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Abstract 

A refrigerant is the most critical ingredient of any air-conditioning, refrigeration or cooling 

system. Increasing world population and global warming has increased the usage of air-

conditioning and refrigeration devices considerably. This has resulted in the development, 

formulation and use of various refrigerants in the thermodynamic cycle. Most of the refrigerants 

that are used in domestic appliances, commercial buildings, small scale industrial applications 

and automobiles are artificially formulated. Although artificially formulated refrigerants have 

excellent thermodynamic properties, but the use of man-made chemical compounds have 

damaged the earth’s atmosphere either by depleting the ozone layer or by increasing the global 

warming potential.  Some naturally occurring compounds on the other hand have also shown 

good properties as refrigerants but have various inherent issues associated with them such as 

toxicity and flammability which limits and restricts their use.  

To overcome the issue of ozone depletion and to control the issue of global warming, the 

refrigeration industry has recently developed and suggested new environment friendly 

refrigerants. These refrigerants should not only have the thermodynamic properties matching 

their predecessors but should also have a lower negative impact on the environment. The 

thermodynamics, physical and chemical properties of the newly developed refrigerants have 

been the main focus of study by various researcher worldwide. The extensive investigation of 

material wear and friction properties of the next generation of refrigerants used in mechanical 

applications is incomplete. The in-use durability performance of these products have to be 

accessed from the viewpoint of sustainable development. Tribo-performance of refrigerants 

applied in refrigeration, air-conditioning and energy systems directly influences the durability, 

reliability and cost effectiveness of the system. The past studies concerning friction, wear and 

the overall tribological properties of the last generation of refrigerants have shown that the 

overall life and performance of a mechanical system especially a compressor is highly 

influenced by the type of refrigerant used. 

This research project has evaluated the effects on the mechanical performance of a system 

utilizing the next generation of refrigerants along with assessing the feasibility and reliability of 

electrodeposited Nickel based composite coatings for refrigerant-lubricated tribological 

systems. For this study a micro-friction tribo-meter has been modified to incorporate the testing 

specimens and refrigerants under various operating conditions. Hydrofluoroethers (HFEs) are 

within the family of newly developed environmentally friendly refrigerants with a wide range of 

application areas. HFE-7000 is a replacement solution for the existing harmful refrigerants and 

thermo-fluids having a broad range of application areas including usage in green energy, low 
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carbon technologies, in aerospace and automotive industries. This study is divided into two 

parts. In the first part of the study a detailed investigation has been performed on uncoated steel 

contacts to assess friction and wear performance of HFE-7000 (HFE-347mcc3). HFE-7000 has 

been employed as lubricants. In the second part of this study five different types of coatings 

namely, Ni-Al2O3, Ni-ZrO2, Ni-SiC, Ni-Graphene and Nickel-only have been used to 

investigate the wear and friction performance of these coatings in systems based on HFE-7000 

refrigerant. Extensive experimentation has been performed on these coated contacts using the 

modified pressurized lubricity tester by changing the refrigerant temperature and the applied 

normal load in an attempt to enhance the tribological performance of interacting machine parts 

employing HFE-7000. Experimental results indicate the formation of tribo-films on the topmost 

surfaces. Energy-Dispersive X-ray Spectroscopic (EDS) and X-ray Photoelectron Spectroscopic 

(XPS) analyses on the tested samples revealed significant presence of oxygenated and 

fluorinated anti-wear tribo-films. These oxygen and fluorine containing tribo-layers prevent 

metal to metal contact and contribute to the reduction of friction and wear. All coatings 

presented an improvement in the micro-hardness and in hardness to elastic modulus ratio 

compared to uncoated steel. The results of friction and wear of coated samples were compared 

to uncoated steel as well. The results show an improvement in wear and friction at most of the 

operating conditions by applying nickel based coatings on a steel substrate in the presence of 

HFE-7000. Friction and wear performance of nickel based coatings does drop for some of the 

coatings at particular testing conditions which leads to conclude that a careful selection of the 

coatings has to be made depending on the operating refrigerant temperature and applied load. 
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𝑠⁄ ) 

𝜔 Wear Rate (𝑁
𝑚⁄ ) 𝜂0 

Lubricant Viscosity at Atmospheric 

Temperature & Pressure (𝑚2

𝑠⁄ ) 

𝐾 Probability Factor (𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠)  𝑅 Equivalent Radius of Curvature (𝑚) 

𝑊 Load (𝑁) 𝛼 Pressure-Viscosity Coefficient (𝑚𝑚2

𝑁⁄ ) 

𝑎 Radius of Contact (𝑚) 𝐸′ Equivalent Modulus of Elasticity 

𝑘 Wear Coeffcient (𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠) 𝑅𝑥 Effective Radius in X Direction 

𝑁 Normal Force (𝑁)  𝑅𝑦 Effective Radius in Y Direction 

𝐿 Sliding Distance (𝑚) 𝐸 Elastic Modulus 

𝐻 Hardness (𝑁
𝑚2⁄ ) ℎ𝑚𝑖𝑛   Lubricant Film Thickness (𝑚) 

𝐹 Friction Force (𝑁) 𝜆 Stribeck Number 

𝜇 Coefficient of Friction (𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠) 𝑇𝑂𝑁 ON-Time (𝑠) 

𝑅 Normal Reaction Force (𝑁) 𝑇𝑂𝐹𝐹  OFF-Time (𝑠) 

𝐴𝑟 Real Area of Contact (𝑚2) 𝐼𝑃 Peak Current Density (𝐴
𝑑𝑚2⁄ ) 

𝑌𝑠 Yield Strength (𝑁
𝑚2⁄ ) 𝐼𝐴 Average Current Density (𝐴

𝑑𝑚2⁄ ) 

𝜏 Shear Strength (𝑁
𝑚2⁄ ) 𝑇𝐴𝐴 Anode Pulse Reverse Time (𝑠) 

𝜇𝑝 Coefficient of Friction in Ploughing  𝑇𝐶   Cathode Pulse Forward Time (𝑠) 

𝑈 Dimensionless Speed Parameter  𝐼𝐴𝐴 Anode Current Density (𝐴
𝑑𝑚2⁄ ) 

𝐺 Dimensionless Material Parameter 𝐼𝐶  Cathode Current Density (𝐴
𝑑𝑚2⁄ ) 

𝑊′ Dimensionless Load Parameter Ῑ Average Current Density (𝐴
𝑑𝑚2⁄ ) 

GWP Global Warming Potential ODP Ozone Depleting Potential 

CFC  Chlorofluorocarbon HCFC  Hydrochlorofluorocarbons  

HFC  Hydrofluorocarbons HC Hydrocarbons 

HFO Hydrofluoroolefins HFE Hydrofluoroethers 

GHG Greenhouse Gases   
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Chapter 1 

Research Background 

1.1  Introduction 

Anthropogenic global climate changes, the increase in global population and the rise in 

worldwide economic development has considerably increased the use of cooling, refrigeration 

and air-conditioning systems worldwide. Europe and North America have the highest fridge 

ownership in the world (BBC 2015). The increase in the domestic air-conditioning requirements 

in the USA alone which has the highest Gross domestic product (GDP) in the world (IMF 2019) 

can be seen from figure 1.1. Nowadays almost all new homes have central air-conditioning 

systems and there are hardly any homes left that are without an air-conditioner in the USA. A 

refrigerator is a common household item, the ever increasing population means increase in the 

number of refrigerators/freezers every year. 

 

Fig. 1.1. Increase in central air conditioning in newer homes in USA (Eia, 2009). 

A typical home in the USA consumes on average about 27% of the electricity in space cooling 

and in operating refrigerators/freezers as shown in figure 1.2. Space cooling (air-conditioning) 

can also be seen as the single largest use of electricity by the USA residential sector in figure 

1.2.  The data of the commercial USA electricity consumption shown is figure 1.3 is similar to 
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the residential sector, space cooling and refrigeration takes up 25% of the total electricity 

consumption. Refrigeration however, is the largest single end use in the USA commercial sector 

in comparison to air-conditioning in the residential sector. The commercial sector includes, 

offices, education, retail, public institutes, government facilities, and public and outdoor street 

lightning.   

 

Fig. 1.2. USA Residential sector electricity consumption by major end uses (Eia, 2017a). 

 

Fig. 1.3. USA commercial sector electricity consumption by major end uses (Eia, 2017b). 
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This shows that refrigeration and air-conditioning devices are not only growing in usage but are 

also consuming the major part of the electricity generation in the commercial and domestic 

sector. Figure 1.4 illustrates the worldwide air-conditioning units and the progressive yearly 

increase in the number of commercial as well as residential units. All space cooling and 

refrigeration units require the use of a coolant (refrigerant) in their thermodynamic cycle to 

operate, which indicates the upward trend in the demand and use of refrigerants.  

 

   Fig. 1.4. Worldwide air-conditioning units (iea 2018). 

Figure 1.5 shows the increase in the number of cars sold worldwide, with each passing year the 

number of cars and other automobiles is increasing globally. Majority of the cars produced 

nowadays come with a car air-conditioner which requires a refrigerant to function as well, 
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which indicates that the increase in usage of different refrigerants is not limited to domestic and 

commercial units but the demand of refrigerates is increasing in the automotive sector as well.  

 

   Fig. 1.5. Number of cars sold worldwide from 1990 to 2017 (in million units) (Statista, 2017). 

Various refrigerants have been developed and used by different companies over the past years. 

The selection of a refrigerant depends on its application and place of use. Some of the 

refrigerants being used today in the domestic and commercial sectors are naturally occurring 

whereas majority of the refrigerants have been artificially formulated.  Before the 1930s some 

naturally occurring compounds such as Sulfur Dioxide (R-764), Ammonia (R717), Methyl 

Chloride (R-40) and Methyl Formate (R-611) were being used as refrigerants, but their high 

toxicity and flammability reduced their potential of being used in domestic refrigeration and 

cooling systems (Bhutta et al. 2018b).  

Several fatal accidents occurred in the 1920s because of methyl chloride leakage from 

refrigerators (Calm 2008a; Bhutta et al. 2018b).  This started a collaborative research in 1928 

for a refrigerant replacement that would be nontoxic and non-flammable by Frigidaire, DuPont 

and General Motors Research Corporation. This collaborative research led to the development 

of artificially formulated refrigerants namely, Chlorofluorocarbons (CFCs) and 

Hydrochlorofluorocarbons (HCFCs). CFCs and HCFCs were nontoxic and non-flammable 

refrigerants that possessed excellent thermodynamic properties. This led to their immediate 

commercialization. Various studies on the tribological properties of CFCs and HCFCs were 
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carried out by different researchers in the coming years which showed that these refrigerants 

formed protective surface films and improved the durability and life of a compressor (Bhutta et 

al. 2018b). CFCs and HCFCs presented excellent thermodynamic and trribological properties 

which were ideal to be used in domestic, automotive and commercial applications. However, the 

adverse effects of CFCs and HCFCs on the stratospheric ozone layer were discovered later 

which led to the enforcement of the Montreal Protocol in 1989 and the subsequent ban of these 

refrigerants (Bhutta et al. 2018b). 

With a ban on CFCs and HCFCs, the refrigerant manufacturers put forward HFCs which had 

zero ozone depletion potential, as replacement refrigerants. HFCs matched the thermodynamic 

properties of CFCs, but showed poorer tribological performance in comparison to their 

predecessors. In addition, mineral oils that showed good miscibility with CFCs and HCFCs, 

unfortunately were not compatible with HFCs. Synthetic oils with various additives had to be 

developed for HFCs. Despite having these drawbacks and limitations, HFCs were adopted as 

the primary replacement refrigerants for CFCs and HCFCs. HFCs were globally accepted and 

were charged in automotive air-conditioners and in residential and commercial refrigerators, 

freezers and cooling units. The damaging implications of HFCs on the earth’s atmosphere were 

realised much later when it was discovered that hydrofluorocarbons are one of the major 

contributors to global warming (Bhutta et al. 2018b). In 1997, Kyoto protocol to the United 

Nations Framework Convention on Climate Change established binding limits on emissions of 

carbon dioxide and other greenhouse gases (GHG), which included HFCs as well. HFCs are 

now in the process of being phased out (Bhutta et al. 2018b). 

This means that new future generation refrigerants have to be introduced. The development of a 

new generation of artificially formulated refrigerants and the replacement of the previous 

refrigerants has also sparked a debate to shift towards naturally occurring compounds, because 

of the argument that the artificially formulated refrigerants have proven to be harmful to the 

earth’s environment one way or another. Most of the naturally occurring compounds have 

thermodynamic limitations whereas other potential natural refrigerants are either toxic or 

flammable (Bhutta et al. 2018b).  The challenge for the refrigerant manufacturers is even greater 

this time as they not only have to come up with refrigerants that have zero ozone depletion 

potential but also have minimum global warming potential. However, the refrigerant industry 

has introduced replacement refrigerants namely Hydrofluoroolefins (HFOs) and 

Hydrofluoroethers (HFEs) which have zero ozone depletion potential and have minimum global 

warming potential, these future generation refrigerants have good heat transfer and 
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thermodynamic properties, but their investigation from a tribological viewpoint has hardly been 

carried out.   

The life and performance of a compressor or a pump is not only determined by its design and 

construction material but is also influenced by the type of fluid used and the ambient 

atmosphere (Bhutta et al. 2018b). Various studies have been conducted in the past to look into 

the tribological performance of refrigerants, almost all of these past studies are however 

concerned with the refrigerant in vapour state and most of these studies have been carried out 

using a refrigerated environment with various oils as lubricants. The true affect on the 

mechanical performance of refrigerants can only be studied if refrigerants are used in liquid 

state and the refrigerant itself is used as a lubricant rather than using lubricating oils. Un-

lubricated conditions are used to better understand the lubricity of the refrigerants by decoupling 

refrigerant- lubricant effects. A number of studies have been performed and reported in the past 

to investigate the tribological performance of numerous refrigerants without using any lubricant 

(Cannaday and Polycarpou 2005; Khan et al. 2005; Demas and Polycarpou 2006a; Khan et al. 

2006; De Mello et al. 2009; Sariibrahimoglu et al. 2010; Akram et al. 2013a; Yeo and 

Polycarpou 2014; Vergne et al. 2015; Jacobson and Espejel Purdue University, Indiana, USA, 

17-20 July, 2006, Paper 1789; Solzak and Polycarpou Purdue University, Indiana, USA, 17-20 

July, 2006, Paper 1790; Kawahara et al. Purdue University, Indiana, USA, 23-26 July, 1996, 

Paper 1141). The tribological evaluation of the future generation refrigerants is incomplete and 

the extensive investigation of the tribological performance of some of the next generation of 

refrigerants is yet to be carried out.  

Research previously conducted under the PhD project titled ‘Electroplated Composite Coatings 

with Incorporated Nano Particles for the Tribological Systems with the Focus on Water 

Lubrication’ within NanoCorr, Energy & Modelling (NCEM) Research theme in collaboration 

with Schaeffler Technologies GmbH & Co. KG, Germany has shown the usefulness of surface 

coatings incorporating nanoparticles with main focus on water lubrication. The current research 

project will not only test the friction and wear behaviour of future generation refrigerants but 

will also develop and use nanocomposite coatings incorporating various nanoparticles to 

improve the overall tribological performance of the next generation of refrigerants.  

The research approach adopted for this project is multi-fold; refrigerants, coating development, 

system setup, experimental testing and analysis as shown in Fig. 1.6. The refrigerant study will 

include the selection of an appropriate next generation of future refrigerant along with an in-

depth literature survey of the previous tribological investigations carried out by past researchers 
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on the refrigerants used earlier. Coating study will involve the determination of an appropriate 

substrate material, selection of appropriate nanocomposite coatings and their preparation 

procedure using electroplating techniques with various Nano particles. The system setup will 

involve the modification of TE-57/77 tribo-meter to incorporate refrigerants in a sealed 

environmental chamber. Extensive experimental testing will be carried out in the environmental 

chamber by varying the applied load, the refrigerant temperature, the surface finish of the 

testing samples and by applying a number of coatings on the test specimens. The tested samples 

will be analysed using different analytical equipment. 

A detailed literature review of the tribological performance of all the refrigerants that have been 

used in domestic/residential, small scale commercial and automotive applications in the past has 

been conducted to understand their behaviour and to gain insight into the various types of 

investigative methods used. The literature survey has helped in designing the test rig 

modifications and in understanding the friction and wear pattern of the different families (CFCs, 

HCFCs. HFCs, HCs, CO2, HFOs, and HFEs) of refrigerants.   

Literature on coatings has also been studied with an emphasis on the coatings prepared by 

electrodeposition techniques. Nickel based coatings have been selected for this study, with the 

hardware and facilities available at Bournemouth University, Nickle based coatings are being 

applied to the substrate. Nickle only coatings and Nickel based coatings incorporating various 

Nano particles in the Nickel matrix have been prepared. The electrodeposition pulse parameters 

and the preparation is carefully controlled to ensure uniform and proper deposition.   

TE-57/77 tribo-meter was selected for the tribological testing. The TE-57/77 had to be modified 

and sealed to allow the charging and testing of refrigerants under vacuum and sealed conditions. 

The initial vacuum is required before the charging of the refrigerant so as to minimize the affect 

of ambient air and oxygen on the testing. The modification also involved the installation of 

temperature sensors, a contact potential sensor, a pressure sensor and a pressure gauge. All these 

sensors were calibrated and integrated with the data acquisition system of the tribo-meter, this 

allows real time data to be monitored and recorded.   

The testing involves the application of a constant normal load, the continuous maintenance of 

the temperature of the refrigerant during testing and the control of the sealed chamber pressure. 

All the steps involved in this research project have been summarized in the flow chart presented 

in figure 1.6. 



Chapter 1 Introduction 

Page | 8  

 

 

Fig. 1.6. Flow chart identifying various steps involved in this research project. 

Development of nano composite coatings for enhanced performance in non-conventional lubricants under sliding contact

Investigation on the 
tribological performance of 

refrigerants
Test rig modification Coating development

Literature 
review to 

gain insight 
into the 

tribological 
behaviour 

of 
refrigerants 

Literature 
review 

Literature 
review to 
learn the 
various 
testing 

equipments 
and 

techniques 

TE57 
Tribometer

Pressure 
gauge 

installation

Testing 
chamber 
sealing

On screen real-
time parameter 
motoring and 

control 

Sensor 
installation

Sensor 
calibration

Data acquisition

Algorithm development

Refrigerant 
charging system 

installation

Vacuum pump 
and pressure 

discharge valve 
setup

Experimental Testing

Programming

 Specimen 
installation

Literature 
surevay

Electroplating/
Electrodeposition 

Substrate 
selection

Coating 
selection

Nanoparticle 
selection

Surface 
preparation

Watts bath preparation

Electrodeposition pulse parameter setting 

Electrodeposition using Dynatronix 

Analysis of the prepared coatings 

 Scanning 
electron 

Microscope

Dispersive X-ray 
Spectroscopy 

 White light 
Interferometer 

Surface profile 
analysis

Elemental 
surface analysis 

Coating 
thickness and 

coating 
roughness 

measurement  

Nano-
Indentation

Coating 
adhesion, 

hardness and 
elastic modulus 
determination  

Data recording 
& storage 

Testing

 Scanning 
electron 

Microscope

Dispersive X-ray 
Spectroscopy 

 White light 
Interferometer 

Surface profile 
analysis

Elemental 
surface analysis

Wear volume 
determination

 Modification layout design

Friction force 
data

Contact 
potential data

Post test analysis

Report Submission

Results compilation

Ready for testing 

Selection of 
next generation 

thermo-fluid



Chapter 1 Introduction 

Page | 9  

 

1.2   Research Question 

Can the reliability and durability of complex interacting systems and machines be enhanced by 

the synergistic tribological and mechanical performance of the next generation of 

environmentally friendly thermo-fluids and novel nano-composite coatings? 

1.3   Novelty 

The novelty of this research is the detailed investigation of the tribological performance of 

Hydrofluoroethers by using uncoated and electrodeposited nanocomposite coatings 

incorporating various nanoparticles employing a modified micro-friction testing machine. The 

modified test rig allows for temperature controlled testing in a sealed environmental chamber 

eliminating the influence of ambient air under varying loads and refrigerant temperatures. The 

originality of this work lies in the use of Nano-coatings which have not been previously applied 

under environmentally friendly future generation thermo-fluids. This research will provide 

novel design solutions for selecting suitable electroplated Nickel composite coatings for the 

tribological applications in refrigerant-lubricated contacts. 

1.4   Aims  

The aim of this research is the experimental investigation of environmentally friendly next 

generation thermo-fluid with electrodeposited Nickel-based composite coatings incorporating 

various nanoparticles to improve the tribological performance of contacts in a refrigerant 

environment. This research will provide concrete and substantial experimental results to 

critically comment on the tribological performance of future generation of refrigerants. 

Usefulness of Ni-based Nano-coatings under refrigerant lubrication will be determined based on 

their friction and wear performance.  

1.5   Objectives  

Research objectives of this research are listed below:  

1) To understand various techniques and methods used for the tribological investigation of 

refrigerants and develop bespoke testing procedure for tribological bench testing focused 

on the next generation of refrigerants as green thermo-fluids.   
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2) Design & commissioning of experimental bench test incorporating refrigerants as 

sustainable lubricants and nano-coated interacting systems’ components in sealed & 

controlled environmental conditions.  

3) Study and understand the tribo-mechanistic performance of nickel based nanocomposite 

coatings for sliding contacts.  

4) Critical evaluation of tribological performance of the next generation of refrigerants 

subject to uncoated and nano-coated tribo-pairs. 

5) Develop best performing nano-composite coating candidates for the new generation of 

thermo-fluids as environmentally friendly green lubricants; widely used for energy 

efficiency.  

1.6   Research Methodology 

The research methodology adopted for this research project is in conjunction to achieve the set 

objectives, as follows:  

1) Detailed literature survey for the understanding of the methods and techniques used 

for the evaluation of the tribological performance of refrigerants. 

2) Modification of the pressurized lubricity tester for studying the friction and wear 

behaviour of Hydrofluoroethers (HFEs). 

3) Evaluation of friction and wear performance of HFEs using the modified tribo-meter 

of uncoated steel parts. 

4) Deposition of Nickel based coatings using the pulse coating technique on the disc 

substrate. Testing of the coated samples under identical testing conditions as uncoated 

samples for a direct comparison between uncoated and coated results in an effort to 

enhance the tribological performance of rubbing machine parts operating on systems 

based on Hydrofluoroethers. 

5) A comparative performance evaluation of the coated and uncoated studies to 

critically comment and recommend the best performing coatings to be used in a range 

of operating conditions on systems using Hydrofluoroethers.       

The main scope of the project is the in-depth experimental analysis of friction and wear of the 

thermo-fluid (HFE-7000) and the evaluation of the tribological performance of newly developed 

Nano-coatings under refrigerant lubrication.  
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Chapter 2 

Literature Review  

This chapter provides a comprehensive literature survey focusing on the various methods, 

techniques and equipment used to study the tribological properties of refrigerants. This chapter 

provides a detailed review of the development of artificially formulated refrigerants and their 

tribological investigations along with the key findings. Besides focusing on refrigerants, this 

chapter also describes the various electrodeposition techniques and the tribological 

improvements made by using electrodeposited nanocomposite coatings examined under various 

testing conditions. This in depth literature survey will help identify the future generation of 

environmentally friendly thermo-fluids, will help in designing and planning the project 

methodology for the tribological testing of refrigerants, and will assist in identifying the types of 

nanocomposite coatings that should be used.  

2. 1 Tribological Considerations 

Tribology is the science of interacting surfaces in relative motion. Interacting surfaces subjected 

to dry or lubricated contacts may result in the loss of material from the bodies in contact. The 

removal of material from interacting surfaces is known as wear. Wear is conditional upon 

various parameters that include contact pressure, lubricant properties (viscosity, pressure-

viscosity coefficient, and additives), temperature, surface roughness and contact scenarios 

(rolling, sliding or impact). A force is produced between two bodies in contact in relative 

motion, this force is known as friction force. The direction of the friction force is always such as 

to oppose the motion. Friction force is not a physical property, it is a system property and is 

influenced by a number of parameters that include, applied load, surface roughness, 

environment (humidity, oxidation, corrosion, dust, particulate, etc.), type of relative motion 

(sliding, rotating, rolling, etc.), lubrication condition, type of applied lubricant, inherent 

lubricity of each surface, relative velocity, shape of contacting bodies and surface hardness. A 

number of theoretical models have been proposed to model the friction and wear experienced in 

real world contact problems and these are briefly described in this chapter. 

Wear and friction, although closely related, are regarded as separate processes for analysis. An 

increase in wear does not necessarily infer an increase in friction tough a constant friction 
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coefficient usually indicates a constant value of wear, any variation being indicative of a change 

in the lubricant regime or surface film. 

2. 2 Wear  

All machine finished surfaces have a surface roughness, identified by hills and valleys termed as 

asperities. The approach of modelling friction and wear relies on having knowledge about 

various surface properties of the interacting materials and the forces between them. Wear can be 

broadly divided into two categories depending on the operating conditions, dry wear and 

lubricated wear. Lubricated and dry wear phenomenon are shown figure 2.1. Dry sliding wear 

exist when there is no lubricant between the contacting surfaces. In case of using a lubricant 

between the sliding contacts, the amount of wear depends upon the type of lubricant used and 

the type of lubrication regime.  

 

                Fig. 2.1. (a) Lubricated Wear (b) Dry Wear (Noria, 2019). 

2.2.1  Adhesive Wear 

Adhesive wear is the result of localised welding between sliding surfaces. When two surfaces 

are brought together under load, asperities of the surfaces adhere to each other. The asperities 

deform elastically and as the asperity contact load is increased they begin to deform plastically. 

The conditions at the interface of these junctions are similar to those of a cold weld. As the two 

surfaces separate the welds tend to break away from the junction resulting in material deposition 

from the softer material to the harder surface (Stolarski, T. A., 1989a). The process of metal 

transfer due to adhesion is shown in figure 2.2. If adhesive wear is the result of breakdown of 

lubricating film, the wear can be described as scuffing (Williams, J., 2005). 
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       Fig. 2.2. Process of Metal transfer due to Adhesion (Stachowiak, G. W. and Batchelor, A. W., 1993). 

2.2.2 Abrasive Wear 

Abrasive wear is the process in which a harder material abrades a softer material removing 

particles from the surface (Bhushan, B., 2013). Abrasive wear can take two forms; two-body 

abrasive wear and three-body abrasive wear, these abrasive wear types are shown in figure 2.3. 

 

            Fig. 2.3. Abrasive Wear types (Stachowiak, G. W. and Batchelor, A. W., 1993). 

In two-body abrasive wear the rough surface of the harder material acts to remove the material 

from the softer surface. Three-body abrasive wear is caused by the hard particles trapped within 

the interacting parts which act to abrade the surfaces. Three-body wear is much less severe as 

compared to two-body wear as the particles can break down, be filtered out, or act as surface 

separation. Abrasive wear can take place as plastic flow, brittle fracture, or as a combination of 
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both (Hutchings, I. and Shipway, P., 2017). If a trapped particle is significantly harder than the 

counter-face it will indent the surface causing plastic flow, if the particle is less than 1.2X the 

hardness of the surface, it will itself be blunted and not indent the counter-face (Hutchings, I. 

and Shipway, P., 2017). Whilst plastic flow from trapped particles may not be significant, they 

may cause brittle fracture of both the embedded face and the counter-face (Hutchings, I. and 

Shipway, P., 2017).  

2.2.3 Fatigue Wear 

Fatigue wear occurs under cyclic loading when the applied load exceeds the fatigue limit 

strength of the material. Fatigue cracks start to develop on the surface of the material, a primary 

crack can originates at the surface at some weak point which propagates downward along weak 

planes and spreads to the subsurface regions. Delimitation occurs when the cracks get connected 

to each other resulting in material separation. Fatigue wear mechanism is shown is figure 2.4. 

 

Fig. 2.4. Fatigue Wear (Nptel, 2013). 

2.2.4 Corrosive Wear 

The degradation of materials as a result of accelerated corrosion between rubbing surfaces is 

called corrosive wear. Corrosive wear is the combined effect of corrosion and wear and is called 

tribo-corrosion. It is the chemical wear of materials by a chemical reaction between the contact 

surfaces and other reactive agents. The reactive agents maybe a lubricant additive or a 



Chapter 2  Literature Review  

Page | 15  

 

compound present in the operational environment. The fundamental cause of corrosive wear is 

the chemical reaction between the worn surfaces and the corrosive media. Tribo-corrosion is 

shown in figure 2.5.  

 

Fig. 2.5. Corrosive Wear (Toh, W. et al., 2018). 

2.2.5 Specific Wear Rate 

Wear can be expressed as a function of the contact load and sliding distance (equation 1) 

(Williams, J., 2005). 

  
 𝑞 =

𝑉

𝐿𝑊
 

Equation 1 

 

Where q is the specific wear rate (𝑚𝑚3

𝑁𝑚⁄ ), V is the wear volume (𝑚𝑚3), L is the sliding 

distance (𝑚) and W is the contact load (𝑁). 

2.2.6 Archard Wear Equation 

A common starting point to calculate wear is the Archard Wear equation (Archard, J., 1953). 

Archard proposed a model based on circular contact spots and hemispherical wear particles. The 

original Archard equation shown below (equation 2).  

 
𝜔 =

𝐾𝑊

3𝐴𝑎
 

Equation 2 
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Where 𝜔 is the wear rate (𝑁
𝑚⁄ ), W is the load, K is the probability factor and, Aa is the contact 

radius. 

As mentioned by (Challen, J. et al., 1986), the original Archard equation can be written as 

equation 3 for sliding contacts. 

 
𝑉 =

𝑘𝑁𝐿

3𝐻
 

Equation 3 

Where V is the wear volume, N is the normal force acting between the surfaces in sliding 

contact, L is the sliding distance and H is the hardness of the wearing surfaces and k is a 

dimensionless coefficient. 

This theory has been confirmed by various experimental results. The Archard wear equation has 

the following main conclusions: 

 The volume of the material removed is proportional to the sliding distance. 

 The volume of the material worn is proportional to the applied load. 

 The volume of the material removed is inversely proportional to the hardness of the 

material being worn away. 

 The wear rate is independent of the apparent area of contact. 

2. 3 Friction 

Friction is defined as the force that resists the relative motion of two objects sliding against each 

other. The understanding of friction has developed gradually over the years with many famous 

early scientists and engineers contributing to the theory, including Leonardo da Vinci, 

Guillaume Amontons and Charles-Augustin de Coulomb. These finding can be categorized into 

three general laws of friction (Dowson, D., 1999) as follows: 

1) Friction force is directly proportional to the applied load (Amontons 1st Law). 

2) Friction force is independent of the apparent area of contact (Amontons 2nd Law). 

3) Kinetic friction is independent of the sliding velocity (Coulomb’s Law of Friction). 
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2.3.1 Coulomb Friction 

Coulomb friction model named after Charles-Augustin de Coulomb, is a model used to 

calculate dry friction force. The model is given by equation 4. 

 𝐹 = 𝜇𝑅 Equation 4 

Where F is the friction force, R is the normal reaction force at the contact and 𝜇 is the 

coefficient of friction. The coefficient of friction can be divided into two categories; 𝜇𝑠, 

coefficient of static friction and 𝜇𝑘, coefficient of kinetic friction. Static coefficient of friction is 

used when two bodies are in rest relative to each other and it reflects the force required to cause 

impending motion. The kinetic coefficient of friction is used when two bodies are in relative 

motion. Typically the value of the static coefficient of friction is more than the value of the 

kinetic friction coefficient. 

2.3.2 Adhesive Friction 

Adhesive component of friction is calculated by first considering the real area of contact 

(equation 5), this is a function of the material yield strength of the softer surface and the applied 

load (Ludema, K. C., 1996). 

 
𝐴𝑟 =

𝑊

𝑌𝑠
 

Equation 5 

Where 𝐴𝑟 is the real are of contact, W is the applied load and 𝑌𝑠 is the yield strength of the 

softer material. 

Adhesive friction is modelled as the load required in breaking asperity adhesions such that the 

shear strength of the softer material can be used to calculate the friction force (equation 6) 

(Bowden and Tabor 1950). 

 𝐹 = 𝐴𝑟𝜏 Equation 6 

Where F is the friction force, 𝐴𝑟 is the real are of contact and 𝜏 is the shear strength of the softer 

material. 
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In the case of a sliding contact when the reaction is equal to the normal applied load, equation 4, 

equation 5 and equation 6 can used to drive the expression of the coefficient of friction in terms 

of the shear strength and yield strength (equation 7). 

 𝜇 =
𝜏

𝑌𝑠
 Equation 7 

2.3.3 Abrasive Friction 

Abrasive wear is modelled similar to adhesive wear, with the hard asperity considered to be 

ploughing through the softer surface (Hutchings, I. and Shipway, P., 2017). Ploughing of a 

single asperity is given as (equation 8) (Hutchings and Shipway 1992). 

 𝜇𝑝 = (2
𝜋⁄ )𝑡𝑎𝑛𝜃 Equation 8 

Real life asperities rarely have a slope (𝜃) more than 5 − 6°, which means that the friction 

coefficient would be approximately 0.04. In reality the pileup of the material infront of the 

asperity would mean that 𝜇𝑝 is significantly higher. 

2. 4 Lubricated Wear 

The classical Archard wear equations did not take into account the effects of lubricants. To 

counter this, a number of attempts have been made to incorporate some aspect of lubrication 

into the equations. Archard and Kirk’s (Archard, J. and Kirk, M., 1962) point contact 

experiments indicated that lubricating films can persist under low speed, lightly loaded 

conditions, and at higher speeds plastic flow can occur before plastic breakdown. The concept 

of fractional film defect allowing the wear to be correlated with effectiveness of the lubricant 

was introduced by Rowe (Rowe, C. N., 1966), however his work did not take into account that 

the total load was supported by the lubricating film and the contacting asperities, thus it was 

subjected to some variability compared with the experimental results. The model was further 

developed by Thompson and Bocchi (Thompson, R. A. and Bocchi, W., 1972), but their 

approach did not take into account the role of the lubricant in mitigating adhesive wear. In the 

coming years Stolarski presented a model (Stolarski, T. A., 1979) for the adhesive wear of 

lubricated contacts, which was further developed to include scuffing (Stolarski, T. A., 1989b) 

and wear prediction (Stolarski, T., 1996). 
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2.4.1 Lubrication Regimes 

The main purpose of the lubricant is to provide asperity separation by creating a lubricating 

film, the thickness of which depends upon the contact pressure, on the pressure-viscosity 

coefficient of the lubricant, lubricants viscosity, the elastic moduli of the interacting materials, 

the type of contact made by the interacting parts (point contact, line contact, area contact) and 

the velocities of the rubbing surfaces. A lubricant can form different regimes depending on 

these parameters and affect wear and friction characteristics accordingly. Under lubricated tribo-

test conditions the rubbing surfaces can be presented by a thin lubrication film. The lubricant 

film separation is used to identify the type of lubrication regime. The minimum film thickness 

between surfaces in contact can be calculated using the analytical work done by (Chittenden, R. 

et al., 1985a, 1985b; Dowson, D., 1999; Hamrock, B. and Dowson, D.; Hamrock, B. J. and 

Dowson, D., 1977, Jan 01, 1981). The elastohydrodynamic film thickness expression for 

calculating the film thickness for a point contact is given in equation 9. 

 𝐻𝑚𝑖𝑛 = 3.63𝑈0.68𝐺0.49𝑊′−0.073(1 − 𝑒−0.68𝑘) Equation 9 

Where 𝐻𝑚𝑖𝑛 is the dimensionless minimum film thickness, 𝑈 is the dimensionless speed 

parameter, 𝐺 is the dimensionless material parameter, 𝑊′ is the dimensionless load parameter 

and 𝑘 is the ellipticity parameter. The dimensionless speed parameter is defined by equation 10. 

 
𝑈 =

𝑉𝑒𝜂0

𝑅𝐸′
 

Equation 10 

Where 𝑉𝑒 is the mean lubricant entraining velocity, 𝜂0 is the lubricant viscosity at atmospheric 

temperature and pressure, 𝑅 is equivalent radius of curvature and 𝐸′ is the equivalent modulus 

of elasticity.  The dimensionless material parameter is defined by equation 11. 

 𝐺 = 𝛼𝐸′ Equation 11 

Where 𝛼 is the pressure-viscosity coefficient of the lubricant and 𝐸′ is the equivalent modulus 

of elasticity. The expression for calculating the dimensionless load parameter is given in 

equation 12. 

 
𝑊′ =

𝑊

𝐸′𝑅𝑥𝑅𝑦
 

Equation 12 
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Where 𝑊 is the load, 𝑅𝑥 is effective radius in X direction, 𝑅𝑦 is the effective radius in Y 

direction and 𝐸′ is the equivalent modulus of elasticity. The ellipticity parameter is defined by 

equation 13. 

 

𝑘 = (
𝑅𝑦

𝑅𝑥
)

2
𝜋

 

Equation 13 

Where 𝑅𝑥 is effective radius in X direction and 𝑅𝑦 is the effective radius in Y direction. The 

equivalent modulus of elasticity is defined by equation 14. 

 
𝐸′ =  

2

{[
(1 − 𝜈1

2)
𝐸1

] + [
(1 − 𝜈2

2)
𝐸2

]}
 

Equation 14 

Where 𝜈1 is the Poisson ratio of the first material, 𝜈2 is the Poisson ratio of the second material. 

𝐸1 is the elastic modulus of the first material and 𝐸2 is the elastic modulus of the second 

material.  

For a spherical ball on flat contact the ball has equivalent radius in both X and Y direction 

resulting in the ellipticity parameter equal to 1. The equivalent radius of curvature 𝑅 can be 

calculated as given in equation 15. 

 1

𝑅
=

1

𝑅1
+ 

1

𝑅2
 

Equation 15 

Where 𝑅 is the equivalent radius of curvature, 𝑅1is the radius of the first ball and 𝑅2 is the 

radius of the second ball. For a ball of flat contact geometry the radius of the second ball is 

taken as infinite resulting in the expression given in equation 16. 

 𝑅 =  𝑅1 Equation 16 

Which means the equivalent radius of curvature for a spherical ball on flat geometry is equal to 

the radius of the ball. The actual film thickness is the product of the dimensionless minimum 

film thickness and the equivalent radius of curvature (equation 17). 

 ℎ𝑚𝑖𝑛 =  𝐻𝑚𝑖𝑛 𝑅 Equation 17 

Plotting the coefficient of friction against Hersery Number which is the defined as 

(
𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝑆𝑝𝑒𝑒𝑑 × 𝐿𝑢𝑏𝑟𝑖𝑐𝑎𝑛𝑡 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦

𝑁𝑜𝑟𝑚𝑎𝑙 𝐿𝑜𝑎𝑑
⁄ ) results in the Stribeck Curve as 
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shown in figure 2.6. The calculated film thickness can be used in conjunction with equation 18 

to calculate the specific film thickness (𝜆). The value of (𝜆) can supplement the Stribeck curve 

providing a more generalized relationship between the film thickness and the coefficient of 

friction.  

 
𝜆 =

ℎ𝑚𝑖𝑛

√𝑅𝑞𝐴
2 + 𝑅𝑞𝐵

2

 
Equation 18 

Where 𝑅𝑞𝐴 and 𝑅𝑞𝐵 are the values of the surface roughness of the two interacting bodies. 

Specific film thickness can be used to distinguish and define different lubrication regimes in a 

Stribeck curve. There are three distinguishable lubrication regimes as shown in figure 2.6, these 

can be distinguished based on the values of 𝜆. When 𝜆 is greater than 3, the film thickness is 

greater than the separation of the surface asperities and the load is fully supported by the 

lubrication film, this is full elastohydrodynamic lubrication (EHDL). If 𝜆 is between 3 and 1, 

then the surface separation is incomplete and asperity contact is possible resulting in a partial or 

mixed lubrication regime. 𝜆 less than 1 results in boundary lubrication.  

       

               Fig. 2.6. Stribeck Curve (Robinson, J. W. et al., 2016). 
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Maximum Hertzian Stress for point contact can be calculated by using equation 19 (Hertz 1882; 

Johnson 1987).  

 
𝑃𝑚𝑎𝑥 =

3𝐹

2𝜋𝑎2
 

Equation 19 

Where 𝑎 is the radius of contact and is determined using equation 20 (Hertz 1882; Johnson 

1987). 

 

𝑎 =  √
3𝐹 [

1 − 𝑣1
2

𝐸1
+

1 − 𝑣2
2

𝐸2
]

4 (
1

𝑅1
+

1
𝑅2

)

3

 

Equation 20 

The analytical equations described in sections 2.2, 2.3 and 2.4 were developed for non-

lubricated testing conditions or by using lubricating oils. However these equations can be used 

with confidence for oil/refrigerant mixtures and refrigerants alone (Akei, M. and Mizuhara, K., 

1997; Morales-Espejel, G. E. et al., 2015; Muraki, M. et al., 2000; Tanaka, S. et al., 2003; 

Vergne, P. et al., 2015; Wardle, F. et al., 14-17 July, 1992, Purdue University, Indiana, USA, 

paper 843).  

2. 5 Refrigerants  

The use of refrigerants dates back to ancient times when water vaporization and other 

evaporation processes were used as a means of cooling (Calm 2008b; Bhutta et al. 2018b). The 

earlier commonly used refrigerants were mostly naturally occurring compounds and were used 

on the basis of whatever worked (Calm 2008a). Almost all of these refrigerants were flammable 

or toxic, and some also had high reactivity. Some of these included Propane, Ammonia, Sulfur 

Dioxide, Methyl Formate, Carbon Tetrachloride etc.  The refrigerants that were non-reactive, 

non-hazardous and non-flammable such as water and carbon dioxide had thermodynamic 

limitations making their use difficult in domestic and commercial applications. A number of 

investigators in different countries studied phase-change physics in 1600s and 1700s which laid 

the foundation of artificially formulated refrigerants. A system that used a volatile fluid to 

produce ice in a closed cycle was first described by Oliver Evans (Evans, O., 1805). The 

proposed refrigeration system which has no record of being actually built, used Ether as a 

refrigerant under vacuum. Ether was to be evaporated under vacuum and the vapours were to be 

pumped to a water cooled heat exchanger to condense for reuse. Perkins probably influenced by 
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this idea built the first working machine that used mechanical vapour-compression cycle. 

Perkins 1834 patent describes the use of a volatile fluid for the purpose of cooling/freezing, and 

at the same time condensing the fluid for reuse without waste (Perkins, J., 1834).  

The search for a replacement refrigerant that would be colourless, odourless, tasteless, nontoxic, 

and non-flammable in the late 1920s by General Motors Research Corporation led to the 

development of Dichlorodifluoromethane (CFC-12), Trichlorofluoromethane (CFC-11), 

Chlorodifluoromethane (HCFC-22), Trichlorotrifluoroethane (CFC-113), and 

Dichlorotetrafluoroethane (CFC-114).  Commercial production of CFC-12 started in 1931 

followed by CFC-11 in 1932.  

Chlorofluorocarbons (CFCs) and Hydrochlorofluorocarbons (HCFCs) possessed excellent 

thermodynamic properties as refrigerants besides being non-flammable and nontoxic. This made 

them the ideal refrigerants of their time, especially for use in small commercial, automotive and 

residential refrigeration applications.  

It was discovered that the ozone layer which surrounds the earth’s atmosphere and protects us 

from harmful ultraviolet radiations from the sun was depleting. Man-made chemicals which 

included halocarbon refrigerants, solvents, propellants, and foam-blowing agents (CFCs, 

HCFCs, halons) were termed to be the main cause of the ozone depletion. Destructive effects of 

CFCs on the stratospheric ozone layer were first published in 1974 by (Molina, M. J. and 

Rowland, F. S., 1974), this work clearly stated that CFCs can remain in the atmosphere from 40 

to 150 years and lead to the destruction of the ozone layer by chemically reacting with it. 

Vienna Convention for the Protection of the Ozone Layer in 1985 was followed by the Montreal 

Protocol on Substances that Deplete the Ozone Layer in 1987 (Nations, U.), banned the use of 

CFCs by the end of year 1995 in developed countries. HCFCs which had a lower ozone 

depletion potential (ODP) as compared to CFCs were suggested as intermediate refrigerants. 

Different countries adapted different phase out time lines for HCFCs.   

The use of refrigerators, freezers and air-conditioners had become common in everyday life and 

were being widely used on a commercial and domestic level. This meant the development of a 

replacement refrigerant was imperative. This led to the introduction of HFCs. HFCs which had 

zero ODP, displayed thermodynamic properties matching CFCs (Eckels, S. J. and Pate, M. B., 

1991; Khan, S. H. and Zubair, S. M., 1993). Mineral oils that showed good miscibility with 

CFCs and HCFCs, unfortunately were not compatible with HFCs. HFCs showed poor 

compatibility and miscibility in mineral oils. Synthetic oils with various additives were 
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developed for HFCs. Having good thermodynamic properties and zero ODP, HFCs became the 

replacement refrigerants for CFCs and HCFCs. 

In 1997 Kyoto protocol to the United Nations Framework Convention on Climate Change 

(Nations, U., 1998) established binding limits on emissions of carbon dioxide and other 

greenhouse gases (GHG). The main source of the greenhouse emissions is the consumption of 

fossil fuel which produces carbon dioxide.  Nitrous Oxide, Methane, Perfluorocarbons (PFCs) 

and Hydrofluorocarbons were identified as the other main contributors to global warming 

(Breidenich, C. et al., 1998). HFCs were recognized as major contributors to global warming 

and a phase out of HFCs has been planned for the coming years. A ban on non-confined direct 

evaporation systems using HFCs and PFCs was imposed in 2007. All F gases having 150 or 

more global warming potential will be banned as refrigerants in any hermetically sealed system 

from the year 2022. 

  

Fig. 2.7. Refrigerant progression (Calm, J. M., 2008). 

These international regulations and bans have forced the refrigerant manufacturers and the air 

conditioning and refrigeration industry to find alternative refrigerants yet again. Figure 2.7 

shows the progression of refrigerants over the years along with a highlight of the coming 

generation of refrigerants. The challenge to come up with refrigerants which not only have the 
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thermodynamic properties matching their predecessors but also having very low ozone 

depleting potential (ODP) and low global warming potential (GWP) is even greater. 

The refrigerant industry has come up with potential future generation refrigerants having zero 

OPD, low GWP and low flammability. Some of these refrigerants are already being charged in 

automotive and domestic air-conditioning and refrigeration systems. There has also been an 

inclination to shift towards natural refrigerants such as carbon dioxide and avoid the use of 

chemically formulated coolants which have proven to be harmful to the earth’s atmosphere one 

way or another.  

2. 6 Refrigerants and Tribology 

Refrigerants directly affect the tribological performance of interacting components. Since the 

introduction of artificially formulated refrigerants, the types of refrigerants used in compressors 

have changed over the years. Apart from evaluating the physical, chemical and thermodynamic 

properties of refrigerants, the refrigerants have also been studied from a view point of tribology 

by various researchers worldwide. Changing a refrigerant in a compressor not only has an effect 

on the thermodynamic cycle but also effects the lubricants viscosity, lubricants pressure-

viscosity coefficient, oil film thickness, lubricant/refrigerant miscibility, friction, wear, 

durability, reliability and overall power consumption. Refrigerants have been studied from a 

view point of tribology by varying the contact geometries, by using different lubricating oils 

with and without additives, by altering the environmental pressure/temperature, by changing the 

phase of the refrigerant, by using different interacting materials and by applying numerous 

surface treatments. This section of the thesis covers the various tribological studies carried out 

on refrigerants, with focus on refrigerants used in domestic appliances, automobile air-

conditioning systems, and small scale industrial and commercial applications. 

Ranging from chemically formulated to natural refrigerants, there are a variety of refrigerants 

available for use. The selection of a refrigerant depends on its application and place of use. 

Environmental legislations have banned the use of certain refrigerants over the years. Different 

researchers used different apparatus and varying geometries for the tribological analysis of 

refrigerants. Most of the studies are concerned with the investigation of an oil/refrigerant 

mixture, however some researchers have used a refrigerant only for their study. The reason for 

choosing oil/refrigerant mixture by most of the researchers is that in actual compressors the 

refrigerant gets mixed with the lubricating oil and the oil/refrigerant mixture then dictates the 

lubricating properties in a compressor. On the other hand some of the researchers suggest that if 
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the true friction and wear properties of a refrigerant are to be investigated, then the refrigerant 

should be tested independently from the lubricating oil.   

Almost all of the past studies have used the refrigerant in gaseous phase with the exception of a 

few investigators who used the refrigerants in liquid state in their study. Most refrigerants are in 

the gaseous phase under standard room temperature and pressure. The refrigerants are also 

mostly in gaseous phase when in a compressor is why most of the investigations are concerned 

with the refrigerant in vapour form. However the refrigerant does undergo a phase change in a 

refrigeration cycle and turns from gas to liquid and then from liquid back to vapour. According 

to some researchers the true properties of a refrigerant as a lubricant can only be assessed in 

liquid phase independent of a lubricating oil.  Table 2.1 lists the commonly used refrigerants 

that have been previously used in domestic, commercial and automotive applications along with 

potential future generation refrigerants. Table 2.1 also shows the ODP, GWP and flammability 

of these refrigerants which are extremely important characteristics of any refrigerant. 

        Table 2.1 Commonly used and potential next generation refrigerants. 

Refrigerant ODP GWP* Flammability Generation Type 

      

CFC-12 1.00 10,900 Non-flammable Past Artificial 

 

CFC-114 1.00 10,000 Non-flammable 

 

Past Artificial 

 

HCFC-22 0.05 1,810 Non-flammable 

 

Past Artificial 

 

HCFC-123 0.060 77 Non-flammable 

 

Past Artificial 

 

HFC-134a Zero 1,430 Non-flammable 

 

Past Artificial 

 

HFC-32 Zero 675 Non-flammable 

 

Past Artificial 

 

HFC-125 Zero 3,500 Non-flammable 

 

Past Artificial 

 

HFC-407C Zero 1,774 Non-flammable 

 

Past Artificial 

 

HFC-404A Zero 3,922 Non-flammable 

 

Past Artificial 

 

HFC-245fa Zero 1,030 Non-flammable 

 

Past Artificial 

 

HFC-410A Zero 2,088 Non-flammable 

 

Past Artificial 

 

HC-600a Zero 3 High 

 

Future Natural 

HC-290 Zero 3.3 High 

 

Future Natural 
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HC-1270 Zero 0.01 High Future Natural 

 

R-744 Zero 1.00 Non-flammable 

 

Future Natural 

HFO-1234yf Zero 4.00 Mild 

 

Future Artificial 

HFO-1233zd 0.0002 1.00 Non-flammable Future Artificial 

 

HFE-245mc Zero 622 Non-flammable Future Artificial 

 

HFE-347mcc3 Zero 530 Non-flammable Future Artificial 

 

2.6.1 Chlorofluorocarbons (CFCs) and Hydrochlorofluorocarbons (HCFCs)  

CFCs are chemicals containing atoms of Chlorine, Carbon and Fluorine. These non-flammable 

and nontoxic chemicals were used as solvents, blowing agents for packing materials and foam, 

in the manufacturing of aerosol sprays, and as refrigerants. CFC-12 was the first artificially 

formulated refrigerant which went into mass production in 1931. It was extensively used in 

numerous applications since its development because of its excellent thermodynamic properties. 

Besides being nontoxic and non-flammable the thermodynamics qualities of CFC-12 made it an 

ideal candidate of its time for automotive, domestic and small scale commercial air-conditioning 

and refrigeration systems. Production of CFCs was banned by the end of 1995 in developed 

countries and from the year 2010 in developing countries by the Montreal Protocol. 

HCFCs are a group of compounds, whose structure is very close to that of Chlorofluorocarbons 

(CFCs), but include one or more hydrogen atom. HCFCs were also used as refrigerants in 

freezers, refrigerators and air-conditioning systems. HCFCs structure resembles closely to 

CFCs, however HCFCs have lower ODP and lower GWP values compared to CFCs. The use of 

HCFCs was allowed for a longer period of time due to their lower environmental impact 

compared to CFCs. HCFCs were also allowed as intermediate refrigerants while switching from 

CFCs to HFCs.  However, the use of HCFCs in new equipment was banned in 2001 in UK. 

Amongst HCFCs, HCFC-22 was the most popular one. It was commonly used in process 

cooling, in automobile air conditioning systems, in small scale industrial units and in domestic 

refrigerators.   

Various investigations on the tribological performance of CFCs and HCFCs have been carried 

out in the past. Table 2.2 summarizes these studies and their findings with consideration of the 

interacting materials. The testing equipment used for the investigations are also mentioned in 

this table along with the type of contact geometries used. CFC-12 and HCFC-22 that contain Cl 
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showed excellent tribological performance. The friction and heat causes the chlorine in HCFC-

22 and CFC-12 to form protective tribo-films on the top surfaces, which helps in improving the 

friction and overall wear. These tribo-films are not only formed under extreme testing 

conditions but are easily formed under normal compressor operating conditions as well 

(Fujimoto, S. et al., 1984, Purdue University, Indiana, USA, paper 477). CFCs and HCFCs were 

used with mineral oils in compressors, the refrigerants have a strong effect on reducing the oil 

film forming capability and in reducing the lubricants viscosity (Akei, M. et al., 1996; Kruse, H. 

and Schroeder, M., 1985; Wardle, F. et al., 14-17 July, 1992, Purdue University, Indiana, USA, 

paper 843). Besides decreasing the lubricants viscosity it was also found that greater amounts of 

dissolved refrigerant in the oil reduces the pressure-viscosity coefficient  as well (Akei, M. and 

Mizuhara, K., 1997; Wardle, F. et al., 14-17 July, 1992, Purdue University, Indiana, USA, paper 

843). The value of the coefficient of friction and frictional coefficient fluctuations have been 

reported to decrease with increasing load (Kawahara, K. et al., 23-26 July, 1996, Purdue 

University, Indiana, USA, paper 1141; Mizuhara, K. et al., 1994), indicating that these 

refrigerants have positive effects on friction.  A study (Ciantar, C. and Hadfield, M., 2004) has 

also shown that the electrical energy consumption of a compressor improves substantially with 

CFC refrigerants as compared to HFC refrigerants. 

 

 



Chapter 2  Literature Review  

Page | 29  

 

                     Table 2.2 Summary of the tribological testing of CFCs & HCFCs. 

Study Refrigerant Apparatus Interacting Materials 
Contact 

Geometries 
Surface Treatment Key findings 

 

(Fujimoto, S. 

et al., 1984, 

Purdue 

University, 

Indiana, USA, 

paper 477) 

 

HCFC-22 

 

Modified 

Piston 

Compressors 

 

1) Ferrous Bearing against Cast 

Iron journal 

2) Nonferrous Bearing against Cast 

Iron journal 

 

Bearing against 

Journal 

 

None 

 

 Increasing refrigerant concentration in oil 

decreases scuffing load for nonferrous 

metals 

 Increasing refrigerant concentration in oil 

increases scuffing load for ferrous metals 

 

 

(Davis, B. et 

al., ACRC 

Technical 

Report 19, 

May 1992) 

 

1) CFC-12 

2) HFC-134a 

 

High 

Pressure 

Tribometer 

 

1) Hardened Tool Steel Pin against 

hardened Cast Iron Plate 

2) Circular Bronze shoe against  

rotating Hardened Ductile Cast 

Iron Plate 

3) Hardened Mild Steel Pin 

against Aluminium Pad 

 

 

1) Counter-formal 

2) Formal 

3) Area 

 

None 

 

 Surface films were formed in case of using 

CFC-12 resulting in lower wear 

 HFC-134a environment resulted in more wear 

and produced no surface films 

(Mizuhara, K. 

et al., 1994) 

1) CFC-12 

2) HFC-134a 

Friction and 

Wear Tester 

Leaded Bronze Disk against Cast 

Iron ring 

Ring-on-disk None  Protective surface films formed under normal 

compressor operating conditions only by CFC-

12 

 Protective surface films formed by both HFC-

134a and CFC-12 under sever operating 

conditions 

 

(Sheiretov, T. 

et al., 19-22 

July, 1994, 

Purdue 

University, 

Indiana, USA, 

paper 964) 

1) CFC-12 

2) HFC-134a 

High 

Pressure 

Tribometer 

Ni-Cr-Mo Gray Cast Iron plates 

against surface treated M2 tool 

Steel Pins 

Cylindrical pin on 

flat plate 

1) Boronizing 

2) Gas Nitriding 

3) Ion Nitriding 

4) Liquid Nitriding 

5) TiN Coating 

 CFC-12 showed lower wear compared to 

HFC-134a in all the cases 

 Boronizing, Ion Nitriding and Liquid Nitriding 

did not offer any tribological advantage over 

hardened M2 steel 

 Gas Nitriding produced a very brittle case and 

is unsuitable for M2 steel 

 TiN coating resulted in lower wear but showed 

higher coefficient of friction 

 

(Muraki, M. et 

al., 23-26 

1) HCFC-22 

2) HFC-134a 

Tribometer Nickel Chromium Molybdenum 

Steel ring against alloy Tool Steel 

Block-on-ring None  HCFC-22 atmosphere resulted in the least 

amount of wear compared to all other HFCs 
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July, 1996, 

Purdue 

University, 

Indiana, USA, 

paper 336) 

3) HFC-407C 

4) HFC-404A 
 Various anti-wear additives in POE improve 

the performance of HFC refrigerants 

 Based on the formation of metal fluorides 

which depends on the solubility of HFCs in 

oils, can effectively prevent adhesion and 

reduce wear 

 

(Kawahara, K. 

et al., 23-26 

July, 1996, 

Purdue 

University, 

Indiana, USA, 

paper 1141) 

1) CFC-12 

2) HCFC-22 

3) HFC-32 

4) HFC-134a 

5) HFC-125 

Tribometer Rolling Bearings of Steel Shell Four Ball 

Tester 

None  CFC-12 and HCFC-22 that contain Cl showed 

the maximum seizure load representing effect 

of Extreme Pressure 

 The F in HFCs also chemically reacted with 

steel and showed Extreme Pressure effect 
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These studies indicate that although these refrigerants decrease the lubricants viscosity, the pressure-

viscosity coefficient of the oil and the overall film thickness, however CFCs and HCFCs possess 

Extreme Pressure properties and have the capability to from protective tribo-films on the rubbing 

surfaces which have a positive effect on the overall tribological performance.   

2.6.2 Hydrofluorocarbons (HFCs)  

HFCs are synthetically produced refrigerants containing Hydrogen, Fluorine and Carbon. HFCs were 

introduced after the Montreal Protocol. The Montreal Protocol which focused primarily on the reasons 

for the depletion of the ozone layer put restrictions and bans on the production and use of CFCs and 

HCFCs. HFCs had thermodynamic properties matching their predecessors (Eckels, S. J. and Pate, M. B., 

1991; Khan, S. H. and Zubair, S. M., 1993; Shankland, I. R. et al., 1988, Purdue University,  Indiana, 

USA, paper 41; Spauschus, H., 1988; Wilson, D. P. and Basu, R. S., 1988), which resulted in their 

extensive use as  replacement refrigerants. Since the early 1990s, HFCs have been widely used in a 

number of different fields and applications. The global warming implications of HFCs were not 

considered at the time of their introduction, however the high global warming impact of HFCs was 

realized later. Kyoto Protocol addressed the damaged being done to the global atmosphere and the 

responsible attributes and chemicals causing global warming. A restriction was put on HFCs and HFCs 

are now in the process of being phased out. The phase out of HFCs started in 2015 in Europe. By the end 

of 2030 it is expected that HFC availability will be cut by 79% in Europe (Bhutta et al. 2018b).  

HFCs remain the most investigated refrigerants from the tribological view point. This is because of their 

unique position in history. HFCs were initially compared to their predecessors to see how they 

performed compared to CFCs and HCFCs. A number of studies showed that HCFCs and CFCs have 

better tribological performance as compared to HFCs especially while being operated in a compressor 

atmosphere. Various additives and different blends of synthetic oils were developed and investigated to 

improve the performance of HFCs over the years. CFCs and HCFCs were used as a benchmark to 

analyse HFCs. After being introduced in the market on a commercial scale, further studies were still 

conducted on HFCs to look at their behaviour under various different operating conditions. Now a days 

the potential successors of HFCs are being compared with HFCs to evaluate their performance. Most of 

the new studies involve the use of future generation refrigerants and their comparison to HFCs. This 

helps making a comparison between the various refrigerants under identical operating/testing conditions.   

Amongst the HFC refrigerants, 1,1,1,2-tetrafluoroethane (HFC-134a) has been the most tested and 

investigated refrigerant from the view point of tribology. This is because HFC-134a was deployed for 

systems that previously used CFC-12 and HCFC-22. A number of studies involving HFCs are discussed 
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below. HFCs are also discussed alongside CFCs, HCFCs, natural and future generation refrigerants. 

Various tribological studies performed on HFCs have been summarized and are presented in table 2.3. 
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Table 2.3 Summary of the tribological testing of HFCs. 

Study Refrigerant Apparatus Interacting Materials 
Contact 

Geometries 
Surface Treatment Key findings 

 

(Ishida, Y. et 

al., 1996) 

 

HFC-134a 

 

Tribometer 

 

High Carbon Chromium 

Bearing Steel Balls 

 

Four Ball Tester 

 

None 

 

 Wear configuration changed from adhesive to corrosive 

with an increase in refrigeration concentration 

 A certain fraction of HFC-134a exists that can minimize 

the wear amount  

 

(Nishiwaki, 

F. et al., 23-

26 July, 1996, 

Purdue 

University, 

Indiana, 

USA, paper 

1117) 

HFC-407C Friction Test 

Machine 

Eutectic Graphite Cast Iron 

Orbit against Carbon Tool 

Steel Plate 

Orbiting Thrust 

Bearing in a 

vessel filled with  

Refrigeration/Oil 

mixture   

1) Surface roughness of orbiting 

specimens were between 0.28 −

0.49 𝜇𝑚 

2) Fixed specimens types: 

a) Thrust Plate 

b) Palin Disk 

c) Single- Grooved 

d) Double- Grooved 

 

 

 The friction losses decreased by reducing the surface 

roughness  

 The friction losses also reduced by making oil groove 

 The friction losses increased with increasing load 

 The friction losses also increased by increasing the 

orbiting speed  

 

(Sheiretov, T. 

et al., ACRC 

Technical 

Report 92, 

1996; Yoon, 

H. et al., 

1998) 

1) HCFC-22 

2) HFC-134a 

3) HFC-407C 

4) HFC-410A 

High Pressure 

Tribometer 

Carburized Steel Pin against 

Various Aluminium Alloy 

Discs  

Pin-on-disc Aluminium discs compositions: 

1) HV3 Extruded-T6 

2) HV3 Extruded-T4 

3) HV4 Squeeze Casted-T61 

4) C278 Extruded-T4 

5) Die Casted 390-T6 

6) 390 Permanent Moulded-T61 

7) 356 Die Casted- Untreated 

8) 356   Permanent Moulded-T61 

9) 356 Coupon Moulded-Untreated  

10) 356 Coupon Moulded-T61 

11) Coupon Moulded- Anodized 

356           

12) Die Casted- SiC-AL 

 Die Casted discs showed the lowest wear which had the 

highest hardness 

 Conventional anodizing did not improve the wear 

resistance of aluminium alloys 

 SiC particle reinforcement and hard anodizing provided 

very good wear resistance 

 HFCs at high partial pressures increased the brittles of 

aluminium alloys 

 Corrosion cracking was viewed as a possible failure 

mechanism 



Chapter 2  Literature Review  

Page | 34  

 

 

(Chul Na, B. 

et al., 1997) 

1) CFC-12 

2) HFC-134a 

 

Tribometer Tribo-test: 

1) Steel disk against Steel ball 

2) Steel disk against Steel pin 

Compatibility test: 

1) Steel with HFC-134a and 

PAG 

2) Copper with HFC-134a 

and PAG 

3) Aluminium with HFC-

134a and PAG 

4) Stainless Steel with HFC-

134a and PAG 

5) Silicon with HFC-134a and 

PAG 

6) Turcon with HFC-134a and 

PAG 

7) Viton with HFC-134a and 

PAG 

8) Rubber with HFC-134a 

and PAG 

 

 

Tribo-test: 

1) Ball-on-disk 

2) Pin-on-disk 

 

Compatibility 

test: 

Immersion of 

each 

metals/polymers 

in HFC-134/PAG 

mixtures for three 

months 

None  O-ring made of normal rubber got degraded in HFC-

134a/PAG mixture 

 The other polymers showed no degradation 

 Metals did not show any corrosion in HFC-134a/PAG 

environment 

 Higher viscosity oils are advantageous for improving 

wear characteristics 

 HFC-134a/PAG mixtures showed excellent lubricity in 

extreme contact pressure condition 

 HFC-134a/lubricant mixtures have the capability of 

showing similar lubricity to that of CFC-12/lubricant 

mixtures  

(Safari, S. 

and Hadfield, 

M., 1998) 

HFC-134a Commercial 

Compressor 

High Silicon Alloy 

Connecting-Rod against Mild 

Steel Gudgeon-Pin  

Connecting-Rod 

and Gudgeon-Pin 

None  Lubricant with the least viscosity showed very severe 

wear 

 The degree of refrigeration dilution has an effect in 

supporting the lubricant to be carried up to the 

connecting-rod/gudgeon-pin interface 

 

(Yamamoto, 

Y. and 

Gondo, S., 

1998) 

HFC-134a Tribometer Reciprocating Bearing Steel 

Ball against stationary 

Bearing Steel Plate 

Ball-on-plate None  PAG showed good wear and friction characteristics in 

HFC-134a environment by forming fluoride on the 

rubbing surfaces 

 POE displayed poorer friction and wear characteristics 

above a transit temperature because an adsorbed POE 



Chapter 2  Literature Review  

Page | 35  

 

film prevented the formation of fluoride 

 POE however produced very good tribological 

performance at temperatures below the transient 

temperature 

 

(Matsuura, H. 

et al., 14-17 

July, 1998, 

Purdue 

University, 

Indiana, 

USA, paper 

1276) 

1) HCFC-22 

2) HFC-407C 

 

Tribometer Different types of Aluminium 

Alloys against Cast Iron 

Pin-on-disk Two different Aluminium alloys 

with varying Silicon content against 

Cast Iron 

 

 

 HCFC-22/mineral oil resulted in noticeable lesser wear 

as compared to HFC-407C/PVE 

 Increasing the silicon content in the aluminium alloys 

showed that it was possible for HFC-407C/PVE to have 

wear as low as HCFC-22/mineral oil 

 

(Sung, H. C., 

1998) 

 

HFC-407C 

 

Tribometer 

 

Ni–Cr–Mo Gray Cast Iron 

Disk against Vanes 

comprising of various 

coatings and materials 

 

Vane-on-disk 

 

Vane compositions: 

1) Original-High speed tool Steel 

(Hv-950) 

2) Arc Ion Plated TiN(I) (Hv-1900) 

3) RF Magnetron Sputtered TiN(II) 

(Hv-(1600-1800)) 

4) Arc Ion Plated TiAIN (Hv-2700)  

5) Magnetron Sputtered WC/C (Hv-

100) 

6) Dual Ion Beam Sputtered DLC 

(Hv-2000) 

7) Carbon (Hv-458) 

8) Pulse Plasma Nitriding Ion 

Nitriding (Hv-1150)  

 

 

 TiAlN and DLC are very hard coatings and are not 

suitable, because they produced high friction and severe 

wear on the disks 

 TiN coated vane showed good wear resistance 

 Ion plating showed lesser wear compared to magnetron 

sputtering 

 Ion nitriding proved unsuitable as it was not good 

enough to sustain the cyclic stress 

 WC/C coating showed the best tribological performance 

which was probably due to the formation of a durable 

tribo-film on the mating surfaces 

(Yoon, H. et 

al., 2000) 

HFC-134a High Pressure 

Tribometer 

Rotating 390-T6 Aluminium-

Silicon Disc against 

Stationary 52100 Steel Shoe 

of various geometries  

Types of Shoe Geometries 

used: 

Shoe-on-disk Tin coatings applied to 390-T6 AI 

discs 

 Crowning helps the shoe/plate contact generate 

hydrodynamic films  

 The groove or dimple helps trap lubricant and debris 

during operation. However the groove or dimple can be 

detrimental under starved lubrication conditions 
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1) Crowned Shoe 

2) Crowned Shoe with 

Dimple 

3) Crowned Shoe with a 

Groove 

4) Flat Shoe 

 

 The geometries with a dimple or groove in the crowned 

shoe resulted in higher peek pressures and temperatures  

 The effect of tin coatings showed that coated discs offer 

better scuffing resistance than the uncoated discs 

 Tin coating acted as a temporary lubricant and also 

aided initial running-in by covering surface 

irregularities 

  

(Ciantar, C. et 

al., 2000) 

HFC-134a Actual 

Hermetically 

Sealed 

Compressors 

Hardened Steel Gudgeon Pin 

against Die-cast Aluminium 

Alloy Connecting Rod 

Conforming 

Contact between 

Gudgeon Pin and 

Connecting Rod 

of a Compressor 

None  PVE lubricant was more chemically active on the 

interfaces as compared to POE 

 Protecting film deposits on the valve plate were less 

pronounced for PVE as compared to POE 

 No clear difference was seen in the tribological 

performance of PVE and POE lubricants  

 

(Tanaka, S. et 

al., 2003) 

HFC-134a Tribometer Rotating JIS SUJ-2 Steel Ball 

against stationary 𝐶𝑎𝐹2Disk 

Ball-on-disk None  Decrease in refrigerant concentration at the inlet region 

increased the elastohydrodynamic lubrication film 

thickness 

 The concentration distribution of HFC-134a got affected 

by the oil temperature, the sliding velocity and the 

refrigerant concentration in the lubricant 

 

(Ciantar, C. 

and Hadfield, 

M., 2004) 

1) HFC-134a 

2) CFC-12 

 

Rig 

comprising of 

a 

Reciprocating 

Hermetic 

Compressor 

Aluminium Alloy Connecting 

Rod against the Gudgeon 

Steel Pin 

Conforming 

Contact between 

Gudgeon Pin and 

Connecting Rod 

of a Compressor 

None  Electrical energy consumption of the compressor 

improved substantially with CFC-12 as compared to 

HFC-134a 

 The overall analysis concluded that HFC-134a based 

domestic refrigerators will contribute more towards the 

environmental damage as compared to CFC-12 

 

(Suh, A. Y. et 

al., 2003) 

HFC-410A Tribometer Al390-T6 Discs of different 

surface roughness against 

52100 Steel Pins 

Pin-on-disk None  Highly negative skewness was observed in the mildly-

worn surfaces  

 Change in kurtosis did not give any significant results 

 The functional indices remained almost constant on the 

virgin surfaces 
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(Lee, Y.-Z. 

and Oh, S.-

D., 2003) 

HFC-410A Tribometer Ni–Co–Mo Gray Cast Iron 

Disks against High Speed 

Tool Steel Vane Coated with 

TiN  

Vane-on-disk TiN Coating of Different Surface 

Roughness applied by Physical 

Vapour Deposition  

 The coefficient of friction as well as the wear on TiN 

coated samples was less as compared to the uncoated 

samples 

 The difference in the performance of the coated and the 

uncoated samples became more apparent with an 

increase in normal load and an increase in RPM 

 There is an optimum initial surface roughness value 

which improves the load carrying capacity and prolongs 

the wear life of sliding surfaces  

 

(Cannaday, 

M. L. and 

Polycarpou, 

A. A., 2005) 

HFC-134a High Pressure 

Tribometer 

Disks: 

1) Aluminium Alloy 

2) Gray Cast Iron 

Pins: 

1) PTFE  

2)Nylon 6,6 

3) Polyimide 

4) PEEK 

5) WP122 

6) WP191 

7) Vespel SP-21 

8) Vespel SP-211 

9) PEEK Bearing Grade, 

HPV 

10) PEEK Carbon Filled 

 

Pin-on-disk None  PEEK and Polyimide showed promise as replacements 

for metallic bearing parts 

 Unfilled PTFE did not perform as well as PEEK or 

Polyimide 

 Unfilled polymers exhibited minimum pin wear and did 

not wear the metallic disk 

 Overall all the blended polymers have superior 

tribological properties compared to unfilled polymers 

and metals  

(Demas, N. 

G. et al., 

2008) 

HFC-134a High Pressure 

Tribometer 

Gray Cast Iron Disks against 

Pins made of different 

Polymers 

Pins: 

1) ATSP/PTFE: 75/25  

2) ATSP/PTFE: 50/50  

3) ATSP/PTFE: 25/75  

Pin-on-disk None  Synthesized ATSP blends with PTFE were found to 

have excellent tribological performance under the tested 

conditions 

 PTFE improved the wear performance 

 Greater amounts of ATSP used in the blends lead to 

lower wear 

 The coefficient of friction was not significantly altered 



Chapter 2  Literature Review  

Page | 38  

 

4) Vespel SP-21 

5) Vespel SP_211 

6) PEEK, Carbon Filled 

7) PEEK-Bearing Grade, 

HPV 

by ATSP 

 Lower friction coefficient values were obtained by 

increasing PTFE due to material transfer and formation 

of transfer films on the disk 

 Overall the newly synthesized composites showed very 

good tribological properties having very low friction 

and wear 

 

(Nunez, E. E. 

et al., 12-15 

July, 2010, 

Purdue 

University, 

Indiana, 

USA, paper 

2031; Nunez, 

E. E. et al., 

2011) 

HFC-134a High Pressure 

Tribometer 

Shoe:   

52100 Steel 

Pin:  

52100 Steel 

Disk:  

Cast Iron coated with 

different polymeric coatings 

1) Pin-on-disk 

2) Shoe-on-disk 

1) PTFE/𝑀𝑜𝑆2 

2) Fluorocarbon 

3) PEEK/PTFE 

4) PEEK/PTFE/Ceramic 

 Experimental results indicated that in comparison to the 

other polymeric coatings, PEEK/PTFE coatings 

performed slightly better in terms of wear and friction 

 The transfer of films from the disk coating to the 52100 

steel shoes enabled the interface to operate without 

overheating 

 PEEK/PTFE coating was the only coating that was able 

to perform well under unlubricated conditions 

 Fluorocarbon coatings were unable to withstand the 

aggressive testing conditions 

 

(Yeo, S. M. 

and 

Polycarpou, 

A. A., 2014) 

HFC-134a Tribometer Gray Cast Iron Pins against 

Gray Cast Iron Disks coated 

with different Polymeric 

Coatings 

Pin-on-disk 1) PTFE/Pyrrolidone  

2)PEEK/PTFE 

 

 

 The coatings showed worse performance in the presence 

of liquid lubricants than under dry conditions because 

the formation of transfer films was prevented by 

lubricants 

 Under fretting conditions, the tribological performance 

of polymer coatings was highly influenced by the ability 

of the polymers to form transfer films on the metal 

counter face 

 

(Tanaka, M. 

et al., 14-17 

July, 2014, 

Purdue 

University, 

Indiana, 

1) HFC-410A 

2) HFC-32 

1)The 

reliability and 

durability of 

the 

compressor 

was studied 

1) For reliability and 

durability tests: 

Gray Cast Iron Shaft against 

PTFE coated Bronze Bearing   

2) For lubricity tests: 

Gray Cast Iron Ring against 

1) Compressor 

Shaft and Bearing  

2) Block-on-ring 

PTFE   HFC-32 had poor miscibility with conventional oils that 

are normally used with HFC refrigerants 

 The viscosity dropped more in case of using HFC-32 

 HFC-32 decomposed easily and generated organic acids 

that caused corrosion 

 Overall HFC-32 was difficult to handle, it showed poor 



Chapter 2  Literature Review  

Page | 39  

 

USA, paper 

2299) 

by performing 

drop-in tests 

using an 

actual Scroll-

Compressor 

2) Lubricity 

was tested 

using a 

Hermetic 

block-on-ring 

test machine 

   

PTFE Coated Bronze Block  stability and generated acids that caused corrosion and 

abnormal wear of sliding compressor parts 

 

 

 

 

 

 

 

(Nunez, E. E. 

and 

Polycarpou, 

A. A., 2015a) 

HFC-134a High Pressure 

Tribometer 

Pins made of various 

Polymers were Tested under 

Unlubricated Unidirectional 

conditions against Gray Cast 

Iron Disks 

Pins: 

1) Vespel SP-21 

2) Vespel SP-211 

3) PEE/Carbon filled 

4) ATSP/PTFE  

 

Pin-on-disk None  Higher friction values were obtained when testing 

smoother pins against smoother disk surfaces, compared 

to testing of rougher disk surfaces 

 Transfer layers were uniform and continuous when 

testing against smooth disks 

 ATSP performed the best and is promising for use in 

oil-less compressors 

 

(Tada, A. et 

al., 2016) 

1) HFC-410A 

2) HFC-32 

Tribometer SKH51 (HRC63) Block 

against SNCM (HRC50) Ring 

Block-on-ring None  Lubricating film formation is affected by both the 

refrigerants and the base oils 

 TCP in POE lubricant formed a lubricating film on the 

sliding surfaces under HFC-410A which enhanced the 

tribological performance 

 HFC-32 however, interfered with the formation of 

phosphate films 

  High reactivity and polarity of HFC-32 with nascent 

metal surfaces prevented TCP from adsorbing to the 

iron on the sliding surfaces 

 



Chapter 2  Literature Review  

Page | 40  

 

HFCs became the refrigerants of choice in the mid-1990s and they replaced CFCs and HCFCs in 

automobile, commercial and domestic refrigeration and air-conditioning systems. Various researchers 

worldwide started investigating HFCs with respect to their oil miscibility, their friction performance, 

their wear characteristics, etc. Some of the earlier studies which focused on the direct comparison of the 

tribological performance of HFCs with CFCs and HCFCs concluded that HFCs have inferior friction 

and wear performance compared to CFCs and HCFCs due to the inability of HFCs to form protective 

tribo-films under normal compressor operating conditions. Amongst the HFCs, HFC-134a was 

suggested as the most suitable replacement for CFC-12. Mineral oils that showed good miscibility with 

CFCs and HCFCs, unfortunately were not compatible with HFCs. HFCs showed poor compatibility and 

miscibility in mineral oils. Synthetic oils with various additives were developed for HFCs. 

2.6.3 Natural Refrigerants 

Water, air, carbon dioxide, ammonia and hydrocarbons are considered to be the most environmental 

friendly and natural occurring refrigerants (Bhutta et al. 2018b). Ammonia has been used for a long 

period of time in large industrial systems as a refrigerant and is still being used in large industrial 

applications. Water and air have been used as coolants in engineering and domestic applications since 

ancient times. Air and water are still being used in various applications for cooling purposes, but are not 

used as refrigerants due to their thermodynamic limitations. Carbon dioxide is also a good refrigerant 

which sublimes under normal atmospheric temperature and pressure. It has been used for cooling 

purposes but its utilization in refrigerator compressors is still under investigation (Bhutta et al. 2018b). 

Hydrocarbons are found in crude oil and possess good thermodynamic qualities. Hydrocarbons are being 

used in commercial, domestic and industrial refrigerators, freezers and heat pumps. Their flammability 

is however a big concern. Hydrocarbons and carbon dioxide are discussed from a tribological view point 

in sections 2.6.3.1 and 2.6.3.2 respectively. 

2.6.3.1 Hydrocarbons (HCs) 

Hydrocarbon refrigerants are nontoxic, natural refrigerants that have zero ozone depleting potential and 

minimal global warming potential. Hydrocarbons which are extracted from crude oil are 

environmentally safe and efficient refrigerants. Hydrocarbon refrigerants are considered up to 50% more 

efficient thermal conductors than fluorocarbon refrigerants (Bhutta et al. 2018b). Hydrocarbons also 

have lower operating pressures than fluorocarbon refrigerants which results in lower power consumption 

and cost savings (Bhutta et al. 2018b). Many European manufacturers of domestic and commercial 

refrigeration equipment are using hydrocarbon refrigerants in their compressors. Amongst hydrocarbon 

refrigerants, Isobutane (HC-600a) is found in most domestic freezers and refrigerators while Propane 
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(HC-290) is used mostly in commercial refrigeration and heat pump applications. The greatest challenge 

in handling and designing a cooling system based on hydrocarbons is their extremely high flammability. 

This is why they have not been used as frequently as HFCs and also have not been deployed in 

automotive air-conditioning systems. This section covers the tribological investigations done by various 

researchers on hydrocarbons. Various tribological studies performed on HCs have been summarized and 

are presented in table 2.4. 
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Table 2.4 Summary of the tribological testing of HCs. 

Study Refrigerant Apparatus Interacting Materials 
Contact 

Geometries 
Surface Treatment Key findings 

 

(Garland, N. and 

Hadfield, M., 

2005) 

 

1) HFC-134a 

2) HC-600a 

 

Modified 

micro-

friction 

pressurized 

test rig 

 

Aluminium Alloy (LM13AE109) 

Pin reciprocating against Steel 

(100/102Cr6) Plate 

 

Pin-on-flat 

 

None 

 

 Additised mineral oils showed very low wear rate and formed 

a good boundary film 

 High levels of carbon were found at the pin contact with 

mineral oil indicating that any boundary layer developed by 

using mineral oil is more durable than that developed by using 

POE lubricant 

 In case of additised POE, deposition was present at the plate 

but not at the pin 

 

(Solzak, T. A. 

and Polycarpou, 

A. A., 17-20 

July, 2006, 

Purdue 

University, 

Indiana, USA, 

paper 1790) 

1) HFC-134a 

2) HFC-410A 

3) HC-600a 

High 

Pressure 

Tribometer 

Rotating Cast Iron Disks against 

Stationary Coated 52100 Steel 

Wrist Pins  

Pin-on-disk Disk Coatings: 

1) WC/C 

2) WC/C+DLC 

 HC-600a environment displayed the lowest friction coefficient 

while HFC-410A environment resulted in the lowest wear 

 The tests showed that the friction coefficient decreased up to 

ten times by using coatings 

  WC/C + DLC Coatings displayed the least wear 

 WC/C showed slightly higher friction at lower temperatures, 

this trend was reversed at higher temperatures 

 

 

(Sariibrahimoglu, 

K. et al., 2010) 

 

HC-600a 

 

Tribometer 

 

100Cr6 Steel Pin Rubbing against 

Rotating Sintered Steel  

 

 

Pin-on-disk 

 

Disk. 

1) Sintered Steel Disk Treated 

with steam 

2) Untreated Sintered Steel 

Disk 

 

 Under dry as well as starved lubrication conditions, HC-600a 

showed adverse effects 

 In particular for starved lubrication, the wear life of both 

steam treated sintered steel and untreated sintered steel was 

reduced to half in the presence of HC-600a compared to air 

 The increase in wear under HC-600a was thought to be due to 

change in viscosity and foaming of the oil. 

 Oxidation under HC-600a was blocked, which caused an 

increase in weight loss of untreated sintered steel 

 

(De Mello, J. et 

al., 2009) 

1) HC-600a 

2) 𝐶𝑂2 

High 

Pressure 

Tribometer 

Si-rich multifunctional DLC 

coated Rotating Disks Deposited 

on 1020 steel against 52100 

Stationary Steel Pins 

Pin-on-disk Magnetron Sputtered Diode 

Multifunctional CrN-Si-rich 

DLC Coatings were applied to 

finely ground AISI 1020 Soft 

Steel Disks 

 HC-600a showed the lowest wear rate and coefficient of 

friction for both the body and the counter-body 

 The wear rate of the counter bodies increased significantly 

when tested in 𝐶𝑂2 environment 

 There was a strong presence of graphitic G-band in the spectra 
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of tribo-layers formed in the presence of HC-600a and coated 

disks, which induced its superior tribological performance 

 

(Solzak, T. A. 

and Polycarpou, 

A. A., 2010) 

1) HFC-134a 

2) HFC-410A 

3) HC-600a 

High 

Pressure 

Tribometer 

1) Piston-type compressor 

simulation by reciprocating a Disk 

in contact with a stationary self-

aligning Pin 

2) Swash-plate compressor 

simulation by rotating a Disk 

against a stationary self-aligning 

Shoe 

1) Pin-on-

disk 

2) Shoe-on-

disk 

1) Piston-type compressor 

simulation 

I) Gray Cast Iron Disk 

II) 52100 steel wrist pins 

coated with: 

a) Single-layer WC/C(B) 

b) Multi-layered WC/C + DLC   

c) TiAlN + WC/C 

2)Swash-plate compressor 

simulation: 

I) 52100 Steel Shoe 

II)AL390-T6 disks coated  

with: 

a) Single-layer WC/C(A) 

b) Single-layer WC/C(B) 

c) Multi-layered WC/C + DLC   

d) TiAlN + WC/C 

e) Some disks included an 

additional CrN underlayer 

 

 Friction coefficient was the lowest in HC-600a atmosphere 

while least amount of wear occurred in the case of HFC-410A 

 CrN under-layer doubled the load-bearing capacity in some 

cases and also improved the load-bearing capacity of all 

coatings by providing a hard supporting layer. 

 Overall hard protective coatings offered a great advantage in 

terms of the tribological performance of interacting surfaces   

(Silverio, M. et 

al., 11-14 July, 

2016, Purdue 

University, 

Indiana, USA, 

paper 2413) 

1) HFC-134a 

2) HC-600a 

Tribometer Stationary 𝑆𝑖3𝑁4ball against AISI 

1020 Low Carbon Steel Coated 

Flat Surface  

Ball-on-flat Multifunctional CrN-Si rich 

Diamond-like Carbon Coatings 
 HC-600a presented lower coefficient of friction and lower 

scuffing durability than HFC-134a 

 Fluorinated compounds were observed on the tribo-layer in 

the case of HFC-134a. Carbon and silicon were observed in 

the case of HC-600a 

 It was recommend by this study to use HC-600a where energy 

saving is required while HFC-134a was recommend to be used 

for increased reliability 

 

(Górny, K. et al., 

2016) 

1) HFC-134a 

2) HC-290 

Tribometer Stationary Aluminium Alloy Block 

loaded against Gray Cast Iron Ring 

Block-on-

ring 

None  Due to the adverse effects of refrigerants on lubricants, it was 

concluded that wear in oil-refrigerant mixtures was 

considerably higher than in oil alone 
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Hydrocarbon refrigerants also became of interest in 1990s after the limitations on CFCs and 

HCFCs, but introduction of HFCs did not really allow HCs to be commercialized on a very big 

scale. This was also due to the high flammability of HCs. Now that more emphasis is towards 

natural refrigerants and HCs are naturally occurring, a strong focus has shifted towards these 

refrigerates as well. Their flammability is still a concern which prohibits their use in automotive 

air-conditioning, but HC refrigerants can be used with confidence in domestic and commercial 

refrigeration and air-conditioning systems. The use of HC refrigerants in heat pumps, 

refrigerator and freezer compressors has increased in the recent years. HC-600a has shown 

better friction and wear properties as compared to HFC-134a as well. 

2.6.3.2 Carbon dioxide (CO2) 

Carbon dioxide (R-744) is an environmentally friendly refrigerant, having zero ODP and 

minimal GWP. CO2 is abundantly available in the atmosphere and it can be collected/recycled 

from air. Besides being environmentally friendly, CO2 is non-flammable and is in fact used in 

fire extinguishers to put out fires. It also has good thermodynamic properties and is suitable for 

a range of applications including industrial heat extraction, shipping vessels, commercial 

refrigeration systems, etc. The major difference between R-744 and the other refrigerants is its 

temperature/pressure characteristic and having a low critical temperature. CO2 systems require 

special design and a high pressure to operate. The operating pressure requirements makes it 

unsuitable for automobile and domestic applications. An attempt however is being made to 

design automotive compressors to operate on CO2 (Hagita et al. Feb 2002). Tribological studies 

performed on CO2 have been summarized have been presented in table 2.5. 
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Table 2.5 Summary of the tribological testing of CO2. 

Study Refrigerant Apparatus Interacting Materials 
Contact 

Geometries 

Surface 

Treatment 
Key findings 

 

(Wu, X. et al., 

2004) 

 

CO2 

 

Tribometer 

 

440C Bearing Steel Ball against 

52100 Steel Disk 

 

Ball-on-disk 

 

None 

 

 Carbon dioxide reacted with the disk surfaces and formed 

carbonate and/or bicarbonate on the disk which played a 

major role in reducing friction 

 An optimum pressure resulted in effective reduction of 

friction 

 Lower CO2 pressures were insufficient to produce 

carbonate and/or bicarbonates  

 Higher CO2 pressures produced serious chemical wear  

 

(Lee, K. et al., 

2005) 

1) HFC-134a 

2) CO2 

High Pressure 

Tribometer 

Al390-T6 Rotating Disks 

against Stationary 52100 Steel 

Pins   

Pin-on-disk 

 

None  It was found that the abundance of oxygen while 

operating in carbon dioxide atmosphere resulted in the 

formation of oxides which strengthened the top most layer 

 PAG showed to be the better lubricant with CO2 

 

(Demas, N. G. 

et al., 2005) 

1) HFC-134a 

2) CO2 

High Pressure 

Tribometer 

Gray Cast Iron Rotating Disks 

against Stationary Gray Cast 

Iron Pins 

   

Pin-on-disk 

 

None   The tribological behaviour of the interacting materials 

using CO2 was nearly identical to that of HFC-134a 

 

(Demas, N. G. 

and 

Polycarpou, A. 

A., 2006b) 

CO2 Ultra-High Pressure 

Tribometer 

1) Unlubricated tests: 

Rotating Gray Cast Iron Disks 

against Gray Cast Iron Pins 

2) Boundary lubricated tests: 

Rotating 52100 Steel Disks 

against Al390-T6 Stationary 

Pins 

 

Pin-on-disk 

 

None  Under unlubricated conditions the experimental results at 

different pressures were similar 

 Higher pressure had slightly positive effect on the friction 

coefficient 

 Under boundary lubrication conditions there was no 

significant wear 

(Cannaday, M. 

and 

Polycarpou, A., 

2006) 

1) HFC-410A 

2) CO2 

High Pressure 

Tribometer 

Rotating Al390-T6 Disks 

against Stationary Hardened 

SAE 52100 Steel Pins 

Pin-on-disk 

 

None  It was concluded in this study that in comparison to the 

CO2 environment, HFC-410A environment resulted in 

increased disk wear 

 This was because carbon dioxide promoted a strong 

oxygenated layer which reduced wear 

 

(Demas, N. G. 

and 

1) HFC-134a 

2) CO2 

Ultra-High Pressure 

Tribometer 

Rotating Gray Cast Iron Disks 

against Stationary Gray Cast 

Pin-on-disk None  CO2 led to better tribological performance of the interface 

due to formation of carbonates on the surfaces, which 
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Polycarpou, A. 

A., 2006a) 

Iron Pins 

 

reduce friction and prevent wear 

 

(Demas, N. G. 

and 

Polycarpou, A. 

A., 2008) 

 

1) HFC-410A 

2) CO2 

 

High Pressure 

Tribometer 

 

1) Stationary 52100 Steel Pins 

against Coated Rotating Gray 

Cast Iron Disks 

2) Crowned Stationary 52100 

Steel Shoe against Rotating 

Coated Gray Cast Iron Disks 

3) Stationary 52100 Steel Pins 

against Coated Rotating 4340 

Quenched and Tampered Steel 

Disks  

4) Crowned Stationary 52100 

Steel Shoe against Coated 

Rotating 4340 Quenched and 

Tampered Steel Disks 

 

 

1) Pin-on-disk 

2) Shoe-on-disk 

 

PTFE Coatings: 

1) DuPont® 958-

303 

2) DuPont® 958-

414 

3)Whitford 

Xylan® 1052 

 

DLC Coating: 

1) Balinit® DLC 

 

 The PTFE-based coatings showed low friction 

characteristics and high load carrying capacity and it was 

found that unlike the DLC coating they were not greatly 

affected by the testing environment 

 PTFE-based coatings performed better compared to DLC 

coatings 

 The generated wear debris acted as third body lubricants 

and improved the overall wear performance     

 

(Nunez, E. E. et 

al., 2008) 

CO2 High Pressure 

Tribometer 

Rotating AI390-T6 Disks 

against Stationary SAE 52100 

Pins 

Pin-on-disk None  The results showed that scuffing and wear resistance with 

PAG were superior compared to the samples tested with 

the POE lubricant 

 Formation of carbonate layers was promoted on the 

surface in the presence of PAG, leading to improvement 

in the tribological performance 

 

(Nunez, E. E. et 

al., 2010a) 

CO2 High Pressure 

Tribometer 

Stationary 52100 Pins against 

Rotating Disks made of the 

following materials: 

1) Al390-T6 

2) Gray Cast Iron 

3) Mn-Si Brass 

 

Pin-on-disk None  Mn–Si Brass and Gray Cast Iron performed better than 

Al390-T6  

 Unlike Al390-T6 and Gray Cast Iron which failed 

abruptly in scuffing experiments, Mn–Si Brass melted 

during scuffing which prevented sudden catastrophic 

failure of Mn–Si Brass 

(Jeon, H.-G. et 

al., 2009) 

CO2 High Pressure 

Tribometer 

Rotating High Speed Tool Steel 

Pin against Stationary Disk 

made of Ni-Cr-Mo Gray Cast 

Iron 

Pin-on-disk None  The results showed that PAG oil had better lubricity than 

POE oil in CO2 refrigerant environment 

 An increase in pressure increased the solubility of carbon 

dioxide in case of POE oil which decreased the 

oil/refrigerant viscosity, whereas variations in pressure 

had no noticeable effect on the solubility of CO2 in PAG 

 

(Nunez, E. E. et CO2 Ultra-High Pressure Rotating Gray Cast Iron Disk Pin-on-disk None  The study reported a substantial drop in friction as carbon 
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al., 2010b) Tribometer against Stationary Gray Cast 

Iron Disk Pin  

dioxide approached the gas-liquid transition region on the 

P-T phase diagram 

 This indicated a form of super-lubricity. It was also found 

that increase in CO2 pressure caused partial 

transformation of iron oxides into iron carbonates, which 

positively affected the tribological performance 

 

(Nunez, E. E. 

and 

Polycarpou, A. 

A., 2015b) 

CO2 High Pressure 

Tribometer 

Stationary 52100 Shoe against 

Rotating Disks made of the 

following materials: 

1) Al390-T6 

2) Mn–Si–Brass 

3) Gray Cast Iron 

Shoe-on-disk None  During the experiments Al390-T6 lost silicon which 

reduced its structural strength and hardness  

 Gray Cast Iron showed the least amount of wear and 

highest fluid and material retention capability compared to 

the other materials tested 
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Carbon dioxide is a good natural refrigerant as well. CO2 has zero OPD and a GWP value of only 1. 

The physical properties of carbon dioxide unfortunately does not allow it to be used at the operating 

temperatures and pressures as other refrigerants. The operating pressure has to be much higher for a 

system based on CO2 compared to a compressor operating on CFCs or HFCs. Compared to HFC-134a, 

carbon dioxide has shown good tribological properties by formation of a carbonate layers on the 

rubbing surfaces. Carbon dioxide which is non-flammable is being investigated for use in automotive 

air-conditioning applications as well. 

2.6.4 Next Generation Refrigerants 

The next generation refrigerants are focused on low toxicity, low ODP and low GWP. Focus and 

attention is also being made on the flammability in the development of the next generation of 

refrigerants. The focus on HC has increased after the Kyoto Protocol but due to their flammability, 

HCs cannot be used in commercial automobile air-conditioners. The future generation of refrigerants 

have to be non-flammable for use and replacement of HFC-134a in the automotive sector. The 

refrigerant manufacturers have introduced Hydrofluoroolefins and Hydrofluoroethers as potential 

substitute refrigerants.  Hydrofluoroolefins and Hydrofluoroethers are discussed from a tribological 

point of view in sections 2.6.4.1 and 2.6.4.2 respectively. 

2.6.4.1 Hydrofluoroolefins (HFOs) 

HFOs are designed to lower the GWP impact that HFCs had while having zero OPD and lower 

toxicity. One of the most promising future generation refrigerants is 2,3,3,3-Tetrafluoropropene (HFO-

1234yf), which is considered a direct replacement of HFC-134a refrigerant (Spatz, M. et al., 14-17 

April, 2008, Detroit, Michigan, USA). Although HFO-1234yf has mild flammability, it has been 

proven to be safe for use as a refrigerant in vehicles (Minor, B. H. et al., 2009). The tribological 

investigation of HFO-1234yf by various researchers is underway, the work done so far is presented in 

this section. The tribological studies that have been conducted so far using HFOs have been 

summarized in table 2.6. 
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Table 2.6 Summary of the tribological testing of HFOs. 

Study Refrigerant Apparatus Interacting Materials 
Contact 

Geometries 
Surface Treatment Key findings 

 

(Tatsuya Sasaki, H. 

N., Hideaki 

Maeyama, Kota 

Mizuno, 12-15 July, 

2010, Purdue 

University, Indiana, 

USA, paper 1946) 

 

1) HFO-1234yf 

2) HFC-134a 

3) HC-1270 

4) HC-290 

 

Tribometers 

 

1) Stationary Cast Iron Disc against 

Rotating Cast Iron Disc 

2) Stationary Cast Iron Pin against Rotating 

Cast Iron Disc 

3) Stationary High Speed Tool Steel against 

Rotating Cast Iron Shaft 

 

1) Disc-on-Disc 

2) Pin-on-Disc 

3) V Block  

 

None 

 

 A fluoride layer was formed with the 

adsorption effect of HFO-1234yf and the 

frictional heat, which helped improve the 

tribological performance 

 The seizure load of unsaturated HFO-1234yf 

was larger than saturated HFC-134a and 

similarly the seizure load of unsaturated HC-

1270 was greater than saturated HC-290 

 

(Mishra, S. P. and 

Polycarpou, A. A., 

2011) 

1) HFO-1234yf 

2) HFC-134a 

3) CO2 

Ultra-High 

Pressure 

Tribometer 

Stationary Gray Cast Iron Surface Textured 

unpolished Pins against Rotating Gray Cast 

Iron Disks 

Pin-on-disk Six different surface textures 

applied to the Pins having 

varying pattern diameters, 

depths and area density 

 HFO-1234yf showed the least amount of 

wear 

 The tribological properties of the textured 

surfaces were affected by the geometrical 

parameters; depth, diameter and the area 

density of the micro-dimples 

 The textured surfaces had a clear advantage 

over un-textured surfaces 

 

(Akram, M. W. et 

al., 2013a) 

1) HFO-1234yf 

2) HFC-134a 

 

High 

Pressure 

Tribometer 

1) Stationary Gray Cast Iron Pin against 

Rotating Gray Cast Iron Disk 

2) Stationary 52100 Steel Shoe against 

Rotating Al390-T6 Shoe 

1) Pin-on-disk 

2) Shoe-on-disk 

None  Gray Cast Iron pairs performed better in this 

study compared to 52100 Steel/Aluminium 

alloy pair for both refrigerants 

 When used with Gray Cast Iron, HFO-

1234yf showed excellent wear performance 

compared to HFC-134a 

 The combined effect of the mechanical 

forces and frictional heating resulted in a 

tribo-chemical reaction.  

 This fluorine containing layer acted as a 

protective tribo-layer on the top most surface. 

 

(Akram, M. W. et 

al., 2013b) 

1) HFO-1234yf 

2) HFC-134a 

High 

Pressure 

Tribometer 

Stationary Gray Cast Iron Pins against 

Rotating Gray Cast Iron Disks 

Pin-on-disk None  HFO-1234yf sustained twice the load before 

failing compared to HFC-134a 

 Fluorine was detected upon surface analysis 

in the case of using HFO-1234yf 
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 The fluorine containing tribo-layers 

prevented mental to metal contact and helped 

sustain extended interface functionality 

 

(Akram, M. W. et 

al., 2014) 

HFO-1234yf High 

Pressure 

Tribometer 

Stationary Gray Cast Iron Pins against 

Rotating Gray Cast Iron Disks 

Pin-on-disk None  PAG showed the best performance with 

HFO-1234yf compared to POE/HFO-1234yf 

and mineral oil/HFO-1234yf combinations 

 PAG has the lowest solubility in HFO-

1234yf compared to POE and mineral oil, 

this allows the lubricant and the refrigerant to 

preserve their unique properties giving 

PAG/HFO-1234yf combination the 

maximum tribological advantage 

 

(Akram, M. W. et 

al., 2016) 

HFO-1234yf High 

Pressure 

Tribometer 

Stationary 52100 Shoe against Rotating 

Gray Cast Iron Coated Disks 

Shoe-on-disk Coatings: 

1) PTFE/ATSP 

2) PTFE/pyrrolidone 

3) PTFE/MoS2 

4) PTFE/PEEK 

5) Fluorocarbon 

 ATSP/PTFE coatings performed better 

compared to PTFE-based and Fluorocarbon-

based coatings under boundary and dry 

lubrication conditions 

 Tribo-chemical benefits were offered by the 

segregation associated with material 

enrichment which resulted in continuous 

lubricant supply, which was the case for 

ATSP/PTFE 
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Hydrofluoroolefins are newly formulated refrigerants which have zero OPD and lower GWP as 

compared to HFC refrigerants. HFO-1234yf is considered a direct replacement of HFC-134a, 

especially in automotive air conditioning applications. The physical and thermodynamic properties of 

HFO-1234yf are very similar to those of HFC-134a. HFO-1234yf is also compatible with the synthetic 

oils that were developed for HFC-134a. Unlike HFC-134a, the fluorine in HFO-1234yf has been 

reported to form protective films on the rubbing surfaces with and without lubricants, which improves 

the friction and wear performance of the system. HFO-1234yf has an unsaturated bond which makes it 

easier for it to chemically react with the metallic surfaces to improve the tribological performance. 

The only drawback of HFO-1234yf compared to HFC-134a is that HFO-1234yf has higher 

flammability than HFC-134a. 

2.6.4.2 Hydrofluoroethers (HFEs) 

Hydrofluoroethers are man-made refrigerants that have been developed to replace CFCs, HCFCs and 

HFCs. HFEs are non-flammable, odourless, colourless, low toxic and low viscous refrigerants having 

zero OPD and low GWP. Different variants of HFEs have been developed in the recent past. HFEs 

have higher boiling points compared to CFCs, HFCs, and HCFCs. HFEs are normally liquid at room 

temperature and look identical to water. HFO-1234yf has a boiling point comparable to HFC-134a and 

HFO-1234yf has shown compatibility with synthetic lubricants which were developed for HFC-134a, 

this makes HFO-1234yf an excellent replacement of HFC-134a. Due to the higher boiling points of 

HFEs, HFEs are not considered as a direct drop-in solution for HFCs and HFEs cannot be introduced 

into the same thermodynamics cycle and system that was previously used by HFC-134a. Besides 

having a very low environmental impact, HFEs are non-flammable and possess good thermodynamics 

properties as coolants (Akasaka, R. and Kayukawa, Y., 2012; Helvaci, H. and Khan, Z., 2017; 

Helvaci, H. and Khan, Z. A., 2016). The only known reported tribological analysis has been 

performed on HFE-245mc, this study has been summarized in table 2.8. 

HFEs have a number of applications and places of use; they can be used in auto cascade refrigeration 

systems, in freeze dryers, in fuels cells, in chemical reactors, in high voltage transformers, as cleaning 

and rinsing agents, as lubricant carriers, in vapour degreasing applications, etc (3M 3M™ Novec™ 

7000 Engineered Fluid). HFEs are also considered potential replacements for PFCs, HCFCs and HFCs 

(Sekiya and Misaki 2000). HFE-7000 is a promising new thermo-fluid and is considered a direct 

replacement of HCFC-123. There are however no known reported studies on the tribological testing of 

HFE-7000. HFE-7000 has already been investigated for use in Solar Organic Rankine Cycle (Helvaci 

and Khan 2017a), in renewable energy systems (Helvaci and Khan 2016; Helvaci and Khan 2017b), as 

jet impinging dielectric coolant (Shin et al. 2019), in Electrohydrodynamics applications (Blaineau et 
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al. 2019), etc.  Table 2.7 lists various different properties of HFE-7000 along with HFC-134a which is 

now in the process of being phased out and with HFO-1234yf which is a new refrigerant replacing 

HFC-134a.  

Table 2.7 Different properties of HFE-7000, HFC-134a and HFO-1234yf (Bhutta and Khan 2019). 

Refrigerant HFE-7000 HFC-134a HFO-1234yf 

Structure C3F7OCH3 Ch2FCF3 CF3CF=CH2 

Molecular Weight (g/mol) 200 102 114 

Freeze Point (°C) -122.5 -103.3 -150 

Boiling Point @ 1 atmosphere (°C) 34 -26 -29 

Critical Temperature (°C) 165 101 95 

Liquid Density (kg/m3) 1400 1206 1094 

Critical Pressure (MPa) 2.48 4.06 3.38 

Flash Point (°C) None 250 Not applicable 

Appearance Clear, colourless Colourless gas Colourless gas 

Flammability Non-flammable Non-flammable Mildly-Flammable  

Ozone Depletion Potential (ODP) Zero Zero Zero 

Global Warming Potential (GWP) 530* 1430* 4* 

*GWP 100-year integrated time horizon (ITH), IPCC 2013 (ipcc The Intergovernmental Panel on Climate 

Change ). 

It can be observed from the table that both the future generation of refrigerants i.e. HFE-7000 and 

HFO-1234yf having a lower GWP in comparison to HFC-134a. HFO-1234yf has a much lower GWP 

value in contrast to HFE-7000, but HFO-1234yf is flammable which restricts its application range and 

places of use. On the other hand HFE-7000 is a non-flammable refrigerant with GWP of about 1/3 to 

that of HFC-134a.    
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Table 2.8 Summary of the tribological testing of HFEs. 

Study Refrigerant Apparatus Interacting Materials 
Contact 

Geometries 

Surface 

Treatment 
Key findings 

 

(Muraki, M. et 

al., 2002) 

 

1) HFE-245mc 

2) HFC-134a 

  

Tribometers 

 

1) Optical Interferometry (Steel 

Ball Coated with a Chromium 

Semi-Reflective Layer) 

2) SAE4320 Ring against ASE01 

Block 

 

1) Ball-on-disc 

2) Block-on-ring 

 

None 

 

 HFE-245mc/lubricant mixture displayed the lowest film 

thickness formation capability compared to HFC-

134a/lubricant and air/lubricant mixtures 

 HFE-245mc however displayed the lowest coefficient of 

friction after running-in of the components was achieved 

 HFC-245mc was believed to have reacted with the rubbing 

surfaces, resulting in the formation of FeF2 and thick iron 

oxide films resulting in good anti-wear performance which 

resulted in the lowest wear in HFE-245mc atmosphere 
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2. 7 Electrodeposition  

Nanostructured design obtained by the dispersion of nano particles into a matrix has been 

demonstrated in enhancing optical, electrical, thermal and mechanical properties in comparison to 

conventionally used metallic materials (Kumar et al. 2003; Zong and Zuo 2003; Meyers et al. 2006). A 

number of studies (Chen et al. 2006a; Chen et al. 2006b; Zhou et al. 2009; Saha and Khan 2010; 

Borkar and Harimkar 2011; Bajwa et al. 2016c, 2016b; Nazir et al. 2017; Nazir et al. 2018a; Nazir et 

al. 2018b) have been performed by various different researchers to investigate the mechanical, wear, 

friction and corrosion performance of electrodeposited Nickel based coatings under a number of 

different environmental and testing conditions. These studies have shown that electrodeposited Nickel 

coatings can significantly improve the wear, friction and corrosion performance of rubbing parts. 

Electrodeposition also commonly known as electroplating is an electro-chemical process in which a 

metal is deposited (coated) on a metallic surface by electrolysis in an electrolytic cell. When a current 

is applied to the conductor to be coated, metal ions in the solution are reduced onto the electrode to 

form a thin layer. Italian chemist Luigi Valentino Brugnatelli is credited as the inventor of modern 

electrochemistry. In 1805 Brugnatelli used the voltaic pile invented by Alessandro Volta to perform 

the first electrodeposition. However, Brugnatelli's work was suppressed. Russian and British scientists 

independently invented deposition methods that came into use by 1839 to copper plate printing press 

plates. In 1840, George and Henry Elklington were awarded patents for electroplating. Englishman 

John Wright discovered that potassium cyanide could be used as an electrolyte to electroplate gold and 

silver. By the 1850s, commercial processes for electroplating brass, nickel, zinc, and tin were 

developed. The first modern electroplating plant to start production was the Norddeutsche Affinerie in 

Hamburg in 1867. 

The electrolytic solution contains metal salts dissolved in an aqueous solution, some additive 

chemicals such as acids, bases or buffers which help promote conduction and are used in optimizing 

the coating properties. Figure 2.8 illustrates the basic principle of electroplating for depositing 

(coating) Nickel on a metallic substrate. 



Chapter 2  Literature Review  

Page | 55  

 

 

Fig. 2.8. Nickel Electroplating (Bajwa 2016). 

In figure 2.8 a metal salt such as Nickel Sulphate (𝑁𝑖𝑆𝑂4) is dissolved in water, which creates 𝑁𝑖2+ 

and 𝑆𝑂4
2− ions. In the presence of an external power supply, Nickel is oxidized at the anode to 𝑁𝑖2+ 

by losing two electrons. 𝑁𝑖2+ associates with the 𝑆𝑂4
2− ions in the solution to form Nickel Sulphate. 

At the cathode, the 𝑁𝑖2+ is reduced to metallic Nickel by gaining two electrons. This result is the 

effective transfer of Nickel from the anode source to a plate covering the cathode. 

Besides electroplating, two other commonly used chemical coating techniques are Electroless 

Chemical Deposition and Laser-Enhanced Deposition. Electroless plating, also known as chemical or 

auto-catalytic plating is a plating method that involves several simultaneous reactions in an aqueous 

solution which occurs without the use of external electrical power. It is mainly different from 

electroplating by not using external electrical power. Laser-Induced or Laser-Enhanced Deposition is 

based on laser technology and an external light source is applied to either electroless or electroplating 

process to accelerate metal deposition.  

2. 8 Electrodeposition Techniques  

There are three different types of electrodeposition techniques which have been developed over the 

years. These techniques are shown in the flowchart in figure 2.9. 
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Fig. 2.9. Flowchart of Electroplating Techniques. 

2.8.1 Direct Current Electrodeposition  

The direct current electrodeposition technique is the oldest and the simplest electroplating technique. 

The conventional direct current electrodeposition method is an economical approach which does not 

include the additional cost of sophisticated controlled pulse/power supply equipment. Simple 

batteries/direct current supply is used to start the deposition process. The current density is controlled 

and adjusted in order to optimise the morphological and physical properties of direct current 

electrodeposition coating (Lee, S., 2006).  

Although the direct current electrodeposition technique is the simplest, it has several disadvantages 

which include non-uniform current distribution (higher at sharp edges and lower at recessed areas of 

the cathode) which results in non-symmetrical thickness of the depositing materials (Allahkaram, S. R. 

et al., 2011).  Due to the direct current supply in DC electroplating there is a non-homogenous 

distribution ions in the bath, this uneven distributions of ions affects the morphological properties of 

the coating (Kelly, J. et al., 2000). The current flow is a continuous phenomenon in DC 

electrodeposition having a duty cycle of 100%. 

2.8.2 Pulse Current (PC)  

In pulse electrodeposition (PED) the potential or current is alternated swiftly between two different 

values. This results in a series of pulses of equal amplitude, duration and polarity, separated by zero 

current (Chandrasekar, M. S. and Pushpavanam, M., 2008). Each pulse consists of an ON-time (TON) 

during which potential and/current is applied, and an OFF-time (TOFF) during which zero current is 

applied as shown in figure 2.10. 
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Fig. 2.10. Typical Pulse-Current Waveform (Chandrasekar, M. S. and Pushpavanam, M., 2008). 

It is possible to control the deposited film composition and thickness in an atomic order by regulating 

the pulse amplitude and width (Alper, M. et al., 1993; Ueda, Y. et al., 1996). This results in finer 

grained deposit with better properties than conventionally direct current plated coatings   

(Chandrasekar, M. S. and Pushpavanam, M., 2008).  

To characterise the pulse current the following parameters are considered: 

 ON-Time (TON) 

 OFF-Time (TOFF) 

 Peak Current Density (IP)  

Using these parameters the duty cycle (γ) and frequency can be defined by equation 21 and equation 

22 respectively (Chandrasekar, M. S. and Pushpavanam, M., 2008). The peak current density can be 

calculated by using equation 23. 

 
𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒 =

𝑇𝑂𝑁

𝑇𝑂𝑁 + 𝑇𝑂𝐹𝐹
 

Equation 21 

 Duty cycle is defined as the portion of each cycle during which current is ON. 

 
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =

1

𝑇𝑂𝑁 + 𝑇𝑂𝐹𝐹
 

Equation 22 

 Frequency is defined as the reciprocal of the total time i.e. (𝑇𝑂𝑁 + 𝑇𝑂𝐹𝐹). 
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𝐼𝑃 =

𝑃𝑒𝑎𝑘 𝐶𝑢𝑟𝑟𝑒𝑛𝑡

𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎
 

Equation 23 

The peak current density is defined as the ratio of the peak current flowing through the circuit during 

electroplating to the coating surface area and has the units (𝐴
𝑑𝑚2⁄ ). The peak current is in amperes 

(𝐴) and the coating surface are is taken in units (𝑑𝑚2), where 1 𝑑𝑚2 = 0.01 𝑚2. The average current 

density (IA) is defined by equation 24 (Chandrasekar, M. S. and Pushpavanam, M., 2008). 

 𝐼𝐴 = 𝑃𝑒𝑎𝑘 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝐼𝑃) × 𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒 (𝛾) Equation 24 

2.8.3 Pulse Reverse Current (PRC) Electrodeposition 

PRC plating is the bipolar electrodeposition process where DC current is continuously changing its 

direction (polarity). A typical waveform of the pulse reverse current is shown in figure 2.11. 

 

Fig. 2.11. Typical Pulse Reverse Current Waveform (Chandrasekar, M. S. and Pushpavanam, M., 2008). 

In Pulse Reverse Current the plating current is interrupted and a reverse time is introduced into the 

plating cycle. The introduction of high frequency PRC reduces the use of additives, which limits the 

deposit ductility and electrical conductivity (Chandrasekar, M. S. and Pushpavanam, M., 2008). PRC 

avoids the drawbacks of additives while the superimposed pulsation keeps control of the crystal 

structure (Chandrasekar, M. S. and Pushpavanam, M., 2008). The following parameters are considered 

in order to characterize the pulse reverse current: 

 Anode Pulse Reverse Time TAA 

 Cathode Pulse Forward Time TC 
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 Anode Current Density IAA 

 Cathode Current Density IC 

 Average Current Density Ῑ  

In case of PRC technique, the average current density (Ῑ) and the duty cycle (𝛾′) are given by equation 

25 and equation 26 respectively (Chandrasekar, M. S. and Pushpavanam, M., 2008). 

 
Ῑ𝐴 =

𝐼𝐶𝑇𝐶 − 𝐼𝐴𝐴𝑇𝐴𝐴

𝑇𝐴𝐴 + 𝑇𝐶
 

Equation 25 

 

 
𝛾′ =

𝑇𝐶

𝑇𝐴𝐴 + 𝑇𝐶
 

Equation 26 

PC and PCR offer several advantages in enhancing the deposition rate and the quality of deposited 

coatings. The independent control of various pulse coating parameters in PC/PCR techniques can 

significantly improve the micro/nano structures and morphological properties of the deposited 

coatings of metals, alloys and nano-particle composites which is not possible with DC techniques 

(Kelly, R. G. et al., 2002; Marlot, A. et al., 2002; Nakanishi, T. et al., 2001). Unlike the DC technique 

which creates an uneven distribution of ions which effects the quality of the coating, the PC/PCR 

technique enhances the quality of the coatings by increasing the ion distribution in the electroplating 

solution (Chandrasekar, M. S. and Pushpavanam, M., 2008). Researchers have also conducted 

comparative studies to compare the porosity of PC/PRC coating in comparison to DC 

electrodeposition and have stated that PC/PCR coated surfaces had a lower porosity 

(Balasubramanian, A. et al., 2009; Barcena, J. et al., 2008; Liu, Z. et al., 2011; Ramanauskas, R. et al., 

2008). Porosity is linked to the quality of the deposition which effects the mechanical, tribological and 

corrosion properties directly. Increase in porosity leads to penetration of unwanted ions trough the 

pores which can increase the pitting and corrosion behaviour of the underlying substrate (Notter, I. M. 

and Gabe, D. R., 1992; Zhou, Q. et al., 2009). The porosity is effected by the formation of hydrogen 

bubbles during the electroplating process (Nakahara, S. and Okinaka, Y., 1974) which can be 

improved by using PCR/PC techniques (Liu, Z. et al., 2010). The disadvantage of PC/PCR is that the 

cost of a pulse rectifier is much greater than a DC unit. 

The recent work done on the electrodeposited nanocomposite coatings to examine the friction, wear 

and corrosion properties of the coatings has been summarized in table 2.9. 
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Table 2.9 Summary of tribological properties of electrodeposited nanoparticles-filled nanocomposites. 

Study Coating 
Nanoparticle 

Size (m) 
Method 

Wear 

Resistance 

Micro 

Hardness 

Corrosion 

Resistance 

(Hou, K. H. et 

al., 2002) 
Ni-SiC 0.3 DC Improved Increased - 

(Surender, M. et 

al., 2004) 
Ni-WC 5 DC Improved Increased - 

(Wang, L. et al., 

2005) 

Ni-

Diamond 
0.01 DC Improved Increased - 

(Shi, L. et al., 

2005) 

Ni-Co-

Si3N4 
0.02 DC Improved Increased - 

(Aal, A. A. et 

al., 2006) 
Ni-AlN 0.040-0.150 DC Improved Increased Improved 

(Hou, K.-H. et 

al., 2006) 
Ni-P-SiC 0.3 DC, PC Improved Increased - 

(Aruna, S. T. et 

al., 2006) 
Ni-CeO2 2-20 DC Improved Increased Improved 

(Xue, Y.-J. et 

al., 2006) 
Ni-CeO2 40 DC Improved Increased - 

(Lampke, T. et 

al., 2006) 

Ni-SiC 

Ni-TiO2 

0.5-5 

0.021-5 

DC - Increased Improved 

(Chen, L. et al., 

2006) 
Ni-Al2O3 0.8 DC Improved Increased - 

(Sun, X. J. and 

Li, J. G., 2007) 
Ni-TiO2 0.012 DC Improved Increased - 

(Hou, K.-H. et 

al., 2007) 
Ni-P 

Different 

weight % 
DC, PC Improved Increased - 

(Vaezi, M. R. et 

al., 2008) 
Ni-SiC 0.05 DC Improved Increased Improved 

(Thiemig, D. 

and Bund, A., 

2008) 

Ni-TiO2 0.021 DC Improved Increased - 

(Zhou, Q. et al., 

2009) 
Ni-Al2O3 0.382 DC Improved Increased Improved 

(Saha, R. K. and 

Khan, T. I., 

2010) 

Ni-Al2O3 0.05 DC Improved Increased - 

(Srivastava, M. 

et al., 2010) 
Ni-Co 0.02-0.03 DC Improved Increased Unaffected 

(Argañaraz, M. 

P. Q. et al., 

2011) 

Ni-W 0.065-.0140 PC - Increased Improved 

(Liu, Y. et al., 

2011) 
Ni-SiO2 <100 DC Improved Increased - 

(Hou, K.-H. and 

Chen, Y.-C., 

2011) 

Ni-W-

Al2O3 
0.08 PC Improved Increased - 

(Borkar, T. and 

Harimkar, S. P., 

Ni-Al2O3 0.15 DC, PC, 

PRC 
Improved Increased - 
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2011) Ni-SiC 

Ni-ZrO2 

0.03-0.06 

0.2 

(Haq, I. U. and 

Khan, T. I., 

2011) 

Ni-SnO2 <100 DC Improved Increased - 

(Haq, I. U. et 

al., 2013) 
Ni-Fe2O3 <100 DC Improved Increased Improved 

(Algul, H. et al., 

2015) 

Ni-Al2O3 

 

0.08 DC Improved Increased - 

(Algul, H. et al., 

2015) 

Ni- 

Graphene 
0.032-0.036 PC Improved Increased - 

(Bajwa, R. S. et 

al., 2016a) 

Ni-Al2O3 

 

0.05 PC Improved Increased Improved 

(Bajwa, R. S. et 

al., 2016b) 

Ni-Al2O3 

Ni-SiC 

Ni-ZrO2 

0.05 PC Improved Increased Improved 

(Chen, J. et al., 

2016) 

Ni- 

Graphene 
0.030-0.039 PRC Improved Increased - 

(Szeptycka, B. 

et al., 2016) 

Ni- 

Graphene 
5 DC Improved - Improved 

(Bajwa, R. et 

al., 2016) 

Ni-Al2O3 

 

0.04-0.05 PC Improved - - 

(Nazir et al. 

2017) 

Ni-Al2O3 

Ni-SiC 

Ni-ZrO2 

Ni-

Graphene 

0.05-0.06 

0.04-0.05 

0.03-0.04 

0.005-0.007 

PC - - Improved 

(Nazir et al. 

2018b) 

Ni-

Graphene 
0.004-0.006 PC Improved Improved Improved 

(Nazir et al. 

2018a) 

Ni-Al2O3 

Ni-SiC 

Ni-ZrO2 

Ni-

Graphene 

0.03-0.04 

0.04-0.05 

0.1 

0.006-0.008 

PC Improved Improved - 
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It is a common practice to use ceramic oxides and compounds as nanoparticles in the Nickel matrix. 

As shown in the studies listed in table 2.9, the addition of nanoparticles in the Nickel matrix have a 

positive impact on the overall tribological properties as compared to the base metal and as compared 

to purely Nickel based coatings. Graphene which was successfully isolated in 2004 is also being used 

at Nano level and is being integrated in the Nickel matrix using electrodeposition process to develop 

Graphene based nanocomposite coatings.     

The in-depth literature survey focused on the tribological testing of refrigerants. They key findings of 

these studies have been comprehensively summarized besides describing the types of equipment and 

materials used by different researchers. The literature also describes different electrodeposition 

techniques and lists a number of tribological studies carried out on electrodeposited metals 

incorporating different Nano-particles. The tribological studies performed by using coated contacts 

have shown a clear advantages and usefulness of nanocomposite coatings. The literature review and 

survey has helped identify the literature gaps and has assisted in selecting; the appropriate testing 

procedure, the thermo-fluids and the types of coatings. 

An appropriate test method has been developed and the existing tribo-testing machine has been 

modified to experimentally investigate and enhance the tribological performance of next generation of 

thermo-fluids using nanocomposite coatings under sliding contact. 
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Chapter 3 

The purpose of this study is multifold: (a) to investigate the friction and wear behaviour of 

HFE-7000 by using steel contacts; and (b) to evaluate the friction and wear performance along 

with the compatibility of Nickel based nanocomposite coatings to look into the possibility to 

reduce wear and improve the friction performance of interacting parts of a system using HFE-

7000 by utilizing nanocomposite coatings. This chapter provides a detailed description of the 

test rig design and setup which will be used to study the tribological performance of rubbing 

uncoated and coated steel parts under HFE-7000 lubrication. 

Test Rig Design 

For the tribological evaluation of the next generation of refrigerants, a micro-friction machine 

has been modified. The machine is Phoenix TE-57/77 tribo-meter. The TE-57/77 tribo-meter 

has been modified to allow for the tribological testing of the next generation of thermo-fluids 

keeping in view the following key parameters: 

 The testing chamber should remain sealed under all testing conditions at all times and 

the modifications should allow for the assembly to sustain pressures in the range of 

−1 𝑡𝑜 + 3 𝑏𝑎𝑟. 

 The modifications should allow the direct measurement of; the fluid temperature, the 

gauge pressure inside the chamber, the contact potential, the friction force, 

sliding/reciprocating frequency and the heater block temperature. 

 Machine feedback should not be effected by the modifications.  

 The thermo-fluid should be charged directly at the interface allowing fully lubricated 

conditions between the interacting parts at all times.  

 The testing assembly should be easy to install with minimum time and effort. 

 All components within the pressurised chamber should be easy to disassemble and clean 

to prevent contamination of subsequent test samples.  

3.1  TE-57/77 Tribo-Meter  

The TE-57/77 tribo-meter in its original form is shown in figure 3.1. The TE-57/77 micro-

friction bench-top machine operates by sliding a sample plate in a reciprocating motion against 

a fixed ball or a pin (cylinder) sample. The machine comprises of a variable speed controlled 
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electric motor and a reciprocating drive mechanism. The load is applied normally from the top 

to the static specimen through a spring balance, load arm and linkage. The specimen block is 

mounted on an electrically heated block. The flat plate specimen reciprocates in a horizontal 

plane by a motor through a scotch yoke mechanism against a fixed pin/ball that is connected to 

a transducer to provide friction force feedback. The reciprocating amplitude can be set by 

adjusting the driver cam to give strokes in the range of 0-5 mm. The moving components within 

the test chamber are sealed to the test chamber by means of steel bellows and Viton O-ring 

seals. The arrangement is such that all relative movement is accommodated by the bellows with 

the O-ring contacts all effectively static. Two bellows transmit the power from the motor to the 

slider which holds the flat specimen. Two spate bellows are connected with a shaft that is used 

to mount the ball/pin and also help transmit the normal load.  

 

Fig. 3.1. TE-57 Tribo-meter original form. 

The positioning of the bellows is shown in detail in figure 3.3. The pin or ball can be electrically 

isolated from the flat plate to install a contact potential sensor to observe the lubrication film 

formation and metal to metal interactions. Wear at the contact is evaluated by post-test analysis. 

Data from SLIM 2000 is transmitted serially on a host PC. The serial link interface is a micro-

controller based multichannel and multifunctional interface. COMPEND 2000 software is used 

for sequence control, data monitoring and data recording. The software requires a PC with the 

minimum specifications; Pentium II 233 MHz, 32 Mbytes RAM. The software provides a 

graphical user interface and provides a platform for open system architecture and connectivity. 

The graphical user interface provides real-time data acquisition, monitoring and control. A 

separate test sequence file is written for each test. A data file has to be specified before the start 

of a test to record the data.     
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3.2  Design Outline 

The modified micro-friction testing machine should be able to envelop the whole apparatus 

under sealed conditions. The design should allow the connection of a vacuum pump to the 

chamber. The chamber has to be vacuumed before the start of each test to minimize the effects 

of ambient air and oxygen. The modifications should allow the continuous monitoring and 

control of the testing parameters, namely; friction force, motor speed, chamber temperature, 

chamber pressure and contact potential.  

The small chamber of the micro-friction machine provides several advantages, which include: 

 Low volume of thermo-fluid is required to achieve fully lubricated conditions. 

 Less time to heat the thermo-fluid. 

 Small size of the testing specimens reduces the overall martial requirement for testing. 

 Easy to visually observe the testing through the glass chamber lid. 

 Less time required to vacuum. 

3.3  Design Modification Layout and Schematic  

All modifications have to be made in a way that will not disturb any original settings of the 

machine and to allow complete disassembly of the modifications for future use without any 

damage to the original components. The modifications have to ensure that the testing chamber 

remains sealed throughout a test and any pipes, fittings and valves sustain the pressure limits. 

The design modification layout schematic diagram of the tribo-meter is shown in figure 3.2. The 

schematic diagram shows all the modifications required for experimentation. The complete 

working of the modified tribo-meter is explained in the flowing sections in this chapter. 
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Fig. 3.2. Modification Schematic Layout (Bhutta and Khan 2019). 

3.4  Contact Geometry  

A Ball-on-Flat contact geometry has been chosen for experimentation. The balls are made of 

52100 steel of 10 mm diameter which are commercially easily available and do not have to be 

specially manufactured. AISI 52100 steel is a common metal used in compressors and is tested 

by researchers when experimentally assessing the friction and wear performance of refrigerants 

(Yoon et al. 2000; Suh et al. 2003; Wu et al. 2004; Lee et al. 2005; Cannaday and Polycarpou 

2006; Demas and Polycarpou 2006b; Nunez et al. 2008; De Mello et al. 2009; Solzak and 

Polycarpou 2010; Akram et al. 2013a; Akram et al. 2016; Nunez et al. Purdue University, 

Indiana, USA, 12-15 July, 2010, Paper 2031). The ball specimens are oil hardened, having 

excellent deformation and wear resistance. The 52100 steel ball specimens used in this study are 

vacuum degassed and evenly through hardened in electric furnaces. The flat disc specimen 

chosen for testing is mild steel (EN1A). EN1A is cheap, commercially easily available and easy 

to machine. EN1A has been proven to be a suitable substrate for the application of Nickel based 

coatings with good stability and good adhesion properties for electrodeposition of Nickel 

coatings (Bajwa et al. 2016a; Bajwa et al. 2016c, 2016b; Nazir et al. 2017; Nazir et al. 2018a). 

The arrangement and positioning of the specimens in shown in the drawing in figure 3.3.  The 

flat specimen is circular in shape having diameter of 30 mm and thickness of 2.75 mm. Each flat 

specimen has two holes on its sides for securing it inside the specimen cup on the reciprocating 

rod of the machine. The flat mild steel specimens are cut from a circular rod and machined to 

the specifications. 
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  Fig. 3.3. Positioning of the specimens inside the pressure chamber (Garland, N. P., 2004). 

The testing specimens are shown in figure 3.4. Various different refrigerants have been known 

to form tribological films on the surface of the rubbing parts which enhance friction and wear 

performance especially in the case of using ferrous metals. The testing materials will allow us to 

see if HFEs have the capability to form surface films and whether these are protective tribo-

films which help reduce friction and/or wear or whether HFEs adversely react with the 

interacting materials resulting in increased wear and/or friction.  

 

  Fig. 3.4. Testing Specimens (a) EN1A Mild Steel flat circular disk (b) 52100 Steel ball. 

The next phase of the experiments will be to study the tribological behaviour of HFE-7000 on 

Nickel-coated contacts and to suggest feasible electrodeposited Nickel based coatings which 
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will help improve the overall mechanical and tribological performance of interacting 

components in the presence of the future generation of refrigerants.  

3.5  Instrumentation and Data Acquisition  

The design modification of the test rig has been done in such a way to allow the control, 

monitoring, and recording of various test parameters. The various sensors, gauges and 

transducers installed in the system along with the data acquisition technique have been 

explained in the sections 3.5.1-3.5.6. Refrigerant charging system and the testing procedure has 

been explained in sections 3.5.7 and 3.5.9 respectively. The modified tribo-meter has been 

presented in section 3.5.8.  

3.5.1 Chamber Pressure Measurement  

The test chamber has the capability to be pressurized up to +3 bar and to be vacuumed to -1 bar. 

To monitor both the positive and negative pressure in the range of −1 𝑡𝑜 + 3 𝑏𝑎𝑟, a compound 

manual gauge and a pressure transducer have been installed. The pressure transducer allows on 

screen monitoring of the pressure and recording of the pressure values inside the testing 

chamber during the course of an experiment. A Telemecanique pressure transducer made of 

stainless steel having a transmitter range of −1 𝑡𝑜 + 9 𝑏𝑎𝑟 has been selected and installed, it 

can measure the pressure of refrigerants in the temperature range of −20 𝑡𝑜 120℃, the 

connections type is 𝐺 1/4 male, the output signal is linear in the range of 4 𝑡𝑜 20 𝑚𝐴, it has a 

response time of less than 5 𝑚𝑠, it is shock and vibration resistant having good repeatability and 

accuracy (Sensors, T., 2016). The pressure transducer has been connected to one of the analogue 

input channels of SLIM 2000. The additional compound gauge has been added in the system to 

allow for visual indication of the pressure variations. If the data acquisition system or the 

computer freezes for some reason the manual gauge will always allow an operator to observe 

the pressure readings and make sure that the pressure reading is within the safe operating limits.  

3.5.2 Temperature Monitoring and Control 

TE-57/77 allows the installations of multiple K-type thermocouples. To allow the control of 

temperature, two separate thermocouples have been installed. The first thermocouple is a probe 

type thermocouple which has been installed directly in the heater block to allow the monitoring 

of the temperature of the heating block. The heater block has the capability to be heated up to 

200°C. The second thermocouple is a wire type thermocouple that is used to monitor the real 
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time temperature of the refrigerant in the specimen holding cup. The wire type thermocouple is 

secured by the means of a screw in the specimen cup before the start of each experiment. The 

wires of the thermocouple are run through the manual gauge which has been sealed on the other 

end with the help of a sealant. During the course of an experiment the temperature of the testing 

fluid is controlled by using the temperature readings from the wire type thermocouple, which 

are used in a PID algorithm for temperature control feedback for the heating elements. The 

heating elements are connected to a digital input/out port to allow the switching ON/OFF of the 

heaters. The two K-type thermocouples are connected to two separate analogue input ports that 

enables temperature monitoring, temperature control and recording of the temperature values. 

The output of the wire type thermocouple that monitors and controls the temperature of the 

refrigerant is connected to an analogue output port as well as being used in feedback control to 

maintain the fluid temperature. The feedback control loop to maintain the temperature of the 

refrigerant is shown in figure 3.5. 

  

  Fig. 3.5. Temperature control feedback loop. 

The heating block is located at the very bottom of the pressure chamber as shown in figure 3.2. 

After the test specimens have been installed and the chamber has been vacuumed, the fluid is 

charged in the specimen cup. Additional fluid is charged in the system to make it over flow, the 

extra thermo-fluid drops at the bottom of the pressure chamber where the heater block is 

located. This extra fluid helps the transfer of heat and also ensures that not only the contacts are 

fully lubricated but also the chamber atmosphere contains sufficient vapours of the refrigerant. 

This further minimizes the effect of ambient air. 

3.5.3 Lubricant Film Formation Measurement 

TE-57/77 has an input port dedicated to contact potential measurement. The contact potential 

measurement enables; to observe the metal-to-metal interactions between the reciprocating 

parts, to judge if a suitable lubrication film was formed during various testing conditions and to 
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comment on the separation between the test specimens. The contact potential sensing is based 

on the principle of contact resistance measurement. The internal electrical circuit for the contact 

potential sensor is shown in figure 3.6. 

 

     Fig. 3.6. Contact potential measurement circuit (Phoenix Tribology, 2002).  

The internal electrical circuit allows the sensor to be calibrated in the range of 0-50 mV, with 0 

volts referring to short circuit (metal-to-metal contact) and 50mV meaning open circuit (fully 

lubricated conditions). The sensor has been fine-tuned with the help of the two variable resistors 

R1 and R2 to give values in the full range of 0-50 mV, this increases the output resolution. VB is 

the excitation voltage applied to the circuit and VC is the output voltage that is sensed. The 

sensed voltage signal is fed to the contact potential input of the SLIM board using BNC 

connector. 

For the sensor to be installed, the two contact geometries have to be electrically isolated. If the 

specimens are not isolated before the start of an experiment then the sensor will always read the 

state of a short circuit. The sensor should read a state of short circuit only when there is a metal-

to-metal contact and should show values in the range of 0-50 mV during testing. To achieve this 

the two test specimens namely, the flat circular plate and the steel ball have to be electrically 

isolated. The specimen holding cup has been isolated from the body of the machine using 

insulation tape and nylon screws. The specimen holding cup is used to hold the flat circular 

specimen, isolating the cup isolates the flat circular specimen from the steel ball.  
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3.5.4 Reciprocating Frequency Measurement and Control   

A tachometer is coupled directly at the back end of the driver motor shaft which provides the 

rotational speed of the motor. The signals from the tachometer are fed to the speed input unit on 

the SLIM board which are then used to determine the offset between the set point and the 

current speed to help maintain the motor speed. The feedback control loop for the motor speed 

is shown in figure 3.7.  

 

Fig. 3.7. Oscillating frequency feedback control loop. 

The motor shaft is linked to the scotch yoke mechanism. The mechanism is secured with the 

reciprocating rod which holds the flat plate specimen with the help of a screw. The power is 

transmitted through the reciprocating rod which is supported by bearings on a linear guide rail. 

The amplitudes can be adjusted to give stroke lengths in the range of 0-5 mm. 

3.5.5 Friction Force Measurement  

A Kistler Piezo-electric friction force transducer comes fitted with the TE-57/77 tribometer. 

Normal load is applied by means of a spring balance attached to a cantilever arrangement. The 

cantilever exerts a force upon the force feedback transfer mechanism, hence on the contact. The 

position of the friction force transducer has been shown in figure 3.8. The sensor is attached to a 

yoke, the yoke is connected to a force feedback rod upon which a ball housing is mounted that 

holds the ball sample.  
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 Fig. 3.8. Friction Force Transducer position. 

Data from the friction force transducer is read through the friction force input port located at 

back of the SLIM data acquisition board. The applied manual normal load and the values of the 

friction force are used to calculate the real-time coefficient of friction in the software by means 

of equation 4.  

3.5.6 Sample Installation  

To start a test the ball and the flat disc samples have to be properly installed inside the testing 

chamber. Sample installation begins by placing the prepared flat disc sample in the specimen 

cup after which the holes in the disc sample are aligned with the pin holes in the specimen cup. 

Once the holes have been aligned the specimen cup containing the disc sample is fastened on 

the reciprocating rod of the tribo-meter with the help of nylon screws. This is followed by 

positioning and securing the wire-type thermocouple i.e. thermocouple-2 in the specimen 

holding cup. The ball sample is then fixed inside the ball holder with grub a screw after which 

the ball holder is screwed on the ball holder shaft. The ball holder shaft not only functions as a 

means to hold the ball sample in position but also provides the means to apply the normal load. 

Once both the samples have been secured in position the chamber lid is closed and sealed. The 

sealed chamber is then vacuumed with the help of the vacuum pump in order to minimize the 

effects of atmospheric oxygen and ambient air on the tests.  

Friction Force 
transducer  
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3.5.7 Refrigerant Charging System 

After the samples have been secured into their respective positions and once the test chamber 

has been vacuumed the system is ready to be charged with the refrigerant. The fluid charging 

system has been designed in a way to always allow fully lubricated conditions while using 

minimum thermo-fluid. The fluid is contained in a fluid charging cylinder that has a flexible 

hose which connects the charging cylinder to a shut-off vale. The other side of the shut-off 

valve is connected to the copper pipes which runs through a flow control valve and contains a 

pressure transducer. The diameter of the copper pipe is reduced after it enters the pressure 

chamber to allow the pipe to go directly into the specimen cup as shown in the schematic 

diagram in figure 3.2. The shut-off valve and the flow control valve are used to control the 

volume of the fluid being charged in the system. The operator can manually observe the filling 

of the cup and charging of the thermo-fluid through the glass in the chamber’s lid. The vacuum 

in the chamber and gravity helps the fluid to flow in the chamber. If required, a syringe can also 

be used to inject the fluid through the charging line. The syringe can be directly connected to the 

flexible hose at the shut-off valve. Sufficient quantity of the refrigerant is introduced so that the 

specimen holding cup overflows; this ensures fully-lubricated conditions at all times. The 

overflown/extra refrigerant gets collected at the bottom of the testing chamber where the heating 

block is located. The extra overflown refrigerant assists in heat transfer from the heater block to 

the refrigerant in the specimen holding cup. 

3.5.8 Modified TE-57/77 Tribo-meter 

Once modification of the tribo-meter was complete; all the sensors, transducers and the 

complete data acquisition was calibrated by the service engineer from Phoenix Tribology Ltd to 

ensure reliability of the readings from the modified test rig. The modified tribo-meter is shown 

in figure 3.9. A syringe is being used to charge the refrigerant, the pipe fittings are supported by 

screw-jacks and the environmental chamber of the modified tribo-meter can be completely 

sealed. Various program algorithms have been developed for use on the modified machine.  

Experimental methodology followed to test the friction and wear behaviour of HFE-7000 was 

divided into two main parts. In the first part, un-coated flat steel discs samples of three different 

surface finish were used against 52100 steel ball in a ball-on-flat configuration. Different 

operating conditions were simulated by altering the applied normal load and by changing the 

refrigerant temperature. Uncoated study is discussed in detail in chapter 4. In the second part of 

the study five different types of Nickel coatings were deposited on the flat disc samples to test 
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them under identical operating conditions as the uncoated samples. Coated study is described in 

chapter 5. 
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Fig. 3.9. The Modified tribo-meter. 
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3.5.9 Testing Procedure 

The steel flat circular specimen is placed in the cup which is then secured on the oscillating rod 

with the help of screws. Then the wire type thermocouple is fastened into position. Steel ball is 

fixed on the ball-holder with the help of grub screws and ball holder is connected to the ball 

holder shaft. The shaft provides a means to secure the ball-holder in position and also functions 

as a means to apply the vertical normal load. After this the chamber is closed and sealed. The 

chamber is then vacuumed so as to minimise the effects of oxygen and ambient air during 

testing. 

After the chamber has been vacuumed, HFE-7000 is introduced in the system by using the shut-

off and flow valves. Sufficient amount of refrigerant is charged so that the cup overflows and 

the bottom flat specimen is fully immersed in the fluid which ensures fully lubricated conditions 

at all times. The extra overflown refrigerant gets collected at the bottom of the chamber where 

the heating block is located. This overflown refrigerant assists heat transfer from the heater 

block and helps maintain the refrigerant temperature in the specimen cup.  The vacuum inside 

the test chamber and gravitational force helps the refrigerant to flow from the cylinder into the 

cup. The chamber lid has a transparent glass top which allows the operator to physically observe 

chamber conditions at all times. Next the desired load is manually applied. After this the control 

algorithm is run and the refrigerant inside the cup in the testing chamber is heated to the 

required temperature. The refrigerant temperature is controlled by using values from the wire 

type thermocouple and feedback PID control. Once the temperature reaches its specific value, 

the temperature of the refrigerant is stabilised and maintained for one hour before starting a test. 

After the temperature has been stabilised and has been maintained to the desired value for one 

hour, a test is run for two hours.  

The oscillating frequency is controlled by using feedback controlled driver motor. The motor, 

the heater and all the transducers are connected to a microprocessor based central data 

acquisition and control system. The values of the friction force, the chamber pressure values, the 

temperature readings from the heater block, temperature of the refrigerant and the motor speed 

are continuously recorded in a spreadsheet. Each experiment will be repeated at least twice to 

ensure repeatability. 

Coated and uncoated samples will be investigated under identical operating conditions. The 

testing procedures for uncoated and coated specimens are given in tables 4.1 and 5.2 

respectively. The uncoated specimens have been tested by varying their average surface 
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roughness, the applied normal load and the bulk refrigerant temperature. The results obtained by 

this study will give a clear understanding about the tribological behaviour of HFE-7000 under 

varying operating conditions. The uncoated study will be followed by Nickel based 

electrodeposited coatings, the coated samples will be investigated under the same conditions as 

uncoated test specimens. Testing of coated and uncoated samples under identical operating 

conditions will provide a direct comparison of the effect of coatings on the tribological 

performance to uncoated specimens. The results of these studies will be used to identify the 

most suitable coatings for enhancing the tribological performance of interacting parts operating 

in HFE-7000 refrigerant environment.    
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Chapter 4 

Uncoated Study 

Testing methodology followed for testing the wear and friction performance of HFE-7000 using 

uncoated specimens has been summarized in table 4.1. Flat plate circular specimens of three 

different surface roughness; 0.05 m, 0.1 m and 1.0 m of EN1A steel were used against 

52100 steel ball. These surface roughness values indicate fine surface finish (0.05 m), average 

surface finish (0.1 m) and rough surface finish (1.0 m). Surface finish is normally achieved 

by a mechanical grinding and polishing process. Mechanically grinding and polishing requires 

material, energy and man-hours. Having parts of a range of surface finish will show the 

influence of friction and wear by change in surface roughness of rubbing parts subject to HFE-

7000 lubrication. Interacting parts of various surface roughness operating under different 

conditions with different refrigerants show different results. A study conducted by using parts of 

three different surface finish to evaluate the effect of surface roughness on scuffing using HFC-

134a as refrigerant concluded that parts with a lower surface roughness result in lower friction 

force and friction coefficient values (Yoon et al. 2000). However another study conducted to 

access the influence of surface roughness under sliding condition of rubbing parts in HFC-410A 

environment concluded that an optimum initial surface roughness value prolongs the wear life 

and enhances the load carrying ability of interacting parts (Lee and Oh 2003); parts of three 

different surface values were also used in this investigation. In another study conducted to 

investigate effects of change in surface roughness on polymer films with HFC-134a showed 

discontinuous transfer layers on rougher surfaces while smooth continuous transfer layers were 

formed on surfaces with lower roughness (Nunez and Polycarpou 2015). HFE-7000 has never 

been investigated from a tribological point of view which makes it imperative to study its 

behaviour at changing load and temperature conditions in addition to analysing the role of 

surface finish of mating parts.   

4.1 Sample Preparation of Uncoated Samples  

Each flat circular sample was machined to a thickness of 2.75 mm from a circular steel rod 

using conventional machining methods. The diameter of each flat disc sample was 30 mm. 

Every sample was then mechanically grinded and polished to achieve the average roughness 

values of 0.05 m, 0.1 m and 1.0 m. Average surface values of each sample was ensured by 

using a white light interferometer (ZYGO). After the desired surface finish had been achieved, 
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each sample was conditioned in an ultrasonic bath for 5 minutes. After 5 minutes the sample 

was removed from the ultrasonic bath and was dried with warm air using a specimen drier. The 

grinding and polishing process followed by conditioning of each sample with acetone ensured 

the removal of any oxides and/or unwanted surface films present on the disc surface. The ball 

samples were also conditioned with acetone for 5 minutes in the ultrasonic bath and dried with 

warm air before each experiment. Once the samples are ready they are installed in the testing 

chamber following the steps described in section 3.5.6. After sample installation the refrigerant 

is introduced in the testing chamber using the procedure described in section 3.5.7. At this point 

the system is ready for testing and a test algorithm is run following the procedure mentioned in 

section 3.5.9. Results of the uncoated study have been presented in terms of friction and wear in 

sections 4.2 and 4.3 respectively.  

Table 4.1 Testing methodology for uncoated specimens. 

Sr No Surface Roughness, Ra (m) Refrigerant Temperature (°C)  Load (N) 

1 0.05 20 10 

2 0.05 20 20 

3 0.05 20 30 

4 0.05 30 10 

5 0.05 30 20 

6 0.05 30 30 

7 0.05 40 10 

8 0.05 40 20 

9 0.05 40 30 

10 0.1 20 10 

11 0.1 20 20 

12 0.1 20 30 

13 0.1 30 10 

14 0.1 30 20 

15 0.1 30 30 

16 0.1 40 10 

17 0.1 40 20 

18 0.1 40 30 

19 1.0 20 10 

20 1.0 20 20 

21 1.0 20 30 

22 1.0 30 10 

23 1.0 30 20 

24 1.0 30 30 

25 1.0 40 10 

26 1.0 40 20 

27 1.0 40 30 

Mechanical properties of the samples used in the uncoated study have been listed in table 4.2. 

Poisson's ratio of 52100 was set at 0.30 while 0.25 was used as the Poisson's ratio for EN1A in 

equations 19 and 20 along with the measured mechanical properties listed in table 4.2 to 
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determine the Maximum Hertzian Pressure. A load range of 10-30 N translates into a Hertzian 

Contact Stress range of 983.5-1418.4 Mpa.   

Table 4.2 Measured mechanical properties of uncoated specimens. 

Specimen Hardness (HV) Elastic Modulus (Gpa) Ra (m) 

Steel Ball 810 210 0.010 

Uncoated Steel Specimens 180 200 0.05, 0.1, 1.0 

4.2 Friction Behaviour of Uncoated Steel 

Results of friction have been presented and discussed in terms of real-time coefficient of 

friction, average friction coefficient and average frictional force.  

4.2.1 Real-time Coefficient of Friction of Uncoated Steel 

Real-time coefficient of friction graphs of flat disc sample having 0.05 m average surface 

roughness values have been presented in figure 4.1. The coefficient of friction was calculated in 

real time by using the values of the friction force from the friction force transducer and the 

applied normal load using equation 4.  

Figure 4.1 (a) shows that at refrigerant temperature of 20°C, the values of the coefficient of 

friction decrease with increase in load from 10 N to 30 N. It is also observed from the real-time 

coefficient of friction data that increase in applied normal load results in fewer variations in the 

friction coefficient and more stable values. At the least applied load of 10 N the friction 

coefficient increased sharply and reached a maximum value after which the coefficient of 

friction decreased. After a dip in the values, the friction coefficient increases again and reaches 

a stable value at the end of the experiment.  

Increasing the normal load to 20 N at 20°C refrigerant temperature decreased the values of 

friction coefficient compared to 10 N/20°C. The maximum values of the coefficient of friction 

at 20 N/20°C were also less than the maximum friction coefficient values observed at 10 

N/20°C.  

For 30 N/20°C, the coefficient of friction was observed to be much more stable and resulted in 

much lower values for the first half of the experiment, the friction coefficient however increased 

just before the end of the experiment.    
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Fig. 4.1. Coefficient of friction graphs for Ra 0.05 m, Refrigerant temperature: (a) 20°C (b) 30°C (c) 

40°C (Bhutta and Khan 2019). 
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An increase in refrigerant temperature by 10°C lowered the coefficient of friction at 10 N load 

as seen in figure 4.1 (b). The values of the friction coefficient were higher at 10 N/20°C in 

comparison to 10 N/30°C. Steep gradient and rise in values as seen at 10 N/20°C was also not 

observed at 10 N/30°C. 10 N/30°C testing conditions also showed fluctuations in the coefficient 

of friction values and the friction coefficient decreased at the end of the experiment displaying 

similar values to those that were produced at the start of the test.   

Increasing the applied load to 20 N at 30°C refrigerant temperature produced similar overall 

results to 20 N/20°C. Friction coefficient was fairly stable during the first half of the test after 

which the values of the coefficient of friction were seen to increase. 

Real-time friction coefficient results generated at 30 N/30°C followed almost the same pattern 

and produced similar values to 30 N/20°C for the first half of the test. During the second hour of 

the test a raise and fall in the coefficient of friction was observed. At the end of the experiment 

the friction coefficient obtained low, steady and stable values.   

A rise in the refrigerant temperature to 40°C resulted in a further drop in the values of the 

coefficient of friction. Compared to 10 N/20°C and 10 N/30°C, the values were seen to fluctuate 

as the experiment progressed but a sharp increase in the friction coefficient was not observed at 

10 N/40°C during the first 30 minutes of testing. After an initial increase the values, the 

coefficient of friction stabilised. The friction coefficient increased and decreased twice resulting 

the in the formation of two separate peaks with the second peak being higher than the first one. 

20 N/40°C conditions produced a similar overall behaviour to 20 N/20°C and 20 N/30°C. Some 

fluctuations can be seen, but 20 N/40°C conditions did not result in the generation of any steep 

gradients and major peaks. 

The overall results of the coefficient of friction of 30 N/40°C were also similar to 30 N/20°C 

and 30 N/30°C. Very minor fluctuations were noted at 30 N/40°C. 30 N/40°C also produced the 

most stable coefficient of friction values from all the experiments conducted at Ra 0.05 m.  

Once all the tests had been performed on the discs with fine surface finish (Ra 0.05 m), 

experiments were conducted on the discs of average surface finish having Ra 0.1m at the same 

testing conditions. Results of the tests performed at Ra 0.1 m have been presented in figure 4.2. 

The friction coefficient data obtained by using discs with Ra of 0.1 m displayed similar results 

to those generated by using discs with Ra of 0.05 m. 
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Fig. 4.2. Coefficient of friction graphs for Ra 0.1 m, refrigerant temperature: (a) 20°C (b) 30°C (c) 40°C 

(Bhutta and Khan 2019). 
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At 10 N/20°C with Ra 0.1 m the overall values and variations in the friction coefficient were 

very similar to the values obtained at 10 N/20°C with Ra 0.05 m. The coefficient of friction 

displayed a similar initial increase and fluctuations followed by stabilisation towards the end of 

the experiment.    

Increasing the normal applied load to 20 N at 20°C refrigerant temperature for Ra 0.1 m 

produced initial results of friction coefficient that were very similar to those produced at Ra 0.05 

m, 20 N load and 20°C. Values at 20°C/20 N for Ra 0.1 m show stable values for the 

coefficient of friction for a longer time period. The values of the friction coefficient did increase 

but only in the second half of the test, friction coefficient values are also seen to decrease at the 

end of the test after increasing.   

At refrigerant temperature 20°C, normal load 30 N for Ra 0.1 m, the range of values of the 

friction coefficient are very similar to the values generated at 20°C/30 N with Ra of 0.05 m. 

For Ra 0.1 m, refrigerant temperature 30°C and applied loads of 10 N and 20 N produced 

similar results to Ra 0.05 m, refrigerant temperature 30°C and normal applied loads of 10 N 

and 20 N respectively. At testing conditions of 30°C/30 N for discs with Ra 0.1 m the overall 

friction coefficient was lower in comparison to Ra of 0.05 m tested at 30°C/30 N. 

The coefficient of friction becomes more stable and the values of the friction coefficient 

decrease by increasing the refrigerant temperature to 40°C at 10 N load in comparison to 

20°C/10 N and 30°C/10 N for Ra of 0.1 m. The coefficient of friction was also more stable 

with lower overall values for Ra 0.1 m tested at 40°C/10 N in comparison to Ra 0.05 m tested 

at 40°C/10 N. 

For HFE-7000 temperature of 40°C at 20 N load for Ra 0.1 m the values of the coefficient of 

friction were lower than the values obtained at 20 N load, Ra 0.1 m and refrigerant 

temperatures of 20°C and 30°C. The values in this case are also lower than the values obtained 

at HFE-7000 temperature of 40°C at 20 N load with Ra 0.05 m.          

The data obtained for the coefficient of friction for Ra 0.1 m tested at 30 N load 40°C 

refrigerant temperature shows a decrease in the values of the friction coefficient in comparison 

to the friction coefficient values produced at 40°C/30N with Ra of 0.05 m. However when 
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comparing the results of 40°C/30N  to 20°C/30N and 30°C/30N, with Ra 0.1 m mostly similar 

results can be seen.  

Results of the real-time coefficient of friction by using flat disc sample with the rough surface 

finish having average surface roughness of 1.0 m are shown in figure 4.3. Increasing the 

average surface roughness by 10 times from 0.1 m to 1.0 m showed a very similar trend, 

overall behaviour and coefficient of friction values for all testing conditions. 
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Fig. 4.3. Coefficient of friction graphs for Ra 1.0 m, refrigerant temperature: (a) 20°C (b) 30°C (c) 40°C 

(Bhutta and Khan 2019). 

52100 steel ball starts to wear during the course of an experiment leading to an increase in the 

area of contact. The wear scar produced in a ball-on flat contact configuration on the stationary 

steel ball loaded against a disc has been known to change shape resulting in an increase in the 

apparent contact area. Increase in the area of contact leads to a decrease in the average contact 

pressure (Jean-Fulcrand et al. 2017). Increase in wear in an oscillating ball-on-flat test geometry 

has also been reported to cause an increase in the Hertzian diameter of 52100 steel balls 

(Deshpande et al. 2018). The coefficient of friction is seen to decrease with an increase in load 

and a rise in the refrigerant temperature, this decrease in the friction coefficient is due to the 

development of protective surface tribological films on the freshly exposed metallic surfaces. 

The coefficient of friction reaches a stable value with the progression of an experiment as the 

contact geometries become more favourable and once the tribo-films have been uniformly 

formed. Multiple peaks can be seen in some of the results of the real-time coefficient of friction 

graphs. The first peak denotes the initiation of the flattening of the steel ball and the second 

peak indicates a further change in the contact area of the ball. Shape of the wear scar on the ball 

changes with a change in testing conditions. Wear scar generated on a steel ball has bene known 

to shift from a circular shape at lower applied loads towards an elliptical shape at higher loads 

(Jean-Fulcrand et al. 2017). Increasing the average surface roughness at the same testing 

conditions leads to higher asperity interactions which accelerates the change in ball contact area, 

however at the same time harsher testing environments assist in the formation protective tribo-

films. 
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The variations and fluctuations in the coefficient of friction especially at low loads at lower 

refrigerant temperature are believed to be caused by multiple reasons. The generated wear 

debris are trapped inside the specimen holding cup, these debris are believed to cause wear by 

three body abrasive wear mechanism. Initial fluctuations at the start of a test which are more 

evident at lower surface roughness can also be a result of the uneven development of surface 

films, these tribo-films are believed to be uniformly adhered to the metallic surfaces after a 

certain amount of time which is also apparent from the real-time friction coefficient graphs 

which can be seen to stabilise with time. Fluctuations in the coefficient of friction are also 

linked to adhesive wear. Soft EN1A steel is adhered to the top surface of the hard 52100 steel 

ball and the continuous reciprocating motion of the disc against the stationary ball with adhered 

particles gives rise to fluctuations and variations in the friction coefficient.                   

4.2.2 Average Coefficient of Friction of Uncoated Samples 

The results of the average coefficient of friction for all the tests conducted on uncoated steel 

samples have been presented in figure 4.4. The graphs show a similar trend and pattern for all 

the surface roughness values investigated in the uncoated study. Increase in load at a constant 

temperature results in the reduction in the values of the coefficient of friction. Increase in load 

implies harsher testing conditions which assist in chemical reactions between the refrigerant 

(HFE-7000) and the rubbing metals.      
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Fig. 4.4. Average coefficient of friction plots: (a) Ra 0.05 m (b) Ra 0.1 m (c) Ra 1.0 m (Bhutta and 

Khan 2019). 

The chemical reaction between the refrigerant and the mating metallic bodies results in the 

production of protective tribo-films on the top surface of the metallic parts which results in a 

decrease in the coefficient of friction. Increase in refrigerant temperature at 10 N load also 

showed a decrease in the average coefficient of friction. At higher loads a significant change in 

the average friction coefficient was not observed by increasing the temperature of the refrigerant 

at the same applied load. Increasing the refrigerant temperature at any load reduces its viscosity. 
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Reduction in viscosity means a decrease in separation between the ball and the disc which 

should result in higher asperity interactions and lead to an increase in the coefficient of friction. 

The coefficient of friction however decreased at lower loads and stayed almost constant at 

higher applied loads with increase in refrigerant temperature. The results of the average 

coefficient of friction indicate that the reactivity of HFE-7000 increases with increase in 

temperature which accelerates the process of development of protective surface films. 

Formation and development of these protective tribological films has been explained in the 

Tribochemistry Discussion Section in section 4.4.    

4.2.3 Average Friction Force of Uncoated Samples  

The results of the average friction force for all the uncoated samples are presented in figure 4.5. 

For all the surface roughness values tested in the uncoated study the average frictional force can 

be seen to increase with an increase in applied normal load at a constant refrigerant temperature. 

Increase in the refrigerant temperature at 10 N load resulted in a decrease in the coefficient of 

friction for all surface roughness values. 20 N and 30 N loads tested at Ra 0.05 m and Ra 1.0 

m produced a minor increase in the average frictional force values with an increase in 

refrigerant temperature from 20°C to 30°C, the average friction force decreased for both these 

loads by increasing the refrigerant temperature from 30°C to 40°C. 
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Fig. 4.5. Average friction force plots: (a) Ra 0.05 m (b) Ra 0.1 m (c) Ra 1.0 m (Bhutta and Khan 

2019). 

The average frictional force values reduced with a rise in refrigerant temperature at 20 N load 

for Ra 0.1 m.  Increasing the refrigerant temperature from 20°C to 30°C decreased the average 

coefficient of friction at 30 N load for Ra of 0.1 m, however average friction force values 

remained almost constant by further increasing the temperature from 30°C to 40°C for steel disc 

with average surface roughness value of 0.1 m.  
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Minimum frictional force values were recorded at 40°C with Ra of 0.1 m for all the applied 

loads in comparison to Ra 0.05 m and Ra 1.0 m. These results indicate that there is an 

optimum value of surface roughness when operating at higher refrigerant temperatures at which 

the best values of frictional force are achieved.  

4.3 Wear Performance of Uncoated Steel Samples 

Post-test analysis of the flat disc and ball samples presented a combination of abrasive and 

adhesive wear. Adhesive wear was witnessed mostly at the far ends of the wear scar while 

abrasive wear was more dominant in the middle section of the wear scar. Soft EN1A steel discs 

were ploughed by the hard 52100 steel balls. Material pileup was observed at the extreme ends 

of the wear track.  

 

Fig. 4.6. Micrographs of wear track on disc samples with Ra 0.05 m: (a) 10 N, 20°C (b) 20 N, 20°C (c) 

30 N, 20°C (d) 10 N, 30°C (e) 20 N, 30°C (f) 30 N, 30°C (g) 10 N, 40°C (h) 20 N, 40°C (i) 30 N, 40°C 

(Bhutta and Khan 2019). 
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Micrographs generated through Scanning Electron Microscope (SEM) of the disc samples with 

average surface roughness of 0.05 m have been displayed in figure 4.6. The high magnification 

SEM images interestingly revealed more abrasive wear and less adhesive wear for applied load 

of 20 N for all the refrigerant temperatures. Magnified SEM images of a 52100 steel ball tested 

against EN1A steel disc of Ra 0.05 m at 10 N applied normal load with 20°C refrigerant 

temperature are shown in figure 4.7. The magnified images show adhered soft EN1A steel to the 

hard surface of the 52100 steel ball. Adhesive wear is presumably more dominant at the start of 

a test. Once the normal load has been applied and the reciprocating motion has not yet started 

the entire contact load is supported only through very small area of asperity contacts which 

generates very high real contact pressure values. Fragments from the surface of the soft EN1A 

steel disc detach under relative motion and get attached to the hard 52100 steel ball. With the 

normally loaded EN1A steel disc sliding against the hard stationary steel ball, an adhesive 

junction breaks. With continuous sliding motion fresh junctions form and rupture. As the 

experiment progresses running-in of the components is achieved with the contact geometries 

become more favourable with time and after the formation of tribo-films has been initiated the 

wear phenomenon shifts more towards abrasive wear. Wear debris produced during the course 

of an experiment are trapped in the specimen holding cup with leads to three body abrasive 

wear. The continuous reciprocating motion causes ploughing of soft steel discs by the hard steel 

balls and causes material pileup on the sides of the wear track.            

 

Fig. 4.7. Magnified images of the ball sample tested at 10 N, 20°C (Bhutta and Khan 2019). 

All other sample pairs with different surface roughness were also thoroughly examined under 

SEM and similar results were observed by examining the other surface values as well.  
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4.3.1 Wear Volume of Uncoated Steel Samples  

Each flat disc sample also analysed under ZYGO, the white light interferometer as shown in 

figure 4.8 to generate 3D plots of the wear track. The 3D plot of each wear track was used to 

calculate the wear volume of each sample post-experimentation. Figure 4.9 shows the 3D 

oblique plots of all the tests conducted on the disc samples with Ra 0.05 m.  

 

Fig. 4.8. White Light Interferometer (ZYGO NewView 5000). 

Increasing the applied load at 20°C refrigerant temperature produced a deeper and wider wear 

track indicating an increase in wear volume. A similar pattern was also noted at 30°C refrigerant 

temperature, increase in normal applied load generated more wear. The 3D oblique plots also 

show that by increasing the temperature of HFE-7000 from 20°C to 30°C at any given load 

reduces the width and depth of the wear scar indicating reduction in wear volume. The 

shallowest wear track was produced at 40°C/20 N testing conditions. Wear tracks generated at 

40°C at any given load resulted in the generation of shallower wear tracks in comparison to test 

conducted at 20°C and 30°C. 
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Fig. 4.9. 3D oblique plots of wear track on disc samples with Ra 0.05 m: (a) 10 N, 20°C (b) 20 N, 20°C 

(c) 30 N, 20°C (d) 10 N, 30°C (e) 20 N, 30°C (f) 30 N, 30°C (g) 10 N, 40°C (h) 20 N, 40°C (i) 30 N, 

40°C (Bhutta and Khan 2019). 

3D oblique plots were used to measure the wear volume of the wear track produced on each flat 

sample. The results of the wear volume for all the samples have been presented in figure 4.10.   
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Fig. 4.10. Wear volume plots: (a) Ra 0.05 m (b) Ra 0.1 m (c) Ra 1.0 m (Bhutta and Khan 2019). 

At a particular surface roughness an increase in the refrigerant temperature reduces wear 

volume for the same applied normal load. This trend in a drop in wear volume with increase in 

temperature shows that the reactivity of HFE-7000 increases with the metallic rubbing surfaces 

with an increase in temperature. The increased reactivity of the refrigerant means acceleration in 

the formation of protective surface films on the mating top surfaces which results in a decrease 

in wear volume. Wear volume is observed to increase with increase in load for all surface 

roughness values at refrigerant temperatures of 20°C and 30°C. However at 40°C for all the 
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tested surface roughness values the wear volume generated at 20 N load was less than the wear 

volume produced at 10 N. At a particular testing temperature the wear volume for all the surface 

roughness values investigated had the highest values at 30 N load. These results indicate that 

there exists an optimum combination of refrigerant temperature and applied normal load which 

generates minimal wear.  

At all the refrigerant temperatures investigated in the uncoated study an increase in average 

surface roughness from 0.05 m to 0.1 m generated more wear at 10 N load. A further increase 

in the average surface of the flat discs from 0.1 m to 1.0 m showed a decrease in wear 

volume at each refrigerant temperature for 10 N load. The least rough surface produced the 

minimum wear for normal load of 10 N. This shows that an increase in surface roughness at 

lower applied loads increases wear due to increase in asperity interactions. A further increase in 

average surface roughness produces harsher operating conditions causing more asperity 

interactions, however these harsher conditions proved to be more beneficial in the chemical 

breakdown and reaction of HFE-7000 with the metallic surfaces resulting in the generation of 

protective surface films which leads to wear reduction. 

Increasing the load at 20°C refrigerant temperature from 10 N to 20 N generated almost the 

same amount of wear volume for Ra of 0.05 m and Ra of 1.0 m, however for Ra 0.1 m least 

values of wear volume were observed at 20°C/20 N. This result shows that for operating 

conditions of 20°C/20 N an optimum average surface values exists that produces lower wear. At 

20°C/30 N testing conditions an increase in surface roughness resulted in an increase in wear 

volume. For 40°C/20 N conditions an increase in surface roughness from 0.05 m to 0.1 m 

resulted in an increase in wear volume, however least amount of wear volume was observed at 

Ra 1.0 m. This shows that although the production of surface tribo-films is promoted by 

harsher loading conditions, the temperature of the refrigerant (HFE-7000) has to increase as 

well in order to accelerate the formation of these protective surface films. Least amount of wear 

was noticed at 20 N/40°C for each surface roughness. This indicates that an optimum 

combination of temperature and load exists which produces the least amount of wear 

irrespective of the average surface roughness. Best operating conditions in terms of wear were 

identified as; normal applied load 20 N, HFE-7000 temperature 40°C and Ra 1.0 m as least 

amount of wear was generated at these testing conditions.  

At 30 N/20°C increasing the average surface roughness of the flat disc samples resulted in a 

drop in wear volume. Any noticeable effect on wear volume was not observed by increasing the 



Chapter 4 Uncoated Study 

Page | 98  

 

surface values at 30 N/30°C. For 30 N/40°C, increasing surface roughness values from 0.05 m 

to 0.1 m increased wear, however a further increase in the average surface values of the flat 

disc to 1.0 m reduced wear and produced the least amount of wear for these testing conditions.   

 4.4 Tribochemistry Discussion on Uncoated Steel Samples   

Energy-Dispersive X-ray Spectroscopic (EDS) analysis were performed in a vacuumed chamber 

on all the tested specimens post experimentation. The results of the EDS analysis showed a 

strong presence of O and F on all of the flat EN1A discs as well as on all of the 52100 steel 

balls. EDS analysis was also carried out on a number of ball and disc specimens before 

experimentation.  
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Fig. 4.11. Magnified images of the wear scar indicating the analysis region along with the EDS analysis 

(Bhutta and Khan 2019). 

No fluorine or oxygen was detected pre-experimentation; the grinding, polishing and the 

ultrasonic treatment with acetone of each disc sample pre-experimentation ensured the removal 

of unwanted/oxide surface films. Post experimentation EDS results of one of the sample pairs 

have been presented in figure 4.11 and 4.12 respectively.  

Chemical characterization results obtained by analysing various different regions on the wear 

scar generated on the EN1A flat steel disc have been presented in figure 4.11 alongside the 

SEM images. Similar analysis were also performed on the wear tracks produced on the other 

disc samples as well which also revealed similar results. EDS results show a presence of both 

oxygen and fluorine on the wear scar indicating the formation of tribological films on the wear 

track.       
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Fig. 4.12. Magnified images of a ball specimen indicating the analysis region along with the EDS results 

(Bhutta and Khan 2019). 

Elemental analysis on the 52100 steel ball sample have been presented in figure 4.12. EDS 

analysis on the ball was also performed on a number of different regions within the contact 

zone. EDS results of the ball also revealed the presence of both oxygen and fluorine 

demonstrating that oxygenated and fluorinated tribological films did not form only on the flat 

disc samples were also formed on the ball specimen as well.  

In order to minimize the influence of ambient air and atmospheric oxygen on a test, the testing 

chamber was vacuumed before introducing the refrigerant HFE-7000 into the system and 

establishing fully lubricated conditions after which the testing chamber was fully sealed. Which 

leads to the conclusion that the origin of the fluorine and oxygen detected post experimentation 

is the refrigerant (HFE-7000). After an experiment had been completed the tested samples were 

securely stored in a desiccator. Even if aerial oxidation is taken into consideration while 

transporting and handling of the tested specimens post experimentation will still not explain 

high percentage of fluorine and oxygen detected on the surface of the tested specimens. 
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X-ray Photoelectron Spectroscopic (XPS) analysis was performed on a selected number of 

sample pairs using Kartos Axis Ultra in ultra-high vacuum. A 10 mA emission, monochromated 

aluminium X-ray source was operated at 15 KV. Each performed analysis had an approximate 

area of 300 𝜇𝑚 𝑋 700 𝜇𝑚. Analysis conditions used were 1 eV steps, 160 eV pass energy and 

0.2 s dwell per step. Survey spectra in the range of 1350 to -10 eV binding energy were taken at 

0° emission angle to the surface normal. The XPS survey spectra results of one of the tested 

samples pairs is shown in figure 4.13.  

 

(a) 
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Fig. 4.13. XPS survey spectra: (a) Disc (b) Ball (Bhutta and Khan 2019). 

Besides Carbon, Iron, Manganese, Silicon, Phosphorous, Sulfur and Chromium which are 

typically present in 52100 steel and EN1A steel, elements such as Zinc, Nitrogen, Calcium and 

Sodium have also been detected by XPS. The source of Calcium, Zinc and Sodium is believed 

to be the latex and nitrile laboratory rubber gloves. Calcium, Zinc and Sodium presence on the 

ball and flat specimens is most likely due to the transfer of particles from the disposable 

laboratory gloves onto the surfaces of the disc and ball specimens. A number of constituents 

within the material of a glove and manufacturing residues left on the surface of a glove have 

been known to get easily transferred to the specimens being handled using these gloves with 

Calcium, Zinc and Sodium being a common contamination being caused by laboratory gloves 

(XPS 2019). The source of Nitrogen in the XPS analysis is often linked with carbon 

contamination from the atmosphere (Bhutta and Khan 2019). The elements of interest i.e. the 

constituents and elements present in the steel samples and the refrigerant were further 

investigated and have been presented in figure 4.14. 
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Fig. 4.14. XPS high resolution core level spectrums: (a) Fe2p disc and ball (b) C1s disc (c) C1s ball (d) 

O1s disc (e) O1s ball (f) F1s disc (g) F1s ball (Bhutta and Khan 2019).   

High resolution XPS core level spectrum results for Carbon, Iron, Fluorine and Oxygen have 

been presented in figure 4.14. High resolution Fe2P core level spectra for the flat circular disc 

and the ball are shown in figure 4.14 (a). Binding energy peaks of Fe 2𝑝3
2⁄ for the disc as well 

as the ball sample equal to 710.7 eV can be seen in the results which refer to the formation of 

Fe2O3 (Scientific 2019). A small 2𝑝3
2⁄  peak is also present in the spectra at ~706.7 eV which 

(e) (f) 

(g) 
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represents Fe metal (Scientific 2019). In comparison to metal, peaks of iron oxide are shifted 

significantly towards higher binding energy (Scientific 2019). 

High resolution C1s core level spectra of the ball sample and the flat disc are shown in figures 

4.14 (b) and 4.14 (c). The C1s spectra for the disc sample shown in figure 4.14 (b) can be fitted 

four different peaks. The C1s spectrum results for the ball sample shown in figure 4. 14 (c) 

present very similar results to the disc sample except for the fact that the disc specimen can be 

fitted for four different peaks while the ball spectrum can be fitted for just three different peaks 

instead of four. This indicates that similar constituents of carbon are present on the ball as well 

as disc specimens, with one additional carbon compound being present on the disc. Binding 

energy peaks of 285.00 and 285.3 eV are extant on both the samples. Of the total carbon 

percentage present on the analysed disc area, 80.1% of carbon lies within these binding energy 

limits. For the ball specimen, 84.5% of the carbon sensed on the analysed area is present within 

these binding energy limits. C-C carbon contamination for adventitious carbon typically has 

binding energy of 284.8 eV (Scientific 2019). The XPS analysis process has an associated 

inherited error of at least ± 0.1 eV to ± 0.2 eV (XPS 2019). For organic systems it is convenient 

to charge correct to the C-H, C-C signal and readjust it to 285.0 eV (XPS 2019).  Higher 

binding energy constituents can be examined above this main peak. The second peak present at 

(285.0-285.3 eV) +1.6 eV refer to C-O-C and C-OH (Scientific 2019; XPS 2019). The third 

peak generated at (285.0-285.3 eV) +2.8 eV which is present only at the disc sample refers to 

C=O (XPS 2019). The fourth peaks which are detected in the range of 288.7-288.9 eV represent 

O-C=O (Scientific 2019; XPS 2019). Binding energies between 288-290 eV for Metal 

Carbonates also indicates the presence of metal carbonates (XPS 2019). This leads to a 

deduction that the C1s spectra peaks within binding energies of (288-290 eV) could possibly 

also refer to the generation of iron carbonates. The disc and ball C1s spectra shows the presence 

of various carbon based compounds which indicates that not only the bonds of the refrigerant 

(HFE-7000) have been broken but also new bonds have been formed on both the mating 

metallic surfaces.  

Figures 4.14 (d) and 4.14 (e) represent the O1s spectrum attained by analysing the disc and ball 

specimens respectively. Similar to the results obtained for C1s spectra, O1s spectrum of the disc 

and ball samples generated through XPS displayed similar peaks. Multiple peaks were obtained 

at 529.8 eV-529.9 eV and 531.5 eV-531.8 eV binding energies for both the ball as well as the 

flat disc samples. This implies that similar oxygen components are existent on both the tested 

specimens. The analysed area on the disc showed that 68% of the detected oxygen is present in 
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the range of 531.5-531.8 eV and 32% of oxygen is present between 529.8-529.9 eV. 64.2% of 

the oxygen on the ball specimen is present between 531.5-531.8 eV and 35.8% is in the range of 

529.8 and 529.9 eV. Besides oxides of metals, O1s binding energy of different compounds and 

species lies within a very narrow range (Scientific 2019). O1s spectra is not straightforward to 

interpret because O1s peaks are broader having multiple overlapping components (Scientific 

2019) 529-530 eV binding energies imply the possible development of metal oxides, most 

possibly Fe2O3 (Nunez et al. 2010; Scientific 2019). Fe2O3 is the most probable metal oxide to 

have been formed on the metallic surfaces as Iron (III) Oxide was directly sensed in the Fe2p 

spectrum. 531.5-532 eV range of binding energies imply C-O presence on the surfaces 

(Scientific 2019), C1s spectra also showed the presence of C-O. 531.5-531.9 eV binding 

energies also refers to the formation of carbonates and/or bicarbonates for O1s spectrum (Wu et 

al. 2004; Nunez et al. 2010). C1s spectrum also indicated the possibility of the formation of 

metal carbonates. Organic compounds bonded to oxygen can lie in the binding energies from as 

low as 530.9 eV to as high as 533.8 eV and 531.3 eV binding energy for metal hydroxides with 

0.3 eV standard deviation (XPS 2019). Fe(OH)2 and Fe(OH)3 could be the most likely metal 

hydroxides, if present. The XPS results indicate a larger percentage, more than 60% of the 

detected oxygen bonded to either organic components or probably in the form of metal 

hydroxides. The remainder of the detected oxygen is attached to metal with Fe2O3 being the 

most likely metal oxide formed on the surface.  

F1s spectra for the disc and ball samples have been displayed in figures 4.14 (f) and 4.14 (g) 

respectively. F1s spectrum of the disc and ball are different which makes the results of F1s 

unlike the other XPS results. 81.7% of the detected fluorine on the disc specimen was identified 

at 684.4 eV binding energy while 18.3% of fluorine was recognised at 688.2 eV binding energy. 

Only a peak at ~684.5 eV was detected for the ball sample. F1s spectra for fluorine in the 

binding energies from 684 eV to 685.5 eV refers to the presence of metal fluorides (Scientific 

2019) and the binding energy range of 688 eV to 689 eV indicates organic fluorine (Bhutta and 

Khan 2019). For the ball specimen no peak was sensed in the range of 688-689 eV while a peak 

was detected in the range of 684-685.5 eV, which leads to the conclusion that fluorine is not 

present in organic state and is only present in the form of metal fluorides on the analysed area. 

For the flat disc specimen 81.7%, a very high percentage of fluorine is present as metal 

fluorides, while 18.3%, a smaller percentage is detected as organic fluorine. The detection of 

organic fluorine and metal fluorides also indicates the breaking up of bonds of HFE-7000 and 

the formation of new bonds and compounds on the surfaces of the rubbing metals. The XPS 

results of fluorine are in contrast to the results of oxygen. As discussed in the O1s spectrum 
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results a lower percentage of oxygen is present as metal oxides while a higher percentage of 

oxygen is present in organic form. In addition metal fluorides have been detected on both the 

metallic samples while the presence of organic fluorine was detected only on the disc specimen. 

These results indicate the oxygen in HFE-7000 has a higher tendency to form metal oxides in 

comparison to fluorine in HFE-7000 which showed a greater tendency to form metal fluorides. 

The metal fluorides formed on the rubbing surfaces of both the samples are most probably FeF2 

and/or FeF3 (Muraki et al. 2002; Akram et al. 2013a; Akram et al. 2013b).  

The detection of inorganic compounds such as metal fluorides and Iron (III) Oxide originate as 

a result of the tribochemical reaction between steel disc/ball and the fragmented species 

originating from the breakdown of the refrigerant, HFE-7000 (Bhutta and Khan 2019). The 

organic species have been known to act as third body which ensure interface sustainability in 

terms of friction and wear, whereas on the other hand better adhesion on the surfaces of the 

interacting metals is provided by the metallic components (fragmented refrigerant reacted with 

steel) (Akram et al. 2013b). 

The formation of oxygen containing tribo-layer in the presence of carbon dioxide as refrigerant 

(Cannaday and Polycarpou 2006; Jeon et al. 2009; Nunez et al. 2010) and the formation of 

fluorinated layer by various different refrigerants (Mizuhara et al. 1994; Akram et al. 2013a; 

Akram et al. 2013b; Akram et al. 2014; Bhutta et al. 2018a; Tatsuya Sasaki Purdue University, 

Indiana, USA, 12-15 July, 2010, Paper 1946; Kawahara et al. Purdue University, Indiana, USA, 

23-26 July, 1996, Paper 1141) developed on the rubbing surfaces have been reported to be 

advantageous in improving the tribological performance. The refrigerant, HFE-7000 

(C3F7OCH3) chemically breaks down under the application of applied normal load, heat, 

mechanical motion and frictional force. Single Carbon-Fluorine bonds are highly polar bonds 

(𝐶𝛿+ − 𝐹𝛿−) and C-F bond is shorter than C-H bond which makes C-H bond easier to break in 

contrast to C-F bond (Gu et al. 2009; Akram et al. 2013a). Carbon-Carbon, C-C bond has also 

been reported to be stronger than C-O, Carbon-Oxygen bond (Lide 73rd edition,  1992-1993, pp. 

9-145; Muraki et al. 2002). It is highly probable that C-O bond is the first bond to break in HFE-

7000 which frees OCH3 from the rest of the molecule. Removal of material from the surface of 

EN1A steel disc exposes fresh surface containing dangling bonds or immobilised free radicals. 

Unlike free radicals, the limited mobility of immobilised free radicals in a solid medium makes 

them kinetically more stable. However, similar to free radicals, immobilised free radicals i.e. 

dangling bonds are also extremely reactive. The exposure of highly reactive fresh bonds on the 

surface of the EN1A steel disc accompanied by the chemical breakdown of the refrigerant leads 



Chapter 4 Uncoated Study 

Page | 108  

 

to a chemical reaction between the EN1A steel disc and the refrigerant. This chemical reaction 

leads to HFE-7000 adsorption on to the disc surface forming fluorinated and oxygenated 

tribological films which result in friction and wear reduction. Besides the adhered EN1A steel 

on the surface of the ball, scratch marks and abrasive wear is also clearly visible on the ball 

surface in the contact region, which produces a similar chemical reaction between HFE-7000 

and the ball. These protective tribo-layers are well adhered to the rubbing surfaces of the disc 

and ball as the presence of oxygen and fluorine was not only detected throughout the wear track 

on the flat disc sample but, the presence of oxygen and fluorine was also detected at different 

regions within the contact zone of the ball sample (Bhutta and Khan 2019).        

4.5 Conclusions of the Uncoated Study   

A series of tests have been successfully conducted within tribological context to evaluate the 

friction and wear performance of the environmentally friendly refrigerant HFE-7000 simulating 

a range of different operating conditions. Tests were performed by using flat disc samples of 

EN1A steel of various surface finish against 52100 steel balls, by changing the applied normal 

load and by heating the refrigerant (HFE-7000) to several different temperatures. The friction 

and wear performance of HFE-7000 was analysed at low loads and low temperatures starting 

from room temperature.  

An increase in load at low refrigerant temperature of even 20°C resulted in a substantial 

reduction of the coefficient of friction and increasing the refrigerant temperature at a low load of 

even 10 N reduced wear.  

Overall the results show that an increase in the operating temperature at a constant applied load 

reduces both wear and friction coefficient. Increasing the applied normal load at a constant 

refrigerant temperature increased wear but resulted in a reduction in the coefficient of friction. 

The drop in the coefficient of friction with increase in applied load and the decrease in the 

friction coefficient along with a decrease in wear volume with increase in refrigerant 

temperature is believed to be associated with the formation of protective tribo-films on the 

interacting surfaces. The production and development of these protective tribological films 

accelerates at elevated refrigerant temperatures and with increase in applied normal load. 

Increasing the applied load and the temperature of the refrigerant results in an increase in 

reactivity of HFE-7000 with the rubbing metals.  
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EDS analysis results performed on the disc and ball samples within the contact region reveal a 

significant presence of fluorine, oxygen and carbon. The detailed high resolution XPS analysis 

showed the formation of new compounds/bonds on the surfaces of the mating metallic samples. 

Post-experiment EDS and XPS analysis performed at different samples at various regions on the 

wear track and at different areas with the contact zone of the ball samples demonstrate that 

fluorinated and oxygenated layers are well adhered on the surfaces of the ball and disc 

specimens. The results also show that surface roughness i.e. surface finish does not have a very 

significant effect on wear volume and friction coefficient. This implies that metallic parts of a 

range of surface finish and even metallic parts with rough surfaces can be used in interacting 

systems based on HFE-7000 refrigerant.  

Overall it can be stated with confidence evidenced by the presented results that HFE-7000 

refrigerant which is a very promising next generation refrigerant having a broad range of 

applications areas also has good friction and wear behaviour which improves at higher operating 

temperatures will lead to good tribological performance of mechanical systems run on HFE-

7000.  
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Chapter 5 

Coated Study 

The results of the coated study have been presented in this chapter. Five different types of 

coatings namely Ni-Al2O3, Ni-SiC, Ni-ZrO2, Ni-Graphene and Nickel-only were prepared using 

the pulse coating technique in an attempt on enhance and improve the wear and friction of 

interacting metallic parts in HFE-7000 based systems.    

5.1  Sample Preparation  

All the coatings will be Nickel based, Nickel based electrodeposition has been selected because 

Nickle based coatings provide several benefits which includes better wearability than softer 

metals such as copper or zinc which can be used when wear resistance is needed (Snyder, D., 

2011). Nickel plating is typically used to provide greater wear and corrosion resistance and to 

add thickness to undersized parts (SPC, 2018). Nickel plating is also frequently used as a 

method of friction reduction in certain materials (SPC, 2018). Nanostructured design achieved 

by the electrodeposition of nano particles into the Nickel matrix has been proven to enhance 

friction, wear, corrosion and overall mechanical performance of interacting parts under a range 

of testing conditions as summarized in table 2.8. The electroplating process consists of several 

steps. These steps are explained in sections 5.1.1-5.1.3.  

5.1.1 Substrate preparation 

Prior to starting the actual electroplating the surface of the mild steel circular samples have to be 

prepared for the deposition process. Nickel based coatings having surface roughness of less than 

1 𝜇𝑚 have shown good adhesion properties on mild steel (Bajwa, R. et al., 2016; Bajwa, R. S. 

et al., 2016a, 2016b). One side of the samples is mechanically grinded and polished using 

grinding and polishing wheels to bring the average surface roughness (Ra) of the samples to 

0.05 𝜇𝑚. After the gridding and polishing process has been completed, the sample is cleaned by 

first using water and then by dipping the sample in acetone and placing it in an ultrasonic bath 

for five minutes. Afterwards the sample is removed from acetone and dried using hot air from a 

specimen drier. The mechanical grinding and surface polishing process followed by ultrasonic 

surface conditioning of each flat sample with acetone ensured the removal of any oxides or 

undesired surface films that might be present. After the sample has dried the unpolished side of 

the sample is sealed and attached to a metal hanger using polyvinyl chloride tape.  
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5.1.2 Electrolytic solution preparation    

The solution used for the electrodeposition process is called the electrolytic solution and it is 

chemically prepared using various combination of chemicals. The chemicals typically used in 

the preparation for the Nickel based coatings along with their quantity are (Hou, K.-H. and 

Chen, Y.-C., 2011; Xia, Y. et al., 2007)(Bajwa, R. et al., 2016; Bajwa, R. S. et al., 2016a, 

2016b)(Algul, H. et al., 2015; Borkar, T. and Harimkar, S. P., 2011; Chen, J. et al., 2016; Chen, 

L. et al., 2006; Shi, L. et al., 2006): 

  𝑁𝑖𝑆𝑂4 6𝐻2𝑂 (200 − 300 
𝑔

𝐿⁄ ) 

 𝑁𝑖𝐶𝑙26𝐻2𝑂 (40 − 50
 𝑔

𝐿⁄ ) 

 𝐻3𝐵𝑂3 (30 − 40 
𝑔

𝐿⁄ ) 

 𝐷𝑒𝑖𝑜𝑛𝑖𝑠𝑒𝑑 𝑊𝑎𝑡𝑒𝑟 (1 𝐿) 

Experimental studies involving steel substrates and Nickel based electrodeposition coatings 

involving Nano-particles (Bajwa, R. et al., 2016; Bajwa, R. S. et al., 2016a, 2016b; Borkar, T. 

and Harimkar, S. P., 2011; Khan, Z. A. et al., 2015; Rizwan Bajwa, Z. a. K., Vasilios Bakolas, 

Wolfgang Braun, 2014, 2015) have shown the following composition of chemicals to be the 

most optimum:  

   𝑁𝑖𝑆𝑂4 6𝐻2𝑂 (265 
𝑔

𝐿⁄ ) 

 𝑁𝑖𝐶𝑙26𝐻2𝑂 (48
 𝑔

𝐿⁄ ) 

 𝐻3𝐵𝑂3 (31 
𝑔

𝐿⁄ ) 

 𝐷𝑒𝑖𝑜𝑛𝑖𝑠𝑒𝑑 𝑊𝑎𝑡𝑒𝑟 (1 𝐿) 

The optimum composition described above will be used to prepare the electrolytic solution. 

These chemicals will be precisely weighed and will be put in a beaker. Five different 

electrolytic solutions were prepared using the optimum chemical compositions described above 

to develop the five different types of coatings. The procedure for preparing the coatings is 

described in section 5.1.3. 

5.1.3 Coating procedure 

Pulse electrodeposition was used to develop coatings of ~ 10 m thickness on the flat circular 

steel specimens. 20 g/L Al2O3 nanoparticles having average particle size of less than 50 nm 
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were added in the first solution for the preparation of Ni-Al2O3 nanocomposite coatings. To 

prepare Ni-ZrO2 nanocomposite coatings, 20 g/L ZrO2 nanoparticles with an average particle 

size between 20-30 nm were added to the second solution. 20 g/L SiC nanoparticles with an 

average particle size between 50-60 nm were added in the third solution for the development of 

Ni-SiC nano coatings. 0.1 g/L Graphene nanoparticles with average particle size of 6-8 nm were 

added in the fourth solution for the deposition of Ni-Graphene (Ni-GPL) nanocomposite 

coatings. Nano particles were not added in the fifth solution because this solution was used in 

the preparation of pure Nickel-only coatings. Each solution was stirred magnetically for a period 

of 24 hours. After stirring each solution for 24 hours the solutions containing the nanoparticles 

were ultrasonically agitated for 4 additional hours. This process confirmed proper dispersion 

and suspension of particles inside the solution. This stirring and agitation process established 

proper suspension and dispersion of particles inside each solution. To start the coating process 

each solution was heated to 40°C after which a solution is ready for the deposition process.      

The prepared solution is continuously stirred while being maintained at 40 ℃, the temperature 

of the solution is maintained for one hour in order to ensure that the solution is homogeneously 

mixed. For Nano-composite coatings an additional ultra-sonic horn is placed in the solution and 

is set at a frequency of 10 𝐻𝑧. For pure nickel based coatings the ultra-sonic horn is not 

required. Afterwards 99.99 % pure Nickel plates are used as anode and the EN1A steel 

substrates are used as cathode. The Nickel plate and the EN1A steel specimen are hanged in the 

prepared electrolytic solution. The anode and cathode leads are connected to the pulse plating 

equipment MiCroStar DPR: 20-15-30 Dynatronix. This equipment is a PC controlled pulse 

coating equipment that allows the control of pulse parameters and can be used in DC, PC and 

PRC mode. After hanging the Nickel plate and the steel specimen the complete setup is given a 

30 minutes pause before starting the plating process. During this time the nickel plate and the 

substrate reach the temperature of the solution and the pH is also measured and controlled 

between 4.0 − 4.5. The complete experimental setup is shown in figure 5.1. 
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Fig. 5.1. Electrodeposition setup. 

The deposition pulse parameters are controlled through the MiCroStar DPR interface. The 

current density is kept constant throughout the coating process. A current density of 3 𝐴
𝑑𝑚2⁄ , 

frequency of 10 𝐻𝑧 and a duty cycle of 20% with pulse ON-OFF time of (20 ms-80 ms) have 

shown good results (Bajwa, R. et al., 2016; Bajwa, R. S. et al., 2016a, 2016b; Borkar, T. and 

Harimkar, S. P., 2011; Hou, K.-H. and Chen, Y.-C., 2011; Hou, K.-H. et al., 2006; Marlot, A. et 

al., 2002; Rizwan Bajwa, Z. a. K., Vasilios Bakolas, Wolfgang Braun, 2014, 2015).  The same 

parameters were used to develop the coatings in this study. All the pulse parameters are kept 

constant throughout the coating process and the deposition procedure is stopped after 1 hour 

(TON + TOFF = 3600 s).  

5.2  Electrodeposited Coatings 

The microstructure of each coating developed was examined using a Scanning Electron 

Microscope (SEM). Energy Dispersive X-ray Spectroscopic (EDS) Analysis was performed at 

various different regions on the surface of each coating. The SEM and EDS system used in this 

study is shown in figure 5.2. 
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Fig. 5.2. Scanning Electron Microscope and Energy Dispersive X-ray Spectroscopic Analyser (JEOL 

JSM-6010PLUS/LV). 

EDS results and high magnification micrographs of all the coatings prepared in this study are 

presented in figure 5.3. EDS results presented in figure 5.3 show a clear presence of nickel on 

the surface of each of the electrodeposited coatings. Besides nickel the presence of the 

respective Nano particles embedded in the Nickel matrix can also be observed. EDS results and 

the microstructure of the prepared coatings is in agreement with the results reported by various 

different researchers (Bajwa et al. 2016c, 2016b; Jabbar et al. 2017; Nazir et al. 2017; Nazir et 

al. 2018a) which shows that the coating have been deposited successfully. Micrographs reveal 

the presence of pores on the surface of all the prepared coatings and the coatings exhibit a 

compact and fine grain structure. These pores are distributed randomly on the surface of the 

electrodeposited coatings and are highlighted better by applying false colour to the micrographs 

generated by SEM. These false coloured image of each coating is also shown in figure 5.3. 

These randomly distributed pores are an inherent property of Nickel based nanocomposite 

coatings (Bajwa et al. 2016c; Nazir et al. 2017; Nazir et al. 2018a).  
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Fig. 5.3. SEM images and EDS analysis of coated samples: (a) Ni-Al2O3 (b) Ni-ZrO2 (c) Ni-SiC (d) Ni-

GPL (e) Pure Nickel. 

(a) 

(b) 

(c) 

(d) 

(e) 
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Coating thickness was ensured by measuring the thickness of each prepared coatings using 

ZYGO. The thickness of all the deposited coating was measured with reference to the steel 

substrate, the height of the coatings was measured with respect to the substrate and was in the 

range of 8-10 m for all the prepared coatings. Grain size measurement on all the prepared 

coatings was performed using Keyence microscope VHX5000 shown in figure 5.4. 

 

Fig. 5.4. Keyence microscope VHX5000. 

The results of the grain size measurement have been presented in figure 5.5. The grain size 

measurement results show Ni-ZrO2 and Ni-SiC to have the highest results of maximum average 

grain size values flowed by Ni-Al2O3 and Ni-Only coatings, Ni-Graphene presented the least 

values of the maximum average grain size.  

  

(a) (b) 
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Fig. 5.5. Pre-test grain size maps: (a) Ni-Al2O3 (b) Ni-ZrO2 (c) Ni-SiC (d) Ni-GPL (e) Nickel-only.  

Ni-Graphene coatings have been reported to have refined grains, Ni-ZrO2 and Ni-SiC have been 

known to have larger grains while Ni-Al2O3 have been observed to have larger grain size than 

Ni-Graphene but smaller grain size than Ni-ZrO2 and Ni-SiC (Nazir et al. 2018a). A cause of 

higher grain size of Ni-SiC and Ni-ZrO2 is due to particle agglomeration (Bajwa et al. 2016c), 

Ni-GPL electrodeposited coatings produced on a steel substrate have been known to develop 

bulges morphology and agglomerated particles which gives rise to higher surface roughness 

values (Jabbar et al. 2017), surface roughness of Ni-GPL increases with increase in Watts bath 

temperature while the best hardness and grain size values of Ni-GPL coatings are achieved at a 

Watts bath temperature of about 45°C (Jabbar et al. 2017).        

A Nano indentation setup as shown in figure 5.6 was used to measure the micro-hardness and 

elastic modulus of each of the prepared coating. Depth controlled nano-indentations were 

performed and the penetration depth of the indentation was kept at 1/10 of the coating thickness 

to eliminate the substrate effects on the measured data. ZYGO was used to measure the average 

surface roughness of all the coatings. The results of the measured average surface roughness 

elastic modulus and micro hardness have been presented in table 5.1. Ni-GPL, Ni-Al2O3 and Ni-

SiC nanocomposite coatings demonstrated the maximum nano-hardness values followed by Ni-

ZO2. In Comparison to the uncoated steel sample, Nickel-only coatings also showed an 

(c) (d) 

(e) 
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improvement in surface hardness. All the coatings displayed an improvement in the micro-

hardness. Ni-Al2O3 displayed the least values for average surface roughness because of the finer 

surface morphology of Ni-Al2O3 nanocomposite coatings followed by pure Nickel, particle 

agglomeration and higher grain size caused higher surface roughness values for Ni-ZrO2 and Ni-

SiC (Bajwa et al. 2016c; Nazir et al. 2018a). 

  

Fig. 5.6. Nano Indentation System (Nano Test Vantage Alpha). 

Table 5.1 Measured mechanical properties of uncoated specimens. 

Specimen Ni-Al2O3 Ni-ZrO2 Ni-SiC Ni-GPL Nickel Uncoated 

Ra (m) 0.045 0.20 0.18 1.17 0.12 0.10 

Hardness 

(GPa) 
3.85±0.28 3.54±0.36 3.84±0.24 3.87±0.38 3.22±0.22 3.00±0.09 

Elastic 

Modulus (GPa) 
203.48±11.67 207.17±12.88 247.76±27.24 212.86±15.73 215.94±14.87 212.28±9.32 

Mean (H/E) 

Ratio 
0.0189 0.0171 0.0154 0.0182 0.0149 0.0141 
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Compared to all the other coatings the pulse electrodeposition of Ni-GPL produced coatings 

with maximum surface roughness values. The presence of embedded nano graphene particles on 

the top most surface of the coatings result in a rough surface finish and a greyish black 

appearance which gives Ni-Graphene coatings higher average surface roughness values. Ni-

GPL are also known to have higher surface roughness values and coarser surface at higher 

deposition temperatures (Jabbar et al. 2017). All the other coatings exhibited a shiny grey 

appearance.  

Scratch tests were performed on all the prepared coatings. The results of the scratch test have 

been shown in figure 5.7. The loading conditions were kept constant for all the scratch tests. 

Multi-pass Wear Tests with 4 passes and 2 scratches per topography were conducted with a 

scanning velocity of 20 
𝜇𝑚

𝑠⁄ . 150 mN of scratch load was applied by using a spherical 

indenter of 5 m following the loading profile in figure 5.5 (f). The multi-pass wear test results 

of the scratch test indicate Ni-GPL to have very good wear resistance, the spikes in the data are 

due to the high surface roughness value of Ni-GPL coating and due to the removal of the 

loosely embedded graphene nano particles from the top surface of the coating by applying the 

load during scratch test. Nickel only, Ni-Al2O3 and Ni-ZO2 exhibited an increase in wear scratch 

depth on the second pass; maximum wear depth was noted for Nickel-only coatings. Ni-SiC 

coatings also showed good resistance to wear. The thickness of all the coatings was in the range 

of 8-10 m and none of the scratches was able to penetrate the entire depth of a coating. In fact 

the penetration depth was less the 50% of the thickness of any given coating.     

  

(a) (b) 
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Fig. 5.7. Scratch Test Results: (a) Ni-Al2O3 (b) Ni-ZrO2 (c) Ni-SiC (d) Ni-GPL (e) Nickel-only (f) 

Loading profile.  

The testing procedure used for the testing of the uncoated samples was followed for the testing 

of the coated samples as well to ensure identical operating conditions. Each coating was tested 

at three different loads and three different temperatures with a constant reciprocating frequency 

of 5 Hz and a stroke length of 5 mm. Testing methodology for coated specimens is summarized 

in table 5.2. Each coatings was tested at least twice as well to ensure repeatability.  

Table 5.2 Testing methodology for coated specimens. 

Sr No Coating Type Refrigerant Temperature (°C)  Load (N) 

1 Pure Nickel 20 10 

2 Pure Nickel 20 20 

3 Pure Nickel 20 30 

4 Pure Nickel 30 10 

5 Pure Nickel 30 20 

6 Pure Nickel 30 30 

7 Pure Nickel 40 10 

8 Pure Nickel 40 20 

9 Pure Nickel 40 30 

10 Ni-Al2O3 20 10 

(c) (d) 

(e) 

(f) 
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11 Ni-Al2O3 20 20 

12 Ni-Al2O3 20 30 

13 Ni-Al2O3 30 10 

14 Ni-Al2O3 30 20 

15 Ni-Al2O3 30 30 

16 Ni-Al2O3 40 10 

17 Ni-Al2O3 40 20 

18 Ni-Al2O3 40 30 

19 Ni-SiC 20 10 

20 Ni-SiC 20 20 

21 Ni-SiC 20 30 

22 Ni-SiC 30 10 

23 Ni-SiC 30 20 

24 Ni-SiC 30 30 

25 Ni-SiC 40 10 

26 Ni-SiC 40 20 

27 Ni-SiC 40 30 

28 Ni-Graphene 20 10 

29 Ni-Graphene 20 20 

30 Ni-Graphene 20 30 

31 Ni-Graphene 30 10 

32 Ni-Graphene 30 20 

33 Ni-Graphene 30 30 

34 Ni-Graphene 40 10 

35 Ni-Graphene 40 20 

36 Ni-Graphene 40 30 

37 Ni-ZrO2 20 10 

38 Ni-ZrO2 20 20 

39 Ni-ZrO2 20 30 

40 Ni-ZrO2 30 10 

41 Ni-ZrO2 30 20 

42 Ni-ZrO2 30 30 

43 Ni-ZrO2 40 10 

44 Ni-ZrO2 40 20 

45 Ni-ZrO2 40 30 

All the sample pairs were examined using SEM to understand and observe the type and extent 

of wear. EDS analysis was done within the contact regions of each flat and ball samples to 

examine the formation of tribo-films on the top mating surfaces and to determine the extent of 

damage on the flat disc samples. After performing SEM, ZYGO was used to measure the wear 

volume of the wear track on each disc specimen. The results of wear volume of all the coatings 

were compared to one another and also to an uncoated flat disc sample. Flat disc samples with a 

mid-ranged surface finish i.e. uncoated disc samples with Ra 0.1 m were chosen as a reference 

for comparison. The results of coefficient of friction have been presented in terms of real-time 

coefficient of friction and average friction coefficient plots after the results of wear. The results 

of coefficient of friction were also compared to one another and also to the uncoated steel disc 

sample with Ra 0.1 m. These results indicate and highlight whether or not Nickel based 

Nanocomposite coatings are helpful in improving the tribological performance of rubbing parts 

with HFE-7000 as refrigerant. 
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5.3  Wear of Coated Samples 

SEM was used to investigate the wear mechanism and surface morphologies of all the sample 

pairs post-experimentation. EDS was performed on all the samples within the contact region of 

each sample pair as well. High magnification images revealed adhesive and abrasive wear 

mechanisms by examining the ball and disc specimens. A combination of micro-ploughing, 

micro-cutting and micro-delamination was observed on the wear scars. Plastic deformation was 

apparent for all the coatings due to higher hardness value of the counter steel ball in comparison 

to all the coatings.  Elemental analysis results of EDS and micrographs of Ni-ZrO2 are presented 

in figure 5.8, figure 5.9 and figure 5.10. 

 

 

(a) 

(b) 
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Fig. 5.8. EDS elemental results and SEM Micrographs of Ni-ZrO2 coated flat samples and counter steel 

ball: (a) 20°C, 10 N (b) 20°C, 20 N (c) 20°C, 30 N.           

Maximum wear occurred at low refrigerant temperature of 20°C as shown in figure 5.8. A high 

presence of iron only and only a slight presence of nickel is revealed by the EDS analysis of the 

wear scar at 20°C which indicates that the coatings have completely worn out. The presence of 

fluorine and/or oxygen is also revealed by the elemental EDS analysis performed on the wear 

track. Adhesion of the disc surface on the surface of the counter steel ball can be seen from the 

SEM images of the 52100 steel ball. Adhesion of the delaminated coatings on the surface of the 

steel ball is also confirmed by the EDS elemental analysis results in the contact region of the 

ball sample, with more adhesion present at 10 N in comparison to higher loads. The EDS results 

also show the presence of fluorine and oxygen. Increasing the applied load at 20°C refrigerant 

temperature increases wear; EDS analysis results of the wear scar also demonstrates a reduced 

presence of fluorine and oxygen with increase in load as shown in figure 5.8. 

 

(c) 

(a) 
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Fig. 5.9. EDS elemental results and SEM Micrographs of Ni-ZrO2 coated flat samples and counter steel 

ball: (a) 30°C, 10 N (b) 30°C, 20 N (c) 30°C, 30 N. 

An increase in the temperature of the refrigerant from 20°C to 30°C results in a higher 

percentage of fluorine and oxygen on the wear scar as shown in figure 5.9. A higher presence of 

zirconium and nickel is also detected through EDS on the wear track indicating a decrease in 

wear. Micrographs of the wear scar show micro-delamination and micro-cutting of the coated 

surfaces. EDS results and SEM micrographs of the 52100 counter steel ball show more adhesion 

of the coatings on the ball surface in contrast to the tests conducted at 20°C.  

SEM images of the wear scar generated by increasing the temperature of the refrigerant from 

30°C to 40°C show a decrease in the wear track width and overall wear as shown in figure 5.10. 

This is also evident from the EDS results; which reveal a significant percentage of zirconium 

and nickel in comparison to the tests conducted at 20°C and 30°C. For the tests conducted at 

40°C EDS results also present a higher percentage of oxygen and fluorine on the ball and disc 

samples in comparison to the tests conducted at lower refrigerant temperatures.  

(b) 

(c) 
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Fig. 5.10. EDS elemental results and SEM Micrographs of Ni-ZrO2 coated flat samples and counter steel 

ball: (a) 40°C, 10 N (b) 40°C, 20 N (c) 40°C, 30 N. 

Micrographs of the flat disc and the ball sample show that wear occurred mainly because of 

micro-cutting at 20°C, wear due to micro-delamination dominated at 30°C and a mix of micro-

delamination and micro-cutting occurred at 40°C. 

(a) 

(c) 

(b) 
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EDS elemental analysis results and SEM micrographs of tests conducted on Ni-SiC 

nanocomposite coatings have been presented in figures 5.11, 5.12 and 5.13.  

  

 

 

Fig. 5.11. EDS elemental results and SEM Micrographs of Ni-SiC coated flat samples and counter steel 

ball: (a) 20°C, 10 N (b) 20°C, 20 N (c) 20°C, 30 N. 

(b) 

(c) 

(a) 
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Results of the tests conducted at 20°C refrigerant temperature shown in figure 5.11 display wear 

due to micro-delamination and micro-cutting of Ni-SiC coatings. Micro-delamination and 

micro-cutting occurred at 20°/10 N and 20°/20 N, increasing the applied normal load to 30 N 

shifted the wear mechanism more towards micro-cutting as shown in figure 5.11.    

Increasing the temperature of the refrigerant to 30°C resulted in a shift in wear mechanism more 

towards micro-cutting and a decrease in wear as shown in figure 5.12. Increasing the refrigerant 

temperature also resulted in increased adhesion of the coatings onto the counter steel ball. 

  

 

(a) 

(b) 
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Fig. 5.12. EDS elemental results and SEM Micrographs of Ni-SiC coated flat samples and counter steel 

ball: (a) 30°C, 10 N (b) 30°C, 20 N (c) 30°C, 30 N. 

 

 

(c) 

(a) 

(b) 
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Fig. 5.13. EDS elemental results and SEM Micrographs of Ni-SiC coated flat samples and counter steel 

ball: (a) 40°C, 10 N (b) 40°C, 20 N (c) 40°C, 30 N. 

The severity of wear is reduced by increasing the temperature of the refrigerant from 30°C to 

40°C. As presented in figure 5.13, micro-cutting and micro-delamination is visible on the wear 

scar at 40°C/10 N; while micro-delamination and micro-ploughing is visible at 40°C/20 N and 

40°C/30 N. Adhesion of the coatings is also observed on the steel ball for tests conducted at 

40°C.   

SEM images and EDS results of Ni-Al2O3 have been presented in figures 5.14, 5.15 and 5.16. 

At low refrigerant temperature of 20°C, an increase in applied load increased wear. SEM 

images and EDS resulted shown in figure 5.14 show delamination of Ni-Al2O3 coating at 

20°C/20 N and 20°C/30N. Micro-cutting and micro-delamination resulted in wear at 20°C/10 N 

and 20°C/30 N. At 20°C/20 N testing conditions micro-cutting was observed as the main cause 

of wear.  

 

(c) 

(a) 
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Fig. 5.14. EDS elemental results and SEM Micrographs of Ni-Al2O3 coated flat samples and counter steel 

ball: (a) 20°C, 10 N (b) 20°C, 20 N (c) 20°C, 30 N (Bhutta et al. 2018a). 

Increasing the refrigerant temperature to 30°C produced a significant positive effect on wear 

reduction at applied load of 20 N as shown in figure 5.15. A complete delamination of the 

coating was not observed at 30°C/20 N. 30°C/30 N showed similar results to 20°C/30 N, a total 

coating delamination was also observed at 30°C/30 N. 30°C/10 N results were different in terms 

of wear mechanism; micro-delamination governed the wear phenomenon at 20°C/10 N whereas 

wear mainly due to micro-cutting was witnessed at 30°C/10 N.        

(b) 

(c) 

(a) 
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Fig. 5.15. EDS elemental results and SEM Micrographs of Ni-Al2O3 coated flat samples and counter steel 

ball: (a) 30°C, 10 N (b) 30°C, 20 N (c) 30°C, 30 N. 

Figure 5.16 shows the results by increasing the temperature of the refrigerant from 30°C to 

40°C. A combination of micro-cutting and micro-delamination was observed at 40°C/10N. All 

the tests conducted at load of 10 N show a substantial amount of aluminium along with nickel 

representing that Ni-Al2O3 coatings did not totally wear out at low loads. At 40°C micro-cutting 

was witnessed on the wear track with an increase in applied normal load to 20 N. Further 

increasing the load at 40°C to 30 N produced micro-delamination and micro-cutting. EDS 

elemental analysis results of the wear track at 40°C on all the disc samples displayed a 

significance percentage of nickel which implies that at higher refrigerant temperatures wear has 

been reduced. 

(c) 

(b) 

(b) 
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Fig. 5.16. EDS elemental results and SEM Micrographs of Ni-Al2O3 coated flat samples and counter steel 

ball: (a) 40°C, 10 N (b) 40°C, 20 N (c) 40°C, 30 N (Bhutta et al. 2018a).        

SEM images and EDS results of the tests conducted on Nickel-Graphene (Ni-GPL) coatings 

have been presented 5.17, 5.18 and 5.19. SEM micrographs at 20°C refrigerant temperature at 

any given load displayed high wear and the results expose Ni-GPL coatings to be completely 

worn out mainly due to micro-cutting as shown in figure 5.17. 

(a) 

(b) 

(c) 
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Fig. 5.17. EDS elemental results and SEM Micrographs of Ni-GPL coated flat samples and counter steel 

ball: (a) 20°C, 10 N (b) 20°C, 20 N (c) 20°C, 30 N. 

Increasing the temperature of the refrigerant from 20°C to 30°C at 10 N load produced lesser 

damage and micro-ploughing was observed on the wear scar at 30°C/10 N as shown in figure 

5.18. Micro-delamination and micro-ploughing was observed at 30°/20 N and 30°/30 N as 

(a) 

(b) 

(c) 
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shown in figure 5.18. At 30°for all the loads the EDS results show a higher percentage of nickel 

in comparison to the tests conducted at 20°C, this specifies a decrease in wear with a rise in 

refrigerant temperature.  

 

 

 

 

Fig. 5.18. EDS elemental results and SEM Micrographs of Ni-GPL coated flat samples and counter steel 

ball: (a) 30°C, 10 N (b) 30°C, 20 N (c) 30°C, 30 N. 

(a) 

(b) 

(c) 
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Results of Ni-GPL at 40°C refrigerant temperature presented in figure 5.19 show micro-cutting 

and micro-delamination at 40°C/10 N. EDS results at 40°C/10 N presented the highest 

percentage of nickel amongst all the tests that were conducted on Ni-GPL. Micro-delamination 

and micro-ploughing were the main causes of wear at 40°C/20 N. Test at 40°C/30 N show wear 

due to micro-delamination and micro-cutting. Elemental EDS results of the wear scar of all the 

flat disc samples display a higher percentage of nickel at 40°C at any given load in comparison 

to tests conducted at lower refrigerant temperatures. 

This indicates a decrease in wear when using Nickel-Graphene coatings by increasing the 

temperature of the refrigerant from 20°C to 40°C. Adhesion of the coatings on the steel ball also 

increases with an increase in the temperature of the refrigerant from 20°C to 40°C. 

        

 

 

(b) 

(a) 
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Fig. 5.19. EDS elemental results and SEM Micrographs of Ni-GPL coated flat samples and counter steel 

ball: (a) 40°C, 10 N (b) 40°C, 20 N (c) 40°C, 30 N. 

EDS results and SEM micrographs of Nickel-only coatings have been presented in figure 5.20, 

5.21 and 5.22. Figure 5.20 shows the results of Nickel-only coatings at 20°C refrigerant 

temperature, the results show micro-delamination and micro-cutting to be the primary cause of 

wear. EDS results at 20°C display only a small percentage of nickel on the wear scar implying 

high wear at low refrigerant temperature. At 20°C/10 N micro-delamination is seen to be the 

more dominant wear mechanism whereas micro-cutting is the more prominent wear mechanism 

at 20°C/30 N, while 20°C/20 N presents a mix of micro-cutting and micro-delamination.  

 

(c) 

(a) 
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Fig. 5.20. EDS elemental results and SEM Micrographs of Nickel-only coated flat samples and counter 

steel ball: (a) 20°C, 10 N (b) 20°C, 20 N (c) 20°C, 30 N. 

EDS results obtained by increasing the temperature of the refrigerant to 30°C presented in 

figure 5.21 show a higher presence of nickel in contrast to the experiments conducted at 20°C 

which indicates a decline in wear by a rise in the temperature of the refrigerant. At 30°C wear is 

seen to be mainly due to micro-delamination and micro-cutting.  

 

(b) 

(c) 

(a) 
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Fig. 5.21. EDS elemental results and SEM Micrographs of Nickel-only coated flat samples and counter 

steel ball: (a) 30°C, 10 N (b) 30°C, 20 N (c) 30°C, 30 N. 

At 30°C/20 N, wear occurred primarily due to micro-cutting whereas wear due to a mix of 

micro-cutting and micro-delamination was observed at 30°C/10 N and 30°C/30 N. 

 

(b) 

(c) 

(a) 
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Fig. 5.22. EDS elemental results and SEM Micrographs of Nickel-only coated flat samples and counter 

steel ball: (a) 40°C, 10 N (b) 40°C, 20 N (c) 40°C, 30 N. 

The results of the tests conducted at 40°C for Nickel-only coatings shown in figure 5.22 reveal 

an even higher presence of nickel at any applied load on the wear scar indicating a further 

decrease in wear by increasing the temperature of the refrigerant. Micro-cutting and micro-

delamination were the main cause of wear at 40°C/10 N and 40°C/30 N; whereas micro-

ploughing was the main cause of wear at 40°C/20 N.  

5.3.1 Wear Volume of Coated Samples 

The same method that was used for measuring the wear volume of uncoated samples was used 

for measuring the wear volume of coated samples using ZYGO.  

(b) 

(c) 

(b) (c) 
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Fig. 5.23. 3D plots of the wear tracks of Ni-ZrO2 coated specimens: (a) 10 N, 20°C (b) 20 N, 20°C (c) 30 

N, 20°C (d) 10 N, 30°C (e) 20 N, 30°C (f) 30 N, 30°C (g) 10 N, 40°C (h) 20 N, 40°C (i) 30 N, 40°C.  

Each wear track was stitched in a similar pattern to generate 3D plots of the complete wear 

track. Figure 5.23 shows the results of Ni-ZrO2 obtained from the interferometer. Similar wear 

profiles were generated for other coatings as well. The 3D plots were used to measure the wear 

volume through ZYGO.   

Results of the wear volume of the coated samples were compared with the uncoated samples to 

gauge and evaluate the effect of using nickel based coatings in comparison to non-coated 

specimens. Uncoated samples having average surface finish of 0.1 m were used as a reference 

from which all the coated samples were compared to. Figure 5.24 presents the plot of wear 

volume of Ni-ZrO2 nanocomposite coatings and the percentage change in wear volume by the 

deposition of Ni-ZrO2 on EN1A steel substrate. Wear volume increased with increase in applied 

(a) 

(d) (e) (f) 

(g) (h) (i) 
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normal load at low refrigerant temperature of 20°C. Increasing the temperature of the refrigerant 

to 30°C produced almost the same amount of wear volume at applied load of 10 N, however at 

higher applied loads of 20 N and 30 N; a very substantial decrease in wear volume is observed 

in comparison to wear produced at 20°C. Interestingly least amount of wear was produced at   

20 N load and 10 N load caused maximum wear for 30°C refrigerant temperature. A further 

increase in the temperature of the refrigerant by 10°C dropped wear even further and it can be 

observed from the plots that least amount of wear happened at 40°C at any given load for Ni-

ZrO2 coatings. A clear presence of oxygen and fluorine on the wear track as well as on the 

counter steel ball can be seen through the EDS analysis results. This decline in wear volume 

with rise in refrigerant temperature is due to the formation fluorinated and oxygenated anti-wear 

tribo-films on the top most surfaces of the mating parts. EDS results also display an increase in 

the percentage of oxygen and fluorine on the wear track as well as on the counter steel ball with 

rise in refrigerant temperature from 20°C to 40°C. Overall least amount of wear for ZrO2 

coatings was observed at 40°C/20 N. 

A comparison of the wear volume produced by using Ni-ZrO2 nanocomposite coatings to 

uncoated steel with Ra 0.1 m at each testing conditions is shown in figure 5.24 (b), the 

percentage change in wear volume by using Ni-ZrO2 show clear reduction in wear volume at all 

the testing conditions. Improvement in wear is less at lower refrigerant temperature of 20°C and 

maximum reduction in wear occurs at higher refrigerant temperature of 40°C. 20°C/20 N testing 

conditions resulted in minimum wear improvement, EDS results and SEM images at these 

conditions showed high wear due to micro-cutting and almost complete wear out of the 

coatings. A combination of micro-delamination and micro-cutting at 30°C/10 N also produced 

high wear which caused minimum improvement in wear at 30°C. 

A decreases in wear volume by over 70% at 40°C was observed for loads of 10 N and 30 N; an 

improvement of just below 65% was seen at 40°C/20 N. Both the Ni-ZrO2 coated samples and 

uncoated steel presented best wear results at 40°C/20 N, this indicates that there is an optimum 

temperature and load combination that generates best wear performance results when using 

HFE-7000. Micro-hardness and H/E ratio improved by applying Ni-ZrO2 coatings when 

compared to uncoated steel, which helped improve the wear performance of rubbing parts. 
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(a) 

 

(b) 

Fig. 5.24. (a) Wear volume plot of Ni-ZrO2 nanocomposite coatings disc. (b) Percentage change in wear 

volume by applying Ni-ZrO2. 

Wear volume results produced by the deposition of Ni-SiC nanocomposite coatings on the 

EN1A steel substrate have been presented in figure 5.25. An increase in applied normal load 

increased wear volume at refrigerant temperatures of 20°C and 30°C. A drop in wear volume 
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was observed at all the applied loads by increasing the temperature of the refrigerant to 30°C 

from 20°C.  

 

 

(a) 

 

(b) 

Fig. 5.25. (a) Wear volume plot of Ni-SiC nanocomposite coatings disc. (b) Percentage change in wear 

volume by applying Ni-SiC. 
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Increasing the temperature of the refrigerant to 40°C further reduced wear. This decrease in 

wear with rise in refrigerant temperature is associated with the development of fluorine and 

oxygen containing tribological films on the top surfaces of the rubbing parts.  

Similar to Ni-ZrO2 coated steel and uncoated steel samples, Ni-SiC coated samples also showed 

minimum wear occurred at 40°C/20 N. EDS results indicate an acceleration in the formation of 

protective surface films as the results display an increase in the content of oxygen and fluorine 

on the wear track. A clear reduction in wear volume is observed by using Ni-SiC 

nanocomposite coatings in comparison to uncoated steel. Similar to Ni-ZrO2, Ni-SiC coatings 

also caused the least positive effect at 20°C/ 20 N. Micro-cutting and micro-delamination were 

the cause of high wear at 20°C/ 20 N. In contrast to Ni-ZrO2 coatings at which 10 N load caused 

the highest drop in wear, 30 N load showed to be more favourable for Ni-SiC at 20°C. Increase 

in load at 30°C and 40°C resulted in a higher percentage drop in the wear volume by the 

deposition of Ni-SiC coatings in comparison to uncoated steel. Ni-SiC nanocomposite coatings 

enhanced the micro-hardness of the surface and had the third best hardness amongst the coatings 

produced. (H/E) ratio also improved by applying Ni-SiC coatings in comparison to the steel 

substrate. An enhancement in the mechanical properties improved the wear resistance of the 

coatings and resulted in a decrease in wear. 

Wear volume results by the application of Ni-Al2O3 nanocomposite coatings have been 

displayed in figure 5.26. A very significant drop in wear volume at 20°C/10 N was observed 

when using Ni-Al2O3 coatings in comparison to only uncoated steel but also when compared to 

Ni-SiC and Ni-ZrO2. Percentage wear volume drop by the deposition of Ni-Al2O3 coatings in 

comparison to uncoated steel demonstrate a remarkable improvement in wear loss and a drop in 

wear by over 92%. Ni-Al2O3 nanocomposite coatings presented the best (H/E) ratio and the 

second best hardness when compared to all the other samples. This improvement in the surface 

mechanical properties provides superior wear resistance which decreases wear significantly. 

Increasing the applied normal load to 20 N at 20°C created substantial wear. At 20°C/20 N wear 

increased by applying Ni-Al2O3 coatings. Ni-Al2O3 coatings have been known to delaminate 

under constant reciprocating/oscillating motion (Bhutta et al. 2018a; Nazir et al. 2018a) which 

causes delamination of these coatings from the steel substrate by increasing load which leads to 

high wear.   
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(a) 

 

(b) 

Fig. 5.26. (a) Wear volume plot of Ni-Al2O3 nanocomposite coatings disc. (b) Percentage change in wear 

volume by applying Ni-Al2O3. 

Delamination of Ni-Al2O3 coatings from the steel substrate is also evident from the micrographs 

presented in figure 5.14. As noticed with the other coatings, increasing the applied normal load 

at 20°C to 30 N further increased wear. Ni-Al2O3 coatings showed an improvement in wear loss 

when compared to uncoated steel. Although a complete delamination of the coatings is also 

observed at 20°C/30 N similar to 20°C/20 N, however higher percentage of oxygen and fluorine 
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is present on the wear scar at 30°C/30 N in contrast to 20°C/20 N; which signifies a higher 

presence of tribo-films which play a vital role in reducing wear.  

Wear reduced at any given load by a rise in the temperature of the refrigerant from 20°C to 

30°C by using Ni-Al2O3 nanocomposite coatings. 30°C/10 N testing conditions also resulted in 

a very substantial decline in wear volume, in comparison to uncoated steel wear decreased by 

over 93% by using Ni-Al2O3 coatings at these testing conditions. Unlike 20°C/20 N testing 

conditions at which wear volume increased by using Ni-Al2O3, the tests conducted at 30°C/20 N 

reduced wear and in comparison to uncoated steel wear volume was observed to decrease by 

over 77% at 30°C/20 N. Test conducted at 30°C/30 N also produced a different result than 

20°C/30 N, wear volume increased slightly at 30°C/30 N whereas wear decreased at 20°C/30 N 

in comparison to uncoated steel. Complete delamination of these coatings was observed at 

30°C/30 N as shown in figure 5.15 which resulted in higher wear. Results at 40°C were similar 

to the results attained at 20°C, wear reduction was noticed at 10 N and 30 N whereas increase in 

wear occurred at 20 N. At 40°C/10 N, wear volume reduced by more than 90% and at 40°C/30 

N more than 78%. EDS analysis results and the micrographs presented in figure 5.16 display a 

significant presence of nickel at 40°C/20 N indicating that the coating has not been worn out, 

still at 40°C/20 N the amount of wear generated is higher by using Ni-Al2O3 coatings when 

compared to uncoated steel. This is due to the fact that 40°C/20 N produced least amount of 

wear when using uncoated steel and 40°C/20 N presented the most optimum testing conditions 

when using uncoated steel. In contrast to Ni-Al2O3 coated samples, a higher percentage of 

oxygen and fluorine was also present on uncoated steel samples at 40°C/20 N (Bhutta et al. 

2018a) which highlights the importance of oxygenated and fluorinated films in decreasing wear. 

Compared to the other coatings and the uncoated sample, at 40°C/20 N Ni-Al2O3 coated 

samples did not result in minimum wear. Minimum wear for Ni-Al2O3 coated samples was 

observed at 30°C/10 N.   

Figure 5.27 presents the wear volume results of Ni-GPL coatings. Ni-GPL coatings had the 

second best (H/E) ration and the best hardness values amongst all the coatings. The results 

however present an entirely different behaviour at 20°C refrigerant temperature by using Ni-

GPL compared to the rest of the coatings.  
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(a) 

 

(b) 

Fig. 5.27. (a) Wear volume plot of Ni-GPL nanocomposite coatings disc. (b) Percentage change in wear 

volume by applying Ni-GPL 

20 N load produced maximum wear at 20°C instead of 30 N. 20°C/10 N and 20°C/20 N had a 

very adverse effect on wear and wear volume increased drastically at both of these testing 

conditions. EDS results on the wear track at 20°C/10 N show no fluorine and at 20°C/20 N only 

a very small percentage of oxygen and fluorine was detected showing that Ni-GPL coatings 

have completely worn out at these testing conditions as shown in figure 5.17.  This indicates 
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extremely high wear and a very minor presence of anti-wear tribo-films under these conditions. 

Comparing Ni-GPL with uncoated steel shows an increase in wear by over 67% at these two 

conditions. Such high wear when using Ni-Graphene is believed to be because of two reasons.  

The first reason for this high wear is probably due to the incompatibility of Graphene based 

Nano coatings with HFE-7000. C3F7OCH3 is the chemical formula of HFE-7000 which contains 

highly polar single bonds of Carbon-Fluorine (C-F) and HFE-7000 has been reported to break 

and from new bonds leading the production of tribo-films (Bhutta and Khan 2019). Also, C-H 

bond is weaker than C-F (Gu et al. 2009; Akram et al. 2013a; Bhutta and Khan 2019) bonds and 

C-O bond is weaker than the C-C bond (Lide 73rd edition,  1992-1993, pp. 9-145; Muraki et al. 

2002). Break down of the molecular structure of the refrigerant (HFE-7000) means it can result 

in the generation of carbonyl products e.g. esters which are also polar in nature (Tsai 2005). On 

the other hand graphene crystallites demonstrate that graphene have the fastest electron mobility 

in comparison to all other materials (Brownson and Banks 2010). Graphene also displays 

remarkable electrocatalytic behaviour that is attributed to its unique chemical and physical 

properties, for example subtle electronic characteristics (p-p interactions and its strong 

absorptive capability) (Brownson and Banks 2010; Kang et al. 2010). Graphene has ballistic 

electron mobility, large surface area and excellent conductivity (Liu et al. 2010). In addition the 

existence of the extended C=C conjugation in graphene also probably shuttles electrons (Liu et 

al. 2010). These physical/chemical properties of Graphene clearly indicate that Graphene not 

only has the fastest electron mobility and is also rich in electrons but also possesses 

electrocatalytic behaviour which causes the pulling out of Graphene nanoparticles from the 

nanocoatings due to the polar nature of the refrigerant. Larger sized Nano particles having 

average size (≥ 20 nm) were used in preparation all the other coatings used in this study except 

for Graphene for which nanoparticles of 6-8 nm were used. The presence of polar molecules at 

fully lubricated refrigerant conditions with small sized electron rich Graphene nanoparticles 

under the influence of constant reciprocating motion ejects the nanoparticles from the surface of 

the coatings.  

In addition the wear tracks of these tests showed very low oxygen and fluorine showing that 

Graphene is not favourable for the generation of tribo-films at low operation temperatures and 

low applied loads. Increasing load at 20°C to 30 N facilitates the chemical breakdown of HFE-

7000 and establishment of tribo-films on the wear scar which reduces wear at 20°C/30 N. 

Increase in load also assists in retaining Graphene in the Nickel matrix which helps in wear 

reduction. Increasing the temperature of the refrigerant to 30°C resulted in a slight positive 
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effect on wear at 10 N load and 30 N load. Higher percentage of nickel was observed on the 

wear tracks as shown in figure 5.18 confirming a drop in wear. A greater presence of oxygen 

and fluorine is also shown by the EDS results which signifies a higher presence of surface tribo-

films as compared to the tests conducted at 20°C. In comparison to the uncoated steel sample, 

increasing the temperature of the refrigerant to 30°C at 20 N load however did not have a 

positive effect on wear and wear volume in fact increased at these conditions, this is probably 

due to the accelerated development of tribo-films on the uncoated surface as compared to Ni-

GPL coated surface under these testing conditions. Increasing the temperature of the refrigerant 

further to 40°C resulted in a drop in wear at all loads, highest decrease in wear was viewed at 10 

N load and the least positive effect on wear was seen at 20 N load. EDS results presented in 

figure 5.19 reveal the highest percentage of nickel at 40°C/10 N for Ni-GPL amongst all the 

tests and a good proportion of oxygen/fluorine presence which aid in reducing wear. Unlike Ni-

ZrO2, Ni-SiC, and the uncoated steel, minimum wear for Ni-GPL coatings was observed at 

40°C/10 N.  

Figure 5.28 displays the results of wear on Nickel-only coatings. The wear volume results show 

a different pattern at 20°C refrigerant temperature as compared to uncoated steel, Ni-SiC, Ni-

ZrO2 and Ni-Al2O3 coated contacts; at 20°C all these samples displayed an increase in wear 

volume whereas Nickel-only coatings display a decline in wear volume by increasing the 

applied load at 20°C. A combination of micro-cutting and micro-delamination was observed for 

Nickel-only coatings at 20°C/ 10 N; the wear phenomenon however shifted primarily towards 

micro-cutting and less micro-delamination took place with increase in applied normal load as 

presented in figure 5.20, this shift in wear mechanism supports wear reduction with increase in 

load at 20°C refrigerant temperature for Nickel-only coatings. Comparing the wear volume of 

Nickel-only coated to uncoated samples, a drop in wear volume was observed by the deposition 

of Nickel-only coatings. An increase in the applied load at 20°C results in a greater percentage 

in wear reduction, this is due to the fact that wear volume decreases at 20°C with increase in 

load for Nickel-only coatings. Increasing the temperature of the refrigerant to 30°C results in a 

reduction in wear. 

20 N load generated maximum wear at 30°C refrigerant temperature which is due to the 

accelerated micro-cutting of the coating at 30°C/20 N in comparison to 30°C/10 N and 30°C/30 

N as shown in figure 5.21. Results of EDS analysis also confirm a reduced percentage of Nickel 

at 30°C/20 N in contrast to 30°C/10 N and 30°C/30 N.  
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(a) 

 

(b) 

Fig. 5.28. (a) Wear volume plot of Nickel-only nanocomposite coatings disc. (b) Percentage change in 

wear volume by applying Nickel 

Change in wear volume by the deposition of Nickel-only coatings at 30°C show a reduction in 

wear at all applied loads in comparison to uncoated steel sample. A further rise in the 

temperature of the refrigerant to 40°C decreases wear volume further. Similar to Ni-GPL 

nanocomposite coating; an increase in wear is seen with increase in load at 40°C and also the 

minimum amount of wear was generated at 40°C/10 N. Wear volume reduced by the deposition 
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of Nickel-only coatings compared to the uncoated steel. Maximum positive effect on wear 

volume occurred at 40°C/10 N. By increasing the applied normal load at 40°C the positive 

effect on wear drops from about 85% to about 49% due to an increase in wear volume with 

increase in load at 40°C.  

To summarize the results of wear volume, similar to the behaviour noted by using uncoated 

steel samples; for all of the coatings used in this study the wear volume also decreased with 

increase in the temperature of the refrigerant. Wear predominantly occurred due to micro-

delamination, micro-cutting and micro-ploughing. Wear mechanism depends on the type of 

coating (Bajwa et al. 2016c; Nazir et al. 2018a), wear mechanism also shifted from one form to 

another at different testing conditions for the same coatings. The amount of wear volume 

generated is also dependent on the creation of protective surface tribo-films on the rubbing 

metals. Hardness to elastic modulus ratio (H/E) and micro-hardness improved by applying 

Nickel based coatings on the steel substrate. Ni-GPL presented the highest hardness values 

followed by Ni-Al2O3. The highest hardness to elastic modulus (H/E) ratio was displayed by Ni-

Al2O3, the second best (H/E) ratio was displayed by Ni-GPL. Ni-ZrO2 presented an 

improvement in wear at all operating conditions in comparison to the uncoated steel and the 

highest drop in wear was observed at higher refrigerant temperature of 40°C at which wear 

dropped by more than 72% at 40°C/10 N. Ni-SiC coatings also produced a positive effect on 

reducing wear, similar to Ni-ZrO2, Ni-SiC coatings also exhibited good wear performance for 

all testing conditions and maximum positive effect on wear reduction was also observed at 40°C 

refrigerant temperature. The maximum effect on wear loss for Ni-ZrO2 was observed at 40°C/10 

N, however the maximum effect on wear loss occurred at 40°C/30 N by using Ni-SiC coatings. 

Ni-Al2O3 coatings produced some interesting results in terms wear volume. In comparison to 

uncoated steel, three of the testing conditions by using Ni-Al2O3 coatings (20°C/20 N, 30°C/30 

N and 40°C/20 N) resulted in an increase in wear volume. Under the influence of reciprocating 

motion Ni-Al2O3 coatings have been known to delaminate (Bhutta et al. 2018a; Nazir et al. 

2018a) which increases wear. However, the best (H/E) ratio and the second best hardness values 

were presented by Ni-Al2O3 coatings amongst all the coatings, which results in a significant 

drop in wear loss especially at low loads; a drop in wear by more than 90% was seen at all the 

test conducted at low loads (20°C/10 N, 30°C/10 N and 40°C/10 N). None of the other coatings 

tested in this study showed such a substantial drop in wear volume at low loads. Testing 

conditions of 20°C/30 N, 30°C/20 N and 40°C/30 N also demonstrated to be beneficial in wear 

reduction. Although Ni-GPL coatings had the lowest values of the maximum grain size and also 

displayed the best micro-hardness value amongst all the prepared coatings, but a drastic increase 
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in wear volume was seen by applying Ni-GPL coatings at low testing temperature of 20°C and 

at low loads. This is believed to be due the slow formation of tribo-films and due to the 

incompatibility of HFE-7000 with Graphene nanoparticles. Increasing the temperature of the 

refrigerant and the applied normal load however proved to be advantageous in reducing wear for 

Ni-GPL, wear dropped at higher refrigerant temperature and at higher applied loads due to the 

acceleration in the formation of protective tribo-films which assist in reducing wear. Ni-GPL 

showed a reduction in wear volume for all the tests conducted at 40°C. Good results in terms of 

wear reduction were also provided by Nickel-only coatings. At higher refrigerant temperatures 

higher wear reduction was noted. The maximum drop in wear volume was also noted at 

20°C/20 N and 20°C/30 N for Nickel-only coatings. Refrigerant temperatures of 30°C and 40°C 

also showed good wear results for Nickel-only coatings. Good performance of Nickel-only 

coatings in comparison to other coatings is believed to be related with reduced damage caused 

by three body abrasive wear. The wear debris produced during testing are trapped inside the disc 

and refrigerant holding cup; hard nanoparticles are present in all of the nanocomposite coatings, 

debris of the worn out coating and hard nanoparticles trapped inside the cup caused three body 

wear and resulted in increase in wear. Wear debris generated by Nickel-only coatings do not 

contain hard nanoparticles and three body abrasive wear phenomenon which is also believed to 

take place when using Nickel-only coatings did not produce the same amount of damage. In 

contrast to the coatings containing different nano-particles in the Nickel matrix, Nickel-only 

coatings are believed to be more beneficial in the production and development surface tribo-

films. 

5.4  Friction of Coated Samples 

Results of the coefficient of friction have been presented in terms of real-time friction 

coefficient graphs and also as average coefficient of friction plots. Results obtained from each 

of the coatings have also been compared to the uncoated samples with Ra of 0.1 m.  

Results of Ni-ZrO2 coated steel have presented in figure 5.29. Figures 5.29 (a), 5.29 (b) and 5.29 

(c) show the real-time coefficient of friction plots. All the plots show a decline in the coefficient 

of friction values with increase in applied normal load. An increase in the temperature of the 

refrigerant from 20°C to 30°C does not produce a noticeable effect on the values of friction 

coefficient. Increasing the refrigerant temperature to 40°C however produced a positive effect 

on the coefficient of friction. The coefficient of friction drops at each of the applied normal 
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loads by increasing the temperature of the refrigerant from 20°C to 40°C, this is also apparent 

from the plots of average coefficient of friction shown in figure 5.29 (d).  

  

  

 

Fig. 5.29. Coefficient of friction graphs for Ni-ZrO2: Real-time coefficient of friction at refrigerant 

temperature (a) 20°C (b) 30°C (c) 40°C (d) Average coefficient of friction plot (e) Percentage change in 

average friction coefficient by applying Ni-ZrO2. 

There are more fluctuations in the coefficient of friction at lower applied loads, increase in load 

at any given temperature reduced not only the fluctuations in the coefficient of friction but also 

the values of the friction coefficient. This drop in friction coefficient values with increasing 
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refrigerant temperatures and the decline in average friction coefficient values with increase in 

normal load at any given temperature is linked with the development of protective tribological 

films on the surfaces of the mating parts.  

A comparison of the average friction coefficient by using Ni-ZrO2 nanocomposite coatings to 

uncoated steel is shown in figure 5.29 (e). The plot shows that all of the operating conditions are 

not beneficial in reducing friction by using Ni-ZrO2 coatings, a small increase in the average 

friction coefficient is observed at 20°C/20 N and 30°C/10 N. These two testing conditions also 

proved to be least beneficial in improving wear. Maximum improvement in friction coefficient 

was observed at 20°C/10 N. In comparison to the uncoated steel samples, refrigerant 

temperature of 40°C improved friction at all loads. 

Results of the coefficient of friction obtained by the deposition of Ni-SiC coatings have been 

presented figure 5.30. An increase in applied normal load at any given temperature for Ni-SiC 

coatings also show a drop in the friction coefficient values similar to Ni-ZrO2 nanocomposite 

coatings. In addition a constant decline in the coefficient of friction is observed with an increase 

in refrigerant temperature. The average friction coefficient decreases with increase in load at all 

testing temperatures and a decline in the average coefficient of friction can be observed with an 

increase in refrigerant temperature from 20°C to 40°C as shown in figure 5.30 (d). Similar to the 

real time coefficient of friction results of Ni-ZrO2, higher fluctuations in the coefficient of 

friction are visible at lower loads and an increase in load reduces the variations in the coefficient 

of friction for Ni-SiC coatings as well.  

A comparison of the results of the average coefficient of friction of uncoated steel to Ni-SiC 

shows an improvement in the friction coefficient at almost all of the testing conditions, only 

20°C/30 N and 40°C/10 N presented a slight increase (less than 1%) in the average coefficient 

of friction by the deposition Ni-SiC coatings. Besides these two testing conditions, an 

improvement in the average friction coefficient is clearly visible in the plot displayed in figure 

5.30 (e). Testing conditions of 30°C/20 N exhibited the maximum improvement in the friction 

coefficient by depositing Ni-SiC coatings. 
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Fig. 5.30. Coefficient of friction graphs for Ni-SiC: Real-time coefficient of friction at refrigerant 

temperature (a) 20°C (b) 30°C (c) 40°C (d) Average coefficient of friction plot (e) Percentage change in 

average friction coefficient by applying Ni-SiC. 

Results of the friction coefficient of Ni-Al2O3 have been shown in figure 5.31. These coatings 

produced a different behaviour in comparison to Ni-SiC and Ni-ZrO2. Spikes and fluctuations in 

the real-time friction coefficient graphs at applied load of 10 N as seen for the previous two 

coatings were not observed in the case of Ni-Al2O3. Ni-Al2O3 also presented the best wear 

performance at low loads compared to all the other coatings investigated in this study. A 

decrease in wear at low loads produces less wear debris and a substantial reduction in three 
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body abrasive wear which decreases the fluctuations and variations in the friction coefficient. 

Ni-Al2O3 nanocomposite coatings had the best surface finish amongst all the electrodeposited 

coatings prepared in this study and had Ra of only 0.045 m. A smoother surface implies lesser 

asperity interactions which decreases friction as well as wear. Average coefficient of friction 

plots for Ni-Al2O3 are also different from the Ni-ZrO2, Ni-SiC and the uncoated steel samples.  

  

  

 

Fig. 5.31. Coefficient of friction graphs for Ni-Al2O3: Real-time coefficient of friction at refrigerant 

temperature (a) 20°C (b) 30°C (c) 40°C (d) Average coefficient of friction plot (e) Percentage change in 

average friction coefficient by applying Ni-Al2O3. 
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An increase in normal load at 20°C from 10 N to 20 N decreases friction coefficient, but a 

further increase in load to 30 N did not affect the average friction coefficient. Compared to 

20°C, increasing of the temperature of the refrigerant to 30°C did result in a drop in the 

coefficient of friction, however an increase in applied load at 30°C did not produce any effect 

on the coefficient of friction. Increasing the temperature of the refrigerant to 40°C shows a 

slight increase in the friction coefficient at 40°C/10 N in comparison to 30°C/10 N. 40°C/20 N 

and 40°C/30 N show a decrease in the average friction coefficient compared to 30°C/20 N and 

30°C/30 N. A comparison of the average coefficient of friction of the uncoated steel to Ni-Al2O3 

show an improvement in the values of the coefficient of friction at all the testing conditions. The 

highest enhancement was observed at 30°C/10 N at which the friction coefficient improved by 

over 40%, 30°C/10 N also produced the best enhancement in wear for Ni-Al2O3. In comparison 

to uncoated steel, Ni-Al2O3 did not show an increase in the average coefficient of friction values 

at any of the testing conditions.  

Analogous to the results of wear, at low refrigerant temperature Ni-GPL also displayed poor 

coefficient of friction. An increase in applied load from 10 N to 20 N at 20°C decreased the 

coefficient of friction but a further increase in the applied load at 20°C from 20 N to 30 N did 

not affect the average friction coefficient as shown in figure 5.32. Compared to all the other 

coatings and also in comparison to the uncoated steel disc samples Ni-GPL coatings had the 

highest average surface roughness value (1.17 m). This high surface value of Ni-GPL was due 

to the existence of nano graphene particles at the very top of the coated surface and also due to 

particle agglomeration. When compared to the uncoated steel, 20°C/10 N produced an 

improvement in the friction coefficient, however an increase in normal load at 20°C produced 

higher coefficient of friction values in comparison to uncoated steel and the coefficient of 

friction increased at 20°C/30 N by almost 45%. Increase in the temperature of the refrigerant 

from 20°C to 30°C however proved to be extremely advantageous in reducing the coefficient of 

friction and when compared to the uncoated steel, the friction coefficient at 30°C/10 N 

decreased by more than 33%. Although the viscosity of the refrigerant reduces with an increase 

in the temperature of the refrigerant which leads to more asperity interaction which should 

increase friction, but the coefficient of friction decreases which is because of the increase in 

reactivity of the refrigerant with the mating surfaces and development of protective tribo-films. 

For 30°C tests, however wear did not display a very significant improvement and in fact at 

30°C/20 N wear volume increased. Increasing the temperature of the refrigerant to 40°C 

decreases the friction coefficient at 40°C/20 N and 40°C/30 N in comparison to the tests 

conducted at lower temperatures, however the average friction coefficient is seen to increase 
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slightly at 40°C/10 N in contrast to 30°C/10 N. Comparing the results of uncoated steel to Ni-

GPL also show that these coatings improve friction at 40°C at all the loads. At 40°C wear was 

also observed to improve for Ni-GPL.      

  

  

 

Fig. 5.32. Coefficient of friction graphs for Ni-GPL: Real-time coefficient of friction at refrigerant 

temperature (a) 20°C (b) 30°C (c) 40°C (d) Average coefficient of friction plot (e) Percentage change in 

average friction coefficient by applying Ni-GPL. 

Results obtained by the application of Nickel-only coatings have been presented in figure 5.33. 

Variations in the coefficient of friction can also be seen in the results of the real-time friction 
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coefficient especially at low loads. Increasing the applied normal load at any particular 

temperature also decreases the values of the real-time coefficient of friction as well as the 

average friction coefficient. An effect on the average friction coefficient was not seen by 

increasing the temperature of the refrigerant from 20°C to 30°C. However an additional increase 

in the temperature of the refrigerant to 40°C resulted in a drop in the coefficient of friction 

values. The least values of the average friction coefficient were presented at 40°C/30 N for not 

only Nickel-only coatings but also in comparison to all the other coatings. Nickel-only coatings 

also presented the second best surface finish amongst all the prepared coatings. Comparing the 

results of the average coefficient of friction of uncoated steel to Nickel-only coatings show a 

very slight increase in the coefficient of friction values at 20°C/30 N and an increase in friction 

was also observed at 30°C/30 N. Other than these two conditions the coefficient of friction was 

enhanced by applying Nickel-only coatings.      

Friction coefficient and wear for Nickel-only coatings did not follow the same pattern. At 20°C 

and 40°C wear volume increased with increase in load whereas coefficient of friction reduced 

with increase in applied normal load at 20°C and 40°C for Nickel-only coatings. For 20°C, 

parentage change in friction coefficient decreased with an increase in load whereas for 20°C, 

percentage change in wear increased with increase in applied load. Also, percentage effect in 

wear volume decreased with increase in load whereas percentage effect in the friction 

coefficient increased with increase in applied load at 40°C. Besides two of the testing conditions 

which increased the coefficient of friction values for Nickel-only coatings, the results of wear 

volume improved at all the testing conditions by the application of Nickel-only coatings.     
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Fig. 5.33. Coefficient of friction graphs for Nickel-only: Real-time coefficient of friction at refrigerant 

temperature (a) 20°C (b) 30°C (c) 40°C (d) Average coefficient of friction plot (e) Percentage change in 

average friction coefficient by applying Nickel-only. 

An improvement for most of the conditions in the coefficient of friction was witnessed by the 

deposition of nanocomposite coatings. Cavities and micro-dimpled groves have been known to 

enhance the tribological performance of mating parts (Bai et al. 2017; Abdullah et al. 2018) and 

pores in Ni-Al2O3 nanocomposite coatings have been reported to retain liquid refrigerant and to 

improve the lubricity of rubbing  parts which assists in improving wear (Bhutta et al. 2018a). As 

displayed in figure 5.3, all the prepared coatings have micro-pores, these micro-pores also 

assisted in lubricant retention which reduced friction. The variation in the contact area of the 

counter steel ball causes the generation of peaks in the real-time coefficient of friction graphs. 

Wear on the steel ball increases the apparent area of contact during the course of a test. The 

increase in the ball contact area increases the coefficient of friction. The Hertzian contact 

diameter of 52100 steel ball is known to increase with increase in wear for a oscillating 

/reciprocating ball-on-flat contact geometry (Deshpande et al. 2018). The wear scar generated 

on a 52100 steel ball with a fixed steel ball against a reciprocating disc in a ball-on-flat contact 

geometry has also been reported to alter shape which leads to an  increase in  the apparent area 
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of contact which also reduces contact pressure (Jean-Fulcrand et al. 2017). High magnification 

SEM micrographs of the wear scar generated on the steel ball reveal that the shape and size of 

the wear scar changed with a change in loading conditions and by changing the type of applied 

coatings. Reciprocating flat sample loaded against a stationary 52100 steel ball results in a shift 

in wear scar from circular contact at lower loads to elliptical contact at higher applied loads 

(Jean-Fulcrand et al. 2017; Bhutta and Khan 2019). As observed at some of the real-time 

friction coefficient graphs, multiple peaks and sharp gradients were generated at a few of the 

testing conditions. The first peak in the real-time coefficient of friction graphs is due to the 

initiation of the change in the apparent area of contact of the steel ball and the production of a 

second peak indicates a further alteration in the contact area of the ball (Bhutta and Khan 2019). 

Variations and fluctuations in the coefficient of friction are believed to be due to the change in 

contact area of the steel ball, due to three body abrasive wear caused by the wear debris trapped 

inside the refrigerant holding cup, due to the uneven formation of surface tribo-films especially 

at lower loads and due to the adhesion of the worn coatings on the surface of the steel ball; 

continuous reciprocating motion of the steel ball with adhered particles leads to rise in 

fluctuations in the friction coefficient.  

5.5  Conclusions of the Coated Study 

The results of the coefficient of friction and wear by using nanocomposite coatings were 

examined and compared to uncoated contacts in an effort to improve the tribological 

performance of rubbing parts utilizing HFE-7000. Following conclusions can be drawn from the 

coated study: 

1. The nanocomposite coatings have been successfully prepared using the pulse coating 

technique. All the coatings show a fine and compact grain structure. The coatings 

prepared using pure Nickel, Ni-Al2O3, Ni-SiC, Ni-ZrO2 and Ni-Graphene show 

different surface roughness and different grain size which shows that a type of coating 

not only effects mechanical parameters such as hardness but also dictates the complete 

surface morphology. The surface morphology has a direct effect on tribology. 

2. Friction and wear behaviour of nickel based coatings applied on a mild steel (EN1A) 

substrate with HFE-7000 refrigerant is not straightforward. A mix of micro-cutting, 

micro-delamination and micro-ploughing was witnessed on the worn disc surfaces. 

Wear mechanism was seen to change with a change in testing conditions and also with a 

change in coating.  

3. In contrast to the uncoated steel the surface mechanical properties of the all coatings 

improved. The hardness to elastic modulus ratio and the surface hardness was improved 

for all coatings. Ni-GPL nanocomposite coatings showed the highest hardness value 

which was followed by Ni-Al2O3, Ni-SiC, Ni-ZrO2 and Nickel. As Nickel-only coatings 
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did not contain the hard nanoparticles imbedded in its matrix, this led to its least micro-

hardness values. Ni-Al2O3 nanocomposite coatings showed the best surface roughness 

values and the best (H/E) ratio while Ni-GPL coatings presented the worst values of 

surface roughness.  

4. Different coatings performed differently under identical testing conditions: 

a) Ni-Al2O3 nanocomposite coatings performed the best in terms of coefficient of 

friction in comparison to all the other coatings. In comparison to uncoated steel 

the testing conditions of 30°C/10 N exhibited an improvement of over 40% in 

the coefficient of friction. Wear results revealed an improvement of over 90% 

in wear loss at low loads by applying Ni-Al2O3 coatings, such an improvement 

at any of the testing condition was not shown by any of the other coatings. 

Delamination of these coatings at some of the conditions did result in an 

increase in wear. However it can be stated with confidence that Ni-Al2O3 

nanocomposite coatings are most suitable for improving both friction and wear 

at a range of operating temperatures at low loads.  

b) In comparison to uncoated steel, Ni-SiC coatings proved to be beneficial in 

improving wear at all testing conditions. Only a minor improvement of about 

1% was seen at 20°C/20 N, other than that all other testing conditions improved 

wear by at least 15%. Refrigerant temperature 40°C proved to be more 

beneficial in improving wear performance and highest improvement was 

observed at 40°C/30 N. In comparison to uncoated steel, coefficient of friction 

also decreased by using Ni-SiC at all the testing conditions except for 20°C/30 

N and 40°C/10 N, these two conditions increased the friction coefficient but 

only by less than 1%. Maximum friction coefficient reduction was observed at 

30°C/20 N. This leads to the conclusion that in comparison to uncoated steel, 

Ni-SiC nanocomposite coatings are favourable in enhancing the tribological 

performance of mating parts. 

c) Ni-ZrO2 coatings displayed the best results of wear at 40°C refrigerant 

temperature. None of the other coatings showed such an improvement i.e. an 

improvement of over 64% at all loads at 40°C. Maximum improvement in wear 

was observed at 40°C/10 N and the results also show an improvement in wear 

at all testing conditions. The results of friction coefficient however show an 

increase in friction coefficient by almost 1% at 20°C/20 N and by about 4% at 

30°C/10 N. All other testing conditions show an improvement in friction 

coefficient by using Ni-ZrO2 coatings and maximum improvement in friction 

coefficient was observed at 20°C/10 N. It can be inferred from these results that 

Ni-ZrO2 coatings are extremely beneficial in reducing wear in comparison to 

uncoated steel. These coatings can be used with assurance at higher operating 

temperatures at which not only a substantial reduction in wear was observed but 

also higher refrigerant temperature resulted in a drop in friction coefficient as 

well. 

d) Ni-GPL nanocomposite coatings presented the worst results at lower refrigerant 

temperature of 20°C in terms of wear and friction. The incompatibility of these 

coatings with HEF-7000 is believed to be the reason of the poor performance of 

Nickel-Graphene coatings. HEF-7000 is polar in nature and Graphene has large 
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surface area which is rich in fast moving mobile electrons. The ejection of 

graphene from the surface of the coating by the polar refrigerant at low loads is 

believed to be the cause of higher wear. Increase in load helps retain Graphene 

in the Nickel matrix. An increase in the temperature of the refrigerant proves to 

be tremendously helpful in reducing the friction coefficient. A reduction in the 

coefficient of friction by almost 34% can be observed at 30°C/10 N. 30°C 

refrigerant temperature however does not show a significant improvement in 

wear and in comparison to the uncoated steel, 30°C/20 N conditions results in 

an increase in wear. 40°C refrigerant temperature however proved to be 

extremely helpful in not only reducing wear but also in reducing friction. At 

40°C/10 N, wear volume dropped by about 70% and by almost 50% at 40°C/30 

N. From these results it can be deduced that one has to be very careful in using 

Ni-GPL nanocomposite coatings in systems utilizing HFE-7000. These coatings 

can be used at higher operating temperatures but if a system is operating at 

changing refrigerant temperatures and at varying load then Ni-GPL coatings 

would not be recommended for use in HFE-7000 based systems.  

e) In comparison to uncoated steel, Nickel-only coatings resulted in an 

improvement in; (H/E) ratio, the micro-hardness, and in the average surface 

roughness. This improvement in the surface mechanical properties helped 

improve wear at all the operating conditions. Maximum improvement in wear 

was noticed at 40°C/10 N while minimum enhancement in wear was observed 

at 20°C/10 N. Hard nanoparticles were not present in the in the nickel matrix of 

Nickel-only coatings, when using nanocomposites the hard nanoparticles are 

believed to increase wear by three body abrasive wear phenomenon. At 40°C 

the friction coefficient results showed a reduction in the coefficient of friction 

values for all loads. In comparison to uncoated steel, a slight increase in friction 

coefficient was however observed at 20°C/30 N and 30°C/30 N. Nickel-only 

coatings also showed very good results especially for wear improvement and 

Nickel-only coatings can be recommended with confidence for use at elevated 

refrigerant temperatures.  

5. Wear and friction behaviour of Nickel based coatings under HFE-7000 lubrication is a 

complex mix of different mechanisms which is not only determined by the type of 

coating but is also highly dependent on the reaction of the refrigerant with the metallic 

surfaces. Application of normal load, friction, heat and mechanical motion results in the 

breaks down of HFE-7000. HFE-7000 breaks down and forms new bonds/compounds 

with the freshly exposed worn surfaces. This results in the development of fluorinated 

and oxygenated surface films on the top surfaces. These tribological films results in a 

drop in wear and friction.  

6. The nano-particles embedded in the Nickel matrix are believed to hinder the 

development of anti-wear tribo-films whereas pure Nickel and Steel metal surfaces are 

more favourable in the tribo-chemical reaction between the mating surfaces and the 

refrigerant HFE-7000. 

7. A general pattern in the drop in wear with increase in refrigerant temperature and a 

reduction in friction coefficient with increase in applied normal load and temperature 
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was witnessed from the results. This is due to the increase in reactivity of HFE-7000 

with the mating metallic surfaces with increase in temperature and load.  

8. Nickel based coatings show a clear improvement in wear and friction at most of the 

testing conditions. Selection of a particular coating depends on load and operating 

temperature.  
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Chapter 6 

Conclusions and Future Work  

This chapter provides the conclusion derived from the complete study. An existing tribo-meter 

has been successfully modified and commissioned for bench testing of the future generation of 

refrigerants within tribological context. A series of tests have been conducted to access the 

tribological performance of the environmentally friendly refrigerant HFE-7000 by varying the 

tribo-operating conditions. Experiments were divided into two main parts. The first part of the 

study was based on the evaluation of the tribological performance of uncoated steel contacts 

under variable operating environments; tests were carried out by changing the applied normal 

load, by using samples of different surface finish and by heating the refrigerant to various 

different temperatures. The results of the uncoated study indicate that increasing the operating 

temperature at a constant load reduces both friction coefficient and wear. Increasing the load at 

a constant temperature increased wear but resulted in a reduction in friction coefficient. EDS 

analyses on the samples in the contact region and wear track have shown a significant presence 

of oxygen, fluorine and carbon on the rubbing surfaces. The detailed high resolution XPS 

analysis reveal the formation of new bonds/compounds on the surfaces of the interacting metals 

and indicate breaking up of the bonds of the refrigerant. Analysis on different regions within the 

contact zone of the rubbing metals post-experimentation has demonstrated that oxygenated and 

fluorinated layers are well adhered on the disc wear track and ball. The reduction in the friction 

coefficient with increasing load and decrease in wear along with a decrease in coefficient of 

friction with increasing temperature is believed to be associated with the development of 

protective tribo-films on the interacting surfaces. The formation of these films is accelerated by 

an elevation in the refrigerant temperature and increase in the applied load. Increasing the 

applied load and operating temperature increases the reactivity of the refrigerant HFE-7000 with 

the rubbing metals. It is also observed from the results obtained that the surface roughness does 

not have a very significant effect on the coefficient of friction and on wear.  This shows that 

metallic parts of a range of surface finish and even parts with rough surface finish can be used in 

HFE-7000 run interacting systems. Five different types of Nickel based coatings were applied to 

the uncoated EN1A steel substrate to enhance the friction and wear performance of HFE-7000 

based systems. Results of the coated study also showed the presence of oxygenated and 

fluorinated films on the top surface on all the coatings. All the coatings displayed an 

improvement in the nano-hardness and (H/E) ratio. Friction and wear behaviour of Nickel based 

coatings under HFE-7000 lubrication is a complex mix of different mechanisms which is not 

only determined by the type of coating but is also highly dependent on the reaction of the 
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refrigerant with the metallic surfaces. A similar pattern in the drop in wear with increase in 

refrigerant temperature and a reduction in friction coefficient with increase in applied normal 

load and temperature was also witnessed for the coated contacts. Nickel based coatings show a 

clear improvement in wear and friction at most of the testing conditions. Selection of a 

particular coating depends on load and operating temperature.   

The future work to be conducted on the modified test rig which requires no further alterations 

and modifications should be: 

1) The investigation of refrigerant/oil mixtures. HFE-7000 should be studied by 

using it with various oils commonly used in compressors.  Refrigerator oils are 

diluted by refrigerants, therefore, understanding the tribological performance of 

refrigerant/oil mixture is crucial to optimize the tribological behaviour when 

focusing on compressors. The first part of this study should be to investigate a 

number of compressor oils with HFE-7000 using uncoated contacts and the 

second part of this investigation should be to enhance the tribological 

performance of HFE-7000/oil mixtures using Nickel based coatings. 

2) Evaluation of performance enhancement of machine parts by using the coatings 

in actual pumps/compressors with HFE-7000.  

3) Investigation of other coatings for the enhancement and improvement of the 

tribological performance of rubbing parts based on HFE-7000. 

4) Mechanical wear behaviour of electrodeposited nanocomposite coatings using 

PRC technique in comparison to PC technique. 

5)  Comparative tribological evaluation of Hydrofluoroethers using uncoated and 

coated specimens. A comparison of the tribological performance of different 

HFEs using the modified test rig. Testing of HFE-7100 and HFE-7200, etc. all of 

which are environmentally friendly future generation commercially available 

refrigerants. 

6) Nano-refrigerants i.e. HFE-7000 composing of various nano-particles and 

varying percentage composition by weight should also be investigated to see if 

the tribological performance of reciprocating parts in enhanced by using various 

nanoparticles with HFE-7000.     
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