential in using such oils due to the fact 

that the fatty acids present a high level of biodegradability and low toxicity compared 

to the conventional oils (Adhvaryu & Erhan 2002). Fatty acids in oil play a role in 

delaying nucleation and reducing crystallization of the lubricants. However, this 

depends on their chemical structure and composition. From the data presented in this 

table, it can be seen that castor oil exhibited good lubricant characteristics at low-

temperature compared to the others which was due to its low content in saturated 

fatty acid content (3.66%) and the presence of hydroxyl groups in the fatty acid chain 

(ricinoleic acid, 82.48%). This in turn hampered the crystal packing process of the 

molecules, (Quinchia et al. 2012). 
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Table 2.3: Main Physical Properties of Vegetable Oils (Quinchia et al. 2012). 

Oils Palmitic 

(16:0) 

Stearic 

(18:0) 

Oleic 

(18:1) 

Linoleic 

(18:2) 

Linolenic 

(18:3) 

Linolenic 

(18:3) 

Unsaturated 

/saturated ratio 

Castor oil 2.63 1.51 4.74 8.36 – 82.80 23.20 

Soybean 

oil 

11.28 2.70 24.39 56.28 5.34 – 6.15 

Rapeseed 

oil 

4.56 – 65.99 21.13 8.16 – 20.90 

Sunflower 

oil 

6.18 2.16 26.13 65.52 – – 11.00 

High oleic 

sunflower 

oil 

3.84 4.42 83.66 8.08 – – 11.10 

 

Thermal analysis by differential scanning calorimetry (DSC), pour point temperature 

measurement, viscosity measurements at low temperature and statistical analysis are 

the main methods used to study the behaviour of vegetable oils. 

 

Thermal analysis by DSC can be defined as the analysis of cooling curves (heat flow 

(W/g) vs. temperature) of the blends with cold flow and viscosity improver additives, 

which are obtained by using a scanning calorimeter (Q-100). Samples are heated in 

hermetic aluminium tubes at 25oC, and directly cooled with a cooling rate of 5oC/min 

to -80oC. The samples are then cleaned with nitrogen, which has a flow rate of 

50mL/min, and the cooling curve for each sample is analysed to determine freezing 

temperature and wax appearance.  

 

The pour point can be defined as the lowest temperature at which the vegetable oil 

can flow when it is cooled. The pour point of vegetable oils and their blends with 

additives are determined by the Standard Test Method for Pour Point of Petroleum 

Products (ASTM D97-02). In the viscosity measurements at low temperature 

method, the dynamic viscosities for vegetable oils are measured by using a coaxial 

cylinder in a rotational controlled-strain rheometer (Quinchia et al. 2012). 

 

DSC is a method used to determine the crystallisation for vegetable-based lubricants. 

It is more accurate and faster than viscosity measurements and pour point 

temperature at low temperature methods. In all tests, castor oil demonstrate a better 

wear and frictional performance at low temperature because it has a low of saturated 

fatty acid content and it has hydroxyl groups in the fatty acid chain; which can 

obstruct the crystal packing system of triacylglycerol (TAG) molecules. Vegetable 

oils have a lower ratio of unsaturated/saturated fatty acids and crystallise at higher 

temperatures. Additionally, the concentrations of polyunsaturated fatty acids 

(PUFAs) have more impact on low temperature properties than the concentration of 

saturated fatty acids. Therefore, rapeseed oil has better behaviour at low temperatures 

compared with other oils that have a similar molecular structure such as soybean and 

high oleic sunflower oils. Pour point depressant (PPD) additives are used to improve 

the low-temperature behaviours of vegetable oils. PPD additives increase the low-

temperature performance and decrease the pour point for vegetable oils which 

depend on their fatty acid composition. A blend of sunflower and pour point 

depressant was found to have a lower pour point than neat oil (Quinchia et al. 2012).  
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The biodegradability of lubricants investigated by standardised tests have provided 

valuable information for regulation assessment and how the chemical structure of 

lubricants influences biodegradability. Poor solubility of lubricating base oils in 

water is the major problem obstructing the biodegradability. Ultimate and primary 

biodegradability are the two phases of biodegradability used for analysing oils of 

different chemical structure such as synthetic polyolester, rapeseed, conventional 

mineral, and poly (a-olefin) oils.  

 

The Co-coordinating European Council for the development of performance tests for 

lubricants and engine fuels (CEC L-33-A-93) test is used to evaluate primary 

biodegradability of lubricants by using triplicate flasks containing Di-Isotridecyl 

Adipate (DITA) as the reference material, and duplicate neutral and poisoned flasks, 

which are prepared for various duration of times (0, 7 , 14 and 21 days) during the 

test period (Beran 2008). 

 

The Organisation for Economic Cooperation and Development Guidelines for 

Testing of Chemicals 301B ready biodegradability (OECD 301B and OECD 310 

tests) are used to evaluate the ultimate biodegradability of lubricants.  

 

Despite the fact that vegetable oil-based lubricants have low oxidative stability 

compared to petroleum based lubricants, they are becoming commonly used in many 

countries. For example, corn and soybean oil are used in the US, and rapeseed oil is 

used in Europe and North America (Cheenkachorn & Fungtammasan 2010). 

 

2.3.1 Edible and Inedible Oils 
 

Recently, great concern has been raised about using edible vegetable oil, because it 

may cause starvation in poor and developing countries. Another problem arise the 

utilisation of available arable land, as ecological imbalances can be created when 

countries begin clearing forests. Hence, these feed-stock cause deforestation and 

wildlife damage. Therefore, inedible vegetable oils will be attractive as sustainable 

biodiesel. Examples of inedible seed crops oils include Jatrophacurcas (tobacco), 

Deccan hemp (castor, jojoba, sea mango), Coriander, Salmon oil, Desert date, 

Cardoon (Milkweed) and Tung (Lucky Bean Tree). Microalgae oils are considered to 

be an inexhaustible source of biodiesel. They are very economical compared to 

edible oils. Microalgae give the highest oil yield, 25 times higher than that of 

traditional biodiesel crops. The waste of cooked vegetable oils is another relatively 

cheap biodiesel feedstock. Since the expiry of one source will have harmful effects in 

the long term, the consumption of biodiesel feedstock should be as diversified as 

possible, relying on multiple sources across the globe (Atabani et al. 2013). 

 

Using inedible vegetable oils will not compete with countries’ demands for food. 

Vegetable oil lubricants cover a small market segment and are increasing slowly and 

steadily in open applications such as chainsaws, forestry and two-stroke engines. 

More efforts have been made to change global laws and policies to ensure the 

environmental safety. In all cases, the environmental compatibility of lubricants must 

be checked. Inedible vegetable oils have the potential to divert agricultural practices 

and strengthen the economies (Shashidhara, Y. & Jayaram, S. 2010). 
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Biomass like edible crops, inedible crops, microorganisms, algae, recycled cooking 

greases, wood (lignocelluloses) and animal waste are used to create bio-oils. The 

most popular crops used for the production of bio-oil are canola, corn, soybean, 

rapeseed, mahua, mustard, jatropha, safflower, sunflower and palm. For bio-ethanol 

production, sweet sorghum, straw, sugar cane/beet, rice, wheat and corn can be used. 

The fuel vs. food debate and the environmental impacts of conversion and cultivation 

will limit the use of food crops to produce fuel. Converting residues from 

lignocellulose material or wood into biofuels is difficult as it is only in the coming 

decades technology is expected to reach the commercial stage. However, large-scale 

production of oil from microorganisms and microalgae can be a challenge 

(Jayasinghe & Hawboldt 2012). 

 

2.3 Waste Cooking Oil 
 

In using edible bio-oils as fuels, several feedstock have been proven impractical or 

unfeasible because of their extremely high cost and their usage primarily as food 

resources (Yaakob et al., (2013). WCO can be considered the most promising bio-oil 

feedstock despite its drawbacks, such as its high FFA and water content 

(Balasubramaniam et al. 2012; Yaakob et al. 2013). WCO can be produced from 

different sources and its base materials are plant-based lipids (sunflower, corn, 

margarine, coconut, palm, olive, soybean, oil and canola) or animal-based lipids 

(butter, ghee). It can be freely collected from food production industries, restaurants 

and houses using a special recycling bin; but this requires building public awareness 

(Yaakob et al. 2013). WCO and fats cause significant disposal problems in many 

parts of the world affecting the daily lives of millions of people. (Dovì et al. 2009) 

and (Iglesias et al. 2012) reported that the estimated amount of WCO collected in 

Europe is about 100,000–700,000 tons/year. In the US, about 11 billion litres (2.9 

billion gallons) of recycled vegetable oil is produced yearly, mainly from deep 

fryers, snack food and fast food (Mendelsohn & Neumann 2004). Several recent 

studies have aimed to convert such waste oil into bio-fuels (Talebian-Kiakalaieh, 

Amin & Mazaheri 2013; Zhang, Wang & Mortimer 2012). Table 2.4 lists recent 

WCO applications. As reported by many researchers, bio-fuels produced from 

WCOs have numerous advantages such as low pollution (CO2, CO and NOx), low 

cost and acceptable brake-specific fuel consumption. Moreover, biodiesel produced 

from WCO may improve the pump plunger lubrication conditions (Pehan et al. 

2009). However, it has been reported that bio-diesel produced from WCO highly 

damages engine components (Galle et al. 2012). In general, biodiesels have 

significant effects on the engine from a tribological point of view. Some biodiesel 

properties such as higher viscosity, lower volatility and the reactivity of unsaturated 

hydrocarbon chains cause injector coking and trumpet formation on the injectors, 

more carbon deposits, oil ring sticking and thickening and gelling of the engine 

lubricant oil (Pehan et al. 2009). Many biodiesel investigations have revealed the 

wear of engine components such the piston, piston ring, cylinder liner, bearing, 

crankshaft, cam tappet, valves, and injectors (Demirbas 2006; Giannelos et al. 2005). 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/United_States
http://en.wikipedia.org/wiki/Deep_fryer
http://en.wikipedia.org/wiki/Deep_fryer
http://en.wikipedia.org/wiki/Snack_food
http://en.wikipedia.org/wiki/Fast_food_restaurant
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Table 2.4: Recent Applications of Waste Cooking Oil 

Oil Type Applications Finding 

Palm kernel 

shell 

 The study indicates that it was similar to palm 

fatty acid distillate from palm oil and could be 

used as alternative feedstock for biodiesel 

production using a hydro treating process 

(Kim et al. 2013) 

Sago waste  The bio-oils have potential as a valuable 

source for fuel or chemical feedstock (Abdul 

Aziz et al. 2013). 

Waste cooking 

oil methyl 

ester 

As fuel for 

single-

cylinder four-

stroke engine  

The blends result in the reduction of carbon 

monoxide and hydrocarbon and an increase in 

nitrogen oxide emission (Muralidharan, 

Vasudevan & Sheeba 2011). 

Waste cooking 

oil (sunflower 

oil) 

As fuel for 

diesel engine  

Promising results were indicated 

(Balasubramaniam et al. 2012). 

Oil collected 

from fish 

restaurant  

As fuel for 

diesel engine 

In this comparative study, conversion of 

waste cooking oil to methyl esters was carried 

out using the ferric sulfate and the 

supercritical methanol processes. This 

resulted in a feedstock-to-biodiesel 

conversion yield of about 85–96% using a 

ferric sulfate catalyst (Patil et al. 2010). 

 

To the researcher’s knowledge, no research has been attempted on the use of WCO 

as a lubricant. However, several articles have reported on vegetable oil as lubricants 

in industrial applications. The edibility of vegetable oil is its main limitation as a 

lubricant. Therefore, WCO may be a better alternative as a lubricant compared to 

bio-oils and/or virgin vegetable oil. 

 

2.4 Tribological Test Rig 
 

Test rigs are applicable to multiple or repetitive tests and a wide range of operation. 

They can perform extreme value tests safely, use accurately adjusted loads, study 

different variables separately and perform demanding measurements (Yousif & El-

Tayeb 2010). The optimal way to obtain sufficient understanding of the tribological 

behaviour of two metals under dry or lubricant contact conditions is to carry out a 

number of experiments (El-Tayeb, Yousif & Yap 2008). Various tribological rigs 

have been developed for this purpose.  

 

In the case of the dry contact condition, experiments are usually conducted at an 

atmospheric temperature of the air surrounding the rubbing zone. However, under 

lubricant contact conditions, different techniques have been attempted to perform the 

experiments. In most cases, the lubricant is tested at room temperature (Luna et al. 

2011; Madankar, Pradhan & Naik 2013; Syahrullail, S. et al. 2011). Oil viscosity is, 

however, tested under different temperatures (Agach et al. 2012; Blum & Ovaert 

2012). In this case, the tribological experiments do not reflect the real application of 

the oil especially when the contact temperature is much higher than the room 

temperature. To avoid contradictory or misleading results, experiments should be 
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conducted at the same temperature at which the viscosity is tested. Thus, there is a 

need to develop a new rig configuration in which the test can be conducted under 

lubricant conditions considering different lubricant temperatures. 

 

2.4.1 Operating Parameters Effects 
 

Several studies have examined the frictional and wear behaviour of metals under neat 

biolubricant conditions. Most work has focused on specific applications in which the 

sliding speed, sliding distance, environmental temperature and applied load is fixed 

(e.g. Luo, Yang & Tian (2009). However, it is well known that the operating 

parameters have a significant influence on the wear and frictional behaviour of metal 

contact under dry and/or lubricant conditions, as reported by works (Kumar & Bijwe 

2011; Prasad 2011; Tewari 2012). For example, Prasad (2011) investigated the 

frictional and wear behaviour of grey cast iron under different test parameters 

(applied load, sliding speed and test environment) and found that the wear loss 

increased with increasing sliding speed and load. However, the presence of oil 

lubricant caused a reduction in wear loss. Temperature near the specimen surface 

increased with test duration. The rate of increase was high initially followed by a 

reduction in the rate of increase. The friction coefficient also followed an identical 

trend. Increasing applied load and sliding speed brought about higher frictional 

heating while the severity of heating was reduced in the presence of the oil lubricant. 

The friction coefficient decreased with increasing load wherein the rate of reduction 

was high initially, followed by the attainment of a steady state value. Also, 

increasing sliding speed caused the friction coefficient to decrease during dry sliding, 

while it produced a mixed effect on the property in the presence of the oil lubricant. 

Thus, the operating parameters should be considered in testing a new lubricant. This 

motivates the current study to focus on the influence of the operating parameters on 

the newly developed bio-oil from WCO.  

 

2.4.2 Effect of Lubricant Temperature on the Wear and Frictional 
Behaviour of Metals 
 

With regard to biolubricants, several studies have examined the influence of oil 

temperature on the viscosity of the bio-oil in which it was heated. For instance, Ting 

and Chen (2011) studied the viscosity of soybean oil-based biolubricants at different 

temperatures and found that increasing the temperature reduced the viscosity of the 

oil, which in turn affected the friction and wear characteristics of the rubbed surfaces. 

Variation in the viscosity value significantly controls the interaction between the two 

rubbed surfaces. In that work, the increased in the temperature reduced the viscosity 

of all the selected oils which in turn influences the oil film characteristics in the 

interface. In the case of low viscosity with high bearing loads, interaction between 

the surfaces increase which resulted in material removal from the soft part. In 

addition, resistance to the material removal exhibited high friction coefficient. On the 

other hand, with the presence of a high viscosity of the oil film in the interface, 

separation of the interacted surfaces was highly possible with the coating lubricant as 

described by Velkavrh and Kalin (2012). In this situation, low wear and frication 

were expected since there was less interaction between the asperities in contact.   
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Although vegetable oils have some excellent properties as lubricants, some 

limitations should be technologically overcome, such as their limited range of 

viscosities. Quinchia et al. (2010) used a ethylene-vinyl acetate (EVA) copolymer as 

a viscosity modifier for sunflower oil, high-oleic sunflower oil and soybean oil. The 

viscosity experiments were conducted at moderately temperature (below 40oC) and 

EVA was found to be very effective since it highly improves the viscosity of the oil. 

Similar works have been reported (Erhan, Sharma & Perez 2006; Madankar, Pradhan 

& Naik 2013; Nagendramma & Kaul 2012), focuing on the influence of temperature 

on oil viscosity only in practical application. The interface temperature associated 

with the environmental temperature may have a combined effect on the friction and 

the wear behaviour of the rubbed surfaces. In this thesis, the focus is on the 

combination of both the environmental and interface temperatures and a new 

tribology machine will be developed to conduct such experiments (see the new 

tribology machine section).  

 

2.4.3 Influence of additives on characteristics of lubricants   
Biolubricants such as vegetable oils have strong interactions with lubricated surfaces 

('Mixed-fiber diets and cholesterol metabolism in middle-aged men'  1991) and the 

amphiphilic nature of the biolubricant introduces a good film/force relationship 

because of the long fatty acid chains and the presence of polar groups in the 

vegetable oil structure (Adhvaryu, Erhan & Perez 2004); i.e. vegetable oil-based 

lubricants are effective as both boundary and hydrodynamic lubricants, (Fox & 

Stachowiak 2007). Due to the high demand for friendly bio-lubricants there is recent 

interest in studying the influence of different types of additives on the biolubricants 

characteristic. These studies attempted to improve the biolubricant properties and 

identifying the industrial applications. Recently, Tang and Li (2014) 

comprehensively addressed the issues associated with the additives and their impact 

on properties of the biolubricant covering the works from 2007 to 2014 in a review 

article. Fox and Stachowiak (2007) reported a review work on the vegetable 

biolubricants and the importance of the additives. In all the reported works, the main 

aim of including additives in the biolubricants is to improve the lubricity of the oil 

owing to reduce the friction, material removal in the rubbing zone, (De Barros et al. 

2003; Neville et al. 2007) and/or generate a film on the rubbed surfaces, 

(Vengudusamy et al. 2012). Minami et al. (2008) suggested that there are two 

different mechanism for the lubricant behaviour in the interface which are either the 

lubricant film will be stable on both rubbed surfaces or on one of them only. If the 

lubricant film generated on both surfaces, significant reduction in the friction and 

material removal will be noticed. However, if the lubricant film stabilised on one 

surface only, there will be less reduction in both wear and friction compared to the 

first scenario. Form the recent works, there is a great correlation between the 

viscosity and the lubricant performance of biolubricants, (Binu et al. 2014; Jacobs et 

al. 2014; Quinchia et al. 2014), and this in turn influences the film generated in the 

interface. Furthermore, the amount of additive significantly controls the viscosity of 

the lubricant, Quinchia et al. (2009).  
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For the vegetable oil (biolubricant), ethylene vinyl acetate (EVA) is commonly used 

as an additive to improve the viscosity of lubricant. This was been proven when 

sunflower oil blends exhibited higher viscosity values which are needed for 

applications such as the lubrication of bearings and four-stroke engines ('Mixed-fiber 

diets and cholesterol metabolism in middle-aged men'  1991; Martín-Alfonso & 

Franco 2014; Quinchia et al. 2009). 3 wt % - 5 wt % of EVA has been recommended 

(in these works) for the very light vegetable oils (sunflower, castrol) since 5% of the 

EVA thickened the oil to a suitable thickness at elevated temperature, (Quinchia et al. 

2012; Quinchia et al. 2010), giving very good film-forming properties and excellent 

friction and wear behaviour. Quinchia et al. (2014) reported that the hydroxyl 

functional group, that increases both the viscosity and polarity of this vegetable oil 

were the main contributors to the achieved improvement associated with the addition 

of the EVA. On the hand, the EVA addition to vegetable oils impacted on the onset 

freezing temperature during a cooling temperature sweep test (Quinchia et al. 2010).  

 

Another important modifier is the ethyl cellulose (EC) which is commonly used as 

thin film coaterial. Ethyl cellulose (EC) is a kind of water insoluble that having 

favourable mechanical properties, low cost and good film formation (Yang et al. 

2014). Ethyl cellulose has been proven to be a good additives (thickener) for 

vegetable oil in lubrication applications, e.g. castor oil (Núñez et al. 2012; Sánchez et 

al. 2011; Singh 2011), and soybean (Quinchia et al. 2012; Quinchia et al. 2014). 

From these reported works, ethyl cellulose (EC) was found to be a good potential 

additive in the formulation of environmentally-friendly lubricants containing high 

oleic oil, i.e. it significantly improved lubricant viscosity, viscosity index, and low-

temperature behaviour, (Quinchia et al. 2012; Quinchia et al. 2014).  

 

2.4.4 Dry Adhesive Wear Behaviour of Common Metals 
 

Despite several studies on the frictional and wear behaviour of metals, there is still a 

need for a better understanding of metal behaviour under different tribological 

applications. Recent studies have reported on the tribological performance of 

different metals such as aluminium (Birol 2013; Kumaran & Uthayakumar 2013; 

Rao et al. 2013), steel (Felder et al. 2012; Leiro et al. 2013; Máscia et al. 2013) and 

brass (Feser et al. 2013; Gava et al. 2013). Most of these studies focused on the 

application of the metals and experiments were conducted to accommodate specific 

operating conditions (i.e. specific sliding speed, sliding distance, environmental 

temperature and applied load) (Alvarez-Vera, Ortega-Saenz & Hernandez-Rodríguez 

2013; 2009; Umanath, Palanikumar & Selvamani 2013). Consequently, 

understanding of the wear and frictional behaviour of the metals is limited as 

operating parameters have a significant influence on this behaviour under both dry 

and wet (lubricant) contact conditions (Berglund, Marklund & Larsson 2010; Kumar 

& Bijwe 2011; Prasad 2011; Tewari 2012; Yousif 2013b). 

 

In addition, various studies have presented the wear results in different formats. For 

example, the wear performance of a metal has been presented in wear rate (Slavkovic 

et al. 2013), weight loss (Forati Rad, Amadeh & Moradi 2011); volume loss 

(Vasheghani Farahani et al. 2014), specific wear rate and/or wear resistance (Cassar 
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et al. 2012; Jahangiri et al. 2012). Each form introduced a different understanding 

and trend, which makes the results misleading and the data unable to be compared. 

Therefore, it is recommended that the wear performance of materials be presented in 

terms of specific wear rate, which represents the volume loss per applied load and 

sliding distance. This motivates the current study to evaluate the wear and frictional 

behaviour of aluminium, steel and brass materials sliding against a stainless steel 

counterface considering different operating parameters to gain the value of the 

specific wear rate at the steady state condition and identify the wear mechanism.  

 

2.5 Artificial Neural Networks 
 

The wear and frictional behaviour of materials can be described as a response of 

materials rubbed onto one another. This can involve different parameters and 

elements making the prediction of the frictional and/or wear behaviour of materials 

very complex and unpredictable at some stages. There recently have been several 

attempts to use finite element (FE) methods (Dai, Zhang & Tang 2013; Leonard et al. 

2014; Martínez et al. 2012; Xin, Gaoliang & Zhe 2014), but they were all based on 

several assumptions that limited the developed model. Martínez et al. (2012) stated 

that ‘to numerically implement the wear model, it is necessary to set up a procedure 

for determining the relationship between the friction coefficient and the contact 

pressure for the material and counter material contact pair’. In other words, the 

development of the FE models for tribological application is limited and requires a 

great deal of experimental data for each material and condition.  

 

Nevertheless, new researchers have considered new approach to the prediction of 

tribological characteristics. Both fuzzy logic and ANNs are similar in approach can 

be described as a black box in which there are inputs, hidden layers of logic 

arguments, and outputs (Nasir, T et al. 2010).  

 

Comparison and/or combined of FE and ANNs for nonlinear behaviour of crack 

propagation, spring back of materials and safe sea-state have been investigated 

(Gajewski & Sadowski 2014; Jamli, Ariffin & Wahab 2014; Yasseri et al. 2010). The 

studies concluded that FE and ANN exhibited very comparable results under very 

limited conditions. When different parameters and conditions are involved in the 

prediction, ANN produced better prediction outcomes than FE.  

 

From a tribological perspective, there are several recent studies on the possibility of 

using ANN to predict the wear and frictional values of different materials (Abdelbary 

et al. 2012; Busse & Schlarb 2013; He et al. 2014; LiuJie, Davim & Cardoso 2007). 

The most important factor impacting on an ANN model’s performance is the amount 

of data, the more data in the input and output, the better the performance that can be 

archived. It should be mentioned here that some studies combined the prediction of 

the friction coefficient with the specific wear rate (Gyurova & Friedrich 2011), as 

outputs under certain operating parameters in which the wear data is less than the 

friction coefficient and interface temperature led to poor prediction in wear outputs. 

This has been noticed in some studies pertaining to the prediction of the friction and 

wear performance of some composite materials considering different volume 

fractions (Gyurova, Miniño-Justel & Schlarb 2010) and/or the orientations of the 

fibres (Nasir, T. et al. 2010).  
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2.6 Summary of the Literature 
 

This chapter reviewed the recent literature on biolubricants, WCOs, tribology 

machines and ANN approaches. The chapter can be summarised as follows: 

 

1. There is a growing demand for alternative lubricants to replace synthetic 

lubricants from both economic and environmental perspectives. The 

researcher identifies the potential use of WCO as a lubricant to address this 

issue since WCO is a deposit substance (low cost), and environmentally 

friendly (i.e. filtered from waste oils extracted from either vegetable or 

animal oils)  

2. WCOs are available everywhere in large quantities and disposal is currently a 

problem. Some recent studies have attempted to convert WCOs into biofuels 

for diesel engines, but WCO biofuels have been shown to degrade engine life. 

In this thesis, an attempt is made to use WCO as a lubricant using different 

blend ratios with SOs, and to identify its applications  

3. The dry adhesive wear behaviour of metals is comprehensively reported in 

the literature. However, there is confusion and contradiction in presenting the 

wear data in terms of wear rate, weight or volume loss, specific wear rate, and 

wear resistance. In the current study, the dry adhesive wear behaviour of 

different metals is presented in different forms 

4. Different tribological setups have been developed and reported in the 

literature. However, no machine was able to test the tribological behaviour of 

metals under different operating parameters. In this study, a new tribological 

machine is developed to test the wear and frictional performance of different 

metals under dry/lubricant conditions at different lubricant temperatures  

5. An ANN approach is a promising tool in predicting the tribological behaviour 

of materials. However, there are arguments (in the literature) about the 

number of inputs required to gain good prediction outputs. In this work, a 

new ANN model is developed to predict the frictional performance of 

metal/metal contacts at different input parameters, considering individual 

inputs and/or combined inputs. 
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Chapter 3: Methodology and Newly Designed 
Machine 

 

3.1 Introduction 
 

This chapter discusses the preparation and extraction of WCO and its blending 

procedure with SO. The metal selections and their fundamental characteristics, the 

experimental setup and procedure for the dry adhesive wear testings, and the new 

concept of the new tribology machine associated with this experimental procedure 

are also introduced.  

 

3.2 Preparation of Materials 
3.2.1 Waste Cooking Oil Preparations 
 

WCO can be obtained from different sources such as restaurants and fast-food 

outlets. For this study, WCO was collected from fish and chips restaurants in 

Toowoomba city, Queensland, Australia. Based on information obtained from the 

restaurant owners, fish and chips are cooked in cotton seeds oil at a temperature of 

180 oC. The oil is used for seven days and it heated up for seven hours a day (from 

10 am to 5 pm), i.e. the oil is used for 49 hours. For one restaurant, about 10 litres of 

oil need to be disposed of daily. The collected oil was placed in a 200-litre tank. The 

steps involved in cleaning and preparing the oil are described in Figure 3.1. The 

collected oil was dirty and full of undesirous substances (e.g. small burnt chips or 

leftover fish). In order to purify it, different-sized sieves were used to extract the 

debris. The oil was then heated to 90–100oC in order to remove the moisture from it. 

The oil was kept at this temperature for about one hour. While the oil was cooling 

down, it was filtered using a micro-filter (woven mesh fabrics) supplied by Sefar 

Filter, Australia. This type of filter is recommended for filtering chemicals as it is 

able to resist high temperatures. The fabrics used in designing the filter have thread 

diameters < 250 µm and mesh openings < 500 µm and can be ultrasonically welded. 

The main characteristics of the fabric used in the filter are high dimensional stability 

and tensile strength, constant fabric stiffness and thickness, repeatable pore size and 

filtration performance, low pressure drop and high flow rate. 

 

Before blending the waste cooking oil with the synthetic oil, 5% (wt) of EVA 

copolymer and 2% (wt) of EC were used as additives. Their impact will be discussed 

later in this chapter. Different blend ratios were used in preparing the blends of the 

waste cooking oil (WCO) and fully synthetic oil (SO) as lubricants: 0, 25 vol. %, 50 

vol. %, 75 vol. % and 100 vol. % of WCO in SO. 5w-30 fully synthetic oil is used in 

this work which was supplied by Shell Helix. The technical data for each oil grade is 

provided by the company via http://www.shell.com/global/products-services/on-the-

road/oils-lubricants. Some of the fully synthetic oil specification are MRV, ASTM 

D4684 (17000), Density, ASTM D4052 (852), Flash point, ASTM D92 (240), Pour 

point, ASTM D97 (-48).  

 

The WCO was heated up to 80oC and the SO was gently added in about 5% 

increments to reach the required percentage. An electrical mixer was used to mix the 

blends at 80oC for about 30 mins. The blends were cooled down to room temperature 

http://www.shell.com/global/products-services/on-the-road/oils-lubricants
http://www.shell.com/global/products-services/on-the-road/oils-lubricants
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and kept in glass containers to prevent any chemical reaction or moisture absorption. 

In the last stage of this work, different blends were used for journal bearing tests. 

 

The fatty acids composition of the pure WCO has been tested with the GC-FID 

technique under the operating condition of an oven: 150 oC (75.0 min) isothermal, 

Carrier: helium, 21 cm/sec at 150 oC, and Detector: FID, 250 oC. The results of the 

fatty acids composites of the WCO are presented in Table 3.1. 

 

 

Figure 3.1: Waste cooking oil extraction, preparation and blending 
 
 

Table 3.1: Fatty Acid Composition of the Collected Waste Cooking Oil 

Fatty Acid Composition  % 

Myristic (14:0) 0.9 

Palmitic (16:0) 21.9 

Palmitoleic (16:1) 0.1 

Stearic (18:0) 5.2 

Oleic (18:1) 41.0 

Linoleic (18:2) 29.3 

Linolenic (18:3) 0.7 

Additives (unknown) 0.9 

 

There is little research on the influence of the chemical compositions of WCO on the 

tribological behaviour of metals. However, Majdoub et al. (2014) recently reported 

that oleic and linoleic have been used as additives for PAO4 oil to reduce the friction 

coefficient. Their results showed that the addition of about 1% of those fatty acids 

assisted in reducing the energy loss due to the adhesive rubbing process, reducing the 

friction coefficient. Ikeda, Tomohiro and Ito (2014) investigated the influence of 

palmitic, stearic, oleic and linoleic acids on palm oil as a lubricant and found that 

stearic gained optimum results in terms of the wear and frictional performance of the 

palm oil.  

 

 

 

WCO from 

resources 
Filtering at 

room 

temperature  

Vaporisation Cooling and 

filtering 

Stage I Waste cooking oil extraction and preparation 

Heat up to  

70–80oC 
Mix with 

synthetic 

Leave for three 

months 

Observation 

   

Stage II Lubricant preparation 
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3.2.2 Metals Selection 
 

In the literature there are several materials are selected for tribological applications in 

such things as bearings and bushes. Among the most common and recent materials 

used under dry and lubricant contact conditions are mild steel (Liu, Zhu & Liang 

2005; Wang, Dohda & Haruyama 2006), brass (Amirat et al. 2009; Panagopoulos, 

Georgiou & Simeonidis 2012) and aluminium (Erarslan 2013; Wang et al. 2012). 

Mild steel (SAE 1020, chemical composition: C=0.20%, Mn=0.45%, P=0.04% max, 

S=0.05% max), aluminium (6060) and commercial brass (58 Cu, 4% Pb and 38% 

Zn) have been selected for the current study. Samples were prepared from 50 mm x 

20 mm x 25 mm blocks of the material using the milling machine at the University of 

Southern Queensland. Some of the supplied properties of the materials are given in 

Table 3.2. For the counterface materials, the experiments were conducted against a 

stainless steel ring (AISI 304).  

 
Table 3.2: Properties of Mild Steel, Aluminium and Brass  

Materials Ϭ y MPa Ϭ u MPa E GPa Elongation, 

% 

Hardness HB 

Mild steel 380 480 200 15 73 

Aluminium alloy 180 220 69.5 13 45 

Brass 310 430 96 27 62 

Stainless steel 

(AISI 304)  

621 290 28 55 82 

 

3.3 Hybrid Tribological Machine 
 

As was mentioned in Chapter 2, most the experiments in the literature were 

conducted to study the viscosity of the oil at different temperature and/or the 

tribological performance of metal contacts under lubricant conditions at room 

temperature. Because oil may be used at elevated temperatures, the combination of 

interface and environmental temperatures may affect the interaction behaviour of the 

asperities in contact, and so affect the real application of the oil. This factor is 

considered in the design of the project’s new machine.  

 

3.3.1 The Block-on-ring Concept 
 

Tribological testing can be done by various laboratory tribo-machines such as pin-

on-disc (POD), ASTM G99, block-on-ring (BOR), ASTM G77 or G137-953, dry 

sand rubber wheel (DSRW), ASTM G655, wet sand rubber wheel (WSRW), ASTM 

G105, as well as the sand/steel wheel test under wet/dry conditions (ASTM B611; 

(Yousif 2013a). For the current study, a BOR configuration was selected due to its 

popularity amongst researchers in the field of lubricants. In this configuration (Figure 

3.2), a block of the material was pressed using a dead weight onto a rotating ring 

(counterface). The rubbing process began with line/line contact and increased to 

area/area contact, thereby varying the contact area at the running-in stage. This 

assisted in understanding the integration of the asperities in contact at the initial 

stages of the sliding process. 
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Figure 3.2: Block-on-ring technique 

 

 
3.3.2 Integration of Lubricant Temperature in the New Machine 
The addition of the lubricant container can be implemented in the technique 

associated with the lubricant heater to heat up the lubricant temperature during the 

test. CATIA software was used to design the new components for the machine. 

Figure 3.3 presents a three-dimensional drawing of the newly designed machine and 

lists its main components. The main purpose of the machine is to provide tribological 

environments under lubricant condition. A detailed drawing of all the main parts of 

the machine is provided in appendix A.  

Counterface 

Dead weight  

Specimen 
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.

 

Figure 3.3: Three-dimensional view of the hybrid tribology machine 
Notes. 1. Counterface stainless steel (AISI 304), 2 Sample, 3. Sample holder, 4. Lever, 5. Load cell, 6. Lever holder, 7. Weight 

(applied load), 8. Bearings, 9. Container cover, 10. 0.5 hp motor, 11. Oil container. 

 

The frictional force was captured by a custom-made load cell immersed in the 

lubricant. The load cell was designed especially to work under this condition. It is 

able to work under temperatures up to 150oC and any lubricant condition. A special 

load cell provided by Bestech Australia Pty Ltd was used in the machine, where it 

was fixed in a position that enable the measurement of the frictional force (Figure 

3.4). It was specially designed to be operated at high temperature and lubricant 

conditions, and it was directly connected to a computer to capture the frictional force. 

The machine operated using a DC 0.5 hp motor working with 24 V power. This 

helped to control the sliding speeds using the data requisition system. The container 

was filled with new oil for each set of data. 
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Figure 3.4: The custom-made load cell sensing frictional force 
 

In the current design, the specimen was fully immersed in a lubricant container 

which represented the real implementation of the lubricant. In other studies, in which 

the main application of vegetable lubricants seems to be for ball bearings, the oil was 

applied through a pump onto the counterface (Shahabuddin et al. 2013; Xiao et al. 

2014). Those works may assist in understanding the tribological behaviour of the 

rubbed pair under lubricant condition but not the performance of the lubricant itself. 

In the current study, the sample was fully covered by the lubricant and the lubricant 

was allowed to penetrate in the interface freely, to represent its real application. To 

achieve such complicated environments, a sealing problem may occur. A heater was 

placed in the container to heat up the oil. In addition, a special window glass was 

designed to monitor the temperature distribution inside the container to observe the 

correlated interface temperature with the wear and frictional results.  

 

In light of this, a few leakage interactions were considered in the design and sealed 

well (Figure 3.5): the entrance of the lever, rotated shaft (coming from the motor), 

load cell wire, glass window, and cover of the container. A special sealing silicon 

b) 

Frictional force 

Direction 

a) 
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(high-temperature RTV silicone, Loctitie) was used to seal of the load cell wire and 

the glass window associated with some bracket and screws to prevent any leakage of 

lubricant during the high speed of the counterface. For the cover of the container, a 

groove was machined at the top of the container and filled with a hydronic O-Ring 

seal (Fluorocarbon Elastomer O-Ring with a diameter of 4mm), which has high 

resistance to elevated temperature. To seal the hole of the shaft in the container, a 

hydraulic seal was used and a cup was designed to hold the seal firmly on the 

container wall (Figure 3.5b). For the entrance of the lever, a flexible rubber cover 

(Joint Boot Dust Shield Cover) was used to prevent any leakage of the oil from that 

entrance (Figure 3.5c).  

 

 

  

Figure 3.5: Leakage and sealing sections in the lubricant container 

 

The machine was fabricated locally at the USQ workshop with the use of different 

CNC machines (Figure 3.6). Optimisation and reconsideration processes were 

undertaken after the fabrication. Some safety regulation standards were included in 

the design for authorisation purposes. First, a cover was needed for the coupling and 

shaft from the motor to the counterface in the container in case the operator 

mistakenly placed his or her finger on the shaft (Figure 3.6a). Moreover, emergency 

stop was required and placed above the power supplier. At this position, the 

emergency stop is easy to find, and close to the operator in case of emergencies 

c) b) 

1 

2 

3 

4 

a) 5 
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(Figure 3.6 b). To avoid any leakage during the operating process, all the seals were 

placed and then checked (Figure 3.6c). 

 

 

 

 

Figure 3.6: Assessment stage of the hybrid tribology machine before operation 
 
 

c) Sealing  

b) Emergency stop  

a) Shaft cover 
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Figure 3.7 displays the machine under the operating condition of the lubricant, 

showing the capture of the frictional force with the presence of the lubricant in the 

container and monitoring the heat distribution in the container using the thermo-

imager.  

 

 

Figure 3.7: Photos of the hybrid tribological machine integrated with the computer 
 
 
 
 
 
 
 
 

Heater 

c) Hybrid machine working under 

lubricant condition at elevated 

temperature  

b) Hybrid machine working 

under lubricant condition at 

room temperature  

a) Hybrid machine integrated 

with computer and thermo 

imager 
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3.3.3 Verification of the New Hybrid Tribological Machine 
 

For verification of the new hybrid machine and establishing datum data, dry tests 

were conducted using the newly designed machine under the same pressure and 

sliding speed as those used with the laboratory machine (Chapter 4 and Section 

3.4.1). The pressures used for the laboratory machine were 38 kPa, 90kPa and 

113.7kPa at a sliding speed of 2.8m/s. The pressure was determined based on the 

applied load divided by the worn surface after the tests. 113.7 kPa was used for the 

verification, which was equivalent to the applied load of 1.13 kg at similar speed of 

2.8m/s of the laboratory machine.  

 

The specific wear rate (SWR) of the selected metals was determined using equation 

(3.1): 

 

DL

w
SWR






/
       (3.1) 

 

where the w  is weight difference (before and after the test) which will be 

determined using a very high precision weight scale,   is the density of the 

materials, L is the applied load, and D is the sliding distance.  

 

The results of the specific wear rate of three tests for each condition are predicted in 

Figure 3.8 for all the materials using both the laboratory and new hybrid machine. 

Both results were close and the error percentage was less than 5%, which could be 

due to the complexity of the experiments. 

 

 

Figure 3.8: Specific wear rate of the selected materials at 113.7 kPa applied stress using the new hybrid and 
laboratory machines at 2.8m/s sliding distance 
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3.4 Experimental Procedure 
 

The experiments were divided into two categories. At the initial stage, dry adhesive 

wear testings were performed using the available tribology machine at USQ (Yousif 

(2013a). The machine is able to conduct several tribological tests. With this machine, 

the first category of the testing was conducted (i.e. comprehensive evaluation of the 

dry adhesive wear behaviour of common metals). But, the machine is not capable of 

using lubricants at elevated temperatures. Therefore, in the second category, the 

adhesive wear testing under lubricant conditions was conducted using the newly 

designed tribological machine (hybrid machine). In the following sections, both dry 

and lubricant testings are explained. 

 

3.4.1 Dry Adhesive Wear Testing 
 

For the experiments, adhesive wear tests were conducted against a stainless steel ring 

(AISI 304) using the BOR technique according to the ASTM G77-98 (ASTM G77-

98 Standard Test Method for Ranking Resistance of Materials to Sliding Wear Using 

Block-on-Ring Wear Test) (Figure 3.9). The machine was equipped with a load cell 

to capture the frictional force during sliding. The sample (3) was fixed to the holder, 

which was placed on a ball bearing to gain the minimum frictional contact. 

Calibration was made for each set of testing and the average of the results reported. 

Further information about the machine can be found in Yousif (2013a).  

 

 

Figure 3.9: Tribological machine with block-on-ring configuration (Yousif (2013a) 

Notes. 1. Counterface, 2. BOR load lever, 3. Specimen, 4. Load cell. 

 

To ensure intimate contact between the sample and the counterface, before each test 

the disc was polished with abrasive SiC paper (G1500) to a surface roughness of 0.1-

0.3 m Ra. Acetone was used to clean the surface before each test, followed by wet 

cotton to remove the acetone and clean the surface. The samples were polished 

4 

1 

3 

2 
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before each test and the roughness of their surfaces was measured. The roughness of 

the samples were about 0.075m Ra, 0.4 m Ra, and 0.25 m Ra for mild steel, 

aluminium and brass, respectively (Figure 3.10).  

 

 
a) Roughness profile of steel before testing  

 
b) Roughness profile of aluminium before testing  

 
c) Roughness profile of brass before testing  

Figure 3.10: Roughness profiles of sections on the polished samples before testing* the scale of the 
figures are different since they are auto-generated by Mahr roughness machine.  

 

Sliding tests were conducted at ambient temperature and humidity conditions with 

various normal loads (30 N, 40 N and 50 N), and sliding distances (0–10.8 km) and 

sliding speed of 2.8 m/s. It is known that each material has its own pressure x 

velocity limit. For the current study, preliminary experiments were conducted to 

determine the PV limits of the selected metals and gain the optimum velocity, with a 

constant applied load of 50 N. 2.8 m/s sliding velocity was found to be the optimum 

for the three selected metals considering different applied loads. The normal applied 

loads were equivalent to 38 kPa, 90kPa and 113.7kPa which were calculated after the 

test by dividing the applied load by measuring the worn surface area. Surface 

morphology and collected debris were examined after each test using a scanning 

electron microscopy. A Mahr roughness profile machine was used to determine the 

roughness of the rubbed surfaces after each test. The roughness was measured 

against the sliding direction for both the metal surfaces and the counterface. The 

sample, counterface, interface and environmental temperatures were monitored using 

a thermo-imager device.  
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Friction coefficient   is calculated using equation (3.2) where Ff is the frictional 

force which is captured via the load cell and L is the applied load: 

 

L

F f
          (3.2) 

 

3.4.2 Adhesive Wear Testing Under Lubricant Condition 
 

The newly designed machine was used to conduct wear testing under the lubricant 

condition. The first step in the experiments was to prepare the sample and 

counterface similar to the preparation process explained in Section 3.4.1.  

 

WCO blends, WCO:SO of 0 vol. %, 25 vol. %, 50 vol. %, 75 vol. % and 100 vol. % 

were used in the current study. Several steps had to be considered in conducting the 

experiments. At the initial stage, the specimens were polished, weighed and then 

fixed in the holder of the hybrid machine. The lever of the machine was loaded with 

the required dead weight. The lubricant container was filled with the lubricant to a 

level of about 30 mm above the specimen to ensure that the specimen was fully 

immersed in the lubricant during the test. To avoid lubricant splash during the 

experiments, the container was firmly covered. Then the heater was switched on to 

the required temperature. The panel controller was set to the required rotational 

speed and the load cell reader and timer was set to zero. The machine was then 

switched on and, when the required time was reached, it was switched off.  

 

At the end of each test, it was important to wait for the lubricant to cool down and 

then clean the lubricant container by vacuuming it using the oil pump and then filter 

the oil and extract the debris. The specimen was removed and cleaned with acetone. 

Weight and surface roughness of the specimens were determined after the test was 

completed. The direction of the roughness measurement was perpendicular to the 

sliding direction. The lubricant container was cleaned with acetone to remove any 

residual oil after each set of tests. Frictional force was saved on the computer during 

the experiments.  

 

Different sliding distances were used in the study to differentiate between the 

running-in and steady state regions (0 - 10.8 km). The operating conditions and 

parameters are given in Table 3.3. For each test, at least three repetitions were 

conducted and the average of the results was determined. Since the dry tests were 

conducted at the speed of 2.8 m/s, the lubricant tests were conducted at the same 

speed for comparison purposes.  

 

Lubricant tests were conducted against a stainless steel ring (AISI 304) and, to 

ensure intimate contact between the sample and the counterface, before each test the 

disc was polished with abrasive SiC paper (G1500) to a surface roughness of 0.1-0.3 

m Ra, i.e. the three metals were tested on an identical surface characteristic. This 

ensured that the wear and frictional data of the three different metals were 

comparable under the same contact and operating conditions. Acetone was used to 

clean the surface before each test, followed by wiping wet cotton to remove the 

acetone and clean the surface. The specimens were machined from a block of the 

metals, and before the tests the specimens were polished. The roughness of the 

samples were about 0.075m Ra, 0.4 m Ra, and 0.25 m Ra for mild steel, 
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aluminium and brass, respectively (Figure 3.10). A Mahr roughness profile machine 

was used to determine the roughness of the rubbed surfaces before and after each 

test. The roughness was measured against the sliding direction for both the metal 

surfaces and the counterface. 

 
Table 3.3: Operating Parameters for Adhesive Wear Testing under Lubricant Conditions 

Duration, min Applied load, N Oil temperature, 
oC 
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At the end of the lubricant tests, the debris was collected and extracted for scanning 

electron microscope (SEM) observation. In the extraction, the debris was immersed 

in the oil and then collected in small tubes (Figure 3.11). A centrifuge machine was 

used to extract the debris at the first stage of oil separation. The lubricated debris was 

washed more than five times with acetone and then centrifuged. A hot air dryer was 

used to dry the debris. The collected debris was attached to a conducted carbon tap 

for the SEM observation. 
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Figure 3.11: Extraction of the debris from the lubricant 
 

Different oils were used in this work, and these were supplied by Shell Helix. The 

technical data for each oil grade is provided by the company via 

http://www.shell.com/global/products-services/on-the-road/oils-lubricants. Some 

specific details of the selected oil are given in Table 3.4. The main conventional oil 

used in the work is 5W-30 which is fully synthetic (as determined by Shell Helix).  
 

Table 3.4: Some of the fully synthetic oil specifications  

 

MRV, ASTM 

D4684 

Density, 

ASTM D4052 

Flash point, 

ASTM D92 

Pour point, 

ASTM D97 Remarks 

5w-30 17000 852 240 -48 

fully 

synthetic 

5w-40 19300 840.3 242 -45 

fully 

synthetic 

10w-50 21500 862.3 235 -41 

fully 

synthetic 

15w-40 26100 882 230 -33 

multi-

grade 

 
3.5 Properties of Waste Cooking Oil 
3.5.1 Pour Point and Flash Points  
 

Pour point is one of the important properties of oil since it represents the 

characteristics of the oil at the condition in which it becomes semi solid and not able 

to flow. The ASTM D 97 standard is used in this study and has been adopted by 

many researchers (Rahman et al. 2014). In the test, a pour point tester was adopted 

with a cooling system working with methanol as the cooling agent. 45 ml of the 

blend was placed in a test jar and the level of the liquid marked. The jar of the blend 

then began cooling to about -40oC using the pour testing apparatus. While the blend 

was cooling, the movement of the blend and pour point was observed. Once the 

blend solidified, it was placed on the apparatus horizontally to heat up at atmospheric 

condition, the temperature was taken with each 3oC drop, and the flow of the blend 

Oil 

Debris  

http://www.shell.com/global/products-services/on-the-road/oils-lubricants
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was observed until the first droplet fell. This process was repeated three times for 

each blend. The results are presented in Table 3. 5. It is clear that the pour point of 

the WCO is greater than the SO and WCO blends. This has also been reported for 

rapeseed oil (Quinchia et al. 2012). Quinchia et al. (2012) recommended that 

vegetable oil-based lubricants may need lower their pour point temperatures for some 

applications such as hydraulic fluids, chain saw oils and saw mill oils. Similarly, for 

such applications, it is recommended that PPD additives are considered to assist in 

delaying the nucleation and crystal growth stages of the oil (Asadauskas & Erhan 

1999). 

 

The flash point can be defined as the lowest temperature at which the oil forms an 

explosive vapour under normal atmospheric conditions. A Cleveland open cap tester 

was used to determine the flashpoint according to ASTM D92. The average of the 

flash point of the blends is given in Table 3.4. In general, the higher the flash point 

the better. In comparing the WCO and the SO, the flash point of the WCO is greater, 

which can be an advantage. All the research related to WCO aimed to investigate the 

performance of the biofuel extracted from the WCO (Bezergianni, Dimitriadis & 

Chrysikou 2014; Cao et al. 2014). In these works, it was highly recommended to 

reduce the flash point to about 150oC by using ferric sulfate and potassium hydroxide 

as catalysts in a two-step reaction. 

 
Table 3.5: Pour Point and Flash Point of the Blends 

Blend Pour point Flash point 

0% SO -16 oC ± 1.25 285 oC ± 8 

25% SO -22 oC ± 1.5 275 oC ± 6 

50% SO -26 oC ± 1.7 243 oC ± 6 

75% SO -30 oC ± 1.9 236 oC ± 5 

100% SO -36 oC ± 0.75 225 oC ± 5 

 

3.5.2 Viscosity of the Waste Cooking Oil and its Blends 
 

The dynamic viscosity of the used oil and its blends against different temperatures is 

plotted, in two forms, in Figure 3.12. It has been mentioned here that the results in 

the figures are presented for unused waste cooking oil (before cooking), after 

filtering (cooked and filtered), and prepared blends of waste cooking oil with the 5% 

(wt) of EVA copolymer and 2% (wt) of EC and the synthetic oils. The figures show 

that there is a dramatic increase in the viscosity of the waste cooking oil with the 

addition of the additives and further increase achieved with the addition of synthetic 

oil. In other words, the unused waste cooking oil (cotton seeds) exhibits very low 

viscosity and cooking it with fish and chips slightly increase the viscosity. The 

addition of the 5% (wt) of EVA copolymer and 2% (wt) of EC significantly impacts 

the viscosity behaviour of the oil as the waste oil becomes competitive especially at 

higher temperature. Such improvement will dramatically impact the tribological 

performance of the oil.  
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Figure 3.12: Viscosity vs. temperature of different blends of waste cooking and synthetic oils 
 
 

Some of the data in the literature is presented in log form (Ting & Chen 2011) and 

for comparison purposes the current values are presented in these two forms. The 

general trend of the viscosity decreases with increases in the temperature as this is 

expected for all the types of oil. For the 0% blend of WCO (fully synthetic) there was 
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approximately 900% drop in viscosity when the temperature was increased from 

10oC to 80oC. Meanwhile, the drop in viscosity of the pure WCO was about 600%. 

These results are promising for WCO in terms of stability and less sensitivity to 

temperatures compared to synthetic oil. A similar trend can be seen in Figure 3.12b. 

 

It is well known that the determination of oil application and performance is based 

on viscosity at 40oC and 80oC. Therefore, the viscosities of the blends at those 

temperatures are extracted from Figure 3.12 and presented in Figure 3.13. It is 

obvious that SO has higher viscosity values compared to its blends. Moreover, the 

increased addition of WCO reduces the viscosity of the blends for both selected 

temperatures (Figure 3.13).  

 

 

Figure 3.13: Viscosity of the blends at 40oC and 80oC 

 

The ISO viscosity grade requirements are listed in Table 3.6. For the current blends it 

can be seen that pure WCO can fit with the ISO VG 68, which can be used for 

crankcase oil grades 20 W (Brockwell, Dmochowski & Decamillo 2004; Stachowiak 

& Batchelor 2013). However, further study is required to determine the degradability 

of the oil and the tribological performance of the components under this lubrication 

condition.  
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Table 3.6: ISO Viscosity Grade Requirements ('Mixed-fiber diets and cholesterol metabolism in middle-aged 
men'  1991; Rudnick 2006; Rudnick 2010). 

Kinematic 

viscosity 

ISO 

VG32 

ISO 

VG46 

ISO 

VG68 

ISO 

VG100 

Pure waste 

cooking oil  

@40 °C >28.8 >41.4 >61.4 >90 65.5 

@100 °C >4.1 >4.1 >4.1 >4.1 9.5 

 

Further to the above and since there are few studies on the WCO as a lubricant, the 

viscosity of different grades of oils were tested and compared with those of WCO 

(Figure 3.14). In general, WCO exhibits the lowest viscosity compared to other SOs. 

This can be both an advantage and disadvantage since low viscosity means less 

resistance to the shear (low friction) and less film thickness in the interface when two 

bodies are under sliding condition. Nevertheless, one can see that the pure WCO is 

close to the W5-30 oil. The W5-30 fully synthetic oil is recommended for both 

gasoline and diesel engines. However, the viscosity index must also be considered to 

determine the application of the oil.  
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Figure 3.14: Waste cooking oil viscosity with industrial lubricant 

 

The viscosity index of WCO and its blends were determined by measuring the 

viscosity of the lubricant at an elevated temperature of 100oC. The results are 

presented in Figure 3.15. It seems there is a significant deterioration in the viscosity 

of the WCO. In this work, 5% (wt) of EVA copolymer (density, at 23 °C, 0.956 g 

cm-3; molecular weight, 60250 g mol-1; melting temperature, 59 °C) and 2% (wt) of 

EC (density, at 25°C, 1.14 g cm-3; molecular weight, 68960 g mol-1; melting 

temperature, 155°C) were used as additives to enhance viscosity at high temperature. 

The advantages of the EVA are that it is an inert, non-toxic and stable material, not 

expected to be biodegradable and not hazardous (Quinchia et al. 2010). EC is a kind 

of water-insoluble cellulose ether having good mechanical properties, relatively low 
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cost and good film-forming performance (Yang et al. 2014). The addition of the 

additives significantly improved the viscosity index of all the WCO blends, making it 

comparable to the fully synthetic oil of 5W-30 (≈ 155). The blends with the additives 

were used in the journal bearing tests presented in Chapter 6.  

 

 

Figure 3.15: Viscosity index of waste cooking oil and its blend with W 5-30 

 

The use of some vegetable oils as a potential lubricant has been investigated in 

previous studies, the most recent of which are summarised in Table 3.7. These show 

the viscosity of vegetable oils at 40oC and 80oC. There are different ranges of 

viscosity for the oil and there could be comparable values for the pure WCO with 

soybean and sunflower oil (Quinchia et al. 2014), even though WCO exhibits a better 

viscosity value. In (Paredes et al. 2014), a modifier was used to improve the viscosity 

performance of the vegetable oil, and this can be considered for future work on 

WCO.  

Some important points can be drawn from this literature as follows: 

 

 There is a growing environmental need to find alternative lubricants, and a 

great deal of research has focused on the possibility of using vegetable oils. 

Inedible rather than edible oils is highly recommended.  

 The disposal of WCO is an issue. WCO’s potential as an alternative fuel for 

diesel engines has been explored, but it is limited as a fuel; because it impacts 

substantially on engine performance from a tribological perspective.  

 The potential of using WCO as an alternative lubricant was investigated in 

the current study. From a viscosity point of view, there are promising results 

regarding its use as a lubricant, but further study is recommended.  
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Table 3.7: Comparison to Previous Works and Standards 

 

υ (cSt) at 40 oC υ (cSt) 80 oC 

0 126 38 

25 94 26 

50 75 22 

75 60 20 

100 55 18 

Original soybean (Ting & Chen 2011)  ≈ 175 ≈ 29 

Jatropha oil (Shahabuddin et al. 2013)  ≈ 172 ≈ 23 

Soybean oil (Quinchia et al. 2014; Quinchia 

et al. 2010) 33.6 ± 0.9 

12.3 ± 0.5 

Sunflower oil (Quinchia et al. 2010), 

(Quinchia et al. 2014) 32.9 ± 2.3 

12.7 ± 0.8 

Castor oil (Quinchia et al. 2014; Quinchia et 

al. 2010) 242.5 ± 21.7 

37.1 ± 1.7 

Castor seeds (Madankar, Pradhan & Naik 

2013) 248.8 

NA 

Iluent (polyalphaolefin), and high-oleic 

vegetable oils (Erhan, Sharma & Perez 

2006).  42.33 

 

BIO-H01 is a mixture of 83.5% high oleic 

sunflower oil and 13.5% ditridecyl adipate 

(Paredes et al. 2014) 37.41 

11.42 

BIO-H02 blend of high oleic sunflower oil at 

73% and 24% of disooctyl adipate (Paredes 

et al. 2014) 27.67 

9.08 
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Chapter 4: Wear Behaviour and Mechanism of 
Different Metals Sliding Against Stainless Steel 

Counterface 
 

 

4.1 Introduction 
 

Understanding the wear mechanism significantly contributes to the body knowledge 

associated with the tribology of common metals, and helps to predict, overcome and 

prevent the failure of designed components. In the current study, the wear and 

frictional performances of brass, aluminium and mild steel metals are investigated at 

different operating parameters: sliding durations (0–10.8 km) and applied loads (0–

50 N) against a stainless steel counterface under dry contact conditions. The 

experiments were performed using a BOR machine. To categorise the wear 

mechanism and the damage features on the worn surfaces and the collected debris, 

scanning electron microscopy was used. A thermal imager was used to understand 

the heat distribution in the contacted bodies and the interface regions. The results 

revealed that the operating parameters influence the wear and frictional behaviour of 

all three metals. Brass metal exhibited better wear and frictional behaviour compared 

to aluminium and mild steel. Three different wear mechanisms were observed: two-

body abrasion (brass), three-body abrasion (aluminium) and adhesion (mild steel). 

 

4.2 Background 
 

Several works have been reported on the frictional and wear behaviour of metals. 

However, there is still a demand to understanding the metal behaviour under 

different tribological applications. Recently, there are publications have reported on 

the tribological performance of different type of metals such as aluminium (Birol 

2013; Kumaran & Uthayakumar 2013; Rao et al. 2013), steel (Felder et al. 2012; 

Leiro et al. 2013; Máscia et al. 2013) and brass (Feser et al. 2013; Gava et al. 2013). 

From these works, it is found that most of the previous attempts have been focusing 

on the application of the metals which in turn influences the experiments have been 

conducted to accommodate specific operating conditions, i.e. specific sliding speed, 

sliding distance, environmental temperature and applied load (Alvarez-Vera, Ortega-

Saenz & Hernandez-Rodríguez 2013; 2009; Umanath, Palanikumar & Selvamani 

2013). As a result, understanding the wear and frictional behaviour of metals is 

confusing with studies being incomparable as operating parameters have significant 

influence on the wear and frictional behaviour of metals under either dry or wet 

(lubricant) contact conditions (Berglund, Marklund & Larsson 2010; Kumar & Bijwe 

2011; Prasad 2011; Tewari 2012; Yousif 2013b). In (Prasad 2011), friction and wear 

behaviour of grey cast iron has been investigated under different test parameters, i.e. 

applied load, sliding speed and test environment and the results revealed that the 

wear loss increases with the sliding velocity and/or applied load increase.  

 

Furthermore, high applied load and sliding speed introduces high frictional heating. 

Beside the above, the current results revealed that the reported works in the literature 

have presented the wear results in different formats. For example, the wear 

performance of a metal have been presented aswear rate (Slavkovic et al. 2013), 

weight loss (Forati Rad, Amadeh & Moradi 2011), volume loss (Morris et al. 2011) 
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specific wear rate and/or wear resistance (Cassar et al. 2012; Jahangiri et al. 2012). 

The current study to evaluate the wear and the frictional behaviour of aluminium, 

steel and brass materials sliding against stainless steel counterface considering 

different operating parameters to gain the value of specific wear rate at the steady 

state condition and identify the wear mechanism.  

 

4.3 Dry Wear Behaviour of Selected Metals 
 

The specific wear rate of the selected materials against sliding distance under 

different applied load was obtained. The specific wear rate at the steady state and the 

friction coefficient are reported for all the materials under different applied loads in 

Figures 4.1 - 4.6. The temperature distribution in the contact zone is presented in 

Figure 4.7. Roughness and SEM observations are presented in Figures 4.8 - 4.13.  

4.3.1 Specific Wear Rate against Sliding Distance 
 

The specific wear rate of the selected materials against sliding distance is presented 

in Figure 4.1 for different applied loads: a) brass, b) aluminium, c) mild steel. The 

specific wear rates of the three materials are presented in Figure 4.2 under 50 N 

applied load. Due to the high value of the specific wear rate of the aluminium 

material, its results are presented in the second Y-Axis. However, there are no 

remarkable differences in trends among the materials. 

 

The behaviour of all the materials can be divided into two stages as running in, 

which is the initial stage of the sliding, and the steady state. At the running in stage, 

interaction between the asperities is initiated and continued for about 2 km–5 km, 

and there is less integration between the asperities in contact. In the steady state 

where the asperities are adopted and the surfaces are in intimate contact. The 

fluctuation in the specific wear rate at the running-in period is mainly due to the 

modifications taking place during the sliding. In other words, some of the asperities 

transfer from the sample surface onto the counterface surface or the opposite 

depending on the hardness of the materials (Krishnaveni, Sankara Narayanan & 

Seshadri 2005; Wieleba 2002), contact conditions (Yousif & Chin 2012) and 

operating parameters (Bonny et al. 2010; Yousif 2013a). For the current results, the 

wear data is presented as specific wear rate, which is the volume loss per the applied 

load times the sliding distance. This reflects the real situation of the contact between 

the bodies.  
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Figure 4.1: Specific wear rate vs. sliding distance of brass, aluminium and mild steel materials under dry 

contact conditions 
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Figure 4.2: Specific wear rate vs. sliding distance of brass, aluminium and mild steel materials under dry 
contact conditions 

 

In some reported works, steady state is a proportional relation between the weight 

loss (Bateni et al. 2005; Prasad, Modi & Yegneswaran 2008), volume loss or wear 

depth (Páczelt, Kucharski & Mróz 2012) with the sliding distances. Figure 4. 1 is 

represented in terms of weight loss in Figure 4.3 under the applied load of 50 N. The 

figure indicates that the weight loss increases with the longer sliding distances which 

is in agreement with previously published works, (Bateni et al. 2005; Prasad, Modi & 

Yegneswaran 2008). In other words, it can say that the steady state in the specific 

wear rate versus sliding distance (Fig. 4.2) reflects the slop of the weight loss versus 

distance (Fig. 4.3).  

For the current results, the steady state of each material at different applied loads are 

determined and displayed in Figure 4.4. The maximum and minimum values of the 

specific wear rate at steady state are introduced with the error bars on the figure for 

the set of tests at each load. In Figure 4.3, it is clear that the aluminium material has 

very poor wear performance compared to the mild steel and the brass under the 50 N 

applied load. Similarly, Figure 4.4 shows that aluminium exhibits a very high 

specific wear rate representing very poor wear performance (i.e. weak wear 

resistance). For mild steel and brass, comparable specific wear rate values can be 

found particularly under 40 N applied load. With applied loads higher or lower than 

40 N, brass displays better wear resistance compared to mild steel even though mild 

steel is harder. This can be due to modification occurring on the counterface surfaces 

or the debris generated in the interface. It is suggested that the removed material 

from the mild steel is very hard and may roll or slide on rubbed surfaces when they 

are on their way out of the interface zone. This results in three-body abrasion, which 

always leads to high material removal as reported by many researchers (Birol & Isler 

2011; Máscia et al. 2013). In the case of the brass material, a coating process can 

occur during the sliding which helps to cover the stainless steel counterface and 

results in very low material removal as reported by (Elleuch et al. 2006). Another 
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reason could be that the brass debris is not as hard as the mild steel debris, which 

results in low material removal from the sample surface. This point is further 

elaborated upon in the surface observation section. 

 

 

Figure 4.3: Weight loss vs. sliding distance of brass, aluminium and mild steel materials under dry contact 
conditions 

 

 
Figure 4.4: Summary of specific wear rate at steady state of brass, aluminium and mild steel materials 

under dry contact conditions at different applied loads after 10.8 km sliding distance 
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4.3.2 Dry Frictional Behaviour of Selected Metals  
 

The friction coefficient of the selected three materials against sliding distance is 

displayed in Figure 4.5 under various applied loads. For the other applied load, the 

trend of the frictional data is the same as the 50 N applied load, but the values are 

different. Therefore, the 50N applied load was selected to show the trends in Figure 

4.5, and the average of the friction coefficient with the maximum and minimum 

values are summarised in Figure 4.6.  

 

 
 

Figure 4.5: Friction coefficient vs. sliding distance of brass, aluminium and mild steel materials under dry 
contact conditions 
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The frictional behaviour for all the materials seems to be steady, especially with 

brass and mild steel. Aluminium exhibits a slight fluctuation in the value, which 

represents a modification on the surface during the sliding. Such behaviour has been 

reported previously reported by Alidokht et al. (2012), to be caused when materials 

transfer from surface to another and detachments occur leading to such fluctuation in 

the friction coefficient (Behnagh, Besharati Givi & Akbari 2012; Sahin, Çetinarslan 

& Akata 2007).  

 

With regard to the influence of the applied load on the frictional behaviour of the 

materials, Figure 4.6 shows that increasing the applied load reduces the friction 

coefficient especially for the brass and aluminium materials. Mild steel shows no 

significant effect of the applied load on its frictional behaviour. Brass exhibits the 

lowest friction coefficient of the three materials. 

 

 
Figure 4.6: Summary of friction coefficient at steady state of brass, aluminium and mild steel materials 

under dry contact conditions at different applied loads after 10.8 km sliding distance 
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a thermo-imager device was used to monitor the rubbed bodies during sliding to 

record temperatures at different sliding distances. 

 

Figure 4.7 shows the maximum temperature on the rubbed surfaces (interface) after 

2.5 km sliding distance for the applied load of 30 N. It indicates that a high interface 

temperature can be found when the mild steel material rubbed against the stainless 

steel. This should represent the high friction in the interface since the relationship 

between the friction and the heat is proportional. Based on this, it seems that the high 

interface temperature with the high shear force in the interface (frictional force) 

contributes to the intermediate wear performance of the mild steel compared to the 

brass. For the aluminium, despite the low interface temperature and intermediate 

friction coefficient, the wear performance was the poorest compared to the mild steel 

or brass. This could be due to the high removal of material from the aluminium 

surface which results in very low resistance in the interface and generates low heat 

compared to the mild steel. For further discussion of this wear mechanism, SEM 

observations will be presented in the section on worn surfaces and collected debris.  
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Brass 

 
 

Aluminium 

  
Steel 

  
Figure 4.7: Heat distribution in the rubbing area of the metals with the counterface after 2.5 km sliding 

distance under 30 N applied load * The arrow points out the main measurement spot.  

 

4.3.3 Worn Surface Observation on Selected Metals Subjected to Dry 
Sliding  
4.3.3.1 Roughness modification on the surface  

It was mentioned in the presentation of the results that, the modification on the 

surface characteristics during sliding may influence the wear and frictional behaviour 

of the materials. One of the characteristics that may assist in understanding the wear 

and frictional behaviour is the roughness of the contacted bodies. Figure 4.8 displays 

samples of the collected roughness profiles for the worn surfaces. It should be 

mentioned here that, before each test, the stainless steel counterface roughness was 

about 0.1 m Ra–0.3 m Ra and the roughness of the samples were about 0.075m 

Ra, 0.4 m Ra and 0.25 m Ra for mild steel, aluminium and brass, respectively. 

The roughness value was measured with the direction of the sliding. 
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a) Maximum roughness of the steel after testing under 30 N applied load and 

10.8 km sliding distance  

 
b) Maximum roughness of the brass after testing under 30 N applied load and 

10.8 km sliding distance  

 
c) Maximum roughness of the aluminium after testing under 30 N applied load 

and 10.8 km sliding distance 

 
Figure 4.8: Samples of the roughness profile of the specimens after the tests showing the maximum 

reading at different applied loads after 10.8 km sliding distance 

 

The average roughness of the five reading a associated with the maximum and 

minimum values for the worn surface of the materials at different applied loads after 

10.8 km sliding distance are presented in Figure 4.9. It can be seen that the roughness 

of the mild steel is much increased after the test, followed by the aluminium, and 

then the brass. It seems the lowest roughness value of the brass is the main reason of 

its high wear performance compared to others. For the mild steel, the high increase in 

the roughness seems unrelated to its wear and frictional behaviour. Conversely, 

debris was collected after each test. The lowest amount of debris collected was in the 

case of the mild steel, while aluminium introduced too much debris. 
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Figure 4.9: Average worn surface roughness after the test at different applied loads after 10.8 km sliding 

distance 

 

The roughness of the counterface could not be measure since the experiments were 

conducted on a thin ring (Block on Ring machine). In addition, since the counterface 

is stainless steel and the samples are softer than the stainless steel, the modification 

on the stainless steel surface would be due to the transfer of the soft part onto the 

stainless steel counterface. In this case, measuring the roughness of the stainless steel 

will not reflect the influence of the rubbing on the real surface of the stainless steel 

counterface. Furthermore, before each test the stainless steel counterface was 

polished to remove any attached debris or film. To comprehensively study the impact 

of the rubbing of metals on the stainless steel counterface, it is recommended to use a 

block on disk machine with which measuring the roughness of the track, hardness 

and optical microscopy will be possible.  

 

4.3.3.2 Observed Wear types and comparison with previous reported works  

 

It is important to describe the different type of wear before observing the worn 

surfaces of the metals. It should be mentioned here that defining the wear type is 

very difficult due to the fact that there is a great different between the contact 

mechanism and the damage feature on the worn surfaces. Bhushan (2000) stated that 

“three are many terms used of describe wear, and they are not always well 

differentiated. This sometimes makes understanding wear mechanism confusing and 

difficult”. Fundamentally, wear modes are classified into four categories as adhesive, 

abrasive, fatigue and corrosive, (Burwell Jr 1957). Such classification was used 

recently by many researchers such as (Bhushan 2013b, 2013a; D'Annibale & Luongo 

2013; Li et al. 2013; Stachowiak & Batchelor 2013). 
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Adhesive wear is the most common type of wear resulting from two flat solid bodies 

which are in sliding contact under either lubricated or dry contact conditions. It arises 

from the strong adhesive forces that are generated at the interface of two solid 

materials where intimate contact is made over a number of junctions or patches. The 

most crucial part of adhesive wear is the formation of an interfacial transfer film on 

the hard counterface and plastic deformation (Bhushan 2013b; Myshkin, Petrokovets 

& Kovalev 2006). At the asperity contact, contacts are sheared by sliding, which may 

cause fragments to detach from one surface and adhesion to the other surface. In 

other words, the junctions or patches continue to be made or broken as sliding 

continues. Those particles which do not transfer off or back to the original surface 

form loose wear particles. The adhesive process occurs due to high local pressure. 

Asperities deform to increase the real area of contact to support the pressure. Without 

surface films, the surfaces would adhere, but small amounts of contaminant would 

minimize or prevent adhesion under purely normal loading. When tangential forces 

are applied, contaminants are dispersed at the point of contact and cold welding at 

junctions can take place. With a continual sliding motion, new junctions are formed 

and sheared.  
 

On the other hand, abrasive wear occurs whenever a hard surface slides over and cuts 

grooves away from the other surface (Tylczak & Oregon 1992). There are two 

categories of abrasive wear: two-body abrasion and three-body abrasion, (Trezona, 

Allsopp & Hutchings 1999). In Two-body abrasion occurs when one surface is 

harder and rougher than the corresponding surface. The asperities of the rough 

surface dig into and remove material from the softer surface. In a three-body 

abrasion, the three bodies correspond to two surfaces and the small particles caught 

between these surfaces. These particles, such as hard debris or foreign particles, 

which are sandwiched between both bodies, are sufficiently hard that they are able to 

abrade one or both of the surrounding surfaces. The third body is able to change the 

nature of the interface drastically if it forms strong stubborn films on either of the 

two rubbed surfaces (Zmitrowicz 2005).  

 

Beside the adhesive and abrasive wears, fatigue wear can be one wear type that can 

be observed occurring when the repeated sliding or rolling (adhesive wear) takes 

place over a track, (Szolwinski & Farris 1996). Under dry or lubricated contact 

conditions, rubbed metals surfaces may initiated with an adhesive wear mechanism 

and with the repetition of the sliding, crack is initiated on the surface showing 

aggressive deterioration (Choi, Lee & Lee 2013). Moreover, in many cases, the 

adhesive wear can be transferred into either abrasive or fatigue due to the repetition 

of the stress in the contact area and modification on the roughness of the surfaces 

(Trezona, Allsopp & Hutchings 1999). Amamoto and Goto (2006) referred to the 

initial adhesive wear as mild wear and the transition into another wear mode (fatigue 

or abrasive) as severe wear.  

 

Micrographs of the worn surface of the materials under different applied loads are 

presented in Figures 4.10–4.12. For the mild steel, Figure 4.10 shows that the worn 

surface of the materials indicates a different wear mechanism. At a low applied load 

of 10 N, Figures 4.10a and b show plastic deformation indicating high resistance in 

the interface, which could explain the good wear performance of the mild steel at a 

30 N applied load (Figure 4.4). At the high applied load of 50 N, it seems there is 

abrasion on the surface, which could indicate the presence of third bodies in the 
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interface. Further to this, micro-cracks can be seen, especially at the edge of the worn 

surface (Figure 4.10c). Some of the debris was able to adhere to the mild steel 

surface and generate a weak layer of macro-cracks and voids. 

 

 

 
Figure 4.10: Micrographs of the steel surface after the sliding showing different wear mechanisms 

 

For the aluminium, the micrographs of the worn surfaces are presented in Figure 

4.11. The wear mechanism seems to be a pure adhesive wear associated with the 

ploughing process in some regions. In addition, there is an abrasion nature on the 

surface (Figure 4.11d). The wear results show that the aluminium has higher material 

removal from the surface. However, the micrographs showed that the surfaces were 

subjected to pure adhesive wear. It seems that high plastic deformation occurred in 

the interface, which led to higher material removal and smoothed the surface at the 

same time. This can be further clarified with the micrographs of the debris.  

 

 

 

d) 50 N   
c) 50 N  

b) 30 N 
 

a) 10 N 
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Figure 4.11: Micrographs of the aluminium surface after the sliding showing adhesive, abrasive and 

ploughing wear mechanisms 

 

For the brass, the worn surface clearly shows plastic deformation even though there 

is a rough area (Figures 4.12a and b). It seems that the high applied load assists in 

adhering the debris to the worn surface, which stabilises the surface and results in 

good wear performance of the brass at high applied load.  

 

d) 50 N 

  

c) 50 N 

  

b)30 N 

  

a) 30 N 
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Figure 4.12: Micrographs of the brass surface after the sliding showing purely adhesive associate with 

small area of abrasive wear mechanisms 
 

For further understanding, the collected debris is presented in Figure 4.13 for the 

three materials after the tests under a 50 N applied load. All the micrographs were 

taken at the same magnification (×60). The Figure clearly shows a clear distinction 

between the debris sizes of the materials. Mild steel introduces very small debris, 

which could indicate good resistance in the interface. However, the small size of the 

debris may give them the opportunity to act (roll or slide) in the interface, which 

results in high friction and wear in the case of sliding or high wear, and low friction 

in case of rolling. In the current study, mild steel exhibited intermediate wear and 

frictional performance which may indicate that the debris was rolling and sliding at 

the same time in the rubbing area. This could explain the abrasion nature of the mild 

steel worn surface on the micrographs in Figures 4.10a and c. Aluminium introduces 

very large debris sizes which could result from the high plastic deformation in the 

interface, resulting in high material removal. This can explain the poor wear 

performance of the aluminium (Figure 4.4). The ease of material removal of the 

aluminium leads to its low friction coefficient (Figure 4.6). 

 

a) 30 N 

  

b) 30 N 
  

c) 50 N 

  

d) 50 N   
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Figure 4.13 Micrographs of the collected debris after stainless steel sliding against mild steel, aluminium 

and brass under the applied load of 50 N for 10.8 km sliding distance 
 

In light of the above and the summary of the results, three different wear mechanisms 

can be found: two-body abrasion nature in the case of brass, since it has better wear 

performance than the others but shows a rough surface with less debris (Figure 

4.14a), and three-body abrasion nature in the case of aluminium, since there is too 

much of debris associated with the very rough surface (Figure 4.14b); and pure 

adhesive in the case of mild steel since it has the lowest amount of debris and the 

micrographs of the worn surface showed clear plastic deformation (Figure 4.14c). 

 

c) Brass  

b)Aluminium  

a) Steel  



57 

 

 
Figure 4.14: Schematic drawing showing different wear mechanisms exhibited when stainless steel rubbed 

against a) brass, b) aluminium and c) mild steel  

 

It should be mentioned here that the presence of the 4% of Pb in the brass can 

significantly contribute to the good performance of the brass compared to the mild 

steel and aluminium. It is well known that the Pb is one of the solid lubricant 

additives which assists in generating a lubricant film on the counterface, (Shi et al. 

2014). This is mainly due to the fact that PB has a low melting point and high flash 

temperature observed in some reported works such as (Moshkovich et al. 2014; 

Turhan 2005).  

 

In the current study, brass exhibited a low specific wear rate (Figure 4.4), low 

friction coefficient (4.6), and patches of debris (Figure 4.13 c). Such behaviour of the 

brass compared to the aluminium and mild steel, is attributed to the presence of 4% 

of Pb. In other words, the Pb managed to generate the film on the counterface, 

however, it was weak to adhere to the counterface which resulted in low friction and 

the observed patches of debris. Despite of this, the brass did not exhibit an abrasion 

nature compared to the mild steel and the aluminium which is due to the low melting 

temperature of the debris of brass (Pb content). This can help with further 

clarification of the better friction and wear performance of the brass compared to the 

aluminium and mild steel. A summary of relevant studies is presented in Table 4.1. 

One can see that there are some differences in the wear behaviour in terms of the 

trends and values of the specific wear rate of the materials. It seems the different 

presentation of the data displays different trends and even values of the wear. At this 

stage, it is not possible to compare the current results with the literature in terms of 

wear value and/or trend unless they are presented in the similar unit of wear. 

However, the wear damage on the worn surface of the materials can be discussed 

with the literature. 
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(Bermúdez et al. 2001) tested aluminium against a steel ball and high plastic 

deformation associated with the ploughing process took place, resulting in high wear. 

Due to the high concentrated load of the steel against relatively soft aluminium in the 

interface (ball/flat), the dominant wear was ploughing. In this work, there was no 

observation of debris. (Zhu et al. 2012) reported a similar wear mechanism and 

damage feature of the selected aluminium sliding against mild steel, despite the tests 

being conducted at an elevated environmental temperature of 200 oC (the sample and 

the counterface were heated to that temperature). In (Wei et al. 2011), the mild steel 

suffered from an oxidation process at an elevated temperature of 200 oC and above. 

Conversely, at room temperature, similar damage was observed to that of the current 

study. However, it was reported that wear predominates as pure adhesion despite the 

fact that the work reported a large size of debris removal. The current SEM 

observations and those of (Wei et al. 2011) agree upon the point that there is 

significant damage to the surface of the mild steel due to the presence of debris in the 

interface. Similar reported observations are given by Wang, Wei and Zhao (2010). 

With regards to the brass material, there is not much research to date (Amirat et al. 

2009). In (Amirat et al. 2009), the wear data is not available, but observations of the 

worn surfaces, show a clear abrasion nature on the surface, which is in high 

agreement with the current study. 

 
Table 4.1: Recent Works on the Dry Wear Performance of Aluminium, Mild Steel and Brass  

Reference Against  Operating 

parameters  

Wear Friction  

(Bermúdez et 

al. 2001), 

pin-on-disk 

Aluminium/

mild Steel 

400m, 

sliding 

distance 

speed 0.02 

m/s  

  
0-900 10-5 mm3/m 

Not available  

(Zhu et al. 

2012) , pin-

on-disk 

Aluminium/

mild Steel 

200m, 

sliding 

distance 

speed 0.4-1 

m/s 

 
7-9 10-6 g/N.m 

For 20 N -50N 

 
0.3 - 0.5 

For 20 N -50N 

(Vasheghani 

Farahani et 

al. 2014) , 

pin-on-disk 

Aluminium/

mild Steel  

1000m, 

sliding 

distance 

speed 1 m/s 

 
1.7-3.3 10-3 mm3/m 

For 20 N -50 N 

 
0.3 – 0.9  

For 20 N -50 N 
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(Wei et al. 

2011) , pin-

on-disk 

Mild 

steel/steel 

pin 

1200m, 

sliding 

distance 

speed 1 m/s 

 
1.0-9.0 10-6mm3/mm 

For 50-200 N 

 
0.55-1.25 

For 50-200 N  

(Wang et al.) 

, pin-on-disk 

Mild 

steel/Steel 

pin 

 

1200m, 

sliding 

distance 

speed 0.1 

m/s 
 

2.5-32-6mm3/mm 

For 50-200 N 

Not available 

(Wang, Wei 

& Zhao 

2010) , pin-

on-disk 

Mild 

steel/Steel 

pin 

1200m, 

sliding 

distance 

speed 0.1 

m/s  
1.5-20-6mm3/mm 

For 50-300 N 

Not available 

(Amirat et al. 

2009) , pin-

on-disk 

Brass/ Steel 

pin 

1000m, 

sliding 

distance 

speed 0.5 

m/s 

 Not available  

 
0.2-0.25 

For 25 N - 37 N 
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4.4 Chapter Summary 
 

After conducting the experimental work and discussing the results, the following 

conclusions and recommendations can be drawn: 

 The trend of the specific wear rate vs. sliding distance is almost the same for 

all the selected metals sliding against stainless steel. The curve is divided into 

two regions: running in and steady state. In the latter, the specific wear rate is 

almost steady with increases in the sliding distance  

 The friction coefficient was almost steady for all the materials except the 

aluminium/stainless steel, which introduced slight fluctuations due to the 

modifications on the surfaces during the sliding  

 The wear mechanism varies for each type of material. Mild steel rubbed 

against stainless steel exhibited an abrasive wear mechanism due to the 

presence of hard debris in the interface. Meanwhile, aluminium showed a 

purely adhesive nature when it was rubbed against a stainless steel 

counterface. Brass exhibited abrasive wear associated with plastic 

deformation. 
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Chapter 5: The Potential Use of Waste Cooking Oil as 
a Lubricant 

 

5.1 Introduction 
 

The experimental data collected from the newly designed hybrid tribology machine 

is presented in this chapter. The influence of different blends of lubricant, lubricant 

temperature and operating parameters on the adhesive wear and frictional behaviour 

of brass, aluminium and mild steel sliding against a stainless steel counterface are 

addressed. The worn surfaces are also examined to categorise damage features and 

assist in the analysis of the data.  

 

5.2 Influence of Waste Cooking Oil on the Tribological 
Performance of the Metals  
 

In this section, the influence of WCO at room temperature, 20oC, on the adhesive 

wear and frictional behaviour of the metals sliding against stainless steel counterface 

is discussed. 

 

5.2.1 Wear Behaviour of Metals Under Waste Cooking Oil Lubricant 
Conditions 
The specific wear rate of brass, aluminium and mild steel materials against the 

sliding distance for different applied loads are presented in Figure 5.1, including the 

specific wear rate under the dry condition and applied load of 10 N. The dry wear 

data are presented in the second Y-axis (right) as the values of the dry wear are 

greater than the lubricant condition data. Figure 5.1a displays the specific wear rate 

for the brass, indicating that there is a decrease in the specific wear rate with an 

increase of the sliding distance for all the applied loads and conditions. This decrease 

indicates the establishment of integration between the asperities in contact. For the 

influence of the WCO on the adhesive wear behaviour of brass, Figure 5.1a shows 

that the presence of the WCO in the interface significantly reduces the specific wear 

rate since the values fall by about five times compared to the dry contact conditions. 

There could be many reasons for the fall in the specific wear rate in the case of WCO 

presence compared to the dry. First, in dry contact conditions, surface modification 

takes place on the counterface, which increases the roughness of the counterface and 

leads to a high level of material removal, which in turn increases the roughness of the 

samples (Section 4.3.3). In contrast, the presence of the WCO acts as a cleaner of the 

interface, which prevents the formation of film on the counterface, that is, less 

modification to the roughness of the counterface as reported in the literature 

(Ronkainen, Varjus & Holmberg 1998; Wang et al. 2010). Conversely, it has been 

reported that the presence of a liquid in the interface helps to reduce the interface 

temperature, which in turn reduces the material removal from soft surfaces (Yousif, 

Devadas & Yusaf 2009). Furthermore, Louaisil et al. (2009) analysed the interface 

temperature on friction and wear in cold rolling with the presence of the oil, 

concluding that “a great influence of temperature and lubricant on friction and wear 

has been put forward”. In the current study, interface temperature dramatically 

increases under the dry contact condition, which could damage the surface 

characteristics of the material. However, the presence of the WCO in the interface 

played the role of cooling agent in the interface. In light of this, the WCO helped to 
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cool down and clean up the interface, which improved the adhesive wear 

performance of the metals.  

 

With regard to the influence of the WCO on the adhesive wear behaviour of 

aluminium and mild steel materials sliding against the stainless steel counterface, 

Figures 5.1b and c display similar trends and findings to the brass material in Figure 

5.1a. Both materials exhibit better wear performance under WCO lubricant condition 

compared to the dry and there is a decrease in the specific wear rate with the increase 

in sliding distance.  
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Figure 5.1: Specific wear rate of the metals against sliding distance under different applied loads using 

waste cooking oil as a lubricant at 22oC 
 

To understand the influence of the applied load and the differences in the wear 

behaviour of the metals, the specific wear rate value at the maximum sliding distance 

(10.8 km) was extracted from Figure 5.1 and presented in Figure 5.2. For each 

material there is a different trend in the influence of the applied load on the wear 

performance. For the brass materials, there is a decrease in the specific wear rate 
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with the increase of the applied load, that is, there is relatively less removal of the 

material at a higher applied load compared to a low load. After each test, the 

roughness of the worn surface was measured and a very minor change was found in 

the roughness of the brass surface with the increase of the applied load. As there is a 

weight loss and modification on roughens of the samples, the generation of lubricant 

film in the interface is not possible. This will be explained further with the aid of the 

SEM in Section 5.2.3.  

 

 

Figure 5.2: Specific wear rate of the metals against applied load using waste cooking oil as a lubricant at 
22oC after 10.8 km sliding distance. Left Y axis shows the SWR for brass and steel metals, and right Y axis 

show the SWR for the aluminium metal.  
 

At this stage, it seems at high applied loads and the presence of the oil, a polishing 

process took place. This polishing process prevented greater removal of material 

from the surface. This was not the case with the aluminium materials, as there was an 

increase in roughness, which indicates attack from the counterface on the aluminium 

surface and could explain the increase in the specific wear rate with the increase of 

the applied loads. For the mild steel, there was a drop in the specific wear rate with 

the increase of the applied loads which could be similar to that of the brass. In 

comparing the three materials, it is obvious that the aluminium exhibits the poorest 

performance compared to the brass and the mild steel materials. Confusion over the 

influence of the mechanical properties on the adhesive wear performance of 

materials is reported by many scholars. (Shipway & Ngao 2003) reported that there 

is a poor relationship between the mechanical properties with the abrasive wear 

performance of 20 polymeric materials. However, Budinski and Ives (2005) and 

Larsen et al. (2008) claim otherwise. From the mechanical properties of the three 

materials in Table 3.2, one can see that aluminium has relatively poorer mechanical 

properties compared to mild steel and brass, which could indicate the correlation 

between their mechanical properties and their adhesive wear performance. 

 

Tang and Li (2014) addressed the roles of additives on the lubricant performances 

covering three models of lubricant behaviour in the interface, i.e. there is physical or 

chemical absorption on rubbing metal surfaces to form monolayers (Beltzer & 

Jahanmir 1988), thick film action model due to the high viscous films (Anghel, 
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Bovington & Spikes 1999), and a lack of adhesion of the liquid with the adsorbed 

monolayer might lead to the liquid slip (Choo, Forrest & Spikes 2007). The current 

results have been discussed with the aim of the second model. In some works on the 

vegetable oils, (Biresaw & Bantchev 2008), it was found that the film thickness in 

the thin film region can be influenced by physico-chemical properties and chemical 

composition (degree of unsaturation, functional groups and chain length) rather than 

viscosity. Fatty acids have a wide-ranging chain length, unsaturation and 

functionality, and the effect of such variability on tribological properties of new 

vegetable oils is not yet understood. 

 

The chemical composites of the current used waste cooking oil contains a high fatty 

acid content as mentioned in Table 3.1, and the acids are mainly Oleic and Linoleic. 

Majdoub et al. (2014) found that oleic and linoleic can be used as additives for PAO4 

oil to reduce the friction coefficient which is due to the improvement in reducing the 

energy loss. Ikeda, Tomohiro and Ito (2014) investigated the influence of palmitic, 

stearic, oleic and linoleic acids on palm oil as a lubricant and found that stearic 

gained optimum results in terms of the wear and frictional performance of the palm 

oil. From previous researches by Salimon, Salih and Yousif (2012) and Salih, 

Salimon and Yousif (2011), it has been reported that the oleic acid significantly 

improved the physicochemical and tribological properties of the synthetic product 

oils. Moreover, stearic acid has been reported to be a good coater candidate for 

different applications, (Nampi et al. 2011; Tseng, Liu & Hsu 1999; Yao et al. 2013). 

In the current study, 5.2 % of the waste cooking oil is stearic which significantly 

supports the second mode of the lubricant (Beltzer & Jahanmir 1988).  

 

5.2.2 Frictional Performance of Metals Wear under Waste Cooking Oil 
Lubricant Conditions 
 

Figure 4.5 presented the friction coefficients of brass (0.11-0.2), aluminium (0.2-

0.42) and mild steel (0.33) sliding against stainless steel counterface under dry 

contact conditions. In this section, the friction coefficient of the materials against the 

stainless steel under lubricant conditions at different applied load is presented. Figure 

5.3 displays a sample of the friction coefficient against the sliding distance for the 

materials at the applied load of 30 N. The trends of the friction coefficient against the 

sliding distance for all the applied loads are the same. Therefore, the friction 

coefficient values of the materials at the steady state are presented in Figure 5.4 at 

different applied loads. The Figure shows that the friction coefficient for all the 

materials have very low values (<< 0.05) compared to the values under dry contact 

conditions. Regarding the friction coefficients of the materials and their performance, 

mild steel exhibited lower friction coefficient value at the low range of applied loads 

(10 N -20N). On the other hand, at the higher range of applied load (30 N and 50 N), 

aluminium introduces a relatively low friction coefficient compared to the others. 

Despite of this, the differences in the friction coefficient values among the materials 

is about 0.01. It is well known that the presence of the lubricant in the interface will 

reduce the interaction between asperities, which will reduce the resistance to the 

shear (i.e. low friction). However, it can be seen from Figure 5.4 that the increase in 

the applied load increases the friction coefficient due to increase in the applied force 

to enforce the interaction between the asperities. 
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Figure 5.3: Friction coefficients of the metals against sliding distance using waste cooking oil as a lubricant 
at 22oC under the applied load of 30 N 

 

 

 

Figure 5.4: Mean friction coefficients of the metals against applied load using waste cooking oil as a 
lubricant at 22oC 

 

Many scholars have indicated that the increase in the friction coefficient represents 

the resistance to wear, leading to less removal of the materials (Fischer & Tomizawa 

1985; Wang & Rack 1991), especially when the materials are used for brake 

applications. However, for low friction-coefficient applications (e.g. bearings, sliding 

components), designers are always exploring the possibility of reducing the friction 
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and wear at the same time (e.g. knee joint, crank shaft, journal bearings). In the 

current study, it seems there is a promising result for the selected materials under 

WCO lubricant conditions since the specific wear rate and friction coefficient are 

low. Y. Wang et al. (2010) also reached the same conclusions when the 

Al2O3f/SiCp/Al hybrid metal matrix composites was tested under dry/lubricant 

contact conditions. Zhao et al. (1997) studied the influence of contact conditions 

(dry, water and oil) on the wear and frictional behaviour of titanium, sliding against 

stainless steel, and found that the presence of the oil in the interface significantly 

improved the surface characteristics of the titanium and low friction and specific 

wear rate were exhibited. Prasad (2007) discovered the same when he investigated 

the sliding wear performance of a zinc-based alloy reinforced with SiC particles in 

dry and lubricated conditions. 

 

In addition to the roles played by the presence of the oil in the interface in terms of 

clearing and polishing, it absorbed the frictional heat. Under dry contact conditions, 

the interface temperature reached up to 70oC in some cases for the aluminium 

materials. Under lubricant conditions, the counterface temperatures for all the 

materials under different applied loads are presented in Figure 5.5. The increase in 

temperature is not remarkable and can be neglected in terms of its influence on the 

wear behaviour of the metals. 

 

 

Figure 5.5: Counterface temperature against applied load using waste cooking oil as a lubricant at starting 
temperature of 22oC 

 

5.2.3 Observations of Worn Surface Tested Under Waste Cooking Oil 
5.2.3.1 Roughness of the Worn Surface 
 

The roughness and the micrographs of the worn surfaces of the materials are 

discussed in this section. A sample of the roughness profile for the worn surfaces is 

presented in Figure 5.6. The average roughness of the surfaces for all the materials at 
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different applied loads is presented in Figure 5.7. The roughness of the aluminium 

surfaces is greater than the brass and the mild steel for all the applied loads, which 

could explain the greater specific wear rate of the aluminium compared to those of 

the brass and the mild steel. Further discussion will be given with the aid of the SEM 

observation. From Figure 5.7, the roughness of the brass reduces with the increase in 

the applied load which indicates that a polishing process occurred. Such polishing 

process results in low specific wear rates (Figure 5.2), is reported by many 

researchers (Hung et al. 2011; Miller 1980; Preis et al. 2012).  

 

 
a) Brass 

 
b) Aluminium 

 
c) Mild steel 

 
Figure 5.6: Sample of the roughness of the worn surfaces under the condition of waste cooking oil as a 

lubricant at a temperature of 22oC 
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Figure 5.7: Ra of the worn surfaces at different applied loads under the condition of waste cooking oil as a 
lubricant at a temperature of 22oC at the applied load of 30N. 

 

5.2.3.2 SEM Observation 
 

The micrographs of the worn surface for the three materials are presented in Figures 

5.8–5.10. Figure 5.8 shows the worn surface of the brass before the test and after the 

test at different applied load with the presence of the WCO at a room temperature of 

20oC. At the low applied load of 10 N, Figures 5.8b and c show signs of plastic 

deformation (marked as Pl), abrasion nature (marked as A) and polishing process 

(marked as P). Since there is an abrasive nature, high material removal from the 

surface at the low load of 10 N is expected as presented previously in Figure 5.2.  
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Figure 5.8: Micrographs of a) brass surface before tests b-e) the worn surface of the brass after testing at 
different applied loads under the condition of waste cooking oil as a lubricant at a temperature of 22oC 
showing: abrasive wear mechanism marked as “A”; plastic deformation marked as “Pl” and polishing 

process marked as “P” 

 

 

There are two possibilities for the presence of the abrasion on the brass surface at 

low load. The low load could not plastically deform the surface of the brass, which 

generated weak film and may be detached (Figures 5.8b and c). The association of 

the low load with the presence of the WCO in the interface reduces the interaction 

between the asperities, leading to low friction as shown in Figure 5.4.  

 

Figure 5.9 displays the micrographs of the worn surface of the aluminium after the 

test at different applied loads. At the entire applied loads, an abrasion nature can be 

observed, indicating high material removal from the surface, that is, a high specific 

wear rate (Figure 5.2). This abrasive nature and pitting-like processes could be due to 
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the fact that the aluminium is considered to be relatively soft compared to the 

stainless steel counterface. In other words, it is suggested that the tips of the 

counterface plough the surface of the aluminium, which in turn generates the 

abrasion nature and leads to high material removal. In light of this, it is confirmed 

that an abrasion process occurs on the aluminium surface despite the WCO presence.  

 

For the worn surface of the mild steel material, Figure 5.10 shows the micrographs at 

different applied loads. One can see that a polishing process took place at all the 

applied loads during the rubbing process. In other words, the adhesive wear was like 

the steel polishing process that was confirmed in Figure 5.7 when the roughness of 

the worn surface slightly increased with the applied load. Such a smooth surface 

maintains a low specific wear rate (Figure 5.2) and low friction coefficient (Figure 

5.4,). Despite the fact that the friction of the mild steel was relatively high compared 

to those of the aluminium and the brass, the value of the friction coefficient of the 

mild steel was very low (below 0.05, c.f. Figure 5.4).  In comparisons between the 

micrographs of the worn surface under dry (Figures 4.10– 4.12) and lubricant contact 

conditions (Figures 5.8–5.10), the severe abrasion nature on the worn surface in the 

dry conditions disappeared with the presence of the WCO. This is mainly due to the 

fact that the WCO largely cleaned the interface of the removed debris, which had 

acted as a third body in some cases under the dry contact conditions. 

 

  

   

Figure 5.9: Micrographs of a) aluminium surface before tests and b-d) the worn surface of the aluminium 
after testing at different applied loads under the condition of waste cooking oil as a lubricant at a 

temperature of 22oC. 22oC showing: abrasive wear mechanism marked as “A” and polishing process 
marked as “P” 
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Figure 5.10: Micrographs of a) mild steel surface before tests, and b-d) the worn surface of the mild steel 
after testing under the applied load of 30 N under the condition of waste cooking oil as a lubricant at a 

temperature of 22oC showing: abrasive wear mechanism marked as “A”; plastic deformation marked as “Pl” 
and polishing process marked as “P” 

 

 

Based on the micrographs and roughness profiles of the worn surfaces, the thought of 

the lubricant film generation in the rubbing area with the presence of the applied load 

is not that possible. The SEM observation showed different damage feature on all the 

worn surfaces of the metals which reflects the interaction between the asperities. 

Moreover, the roughness modifications on the metals’ surfaces indicate the 

interlocking and engagement of the asperities on contact. In the light of this, it can 

come to conclusion that the presence of complete lubricant film in the interface is not 

possible.      

 

5.3 Wear and Frictional Behaviour of Metals Using Different 
Blends of Lubricant 
 

In this section, the wear and frictional results collected under different blends of 

WCO with the fully synthetic oil are presented. It should be mentioned that 5% (wt) 

of EVA copolymer and 2% (wt) of EC were used as additives to enhance the 

viscosity for all the blends.  

 

5.3.1 Wear Behaviour of Selected Metals using Different Blends of 
Lubricant 
 

The specific wear rate of brass, aluminium and mild steel against sliding distance 

tested under different blends of lubricants are presented in Figure 5.11. In general, 

with the increase of the sliding distance there is a reduction in the specific wear rate 

for all the materials and blends of lubricants. This is expected for the running-in 
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stage and integration between the asperities at the first stage of the rubbing process. 

With respect to the impact of blend ratio on the wear behaviour of the metals, brass 

and aluminium exhibited relatively better wear behaviour when fully synthetic oil is 

used compared to the pure WCO. Meanwhile, mild steel experiences no remarkable 

influence from the blends on its wear performance.  

 

Blending the SO with the WCO reduces the specific wear rate by 2 10-12 mm3/N.m 

for the brass and by 4 10-12 mm3/N.m for the aluminium. It seems the synthetic oil 

has a better influence on the wear performance of the metals compared to the waste 

cooking oil. With the addition of the synthetic oil (SO) to the WCO, a reduction in 

the specific wear rate was can be seen depending on the blend ratio. With the 

increase of the amount of SO, an increase in the reduction of the specific wear rate 

can be seen. The main difference in the blends that may impact on the interface their 

viscosity at room temperature (about 22oC). From the data presented in Figures 3.12 

and 3.13, it can be seen that the viscosity of the WCO is less than that of the 

synthetics and the blends.  

 

From Figures 3.12 and 3.13, one can see that the synthetic oil has the highest 

viscosity value compared to the WCO blends. At the operating temperature (about 22 
oC), Figure 3.12a showed that the viscosity of the 100% synthetic oil was about 320 

cSt, while the 100% WCO was about 120 cSt. Such a drop in the viscosity 

significantly impacts on the wear results. When there is relatively high viscosity oil 

present in the interface, the ability to separate the two rubbed bodies is greater than 

when less viscous oil used in the interface.  
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Figure 5.11: Specific wear rate vs. sliding distance of different materials tested under 40 N applied load 
using different blends of lubricant 

 

In lubricant science, viscosity can be defined as the fluid’s ability to resist motion. 

Furthermore, ASTM International stated that a higher viscosity fluid will typically 

make a thicker film between the moving surfaces and support greater loads, (Fuels 

and Lubricants Handbook  ; Gohar & Safa 2010; Spikes & Olver 2002). The film 

thickness has a proportional relation with the oil viscosity and speed. However, 

increase the applied load reduces the film thickness. In other words, the high 

viscosity of lubricant in the interface helps to separate the two rubbed parts or at least 

reduce the contact between the asperities. However, with low viscosity, there is less 

resistance to the shear of the oil, and the contact between the asperities is more 

integrated than that expected with the high-viscosity lubricant. Ciantar et al. (1999) 

reported that the viscosity of the lubricant combination was seen to play a major role, 

that is, low-viscosity oils resulted in severe wear, material transfer and friction. In 
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addition, it was recently reported that wear decreases with higher viscosity of the oil 

when the steel rubbed against steel contact (Velkavrh & Kalin 2012). In another 

work, aluminium was tested against steel with the presence of Jatropha Blended 

Lube Oil (Imran et al. 2013), showing that blending the Jatropha oil with SAE 40 by 

more than 10% exhibited relatively deeper scars on the surface of the aluminium due 

to the fact that Jatropha has a lower viscosity than the selected SAE 40 lubricant. In 

light of the above, it can be summarised that a reduction in viscosity increases the 

material removal for all the materials. Figure 5.12 displays the specific wear rate of 

all the materials under different blends of lubricant after 10.8 km sliding distance. 

 

For further exploration, the specific wear rate of the materials is plotted against the 

viscosity of the lubricants in Figure 5.13. Despite the fact that some of the points do 

not fit with the fitted line of the data, a good correlation can be seen in the values of 

the error mean square (R2). This can clearly be seen with the brass materials since 

R2=0.9656. In other words, with the presence of a high-viscosity lubricant in the 

interface, there is a relatively low wear rate. Figure 5.14 displays the expected wear 

mechanism in three cases: a) dry contact conditions, b) high-viscosity-lubricant in 

the interface and c) low viscosity-lubricant in the interface. In the case of dry contact 

conditions, it is expected that a high interaction between the asperities in contact will 

be shown.  

 

 

Figure 5.12: Specific wear rate of different materials tested under 40 N applied load using different blends of 
lubricant after 10.8 km sliding distance * the left Y-Axis is the scale for the aluminium specific wear rate.  
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the surfaces and less removal of material is expected. Further to this, the shear force 

is carried by the lubricant rather than transferred to the tips of the materials. Under 

this condition, it is expected to gain low friction as well, which will be elaborated in 

the next section. The intermediate condition is when a low-viscosity lubricant is 

present in the interface (Figure 5.14c). In this condition, there was intermediate 

separation to the two rubbed surfaces, but there was still an interlocking mechanism 

in the interface, which could be removed with the rubbing process (i.e. described as a 

polishing process). Micrographs and roughness of the worn surfaces may assist in 

further understanding this phenomenon and these are presented in the next section. 

 

 

Figure 5.13: Correlation between the specific wear rate and the lubricant viscosity for all the materials after 
10.8 km sliding distance 
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Figure 5.14: Schematic drawing showing the differences in contact mechanisms 
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The friction coefficient vs. sliding distance for all the materials under different blends 

of lubricant is presented in Figure 5.15. In general, one can see that there is a 

fluctuation in the friction coefficient, which can be ignored since the value above and 

below the mean is about 0.002. Thus, one can say that there are not many differences 
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asperities during the sliding. Obviously, the blend of the 100% WCO generated 

relatively high friction compared to others especially for the aluminium and the mild 

steel materials. Fully synthetic oil showed the lowest friction coefficient compared to 

others, which could be expected since its viscosity is greater. McQueen et al. (2005) 

reported that friction is more sensitive to film formation ability, while Velkavrh, 

Kalin and Vižintin (2009) reported that high rotational velocity tends to reduce the 

friction between steel/steel contact regions. For the current study, the influence of the 

viscosity associated with the modification occurred on the rubbed surfaces during the 

rubbing process influence the friction. It is suggested that the presence of the 

lubricant in the interface washes the rubbed surface (cleaning the debris) and 

separates the rubbed parts (Figure 5.14b and c).  

.  
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Figure 5.15 Friction coefficient vs. sliding distance of different materials tested at 40 N applied load using 
different blends of lubricant 
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5.3.3 Surface Observations 
 

In this section, the roughness of the worn surface with the micrographs will be 

discussed. Figure 5.16 shows the roughness of the worn surface for different 

materials after testing under different blends of lubricant. In general, there is no 

remarkable influence of the type of blend on the roughness of the materials. The 

aluminium worn surface exhibited greater roughness compared to the mild steel and 

the brass. This may be because its surface provided less resistance during the rubbing 

process as indicated in Figure 5.12, showing that aluminium has a relatively high 

material removal rate compared to the brass and the mild steel.  

 

 

Figure 5.16: Ra of the worn surfaces at different blends at 40 N applied load after 10.8 km 
 

In Figure 5.15 aluminium materials introduce a relatively higher friction coefficient 

compared to the brass and the mild steel when 100 %WCO and 100% SO oils were 
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obstructs the movement and causes high resistance and removal of materials from the 

surface. This may be explained further with micrographs of the worn surface. 
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3 Lack of adhesion of the liquid with the adsorbed monolayer might lead to 

liquid slip (Choo, Forrest & Spikes 2007).  

Since there is still debate about on those models and there is no standard testing to 

confirm, the current results are discussed according to the viscosity changes, 

micrographs of the worn surfaces, and roughness modifications on the selected 

metals. Future study is recommended to study those models for the waste cooking oil 

performance.  

Also, the synthetic oil may have chemisorbed and EP additives. Such additives 

greatly impact on the alibility of establishing the good adhered film on the rubbed 

surfaces. This significantly reduces the interaction between the two rubbed surfaces 

and results in low specific wear rate and the friction coefficient. Further 

comprehensively study to cover this area is recommended 

 

Figure 5.17 displays the micrographs of the worn surface of the aluminium tested 

under different blends of lubricants. One can see that there is a clear trend of 

roughness increase in the surface with the WCO in the interface compared to the 

fully synthetic oil. Nevertheless, an abrasion nature can be seen with all the 

lubricants used, which indicates that the aluminium has poor resistance to the wear 

against stainless steel under the lubricant conditions. This explains the poor wear 

behaviour of the aluminium compared to the brass and mild steel given in Figure 

5.12.  

 



82 

 

 

Figure 5.17: Micrographs of worn surface of aluminium after testing using different lubricants at 40 N 
applied load after 10.8 km sliding distance showing: abrasive wear mechanism marked as “A”; plastic 

deformation marked as “Pl” and polishing process marked as “P” 
 

For the brass worn surface, Figure 5.18 displays the micrographs of the surfaces after 
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influence of the blends on the wear mechanism despite some abrasion nature that can 

be seen when pure WCO used and 50% blends. However, during the SEM 

observation, such features were not common on the surface. The wear mechanism is 

purely adhesive wear and polishing. This assisted in reducing the material removal, 

which in turn resulted in good wear performance of the brass compared to the 

aluminium (Figure 5.14). Furthermore, such a smooth surface with the presence of 

the lubricant in the interface exhibited a low friction coefficient (Figure 5.15a).  
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Figure 5.18: Micrographs of worn surface of brass after testing using different lubricants at 40 N applied 
load after 10.8 km sliding distance showing: abrasive wear mechanism marked as “A”; plastic deformation 

marked as “Pl” and polishing process marked as “P” 

 

For the mild steel worn surface, the micrographs are presented in Figure 5.19 after 

the experiments under different blends of lubricant. There is clear abrasion nature for 

almost all the blends used especially with the less synthetic oil. This is mainly due to 
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the aluminium because it is harder than the aluminium, which results in high material 

removal resistance (Figure 5.12). The high resistance in the interface of the mild steel 

associated with relatively high friction (especially with the 100%WCO, Figure 5.15) 

could be explained by the abrasive wear mechanism in the case of the mild steel.  
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Figure 5.19: Micrographs of worn surface of mild steel after testing using different lubricants at 40 N applied 
load after 10.8 km sliding distance showing: abrasive wear mechanism marked as “A”; and polishing 

process marked as “P” 
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5.4 Influence of the Lubricant Temperature on the Wear and 
Friction Behaviour of the Metals 
 

In this section, the specific wear rate, frictional coefficient, micrographs of the worn 

surfaces, roughness of the worn surface and debris morphology are presented when 

the experiments were performed under different lubricant temperatures. It should be 

mentioned here that these tests were conducted with a sliding distance of 10.8 km 

only under the applied load of 40 N, which can be considered to be a steady state.  

 

5.4.1 Wear Behaviour 
 

The influence of the different lubricant temperatures on the specific wear rate of the 

brass, aluminium and mild steel are presented in Figure 5.20 considering three 

different temperatures: 22oC (room temperature), 40oC and 80oC. In general, one can 

see that the increase in the lubricant temperature increased the specific wear rate for 

all the materials. The main reason for the increase in the specific wear rate with the 

increase of the temperature is the reduction in the viscosity of the lubricant with the 

temperature increase (see Figure 3.13). The presence of the low-viscosity lubricant in 

the interface may help to clean the interface area but not separate the rubbed bodies 

completely, as seen in Figure 5.14. Ciantar et al. (1999) reported that low-viscosity 

oils resulted in severe wear since there is material transfer between the asperities and 

worn materials increase. This has also been concluded by Velkavrh and Kalin (2012) 

and Imran et al. (2013) when the tests were conducted at different lubricant viscosity. 

The current study highlights that the temperature of the same lubricant impacts the 

wear performance. In addition to the viscosity modification due to the environmental 

temperature leading to an increase in the interaction between the asperities, the low 

viscosity of the oil helps to clean the interface from the worn debris. This could have 

advantages or disadvantages since washing out the debris will prevent the presence 

of the third body reported in Figure 4.13. Conversely, the washing out of the debris 

from the interface prevents film formation (plastic deformation on the rubbed 

surface), which in turn increases the removal of the material and decreases the 

stability of the surface characteristics. In other words, there are two occurrences that 

may assist in understanding the increase of the specific wear rate with the increase of 

the environmental temperature (reducing the viscosity): the continuation of 

modifications on the rubbed surfaces and the low separation of the two rubbed 

bodies. Observations of the SEM and the roughness of the worn surface will assist 

further and is discussed in the next sections. 

 

Figure 5.21 displays the percentage increments in the specific wear rate due to an 

increase in the environmental temperature. It seems that the material most sensitive 

to the changes in the lubricant temperature is the aluminium compared to the brass 

and the mild steel. However, from Figure 4.4, the specific wear rate of the aluminium 

was much higher than the 14 10–5 mm3/N.m under dry contact conditions, i.e. the 

presence of any type of the oil at high temperature of 80oC reduces the specific wear 

rate by more than four times. Under dry contact conditions, the high heat in the 

interface associated with the third body (Figure 4.14) significantly damaged the 

surface of the aluminium. Despite the environmental temperature being at 80OC, the 

specific wear rate is much lower than in the dry contact conditions. It can be said that 
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the presence of the oil in the interface significantly reduces the specific wear rate due 

to the reduction in the interaction between the asperities and cleaning the rubbing 

area rather than cooling the interface only.  

 

 

Figure 5.20: Specific wear rate of different materials after 10.8 km sliding distance using different lubricants 
under different environmental temperatures 
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Figure 5.21 shows that the mild steel and the brass materials seem to be less sensitive 

to the changes in viscosity of the lubricant due to the changes in the temperature. 

This could be due to the greater hardness of those materials compared to the 

aluminium. Although there is low a possibility of separation between the asperities, 

with the usage of the low viscosity of lubricant, the mild steel and the brass had 

higher resistance to material removal compared to the aluminium. However, mild 

steel exhibited slightly higher material removal compared to the brass especially at 

higher lubricant temperatures, which could be due to the differences in the 

interaction between the asperities in contact. Since the mild steel has greater strength 

and hardness, there is high shear in the interface which may lead to an aggressive 

rubbing process, i.e. high material removal. For the brass, the intermediate properties 

compared to aluminium and mild steel may mean the contacted asperities have the 

ability to adapt to each other and the polishing process may have taken place during 

the rubbing process. Micrographs of the worn surfaces, roughness, and debris 

micrographs may aid further understanding of this issue. 

 

 

Figure 5.21: Increment percentage in the specific wear rate of different materials after 10.8 km sliding 
distance using different lubricants under different environmental temperatures compared to the room 

temperature condition 
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different lubricant temperature with a blend of 50% WCO + 50% SO are introduced 
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dramatic increase in the friction coefficient of all the materials when the lubricant 

temperature increases representing the high interaction between the asperities.  
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Figure 5.22: Friction coefficient vs. sliding distance of different materials tested under 40 N applied load 
using lubricant (50%WCO + 50%SO) under different temperatures 

 

The mean friction coefficients of brass, aluminium and mild steel under different 

lubricant conditions and temperatures are presented in Figure 5.23. One can see that 

the increase in the temperature increased the friction coefficients for all the materials 

with all the types of blends. The maximum friction coefficient can be seen with high 

temperature and the usage of the pure WCO. This is mainly due to the fact that the 

lowest viscosity of all the blends used is the pure WCO at the high temperature. The 

highest friction coefficient can be seen when the mild steel was rubbed with the 

presence of the WCO at a temperature of 80oC.  
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Figure 5.23: Mean values of friction coefficients for all the materials tested under different lubricants and 
different environmental temperatures 

 

It should be mentioned here that the friction coefficients of aluminium, brass and 

mild steel were in the ranges of 0.1–0.2, 0.2–0.4 and 0.3–0.35, respectively. Despite 

the low viscosity of the lubricant at high temperature, there is a comparable reduction 

in the friction coefficients compared to dry contact conditions. It is known that the 

presence of the oil in the interface washes the interface and reduces the interaction 

between the asperities, which in turn reduces the friction coefficient compared to dry 

conditions. However, the low viscosity of the oil may assist in cleaning the interface 

but not completely prevent the interaction between the asperities. Therefore, one can 

say that the reduction in the friction coefficient when the lubricant is introduced is 

due to the washing the debris and slightly preventing the interaction between the 

rubbed surfaces (i.e. mixed lubrication region). Similar findings have been reported 

when sunflower, soybean and castor oils, blended with 4% (w/w) of EVA and 1% 

(w/w) were tested recently by (Quinchia et al. 2014). The increase in the temperature 

of (especially) the soybean oil reduced the viscosity, which in turn increased the 

wear and friction of the steel/steel contact. Velkavrh and Kalin (2012) suggested the 

same regarding the influence of the lubricant viscosity on the friction coefficient of 

diamond-like carbon coatings and steel.  

 

5.4.3 Surface Observation 
This section covers the roughness of the worn surfaces, micrographs of the worn 

surfaces and the debris analysis. Samples of the roughness of the metals are given in 

Figures 5.24 and 5.25 for the worn surfaces of the selected metals under the 

conditions of 50% WCO and 50% SO as lubricant at elevated temperatures of 40 oC 

and 80oC.  
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a) Brass 

 
b) Aluminium 

 
c) Mild steel 

Figure 5.24: Sample of the roughness of the worn surfaces under the condition of 50% waste cooking oil 
and 50% synthetic oil as a lubricant at elevated temperature of 40oC 
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a) Brass 

 
b) Aluminium 

 
c) Mild steel 

Figure 5.25: Sample of the roughness of the worn surfaces under the condition of 50% waste cooking oil 
and 50% synthetic oil as a lubricant at elevated temperature of 80oC 

 

A summary of five readings for the same sample of worn surface is presented in 

Figure 5.26 for all the materials tested under different lubricants and their 

temperatures. It seems that the increase in the temperature increases the roughness of 

the surface especially for the mild steel and the aluminium when lubricant at 80oC is 

used. The increase in the roughness of the metals indicates the severity of the 

counterface attack on those materials despite the lubricant presence. This is highly 

pronounced on the mild steel worn surface and aluminium. This may help to 

understand the significant increase in the specific wear rate of those materials when 

the lubricant temperature increased (Figure 5.21). Further, the increase in the friction 

coefficient of the materials with the increase of the lubricant temperature (Figure 

5.22) represented resistance in the interface, which can be explained with the 

increase of the roughness of the worn surfaces. Referring to Figure 4.9, the 

roughness of the worn surfaces for the steel and aluminium was above 3 µm and 

about 1 µm, respectively. In other words, the presence of the lubricant at high 

temperature managed to reduce the interaction between the asperities and somehow 

achieved less roughness on the worn surface compared to dry contact. 
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Figure 5.26: Average roughness of the worn surface of the tested metals under different lubricants and 
environmental temperature. 

 

For the brass materials, there are not many changes in the roughness of the worn 

material despite the increase in roughness when the temperature was increased to 

80OC. Figure 5.27 displays the micrographs of the worn surface of the brass showing 

a relatively smooth surface compared to the aluminium (Figure 5.28) and the mild 

steel (Figure 5.29). Figure 5.27 displays the micrographs of brass using lubricant 

(50% WCO + 50% S) under different environmental temperatures under the applied 

load of 40 N after 10.8 km sliding distance. In general, the increase in the 

temperature had an impact on the wear mechanism of the brass, i.e. at high 

temperature, an increase in the abrasiveness on the surface of the brass can be 

observed. In comparing Figure 5.27a with Figures 5.27c and d, there is an abrasion 

nature which can explain the greater roughness of the brass at the higher temperature 

(Figure 5.26), increase in the friction (Figure 5.23) and significant removal of 

materials (Figure 5.21). The modification on the worn surface after testing due to the 

usage of different temperature for the same blends (50% WCO + 50% S) are more 

pronounced when the aluminium was tested (Figure 5.28). Figures 5.28c and d 

represent a very rough surface compared to the one tested at low temperature (Figure 

5.28a), which indicates the weakness of the surface at these conditions. At the low 

temperature, the worn surface of the aluminium shows that some of the worn 

material is still adhered on the surface. In other words, the aggressive abrasion 

process on the surface of the aluminium could explain the high material removal 

from the surface, especially at high temperatures (Figure 5.21). 
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Figure 5.27: Micrographs of brass using lubricant (50 % WCO + 50% S) under different environmental 
temperatures under the applied load of 40 N after 10.8 km sliding distance showing: abrasive wear 

mechanism marked as “A”; and adhesive wear marked as “Ad” 
. 

  

  

Figure 5.28: Micrographs of aluminium using lubricant (50 % WCO + 50% S) under different environmental 
temperatures under the applied load of 40 N after 10.8 km sliding distance showing: abrasive wear 

mechanism “marked as “A”; adhesive wear  marked as “Ad”, and ploughing marked as “Pl” 
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Figure 5.29 displays micrographs of mild steel using lubricant (50 % WCO + 50% S) 

under different environmental temperatures at the applied load of 40 N after 10.8 km 

sliding distance. From this figure, one can see that the increase of the temperature 

from 40oC to 80oC allows the counterface to significantly attack the mild steel 

surface compared to the low temperature environment. The reason for this is similar 

to that for the previous example; the increase in the temperature reduced the viscosity, 

which increased the interaction between the asperities in contact. When the stainless 

steel counterface rotates against the mild steel sample, an abrasion nature can be seen 

(Figure 5.26), which leads to a higher friction coefficient (Figure 5.22 c) and higher 

specific wear rate (Figure 5.20 c) compared to the values at low environmental 

temperature.  

 

  

  

Figure 5.29: Micrographs of mild steel using lubricant (50% WCO + 50% S) under different environmental 
temperatures under the applied load of 40 N after 10.8 km sliding distance showing: abrasive wear 

mechanism “marked as “A”; and pitting marked as “Pt” 
 

The abrasion nature of the worn surface of the mild steel may be due to the presence 

of the removed debris in the interface, which acted as a third body in the hot 

lubricant. At the temperature of 80oC, it should be mentioned that the colour of the 

oil changed during the rubbing process (Figure 5.30). The collected debris was 

extracted from the oil and then observed using the SEM. Figure 5.31 displays the 

micrographs of the debris when the mild steel was tested at an elevated temperature. 

One can see, from Figure 5.29 and Figure 5.31, that there is abrasive two body 

process occurring during the sliding which is predominant as ploughing.  

d) 80 oC 

A 

c) 80 oC 
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b) 80 oC 
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a) 40 oC 
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Figure 5.30: Photo showing a sample of the oil when the mild steel was tested using lubricant (50 % WCO + 
50% S) at 40 N after 10.8 km sliding distance with environmental temperature of 80oC 

 

The mild steel debris looks like metal fibres, which indicates the large amount of 

material removed from the mild steel surface. That debris was in the lubricant and 

rotated and entered the rubbing interface. The naked eyes saw that the colour of all 

types of lubricant changed dramatically with time. One could see through the side 

window of the container (Figure 5.30 a, b) the changes in the oil colour. In addition 

to this, a centrifuge setup was used to extract the debris from the oil as described in 

Chapter 3, Figure 3.11. This confirms that the debris floated in the lubricant and had 

the ability to enter the interface. This increased its attachment to both rubbed 

surfaces leading to high friction and high material removal. It is important to note 

here that the roughness of the counterface was measured and a pronounced increase 

in the roughness of the stainless steel counterface was recorded, i.e. ≈ 0.1 µm Ra 

before testing, and ≈ 1.3 µm Ra after testing. This confirms that the wear mechanism 

for the mild steel against the stainless steel at elevated lubricant temperature was 

abrasive wear, which can be categorised as third-body abrasion or two-body 

abrasion. Under dry contact conditions (Figure 4.12) this abrasion nature was not 

witnessed. It seems that the presence of the low viscosity oil in the interface of the 

mild steel/stainless steel contact area prevented the adaption of the two surfaces (no 

plastic deformation and formation of film) and brought the hard debris (mild steel) to 

the interface, which attacked both surfaces. For the brass, it was difficult to extract 

a) Before test b) During test 

c) Collected debris  
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the debris from the oil since it was in very small amounts and difficult to filter. With 

more than 10 times washing using the acetone and the centrifuge machine to clean 

the debris from the oil, it was not able to collect the debris and perform the SEM 

observation. 

 

 

 

Figure 5.31: Micrographs of mild steel debris after testing using lubricant (50% WCO + 50% S) at 40 N after 
10.8 km sliding distance with an environmental temperature of 80oC 

 

Figure 5.32 displays aluminium debris after testing using lubricant (50% WCO + 

50% S) at 40 N after 10.8 km sliding distance with an environmental temperature of 

80oC. The micrographs of the debris show patches of debris that are different from 

the one seen in the case of the mild steel (Figure 5.31). It seems that the weakness of 

the aluminium generated such forms of debris and the presence of such debris in the 

interface attacked the weak surface (aluminium) more than the stainless steel 

counterface since it is much harder than the aluminium. The roughness of the 

counterface increased slightly after testing the aluminium, i.e. from ≈ 0.1 µm Ra 

before testing to ≈ 0.5 µm Ra after testing.  

 

c)  

b)  a)  
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Figure 5.32: Micrographs of aluminium debris after testing using lubricant (50 % WCO + 50% S) at 40 N after 
10.8 km sliding distance with environmental temperature of 80oC 

 

The most relevant works have been conducted by (Abdullah et al. 2013; Imran et al. 

2013; Louaisil et al. 2009; Quinchia et al. 2014; Shahabuddin et al. 2013; Tang & Li 

; Velkavrh & Kalin 2012). All these works are recent and agreed that a reduction in 

the viscosity for any reason (e.g. type of oil, environmental effect, additives, blend 

ratio) leads to a high wear rate and friction coefficient for any type of rubbing metals. 

 

5.5 Chapter Summary 
 

This chapter discussed the influence of WCO on the wear and frictional behaviour of 

brass, aluminium and mild steel considering different operating parameters, 

WCO/SO blend ratios and lubricant temperatures. In general, operating parameters 

applied load, sliding distance, type of metal, type of lubricant blend and temperature 

blend have equal effects on the wear and frictional behaviour of the selected 

materials. The main points can be summarised as follows: 

 

1. WCO with its blends has a significant influence on the wear and frictional 

performance of brass, aluminium and mild steel metals. At room temperature, 

presence of the lubricant in the interface significantly reduced the specific 

wear rate and friction coefficients for all the materials  

2. The blend ratio of the WCO with the SO controlled in the wear and friction 

coefficients of the selected materials, especially at room temperature as 

viscosity varied with the blend ratio. Thus, viscosity of the lubricant is the 

key to determining the wear behaviour of the materials. High viscosity 

reduced the specific wear rate and decreased the friction coefficient. 

Correlation between wear performance and the viscosity was established with 

the available data confirming the above findings. In addition, the presence of 

c)  c)  

b)  a)  
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the fatty acids in the waste cooking oil significantly impacted on the wear and 

frictional results especially the 5.2% stearic  

3. At room temperature, the general wear mechanism was predominant by a 

polishing process in the case of brass. An abrasion nature was observed in the 

cases of the aluminium and the mild steel. Aluminium exhibited the poorest 

wear and frictional performance compared to brass and mild steel at all the 

operating parameters and blend ratios  

4. The temperature of the lubricant was the most influential element determining 

wear and the frictional performance of the selected materials. Increasing the 

temperature reduced the viscosity of all blends, which were dramatically 

reduced at the elevated temperature of 80oC. The increase in the temperature 

increased the interaction between the rubbed surfaces (reducing the 

separation), which led to high friction associated with high material removal 

especially for the mild steel and aluminium  

5. A three-body abrasion wear mechanism was observed when the mild steel 

was tested under lubricant at elevated temperature, due to the presence of the 

hard debris in the lubricant, which acted as a third body in the interface. 

Aluminium also exhibited an abrasion nature at the elevated temperature due 

to the weakness of its surface. Brass showed relatively good wear and 

frictional performance at all lubricant temperatures as a polishing process 

took place during the rubbing. 
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Chapter 6: The Performance of Waste Cooking Oil in 
Journal Bearings 

 

6.1 Introduction 
 

In this chapter an attempt is made to use the prepared and modified WCO as a 

lubricant for journal bearings. Since thus is the last stage of the work, it can be 

regarded as the main outcome of the research. The chapter introduces the background 

of the research in using bio-oils in lubricants for journal bearings, the experimental 

procedure, and finally, the results and discussion.  

 

6.2 Working Mechanism of Journal Bearings 
 

The two general classes of bearings are journal bearings, also known as sliding or 

plain surface bearings, and rolling element bearings. In the current study, WCO was 

used as lubricant for journal bearings. There have been many studies on the 

parameters (e.g. inlet pressure, inlet position, geometry) and the performance of 

journal bearings (Ahmad, Kasolang & Dwyer-Joyce 2014; Du et al. 2014). A few 

works have also recently attempted to study the pressure temperature and friction in 

the journal bearings (Ahmad, Kasolang & Dwyer-Joyce 2013; Ahmad, Kasolang & 

Dwyer-Joyce 2014; Chauhan, Sehgal & Sharma 2010). The most common plain 

journal bearing is the single groove journal bearing used in several industrial 

applications (Childs 2014). Journal bearings consist of a journal rotating freely in a 

supporting metal sleeve. The pressure, temperature and film thickness are the main 

output parameters that indicate the lubricant performance for the journal bearing 

application (Ahmad et al. 2013; Chauhan, Sehgal & Sharma 2010; Deligant, Podevin 

& Descombes 2011; Solghar, Brito & Claro 2014). 

 

Since the viscosity of the lubricant is highly dependent on the temperature (as 

explained in Chapter 2), monitoring of the temperature in the journal bearing, i.e. the 

oil behaviour has been recommended by Bang, Kim and Cho (2010). Chauhan, 

Sehgal and Sharma (2011) reported that the lubricant temperature highly controlled 

the capacity of the journal bearings, i.e. the applied load. Thus, oil temperature is an 

important parameter to be considered in evaluating journal performance.  

 

Most of the old and recent studies have developed a prediction equation to calculate 

the temperature inside the journal bearings (Allmaier et al. 2013; Majumdar & Saha 

1974). A recent study by Cerda Varela, Bjerregaard Nielsen and Santos (2013) 

attempted to correlate the theoretical and experimental data of journal-bearing 

parameters. The prediction of the steady-state behaviour of the tilting-pad bearing 

with controllable lubrication exhibited good agreement with the experimental works. 

Several assumptions have been made to close the theoretical results to the 

experimental. Brito et al. (2014) reported that “the complexity of the problem 

frequently led to the use of oversimplified models”, that is, the incorporation of 

lubricant feeding conditions is usually oversimplified which in turn ignores the effect 

of lubricant feeding pressure, feeding temperature or the actual geometry of grooves. 

Therefore, experimental results are more reliable than the theoretical, especially for 

journal bearings. In the current study, the lubricant temperature in the journal bearing 

is captured at different rotational angles for different selected blends.  
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The pressure distribution in the journal bearings is an essential parameter to be 

investigated as it controls the load capacity of the journal bearing. Figure 6.1 shows 

the classic pressure distribution in a journal beaning, showing the lifting pressure that 

determines the capacity of the journal. A number of studies have modelled the 

pressure distribution in the journal bearing using commercial CFD software (Nishio, 

Somaya & Yoshimoto 2011) and/or an experimental procedure (Ahmad, Kasolang & 

Dwyer-Joyce 2014).  

 

Kasolang et al. (2012) investigated the pressure conditions of the lubricant to ensure 

the good performance of journal bearings. Experimental work was conducted to 

determine the pressure distribution around the circumference of a journal bearing. 

Pressure sensors were located around the journal bearings. The captured pressure 

values were compared to the theoretical values and good agreements have been 

achieved. In the current study, the same journal bearing setup is used.  

 

Ahmad, Kasolang and Dwyer-Joyce (2014) examined the influence of different oil 

groove locations on the pressure distribution revealing that the location of groove 

significantly influenced the pressure profile. Furthermore, the pressure profile in the 

converging region (before the minimum film thickness) was the lowest when the 

groove position was at an angle of 30°. In light of the above, the new prepared 

lubricants were tested to study the temperature, pressure and frictional distribution in 

the journal bearing.  

 

 

Figure 6.1: Pressure distribution in journal bearing. 
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6.3 Lubricant Preparation and Experimental Procedure 
6.3.1 Lubricant Selection and Preparation for Journal Bearing Tests 
 

For the journal bearing tests, the lubricant was prepared six months before the 

experiments as the stability of the lubricant must be considered before testing. 20 

litres of four WCO blends were used; the ratios of the SO to the WCO were 0 vol. %, 

25%, 50 vol.%, and 100 vol.%, and marked as oil A, B, C and D, respectively. After 

six months, the viscosity of the blends were checked before conducting the tests. 5% 

(wt) of EVA copolymer (density, at 23 °C, 0.956 g cm-3; molecular weight, 60250 g 

mol-1; melting temperature,59 °C) and 2% (wt) of EC (density, at 25°C, 1.14 g cm-3; 

molecular weight, 68960 g mol-1; melting temperature, 155°C) were used as 

additives to improve the viscosity of the oil. 

 

6.3.2 Journal Bearing Setup 
 

A robust versatile journal bearing (CM-9064) rig was used in this study. Figure 6.2 

shows the bearing rig. The main components of the rig are the frame, bearing unit, 

loading, drive, lubrication unit, control, and measuring and control unit. The rig has 

the facility to capture the temperature and pressure around the journal bearing and 

the friction coefficients. Figure 6.2 shows that the journal is mounted horizontally. 

Calibration is completed annually by the supplier company. However, before 

conducting the experiments, the rig was checked using a computer integrated with 

the rig. The rig was connected to the computer using a data acquisition system to 

capture the temperature, pressure and friction during the test. The shaft of the journal 

was fixed on self-affiliated bearings in a horizontal manner and then powered by a 

motor. In generating the hydrodynamic bearing, it would be active when the 

centrifugally casted faultless bearing glides when the journal reaches a clearance of 

100 µm.  
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Figure 6.2: Journal bearing setup 
Notes. 1. Temperature sensors, 2. pressure sensors, 3. shaft, 4. temperature thermocouple of inlet oil, 5. temperature outlet. 

Load  
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Figure 6.3 Mechanism of the load applied to the journal bearing in the rig 

 

During the experiments, the bearing could be pulled upward to apply radial force by 

a loading lever (Figure 6.3). The radial clearance can be 0.05 mm with L/D ratio of 

0.5. The surface of the journal bearing has a roughness of about 1.6 µm Ra. The 

inner diameter of the bearing is 100 mm. Further details are given in Table 6.1. 

 

In the experiments, the journal was fixed to self-affiliated bearings in a horizontal 

manner, twisted by using a servo-moto. The hydrodynamic bearing could be 

generated. A lube tank having a volume of 20 litres of lubricant adjoined the journal 

bearing to deliver the oil. A gear pump was used to flow the oil into a sieve of 50 

microns and then into three points of the uppermost region of the journal bearing. 

The outlet of the lubricant came from the bottom of the housing of the bearing. The 

oil flow was at a constant of 6 litres per minute.  
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Table 6.1: Details of the Journal Bearing Rig (Ahmad, Kasolang & Dwyer-Joyce 2013; Ahmad, Kasolang & 
Dwyer-Joyce 2014; Ahmed et al. 2013; Kasolang et al. 2012) 

Part detail Range 

Bearing material 

Inner bearing diameter, D  

Bearing length, L 

Surface roughness 

Journal material  

Outer journal diameter, D 

Phosphorous bronze  

100.1 mm 

50 mm 

0.8Ra on ID ground & polished 

EN-353 steel 

100 mm 

Surface roughness 

Radial clearance, c 

c/r ratio 

Load range, W 

Journal speed 

Lubricant viscosity 

 

Lubricant 

Pressure sensor 

    Model 

    Range 

    Accuracy 

Temperature sensor 

    Model 

    Range 

    Accuracy 

Frictional torque sensor 

   Model 

   Range 

   Accuracy 

0.8 Ra ground & polished 

52 µm (0.05mm) 

0.001 

5-100 kN 

100 – 1000 RPM 

68 cSt @ 40oC 

8.8 cSt @ 100oC 

ISO VG 68 

 

MEAS (M 5156) 

10 MPa 

(0.001± 1% measured value) MPa 

 

PT 100, make: Ajay sensor 

Max 200 ºC 

(1± 1% measured temp.) ºC 

 

Beam type load cell (Sensortronic) 

30 kg 

(0.01± 1% measured value) Nm 

 

6.3.3 Experimental Procedure 
 

The experimental procedure for the journal bearing was not complicated as the rig 

operated with the assistance of the control system integrated with a computer. In this 

work, the applied load was set to be 10 kN as recommended by the literature 

(Ahmad, Kasolang & Dwyer-Joyce 2013; Ahmad, Kasolang & Dwyer-Joyce 2014; 

Ahmed et al. 2013; Kasolang et al. 2012)and the experts in the laboratory, despite the 

fact that the rig can take a further load. The speed was selected to 600 rpm, which is 

considered the maximum for such a lubricants in terms of viscosity, following the 

guidelines of the manufacturer. Once the bearing was placed and the tank was filled 

with the lubricant (selected blend), the rig began operation. The test continued for 30 

minutes and then the temperature and the pressure were captured by the computer. 

The steady state of the friction coefficient was captured at the end of the test.  
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6.4 Results and Discussion 
 

The pressure and temperature distributions with the friction coefficient around the 

journal bearing are presented in this section. Before presenting the results, it is 

important to determine the Sommerfeld Number, which is calculated using Equation 

6.1: 

P

N

c

r
S


2









       (6.1) 

where: 

S is the Sommerfeld Number  

r is the shaft radius  = 50 mm 

c is the radial clearance = 52 µ m 

µ; is the absolute viscosity of the lubricant, Pa.s which is obtained from 

chapter 3  

N is the speed of the rotating shaft in rev/s = 600 rpm x 60 = 36000 rev/s 

P is the pressure = applied load/ dl = 10 kN /(50 x 100) = 2 MPa 

The variable parameter influencing the Sommerfeld Number is the viscosity at the 

mean temperature of the lubricant in the journal bearing. The viscosity of the blends 

at different temperatures was presented in Chapter 3. The temperature in the journal 

bearing was determined from the data acquisition system from the journal bearing 

rig. In this work, the absolute viscosity of the lubricant was determined based on the 

leaking temperature which was approximated by measuring the outlet oil temperature 

of the bearing as suggested by (Kasolang et al. 2013; Khonsari & Booser 2008).  

Accordingly, the Sommerfeld Number was determined for each blend of lubricant 

and is presented in Figure 6.4.  

 

 

 

Figure 6.4: Sommerfeld Number of the blends at the operating parameters of 600 rpm and 10 kN load 
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The predicted lubricant film thickness was determined using the minimum film 

thickness against the Summerfield number chart provided by Seireg (1998). The 

Summerfield numbers in Figure 6.4 were used to determine the minimum film 

thickness for all types of oils. ho/c (minimum film thickness/ clearance (0.05mm)) 

was determined using the minimum film thickness against the Summerfield number 

chart, (Seireg 1998), and then the film thickness was calculated. It should be 

mentioned here that L/D (bearing length/ bearing diameter) is equal to ½. The 

minimum film thickness for all types of oils were determined, i.e. 100 %SO ≈ 4 µm, 

50 %SO ≈ 7.5 µm, 25 %SO ≈ 9.5 µm, 0 %SO ≈ 13 µm. As the film thickness is 

greater than the roughness of the composite, there was sufficient fluid film in the 

bearing. 

 

6.4.1 Pressure Distribution 
 

Twelve pressure sensors were located around the journal bearing (each 30o had a 

sensor around the 360o) to capture the pressure value at each angle. The captured 

data for each blend of lubricant is presented in Figure 6.5. In general, there is a 

classic trend for the pressure value around the journal bearing since it showed an 

atmospheric pressure value at the angle of 360o, which represents the inlet of the oil 

(Hamrock, Schmid & Jacobson 2004). When the oil began to enter the journal 

bearing, an increase in the pressure could be seen with the increase of the angle, until 

the maximum pressure area reached an angle of about 210o. The increase in the 

pressure indicates the closeness of the bearing to the journal. Similar trends have 

been reported in all the literature and were recently mentioned by Brito et al. (2014) 

and Ahmad, Kasolang and Dwyer-Joyce (2014). It should be mentioned here that the 

decrease in the bearing clearance increased the average oil temperature and thus 

reducing viscosity and viscous drag. This may reflect the performance or the quality 

of the lubricants.  
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Figure 6.5: Pressure distribution around the journal bearing showing the position of the minimum film 
thickness * all the values of the pressure are in MPa and the vertical arrow represents the load.  

 

For comparison purposes, the pressure distribution in the journal bearings for all the 

lubricants is represented in Figure 6.6, showing the values of the pressure around the 

journal bearing at a load of 10 kN and a speed of 600 rpm. The figure shows that the 

modified WCO without the addition of the SO exhibits the maximum pressure 

compared to the others, followed by the 25% S, 100% SOand then 50% S. 

Conversely, the differences in the values of the pressure are not significant and could 

be due to different reasons such as the chemical modification of the lubricants, or the 

increased temperature in the interface. The current pressure values were competitive 

with the Shell Tellus S2 M (Ahmad, Kasolang & Dwyer-Joyce 2014), which showed 

a maximum pressure of 4 MPa -5 MPa at the 500 rpm and 10kN load. A similar 

range of pressure has been reported by Chauhan, Sehgal and Sharma (2010), who 

used an ellipse journal bearing at a high speed of 2000 rpm for different grades of oil. 

In other words, WCO can be considered a good alternative oil in terms of pressure 

generation in the journal bearing, which can produce good lift to the bearing at the 

operated conditions. However, there are different consideration should be taken in 

selecting the lubricants for different applications, i.e. degradation, stability of the 

viscosity, and homogeneity of the blends at elevated temperatures. For further 

confirmation of the possibility of using this new lubricant and understanding of the 

degradation of the lubricants. It should be mentioned that, different blends have been 

prepared for the tests and kept for three months to ensure the homogeneity of the 

blends.  

a)  100 %SO b)  50 %SO 

c)  25 %SO 
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Figure 6.6: Pressure distribution in journal bearing for different blends 
 

6.4.2 Lubricant Temperature in Journal Bearing 
 

Similar to the pressure distribution around the journal bearing, the temperatures were 

captured by 12 sensors around the journal bearing. For each type of blend, the 

temperature distribution is presented in Figure 6.7 showing the value of the 

temperature at each angle. In general, the trend of the temperature seems to be same 

for all the tested lubricants since the maximum temperature can be located at about 

210oC. There was an increase in the temperature of the oil towards the minimum film 

thickness and the higher pressure, as seen in the previous section. It was noted in 

Chapter 3 and in the reported works, that an increase in the temperature reduces the 

viscosity of the oil, and high reduction in the viscosity is not recommended at the 

minimum film thickness as there will be less lifting to the journal and failure may 

result (Muzakkir et al. 2011; Muzakkir, Lijesh & Hirani 2014).  
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Figure 6.7: Lubricant temperature (oC) distribution in journal bearing for different blends 

 

Figure 6.7 is represented in Figure 6.8, which shows the differences in the 

temperature distribution of the tested lubricants against the angle. Basically, one can 

see that the lowest temperature could be seen when the WCO was tested as the 

maximum temperature that can be seen is about 57oC. The fully synthetic oil gains a 

temperature of about 58oC, which is slightly higher than the SO, that is, WCO is very 

competitive to the fully synthetic oil. However, blending the two oils achieved a 

higher temperature compared to the pure SO or WCO, which indicates that there 

could be an issue related to the blending process of the oil. García-Zapateiro et al. 

(2013) reported that oleic and ricinoleic acids-derived estolides and their blends with 

vegetable oils significantly influence the viscosity and thermal flow of vegetable oil. 

In term of values, Shell Tellus S2 M (Ahmad, Kasolang & Dwyer-Joyce 2014) 

exhibited a maximum temperature of about 44OC at a slightly lower speed of 500 

rpm compared to the current speed of 600 rpm. 
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Figure 6.8: Temperature vs. angle of the blends 

 

6.4.3 Friction Coefficient 
 

The main concept of using the journal bearing is to carry the load of the rotating 

shaft with a very low friction coefficient to reduce power loss. The friction 

coefficient obtained from the experimental work for the current lubricants are 

presented in Figure 6.9. The figure shows very low friction coefficient values for all 

the lubricants. However, SO exhibits the lowest friction coefficient of about 0.028, 

while the WCO shows about 0.016. In the literature, ISO VG 32 showed similar 

values of friction coefficient (Bouyer & Fillon 2011) when the speed was increased 

to 1000 rpm. Furthermore, SAE 90 gear oil showed an 0.05 friction coefficient at a 

speed of 750 rpm (Ünlü & Atik 2007). This shows that the prepared oil is very 

competitive with industrial oil in terms of the friction coefficient. 
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Figure 6.9: Friction coefficient in journal bearings for different blends 

 

6.5 Chapter Summary 
 

This chapter introduced the potential of WCO and its blends for journal bearing 

applications. The experiment results concluded that WCO and its blends are a very 

competitive candidate compared to industrial oils. Pressure and temperature 

distributions showed comparable results across all the selected blends of lubricants. 

Iin comparing the current results to those of some industrial oils in the available 

literature, WCO was found to have the ability to be used as a lubricant for journal 

bearings. Further study on the chemical modifications and the oil degradation is 

recommended for future work.  
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Chapter 7: Prediction of Dry Wear Performance Using 
Artificial Neural Networks 

 

7.1 Introduction 
 

This chapter comprehensively examines the accuracy and prediction performance of 

artificial neural networks (ANNs) for friction, wear, interface temperature and 

roughness of metal/metal adhesive wear. The methodology and development of the 

model are also described. The study is divided into two groups focusing on the 

friction coefficient prediction and on the wear, interface temperature and roughness.  

 

7.2 Development of the ANN Model  
7.2.1 Selection of the Model 
 

In developing the model, the feed-forward neural network approach was used in 

prediction with different training functions and numbers of input data used to study 

the optimum performance of the model. Matlab R2012B was used for the simulation. 

The Feed-forward neural network approach has recently been used by many 

researchers for tribological parameter prediction due to the non-linearity of the 

problems investigated (Abdelbary et al. 2012; Busse & Schlarb 2013; Li, Zhu & 

Xiao). In this approach, after training the model, the input moves in only one 

direction, forward, through the hidden layer and then to the output layer, i.e. there are 

no loops (Meireles, Almeida & Simões 2003). In developing the feed-forward, one 

and two hidden layers are used to gain the optimum model in terms of the number of 

hidden layers.  
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Figure 7.1: ANN configuration for the prediction of A) friction coefficient, and B) specific wear rate (Ws), 
surface roughness, interface temperature 
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7.2.2 Experimental Data and ANN Development Method 
 

The input data for the model was obtained experimentally (Chapter 4) and the 

average of the three tests was used as the input for each parameters. A sample of the 

organised data is given in Table 7.1. The rest of the data was presented in Chapter 4. 

As there were many parameters to be considered in the prediction to identify the 

optimum approach, “nntool” was used to generate different networks using the same 

input data (Figure 7.2). Once the data was arranged in an Excel file, the input and 

output data was imported to the window and the network developed there. 

 
Table 7.1: Sample of the Input and Output Data for Brass at 50 N Applied Load and Different Sliding 

Distances 

Sliding distance,  

km 

Specific wear rate,  

10-5mm3/N.m,  

Temperature, 
oC 

Roughness, 

Ra, µm 

0 0 24 0.23 

0.084 4.450113 26 0.24 

0.168 2.79195 27 0.27 

0.252 2.380952 28 0.25 

0.336 2.069161 29 0.29 

0.42 1.825397 30 0.34 

0.504 1.639267 31 0.32 

0.588 1.465824 32 0.31 

0.672 1.325113 33 0.29 

0.756 1.218821 35 0.32 

0.84 1.11678 37 0.37 

2.52 0.582955 38 0.42 

4.2 0.522676 39 0.39 

5.88 0.343375 40 0.4 

7.56 0.350844 41 0.41 

10.92 0.335121 42 0.48 
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Figure 7.2: The method used in the current work for developing the ANN 

 

7.2.3 Selection of the ANN Parameters  
 

In developing and selecting of the ANN parameters (training function, adaption 

learning function, performance function, number of layers, transfer function and 

number of neuron), the ANN tool box is a user-friendly way to set up those elements. 

Figure 7.3 shows an example of an ANN that contains two inputs and four outputs 

with 10 neurons in the first hidden layer and four  neurons in the second hidden 

layer. The Transing function was used for both layers. In the current study, all types 

of functions were tested with a different numbers of neurons for one and two hidden 

layer models.  
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Figure 7.3: Initial ANN Model developed considering two hidden layers of TRAINBFG training function 

 

7.2.4 Training the ANN Model 
 

Figure 7.4 shows an example of the training procedure for an ANN model. In the 

training several parameters were provided as outputs to indicate the performance of 

the ANN. For example, Figure 7.5 shows the output of the training indicating time, 

the performance of the model in terms of training, validation, test, and the 

combination of all via the regression function. Furthermore, performance can be 

determined through best validation performance via mean squared error (MSE), and 

training status in terms of the number of checking, learning rate and epochs. 

However, due to the fact that the output of the model has different parameters, MSE 

was not recommended. The current study focused on the training, validation, testing, 

and the combination of all via regression and the MSE as recommended by many 

published works (Cheng et al. 2013; Elangasinghe et al. ; Zerrouki, Aïfa & Baddari 

2014). 
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Figure 7.4: Training process for TrainBFG function 
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Figure 7.5: Train output for TrainBFG function 



119 

7.2.5 Scope of Prediction 
 

The prediction of the tribological parameters was divided into two groups: a) coving 

the specific wear rate, roughness, and interface temperature and b) focusing on the 

friction coefficient only. In both groups, the input parameters were material type, 

load and sliding distances. A comprehensive study was conducted on the first group 

to identify the optimum model for prediction. The same model was used for 

predicting the friction coefficient. Several steps were followed to gain the optimum 

model: 

 

1. For the tribological parameters (a non-linear complex problem), the feed-

forward back propagation network needed to be considered in developing the 

model 

2. Input and target data were imported to the model 

3. Different training functions were considered to gain the optimum training 

function 

4. Different adaption learning functions were considered to gain the optimum 

5. Different performance functions were considered to gain the optimum 

6. The number of layers were also considered. In the literature one or two layers 

are recommended (Nasir, T et al. 2010)  

7. Number of neurons was considered to gain the optimum.  

 

7.3 Optimisation of the ANN Model  
 

At the initial stage of the model, all the parameters of the ANN model will be 

discussed and optimised for predicting the specific wear rate, temperature and the 

roughness of the materials for different sliding distances, applied load and materials.  

 

7.3.1 ANN for Wear, Temperature And Roughness Prediction 
7.3.1.1 Optimum Training Function  
 

The first model was developed and consisted of two hidden layers. The first hidden 

layer contains 10 neurons  and the second contains three neurons as the default 

option by the Matlab. To investigate the training function performance, different 

training functions were considered to gain the optimum, i.e. TRAINBFG, 

TRAINBR, TRAINCGF, TRAINCGB, TRAINGD, TRAINGDM, TRAINDGA. The 

definition of each function is given in Table 7.2. The details and algorithm of each 

training function in the section are given in approximate nonlinear functions and 

generalised complex data relationships in MATLAB tool. For each training function, 

the performance of the model was determined based on time, training, validation, test 

and the combination of all in terms of ‘R’, which indicates the relationship between 

the outputs and targets. The details of the results are given in Appendix B.  
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Table 7.2: Terms of the Training Function 

TRAINBFG BFGS quasi-Newton backpropagation 

TRAINBR Bayesian regulation backpropagation 

TRAINCGB Conjugate gradient backpropagation with Powell-Beale restarts 

TRAINCGF 

Conjugate gradient backpropagation with Fletcher-Reeves 

updates 

TRAINCGP Conjugate gradient backpropagation with Polak-Ribiére updates 

TRAINGD Gradient descent backpropagation 

TRAINGDA Gradient descent with adaptive learning rate backpropagation 

TRAINGDM Gradient descent with momentum backpropagation 

TRAINGDX 

Gradient descent with momentum and adaptive learning rate 

backpropagation 

TRAINLM Levenberg-Marquardt backpropagation 

TRAINOSS One-step secant backpropagation 

TRAINRP Resilient backpropagation 

TRAINSCG Scaled conjugate gradient backpropagation 

 

The minimum achieved error in the prediction process was represented by the 

performance of the model. The performances of the training functions are presented 

in Figure 7.6, showing the training, validation, testing and combination. The time 

consumed by the functions are all the same (less than a second) except TRAINCGP, 

which consumed about 200 sec for the trainings. In term of performance, Figure 7.6 

clearly shows that TRAINSCG had the best performance compared to the others. 

Similar findings were reported by Vijay, Pai and Sriram (2010) when an ANN was 

used to monitor rolling element bearing using vibration signals. Moreover, Nasir, T 

et al. (2010) reported similar findings when ANN was used to predict the friction 

coefficient of glass fibre reinforced polyester composites in different orientations 

considering different operating parameters. In light of this, TRAINRP is 

recommended for future ANN development for tribological application and it will be 

used for the rest of this study. Its main advantages are that it updates weight and bias 

values according to the resilient back propagation algorithm and it can train any 

network as long as its weight, net input and transfer functions have derivative 

functions (Guide 2002; Pan & Lee 2012). 

 

 

http://books.google.com.au/books?hl=en&lr=&id=ZfhtBNHH5_EC&oi=fnd&pg=PA449&dq=TRAINSCG+training+function+tribology&ots=erA_t5AWkT&sig=5UEzj9_YHjyCiTr5DoUwzB3do94
http://books.google.com.au/books?hl=en&lr=&id=ZfhtBNHH5_EC&oi=fnd&pg=PA449&dq=TRAINSCG+training+function+tribology&ots=erA_t5AWkT&sig=5UEzj9_YHjyCiTr5DoUwzB3do94
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Figure 7.6: The performance of the ANN model training function to predict the specific wear rate, interface 

temperature and roughness for different sliding distances, materials and applied loads 

 
7.3.1.2 Optimum Adaption Learning Function 
 

In the previous section, the selection of the optimum training function was based on 

the LEARNGD adaption function. There were two learning functions in the ANN 

modelling: the LEARNGDM or LEARNGD. The differences between them were 

that LEARNGDM calculates the weight change for the neuron from the neuron's 

input and error, the weight learning rate and momentum constant MC, according to 

gradient descent with momentum. Meanwhile, LEARNGD determined the weight 

change for the neuron from the neuron’s input and error, and the weight learning rate 

according to the gradient descent. In this study, both functions were used with the 

optimum training function (TRAINRP).  

 

Figure 7.7 displays the regression of two networks developed with a forward back 

propagation network using TRAINRP as a training function and a) LEARNGD or b) 

LEARNGDM as adaption learning function. In the figures, the test, validation, 

training were all are almost the same, i.e. LEARNGD introduces R = 0.95, while 

with LEARNGDM, R= 0.94. Based on this, LEARNGD will be used as the adaption 

function for future models. 
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Figure 7.7: The performance of the feed-forward back propagation network using TRAINRP as training 
function and a) LEARNGD or b) LEARNGDM as adaption learning function 

 

7.3.1.3 Optimum Performance Function 
There are three performance functions in the ANN models (Matlab tool box): MSE 

(Mean squared normalised error performance), MSEREG (consists of MSE and 

biases), SSE (Sum squared error performance). To identify the optimum performance 

of the feed-forward back propagation network using TRAINRP as a training function 

and  LEARNGD as an adaption learning function, the performance of the network 

was tested using three different performance functions. The performance (%) of each 

model was determined based on the mean square error x 100. The results are 

presented in Figure 7.8 showing the performance of the network using the three 

a) 

b) 
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performance functions. The figure reveals that there is no remarkable difference 

between the three functions, but MSEREG shows slightly better performance 

compared to MSDE and SSE, which was due to the consideration of the biases in the 

performance. Therefore, MSEREG will be used as the performance function for the 

future work to identify the optimum number of layers. 

 

 

Figure 7.8: The performance of the feed-forward back propagation network using TRAINRP as training 
function, LEARNGD as adaption learning function with different performance functions. 

 

7.3.1.4 Optimum Numbers of Neurons  
 

In most of the works reporting the possibility of using ANN models in predicting 

different engineering problems, (Lingaraju et al. 2011; Liu et al. 2014; Zhang et al. 

2003; Zhang, Friedrich & Velten 2002), the number of neurons greatly influenced 

the developed models’ performance and there is no clear conclusion on the optimum 

number of neurons. However, all of these works reported that optimization needs to 

be considered. In some cases, a small number of neurons is not able to predict the 

data; in addition, a larger number may also fail to predict the data as well.  

 

To find the optimum number of neurons  in the ANN model, the feed-forward back 

propagation network using TRAINRP as training function LEARNGD as adaption 

learning function, and MSEREG performance function was developed with different 

numbers of neurons (2-20). The performance of the models is displayed in Figure 7.9 

showing the training, validation, test and the combination of all performance. The 

figure indicates that 10 neurals can be considered to be the optimum numbers of 

neurons in ANN model.  
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Figure 7.9: The performance of the feed-forward back propagation network using TRAINRP as training 
function, LEARNGD as adaption learning function and MSEREG as performance function with different 

numbers of neurons  

 

7.3.1.5 Summary of the Optimum ANN Model for Wear, Temperature and 
Roughness 
 

In light of the above sections, the optimum ANN model is a feed-forward back 

propagation network using TRAINRP as the training function, LEARNGD as the 

adaption learning function, MSEREG as the performance function with 10 neurons. 

In this model, the performance of the model is shown in Figure 7.10. The figure 

shows the performance of the ANN in predicting the specific wear rate, temperature 

and the roughness as a function of the sliding distance with one input of sliding 

distance. One can see that the R was always greater than 0.9 which represents good 

performance of the optimum model.  

 

70

75

80

85

90

95

100

2 4 6 8

1
0

1
2

1
4

1
6

1
8

2
0

P
er

fo
rm

a
n

ce
, 

%
  

Training Validation Test



125 

 

Figure 7.10:The performance of the optimum model to predict the specific wear rate, interface temperature 
and the roughness under different applied loads and sliding distances 

 

7.3.2 Optimum ANN Model for Friction Coefficient 
 

In developing the ANN model to predict the specific wear rate, interface temperature 

and roughness of the surface, it was found that feed-forward back propagation 

network using TRAINRP as the training function, LEARNGD as the adaption 

learning function, and MSEREG as the performance functions with 10 neurons is the 

optimum. For developing the ANN model for friction coefficient prediction, the 

same model is used. However, due to the huge data (about 12000 for each tested 

parameter) in the friction coefficient, the training of the ANN was arranged in 

several stages, i.e. each data for each material was trained individually for the same 

model. In the trainings of the specific wear rate, interface temperature and the 

roughness, the training time was less than one sec. Meanwhile, in training the ANN 

with one set of the friction coefficient, about 7 minutes was required for the 

trainings, Figure 7.11. Furthermore, the performance of the ANN is relatively poor 

with the first set of the data, Figure 7.12a. Moreover, the ANN performance 

significantly deteriorated when the model trained with all the data, Figure 7.12b.  

 

 



126 

 

Figure 7.11: Required training time for ANN to predict the friction coefficient 
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a)  

b)  

Figure 7.12: Regression of ANN results in predicting the friction coefficient with different numbers of data 

 

7.3.2.1 Optimum Training Function for Friction Coefficient Prediction  
 

Based on the findings in the previous section, it was necessary to identify the 

optimum training function for the friction coefficient prediction. Therefore, a similar 

procedure in finding the optimum training function to the specific wear rate was used 

for the friction coefficient. The performance of the ANN against a different number 

of frictional data is presented in Figure 7.13 for different training functions. The 
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figure clearly shows that the increase in the number of data above about 60000 

significantly worsened the ANN model performance with the usage of training 

function. From the literature, it has been reported that the increase in the number of 

data improves the prediction and training performance of the ANN (Muthukrishnan 

& Davim 2009; Nasir, T et al. 2010; Zhang & Friedrich 2003). Meanwhile, the 

current study found that the higher number of data >> 25000 worsens the 

performance of the ANN for all the available training functions. It is suggested that 

an ANN model be developed for individual materials and parameters to reduce the 

input data which may improve the prediction performance. 

 

 

Figure 7.13: Performance of the ANN to predict the friction coefficient using different training functions and 
numbers of data 

 

Figure 7.14 displays the performance of the frictional ANN models for different 

training functions considering individual input data for each operating parameter for 

the brass material only. One can see that there are remarkable differences between 

the performance of the ANN with all the input data (Figure 7.13) and applied loads 

(Figure 7.14) since the ANN performs much better with relatively less data. This will 

be recommended for future work and will be used for the future of this study as well. 

In other words, for the friction coefficient prediction, less data is required for the 

prediction. The figure also indicates that TRAINBR performs much better than 

others which are recommended for this work as well.  
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Figure 7.14 Performance of the ANN to predict the friction coefficient using different applied loads 

 

7.3.2.2 Optimum Performance Function for Friction Coefficient Prediction  
 

For the influence of the performance function on the frictional prediction using the 

ANN based on the BR training function, the performance of the ANN model was 

tested using MSE, MSEREG and SEE performance functions and the results are 

displayed in Figure 7.15. The figure shows that both MSE and SEE exhibits the same 

high performance for the ANN compared to the MSEREG. In the development of the 

ANN to predict the wear performance, MSEREG was the optimum function for the 

highest performance of the ANN compared to the MSE and SEE. In other words, 

MSEREG is not a suitable performance function when the data is large in amount 

compared to the MSE. For the friction coefficient prediction model, MSE was 

selected as optimum function. In the next section, the optimum number of neurons is 

discussed.  

 

 
Figure 7.15: Performance of the ANN to predict the friction coefficient using BR training function for 

different performance functions and different numbers of input data 
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7.3.2.3 Optimum Number of Neurons  in the Hidden Layer for Friction 
Coefficient Prediction 
 

For the influence of the number of neurons on the performance of the ANN for 

predicting the friction coefficient, Figure 7.16 shows the influence of number of 

neurons in the hidden layer on the performance of the ANN model. For the three sets 

of input of data, increase in the performance to the ANN model could be seen with 

the increase in the number of neurons especially at the first range of the trend. An 

increase in the number of neurons more than 10 neurons showed no remarkable 

impact on the performance of the ANN model. When the ANN model was developed 

for wear prediction, an increase in the number of neurons by more than 10 neurons 

slightly reduced the performance of the ANN model (Figure 7.9).  

 

 
Figure 7.16: Performance of the ANN to predict the friction coefficient using BR training function and MSE 

performance function with different numbers of neurons and input data 

 

7.3.2.4 Summary of the Friction Coefficient Prediction using the ANN  
 

In light of the above sections, the optimum ANN model for the friction coefficient 

prediction consists of feed forward back propagation, training function of 

TRAINBR, adaption learning function of LEARNGD performance function of MSE 

and 10 neurons in the hidden layer. The regression of the ANN model is presented in 

Figure 7.17 illustrating that total performance is about 87.5 %, and the error 

percentage is about 12.5%. Further to this, Figure 7.18 shows the variation in the 

friction coefficient for both the real experimental data and the predicted results. It is 

obvious that there is an error in the prediction and this leads to a conclusion that 

sometimes the ANN approach is not a good technique for predicting huge amounts of 

data such as friction coefficients. In the literature, the frictional data has been 

reduced to be suitable for the ANN approach (Nasir, T et al. 2010) In the current 

study, the frictional data is about 12000 for each operating parameters which makes 

it difficult and complicated to predict using an ANN. In the ANN the weight in the 
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configuration may impact on the prediction results. In Figure 7.18, it seems that the 

predicted data is always higher than the measured which is due to the default weight 

used in the model. Reduce the value of the weight is not recommended as it may 

impact on other prediction values of the friction coefficient.  

 

 
Figure 7.17: Performance of the optimum ANN mode for the friction coefficient prediction 

 
Figure 7.18: Real experimental data for friction coefficient of aluminium at 30 N applied load in comparing to 

the predicted data 
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7.4 Prediction of Specific Wear Rate 
 

The experimental work was conducted at different applied loads of 30 N, 40 N and 

50 N, sliding distance (0 – 10.8 km) for brass, the aluminium and mild steel 

materials. The results of the experiments were specific wear rate, interface 

temperature and the surface roughness. The experimental data was used to build the 

ANN model. For the specific wear rate, interface temperature and roughness 

prediction of those materials are displayed in Figures 7.19-7.21 at different operating 

parameters. Different applied loads of 35 N, 45 N and 55 N were selected for the 

prediction at the same sliding distance. From the literature, an ANN approach can be 

used to predict data within the input range (Wang, Ma & Wu 2013; Yang et al. 2013; 

Yousef, Mourad & Hilal-Alnaqbi 2011).  

 

For the brass material, Figure 7.19 shows the specific wear rate, roughness of the 

rubbed brass surface after testing and interface temperature against sliding distances 

for both predicted and experimental data. The figure shows that the trend of the 

specific wear rate at the applied load of 35 N and 45N was similar to the 

experimental data which indicates that the ANN approach is able to identify the trend 

of the data with the input range. However, with the applied load of 55 N (outside the 

range of the input data), the trend of the specific wear rate seems to be incorrect, 

since there is an increase in the specific wear rate with the increase of the sliding 

distance. From the experimental works and literature, steady state can be reached 

after a certain sliding distance. In the current experimental data, the steady state was 

achieved after about 3-4 km which was predicted for the 35 N and the 45 N applied 

load as well but failed with the 55N since it was outside the range of the input. In 

other words, it can recommend that ANN is able to predict the trend and behaviour 

of the specific wear rates for the material considering the fact that the parameters 

should be within the range of the input data (Wang, Ma & Wu 2013; Yang et al. 

2013; Yousef, Mourad & Hilal-Alnaqbi 2011). Similar to the specific wear, the 

interface temperature and the roughness perdition showed some disturbance in the 

data when the applied load of 55N was used compared to the 35 N and 45 N. In 

addition, the reason is that the 55 N applied load was out of the input data range 

associated with the fact that at the running in stage too much disturbance in the 

frictional values experimentally observed. This has been reported previously when 

the friction coefficient of polymer composites was predicted using ANN models 

(Nasir, T et al. 2010).  
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Figure 7.19: Real experimental data and predicted data for brass materials at different operating parameters 

 

Similar to the brass prediction data, aluminium showed similar trends for the specific 

wear rate, roughness, and interface temperature, Figure 7.20. The trend of the 

specific wear of the predicted data was close to the experiment. One can see that the 

prediction of the 55 N applied load was still within the experimental data and there 

was slight disturbance in the trend after about 6 km. There could be two different 

reasons for these disturbances in the specific wear rate which are either the ANN 
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understood that the steady state of the specific wear rate was not yet reached or it 

was a wrong prediction technique. From a technical point of view, the predicted data 

under the load of 35 N and 45 N can be accepted as it is in agreement with the ones 

obtained for the brass. However, for the 55 N since it was outside the range and the 

trend is not clear, it can be omitted and cannot be accepted in understanding the wear 

behaviour of material.  

 

The mild steel prediction results are displayed in Figure 7.21. The figure shows that 

the trend of the specific wear rate and the values of the predicted data were close to 

the experimental one except for the 55 N applied load which was out of the input 

range, i.e. similar findings were concluded in the case of the brass and the aluminium 

materials. However, the predicted data for the roughness and the interface 

temperature were very close to the experimental in term of trend and value for all the 

applied loads.   
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Figure 7.20: Real experimental data and predicted data for aluminium materials at different operating 

parameters 
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Figure 7.21: Real experimental data and predicted data for mild steel materials at different operating 

parameters 
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7.5 Chapter Summary 
 

In this chapter the possibility of using an ANN as a tool for predicting tribological 

results was comprehensively studied considering different input parameters 

(material, applied load and sliding distance) and outputs (specific wear rate, interface 

temperature, roughness and friction coefficient). The main findings of this attempt 

can be summarised as:  

 

 Attention and time should be paid to considering several steps in developing 

optimum ANN models in terms of training function, adaption function, 

performance function and number of neurons. For the current study, the 

model for predicting the wear rate was found to be inapplicable for the 

friction coefficient as the different number of inputs impacted the training 

function 

 The Training function and number of inputs is the key to controlling the 

performance of ANN models. For a small amount of data (specific wear rate, 

roughness and interface temperature), TRAINRP was the optimum training 

function with 10 neurals, which achieved a performance of up to 95%. 

Conversely, due to the huge amount of data for the friction coefficient (above 

12000 x 9), TRAINRP and other training functions did not perform as the 

performance dropped to the zero. TRAINBR managed to gain good friction 

coefficient prediction performance (about 95%, for 12000 x 3 inputs) 

 Performance functions had less impact on the ANN models for predicting the 

specific wear rate, interface temperature, roughness as MSE, MSEREG and 

SEE exhibited relatively similar performances of about 95%. However, for 

friction coefficient prediction (large number of input data), MSEREG 

performance was performed poorly (below 20%), meanwhile, SEE and MSE 

performed well (over 90%)  

 All the developed models for all the parameters showed poor performance 

when there were less than 10 neurons. For the specific wear rate, interface 

temperature and roughness, increasing the number of neurons to more than 10 

showed a slight improvement (about 0.5%) in the performance of the ANN. 

Meanwhile, for the friction coefficient prediction, the increase in the number 

of neurons to more than 10 neurons reduced the performance of the ANN.  

In term of prediction, the optimum models of ANN for friction and specific 

wear rate, interface temperature and roughness showed very good correlations 

and prediction results with the consideration that the predicted values should 

be within the input range of values. For the current study, the ANN was able 

to predict the tribological data for the applied loads of 35 N and 45 N for 

different sliding distances. However, poor predictions in terms of trend and 

value were found when the applied load was outside the range of the input 

date (55 N).  
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Chapter 8: Conclusions and Recommendations 
 

8.1 Conclusions 
 

The conclusions of this thesis are divided below based on the research areas covered. 

 

The literature review concluded that: 

 

 There are demands for alternative lubricants to replace synthetic lubricants. 

WCO is a promising candidate for this purpose. WCOs are available 

everywhere in large quantities and there is an issue regarding their disposal. 

Despite previous attempts to convert WCOs into biofuels for diesel engines, 

issues relating to the impact of the fuel on engine components have limited its 

usage. Consequently, the current study was motivated to explore the use of 

WCO as a lubricant  

 There is confusion and contradiction in current research presenting wear data 

in terms of wear rate, weight or volume loss, specific wear rate, and wear 

resistance. Previous results and recommendations pertaining to the dry 

adhesive wear behaviour of different metals were presented  

 The ANN approach was found to be a promising tool for predicting the 

tribological behaviour of materials. As there are arguments in the literature 

about the number of inputs required to gain good predictable outputs, it was 

decided that this study would use a variety of models 

 

Dry adhesive tests on brass, aluminium and mild steel led to the following 

conclusions: 

 

 The specific wear rate versus the sliding distance can be divided into two 

regions, running in and steady state. After about 4 km sliding distance, 

adaption between the asperities in contact was established and a steady state 

was reached for almost all the materials  

 The friction coefficient was almost steady for all the materials except the 

aluminium/stainless steel, which exhibited slight fluctuations due to the 

continuous modifications on its surface despite the steady state for the wear 

achieved 

 The wear mechanism varies for each type of material. Mild steel rubbed 

against stainless steel exhibited an abrasive wear mechanism due to the 

presence of hard debris in the interface. Meanwhile, aluminium showed a 

pure adhesive nature when it was rubbed against a stainless steel counterface. 

Brass introduced abrasive wear associated with plastic deformation. 

 

Regarding WCO as a lubricant, it can be concluded that: 

 

 WCO with its blends has a significant impact on the wear and frictional 

performance of brass, aluminium and mild steel metals compared to dry 

contact conditions. At room temperature, the presence of the lubricant in the 

interface significantly reduced the specific wear rate and the friction 

coefficient for all the materials since it acted as a cleaner for the rubbing area 

and reduced the interaction between the asperities in contact  
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 The blend ratio of the WCO with the SO affected the wear and the friction 

coefficient of the selected material, especially at room temperature. This was 

mainly due to the fact that the viscosity of WCO is less than that of fully 

synthetic oil or its blends. High viscosity oil resulted in a significant 

reduction in the specific wear rate and the friction coefficient (i.e. a 

correlation was found between wear performance and viscosity)  

 The wear mechanism for brass was predominant in the polishing process; 

meanwhile, an abrasion nature was observed for aluminium and mild steel 

 The temperature of the lubricant was the most significant element in 

controlling the wear and frictional performance of the selected materials. This 

was mainly due to the reduction in the viscosity of all the blends at an 

elevated temperature, particularly at 80oC. This resulted in increased contact 

between the rubbed surfaces (reducing separation), leading to high friction 

associated with high material removal especially for mild steel and 

aluminium.  

 At an elevated temperature, brass exhibited a slight abrasion nature and 

polishing was the dominant wear mechanism. Three body abrasion wear 

mechanisms were observed when testing the mild steel and aluminium. The 

presence of hard debris (mild steel) in the lubricant acted as a third body in 

the interface, and deteriorated the metal surface and increased the roughness 

of the counterface  

 From testing in the journal bearing setup, WCO and its blends were found to 

be a very competitive candidate compared to industrial oils. Pressure and 

temperature distributions showed comparable results across all the selected 

lubricant blends. However, fully synthetic oil had the lowest lubricant 

temperature, giving it an advantage over others. In comparing the results of 

this study to those of industrial oils in the available literature, WCO was 

found to have the ability to be used as a lubricant for journal bearings. 

Moreover, the waste cooking oil and its blends exhibited similar a trend, in 

terms of oil pressure, with the fully synthetic oil. Despite of the fact that there 

was a slight increase in the oil pressure in the case of the pure waste cooking 

oil, the journal bearing worked without any issue and was able to carry the 

loads.  

 

 

The ANN study concluded that: 

 

 A great deal of time and research is required to determine the optimum 

training, adaption and performance functions, and the number of neurons for 

the optimum ANN model. There is no unique model that can be used for all 

the cases. The model for predicting wear was found to be inapplicable for the 

friction coefficient due to the differences in the number of inputs 

 The Training function and the amount of input data is the key in controlling 

the performance of the ANN models. For wear prediction (small amount of 

data, specific wear rate, roughness and interface temperature), TRAINRP was 

found to be the optimum training function with 10 neurons. At this parameter, 

the ANN performance was found to be more than 95%. Meanwhile, the 

friction coefficient (data is above 12000 x 9), TRAINRP was not the 

optimum. However, TRAINBR managed to gain a good friction coefficient 

prediction performance (about 95%) considering (12000 x 3) inputs  
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 With regard to the influence of the number of neurons, all the developed 

models showed poor performance with less than 10 neurons. However, a 

large number of neurons may reduce the function of the ANN as seen in the 

case of the friction coefficient prediction. Therefore, the optimisation process 

should be also considered in selecting the number of neurons.  

 Optimum ANN models showed very good correlation and prediction results 

if the predicted inputs were within the range of the trained data. For the 

current study, the ANN was able to predict the tribological data for different 

applied loads within the range (e.g. 35–45 N) considering different sliding 

distances. However, poor prediction of wear and friction was found when the 

applied load was outside the range of the input date (e.g. 55 N).  

 

8.2 Recommendations 
 

Some recommendations for future study are given as follows: 

 

 Wear data should be presented in the form of specific wear rate for better 

understanding and comparison rather than the different forms used previously 

 The durability of the oil and its interaction with the surfaces of metals require 

further study. Examining the chemical modifications may shed light on the 

separation process during the rubbing process especially at elevated 

temperature  

 The influence of chemisorbed and EP additives on the wear and frictional 

data is recommended as such additives greatly impact on the alibility to 

establish well adhered film on the rubbed surfaces  

 For ANNs, it is important to thoroughly investigate the optimum model to 

predict tribological results especially with the large differences in input data.   
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Appendix A: Detailed Drawings of the Components of 
the Hybrid Tribology Machine 

 

 

 

Figure A.1: Overview of the hybrid tribology machine showing the main dimensions. 
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Figure A.2: Two-dimensional views of the lever for the hybrid tribology machine with the ISO. 
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Figure A.3: Two-dimensional views of the lever holder for the hybrid tribology machine with the ISO. 
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Figure A.4: Two-dimensional views of the sample holder for the hybrid tribology machine with the ISO. 
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Figure A.5: The main shaft connecting the counterface and the motor through the coupling. 
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Figure A.6: Two-dimensional views of the counterface for the hybrid tribology machine with the ISO. 
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Figure A.7: Two-dimensional views of the lubricant container for the hybrid tribology machine with the ISO. 
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Figure A.8: Two-dimensional views of the machine cover for the hybrid tribology machine with the ISO. 
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Figure A.9: The seal cup for the hole in which the main shaft enters the lubricant container. 
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Figure A.10: The balancing weight that is attached to the main lever of the machine. 
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Figure A.11: The main frame of the machine showing the base with the generated slots to attach the components. 



171 

 

Figure A.12: The designed weights for the new machine. 
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Figure A.13: The weight holder for the new machine. 
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Figure A.14: The pivot for the new machine. 



174 

Appendix B: Details of the ANN models 
 

 

B.1 The Performance of Different Training Functions 
 

 

Figure B.1: Performance of Trainbfg. 
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Figure B.2: Performance of Trainbr. 
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Figure B.3: Performance of Traincgb. 
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Figure B.4: Performance of Traincgf. 



178 

 

Figure B.5: Performance of Traincgp. 
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Figure B.6: Performance of Traingd. 
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Figure B.7: Performance of Traingda. 
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Figure B.8: Performance of Traingdm. 
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Figure B.9: Performance of Trainoss. 
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Figure B.10: Performance of Trainrp. 
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Figure B.11: Performance of Trainscg. 
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B.2 Optimum Performance Function 
 

 

Figure B.12: Performance of MES. 
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Figure B.13: Performance of MSEREG. 
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Figure B.14: Performance of SSE. 
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Figure B.15: Performance of ANN model with 2 Neurals in the hidden layer. 
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Figure B.16: Performance of ANN model with 4 Neurals in the hidden layer. 
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Figure B.17: Performance of ANN model with 6 Neurals in the hidden layer. 
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Figure B.18: Performance of ANN model with 8 Neurals in the hidden layer. 
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Figure B.19: Performance of ANN model with 10 Neurals in the hidden layer. 
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Figure B.20: Performance of ANN model with 12 Neurals in the hidden layer. 
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Figure B.21: Performance of ANN model with 14 Neurals in the hidden layer. 
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Figure B.22: Performance of ANN model with 16 Neurals in the hidden layer. 
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Figure B.23: Performance of ANN model with 18 Neurals in the hidden layer. 
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Figure B.24: Performance of ANN model with 20 Neurals in the hidden layer. 


