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ABSTRACT 

 

Metal Working Fluids (MWFs) play a significant role in metal machining operations and 
vastly used in aerospace, automotive and marine industries to produce high tech components. 

The main purpose of using MWF during cutting operation is to facilitate a layer of lubricant 

between work tool interfaces to abate friction and heat. In the present context, industries 

practice to use mineral-based MWFs as of its good functional performance. However, health 
and environmental legislations have bounded the usage due to its carcinogenic behavior and 

adverse effects to the environment. Therefore, the requirement of ecological and user-friendly 

cutting fluid has raised substantially in manufacturing industries. Researchers have taken much 
effort to find an alternative for mineral oils and concluded the importance of vegetable oils as 

a substitute to use for the MWF. However, neat vegetable oil express poor cooling capability 

during machining due to its low oxidation stability. The authors have formulated a white 
coconut oil-based water soluble MWF to overcome the poor cooling ability by using water 

and permitted food grade surfactants. The main intention of the research is to assess the 

industrial applicability of the formulated fluid in term of functional performance while 

ensuring health and safety of the operators and environmental impact. The surface quality, 
chip curl radius, chip formation of 0.2% C and AISI 304 steels while using formulated novel 

white coconut oil based MWF, mineral oil based MWF in flood cooling and dry machining 

configurations have investigated for the conventional turning operation. The machining 
parameters were selected according to the recommended specifications of the work materials 

and tool manufacturers. Coated carbide indexable inserts have been used for the turning 

operation and surface quality of each set of cutting parameters were measured. Further, tool 
wear was investigated using scanning electron microscope (SEM). Work tool interface 

temperature was simulated using the DEFORM platform. The invented novel white coconut 

oil based MWF expressed better values for almost all the set of machining parameters when 

compared to the other cooling configurations and proven its industrial applicability for the 
sustainable machining. The performance of the formulated white coconut oil based MWF can 

be enhanced by adding nanoparticles and it is worthwhile to conduct the machining operations 

for hard to cut materials for further confirmation of the industrial applicability. 

 

Keywords: Metalworking Fluid, Surface Quality, Turning, Tool Wear, Vegetable oil 
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CHAPTER 01: INTRODUCTION 

Machining is one of the most prominent and frequently conducted manufacturing 

procedures in industries, and it involves various materials and methodologies. The 

concept of sustainability in manufacturing has used to identify and evaluate the effects 

of machining applications and materials across a wide range of socio-economic and 

environmental aspects. In an assessment of sustainability, the precise effects of 

industrial processing methods and work materials on human health and ecological 

systems and their operational costs must be determined. Sustainable machining 

resources that ensure safe modes of formulation, usage, and disposal throughout the 

life cycle with reasonable operational costs exhibits a greater sustainability level. The 

dimensional accuracy of the required component is one of the most important factors 

among the output parameters in machining [1,2]. However, the lack of cooling and 

lubrication capability of the MWF to eliminate induce heat at work-tool interface, 

results the errors in dimensions with consume of higher energy for the operation and 

concludes with a poor surface quality of the component. For an example, Fig. 1-1 

express that the dry machining induces 376 °C work tool interface temperature for 

AISI 304 steel with cutting parameters of 100 m/min speed and 0.2 mm depth of cut  

(DoC) in conventional orthogonal turning [3,4]. In this context, the importance of 

using well functioned MWF has identified in term of facilitating the cooling and 

lubrication between work tool interface for a longer tool life while preventing the 

cutting tool and workpiece from overheating [5].  

 

Figure 1-1: Temperature distribution of work tool interface in dry cutting   
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Almost all of the available MWFs are based on petroleum by-products (mineral oils), 

and it produces mist and oil smoke during machining operations, creating an 

uncomfortable and unsafe environment for the workers. Further, environmental 

regulatory bodies are keen on the discharge of mineral oil based MWF effluents from 

the industries to the environment and, already the environmental pollution has been 

controlled by introducing regulations to mitigate the effect to the natural resources 

[6,7]. In present context, industries are struggling to find an alternative to toxic and 

harmful mineral oil based MWF to ensure health and safety of the operators and 

ecological systems. Higher amount of assets need to allocate for the filtration of 

mineral based MWF effluents in order to adhere to the established health and 

environmental regulations at the disposal phase [8]. Hence, the economic and technical 

feasibility of the machining processes that use MWFs should also be considered, in 

order to ensure a reasonable profit margin in the production. 

Therefore, it is highly important to introduce a sustainable green MWF for the 

industries to ensure the protection of operators from hazardous mineral based MWF 

and to ensure environmental protection at the disposal phase of the effluent with lower 

or no filtration cost. The saturated fatty acids of vegetable oil facilitate a better layer 

of lubricant at the work-tool interface compared to mineral oils. Lawal et. al. [4] 

revealed that the structure of the triglycerides in vegetable oils provide qualities that 

are desirable in lubricants. Friction at the work-tool interface is reduced by vegetable 

oils' long polar fatty-acid chains, which form a higher-strength lubricant film between 

metallic surfaces. However, vegetable oils have low oxidation stability, low hydrolytic 

stability, and poor heat bearing capacity due to their chemical structure. There is no 

literature available regarding the green MWF which has eliminated poor properties in 

vegetable oil and the details of empirical investigations on conventional turning while 

using cutting parameters recommended by the work materials manufacturers. 

Wickramasinghe et. al. [9] has prepared an emulsion using white coconut oil as the 

base oil and permitted food grade surfactants (to eliminate poor properties of the white 

coconut oil) which helps to improve the rate of cooling (due to higher content of water) 

and lubrication (higher content of free fatty acids in the white coconut oil) at the work-

tool interface, during shear mechanism.   
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With having the motivation to present a sustainable solution for the industries in term 

of eliminating higher cost for the filtration and ensuring health and safety of the 

operators and ecological resources at the MWF usage, the stated research has carried 

out to assess the industrial applicability of the formulated white coconut oil based 

MWF in metal machining process. The white coconut oil based MWF effluent can be 

directly send to the natural resources after removal of the tiny metal chips in the fluid 

(i.e, primary filtration) due to the higher bio-based ingredients included in the fluid. 

The higher concentration of water in the developed MWF leads to absorb the induce 

heat at the cutting zone effectively due to its higher specific heat capacity. Thus, the 

formulated MWF is rich in cooling and lubrication properties while ensuring the health 

and safety of the operators and ecological resources. 

 

Conventional turning operation was conducted with use of Lathe machine (Model 

CM6241X1000, spindle speed range of 45–1800 rev/min) for 0.2% C and AISI 304 

steel while subjected to recommended cutting parameters by the tool and work material 

manufacturers. The cooling and lubrication performances of the developed MWF were 

empirically investigated with flood cooling technique and compared to commercially 

available mineral oil based MWF. Dry machining was carried out as the reference 

experiment. Surface quality, chip curl radius, chip formation and tool wear were 

investigated for each set of machining configurations for both developed MWF and 

mineral based MWF. The experimental procedures were conducted by following ISO 

4288 for surface quality measurement with 0.8 mm cut-off length and 4 mm 

measurement length with total transvers length of 5.6 mm and tool wear evaluation 

and ISO 3685 for the chip form classification. Plotting and statistical methods were 

used to analysis the results and made the conclusions. Tool wear experiment was only 

conducted for the commercially available mineral oil based MWF. Further, orthogonal 

work tool temperature simulation study was carried out by using DEFORM 

commercial software. The tool edge temperature was investigated with the developed 

orthogonal 2D model and studied the residual stress subjected on the cutting process 

during shear mechanism. 3D model was not considered due to the higher 

computational time and complexity of the model.  
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1.1 Research Aims and Objectives 

The foremost aim of the intended research is to introduce a high-performance health 

and environmental friendly cutting fluid to manufacturing industries. Specifically, the 

developed green MWF could able to address the health and environmental related 

issues (i.e: research gap) integrated in the most frequently consuming mineral oil based 

MWFs in current machining process. The pillars of socioeconomic and environment 

have been set as the research objectives to achieve and ensure process sustainability at 

each three phases of MWF formulation, usage and disposal. Additionally, achieving 

high performance machining has been set as a sub objective to obtain the promising 

machining responses (i.e: surface quality, chip formation, chip morphology, tool wear) 

to proven industrial applicability while using developed green MWF.  

1.2 Thesis Overview 

The thesis consists of five chapters. Chapter 1 describes the background study and 

research motivation along with the aims and objectives. Further, research methodology 

is stated in brief. Chapter 2 describes the referred literature related to the problem 

identification and significant of the research for the modern manufacturing industries. 

Further, details of the recently concluded research literature were discussed in order to 

find the research gap in the field of MWF in metal machining industries. Chapter 3, 4 

and 5 express the detail description of methodology, results/discussion and conclusion 

respectively. The contents of the chapters are summarized in detail as below. 

Chapter 2: Literature Review 

This chapter deliberates the background information and literature related to MWFs in 

metal machining. At the beginning of the chapter, the purpose of using MWF in cutting 

operation has discussed. Along with that, the current application methods and 

categories have described.  

Apart from that the health, environmental effect and issues have comprehensively 

analyzed with examples. The importance of vegetable oil as the alternative to the 

mineral oil has emphasized with the details of significant tribological properties. The 

requirements in formulation process of water-based emulsion have discussed.  
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The potential opportunities and solutions to address the issues and problems related to 

current usage of mineral oil based MWF in metal machining have described under 

titles of minimum quantity lubrication (MQL) and Nano MWFs. Finally, the summery 

of the literature review has conversed.  

 

Chapter 3: Methodology  

This chapter describes the detail procedures and apparatus used for the empirical 

investigation on surface quality, chip curl radius and chip formation. The tool wear 

investigation details were also included. Further, process modeling steps for the work 

tool temperature simulation were explained.   

The methodology which was considered for each and every investigation were based 

on the scientific approach along with the recognized standards. The used apparatus for 

the experiments were calibrated before the investigations and confirmed the accuracy 

of the values.  

 

Chapter 4: Results and Discussion 

The empirically obtained results related to the surface quality, chip curl radius and chip 

form were scientifically discussed based on the literature and ISO standards. Statistical 

approach was used to investigate the mean and standard deviation for the recorded 

values for the surface quality. Tables, charts and diagrams were used to compare and 

discuss the results related to the white coconut oil based MWF and mineral oil based 

MWF. Collected chips were categories according to the ISO standard for the 

assessment of the performance of developed MWF for the recommended cutting 

parameters by the tool and work materials manufacturers. Scanning electron 

microscope (SEM) images were used to discuss the crater and flank wear on the tool 

while using mineral oil based MWF.  

 

Chapter 5: Conclusion 

The final chapter summarizes the contributions of the thesis, the conclusion, a brief 

discussion, and future directions for the betterment of the industries in field of MWF. 
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CHAPTER 02: LITERATURE REVIEW 

 

Cutting fluids have been used over the past of 200 years for various metal machining 

operations. The main purposes of using cutting fluids are to facilitate a fluid layer 

between work tool interface to abate high friction areas as shown in Fig. 2-1 and 

providing better cooling effect for heat reduction between work tool interface while 

acting as a flushing medium to facilitate a favorable condition for metal machining 

operation [10]. These functions are helped to reduce tool wear, lower the energy 

consumption for cutting process and produce required specified quality of the final 

part with required dimensional accuracy [11]. 

Cutting fluids can be considered in term of water-soluble liquids, straight cutting oils 

and gases [12]. Out of these categories water-soluble liquids are mainly used for 

machining applications in wide range of materials due to higher cooling capabilities 

[13]. Most of the cutting fluids are petroleum based mineral fluids hence, express 

considerable environmental and occupational health effects throughout the operating 

life cycle. Therefore, alternative solutions are highly expected in the modern 

manufacturing industries. Researches for the suitability of using vegetable oil based 

MWFs in metal machining applications have been conducted in recent years and many 

of them are now on evaluating the applicability of the varies types of available 

vegetable oils for metal machining applications [14].  

 
Figure 2-1: The shear mechanism and chip removal in cutting region [15]  
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Further, it has been found that water-soluble fluids can also be developed by using 

vegetable oils such as coconut oil, sunflower and soybean [16]. Most of the 

manufacturing industries intended to use machining operations to produce metal parts 

by a controlled material removal process. Not only for the metal machining but also it 

can be used in machining of nonferrous material such like wood, composites, plastic 

and ceramic.  

Computer numerical control (CNC) technique is extensively used in modern 

manufacturing industries for the high precision productions, where the computers and 

supportive accessories are used to control the movement and operation of work piece 

and cutting tool [17]. MWFs are used for the process optimization of cutting operations 

such as turning, profiling, boring, threading, grinding, drilling and milling. The fluid 

is used to flush the metal chips from the interfaces of work piece and tools while acting 

as cooling medium and abate friction between work piece and cutting tool by inducing 

a lubricating layer. Most of the machining operations are conducting with use of oil-

in-water emulsions which commonly known as water soluble MWFs [18]. The growth 

of microorganisms increases with the addition of water to the oil and build a favorable 

environment for the microorganisms to live. Microbial development results in bio 

deterioration of cutting fluids due to break down of its components such as emulsifiers, 

additives and oils and finally results for the poor performance of the cutting fluids [19].   

 Methods of Metal Working Fluids Application 

The Metal Working Fluids can apply into the work tool interface during metal 

machining as flood, jet and mist approaches [6]. A sliding surface should form between 

tool and work piece from a cutting fluid for an efficient machining [20]. The 

application should be continuous and pointed directly to the cutting zone for a better 

machining to obtain higher dimensional accuracy of the machined parts. The 

lubrication and cooling function cannot perform unless the fluid is carefully directed 

to the cutting zone. In manual approach, the MWF is applied to the cutting zone with 

use of an oil container. This approach is cheapest and easiest with comparing to the 

other approaches [3].  
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The application area of the cutting fluid is limited compared to the flood, jet and mist 

cooling approaches as illustrated in Fig. 2- 2 [13]. The performance of the cutting fluid 

is lower due to the intermittent approach and access of the MWF to the work tool 

interface is limited in this method.  

Flood cooling approach is widely using industrial application to apply MWF to the 

interfaces of work and tool. A large volume of continuous flow is delivered to the 

cutting region with use of a nozzle, hose or pipe [21]. In flood cooling approach, the 

MWF is stored in a tank, filtered and supply to the discharge port. The flow rate, 

number of nozzles or pipes and direction of flow are critical parameters in obtaining 

better machining performance [17]. In this method, the reach of MWF to the interfaces 

in complex machining is not in satisfactory level. The MWF is atomized and blown to 

the interfaces in mist approach. This method is more effective in complex machining 

due to the possibilities of delivering cutting fluids into the difficult to access places in 

the complex component [13]. However, the inhalation of generated mist from the 

mineral oil based MWF causes serious health issues and the need of proper ventilation 

is important in mist approach during machining.  

 

 

 

                       

                        

(a)                                                  (b)                                              (c) 

Figure 2-2: (a) Flood Cooling (b) Jet Cooling (c) Mist Cooling [22] 

 Categories of the Metal Working Fluids  

2.2.1 Straight Oils  

The straight oils are commonly used for the metal cutting applications in term of neat 

oils without adding water or any other additives/ingredients which comprised basically 

the petroleum or vegetable oils [23].   
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The surface finish is in higher level with comparing to other types of cutting fluid 

applications while prevents rusting as well [24]. The mineral oils used in cutting fluids 

are generally neutral oils, light solvents or sometimes heavy bright [15]. Further, the 

wetting actions and lubricity can be increased in mineral oil with adding animal or 

vegetable oils in controlled proportions [25].  

2.2.2 Soluble Oils  

With the introduction of carbide cutting tools and high-speed machining into the metal 

machining industries, water-diluted cutting fluid requirement was induced. The neat 

mineral oil facilitates a better lubrication layer but the cooling capability is not in 

satisfactory level [9]. The fluids prevent the thermal distortion which resulted from the 

induced residual heat and abate cutting tool abrasive wear at the higher temperatures 

which address the short comes of the direct use of straight oils [26]. The well-refined 

petroleum oils are mixed with ingredients of higher viscosity liquids which are 

insoluble in independent manner in water [27]. Fig. 2-3 express the categories of water 

soluble MWFs. 

 

 

 

 

 

 

 

 

 

 

Figure 2-3: Categories of the Water-Soluble Metal Working Fluids [4]  
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2.2.3 Synthetic Metal Working Fluids 

The synthetic cutting fluids can formulate with inorganic or organic solvents and 

mixed in water. Synthetic MWFs act as the lubricant and coolant which express the 

usage of eliminating smoke during machining, provide detergent action and reduce 

oxidation [28].  Rust protection and removal of induced heat is in higher level but poor 

in lubrication capability [19]. The semi synthetic MWF act as a significant place in 

term of addressing the poor lubrication property of the synthetic MWF. It contains 

more additives and surfactants to facilitate a better lubrication layer between work tool 

interfaces. The researchers are currently working on the evaluation of performance 

while using synthetic and semi synthetic vegetable based MWFs in metal machining 

operations. Further, synthetics can complement with biocides in term of reducing the 

intended  microorganisms growth [7]. Table 2-1 and Table 2-2 are expressed the 

advantages and disadvantages of each category of MWFs. 

Table 2-1: Advantages comparison of cutting fluids [6,14] 

Straight oils Soluble oils Semi-synthetics Synthetics 

Excellent rust 

control. 
Good cooling. Good cooling. Excellent cooling. 

Excellent 

lubricity. 
Good lubricity. 

Good microbial 

control. 

Excellent microbial 

control. 

  Good rust control. 
Reduced misting and 

foaming problems. 

 

Table 2-2: Disadvantages comparison of cutting fluids [6,14] 

  

Straight oils Soluble oils Semi-synthetics Synthetics 

Low cooling. 
Rust control 

Problems. 
Foam easily. Poor lubricity. 

Create a mist 

or smoke. 

Evaporation 

Losses. 

Easily 

contaminated 

by another machine 

fluids. 

Easily contaminated by 

other machine fluids. 

Limited to low 

speed. 

Bacterial 

growth. 

Stability is affected 

by water hardness. 
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 The Environmental Impact of Metal Working Fluids 

More than 30% industries in European countries and 25%  of United States are used 

to dispose MWF effluents to the environment without proper treatment by neglecting 

the established environmental rules and regulations [29].  

Large volume of cutting fluids released to the environment as effluents from industries 

in developed countries which negatively affect for the living beings and impact heavily 

for the sustainability of the entire world [21]. The physical and chemical properties of 

MWFs will change during the operational life cycle and it will directly influence for 

the selection process of the disposable method. Biodegradability, disposable methods 

and toxicity of cutting fluids are acting as the prominent factors for the  environmental 

protection according to the stated regulations [34,35].  

 Disposal of Metal Working Fluids 

After intended lifetime of the MWFs (about 3-4 months of usage), it is required to 

dispose the effluent to the environment with a proper treatment process. The available 

most frequently disposable methods can be categorized as: chemical, physical-

mechanical, electrochemical and biological [32]. In chemical splitting technique, an 

electrolyte is added to neutralize the emulsifier where the emulsion breaks down while 

aquatic and oil phases are settled in a tank [33]. The electrochemical method is used 

the destabilization technique of stern ionic layer surrounding of the oil droplets in the 

emulsion [34]. The electrostatic filed is continuously generated from the immersed 

electrodes in the emulsion. The collection of the oil droplets is occurred around the 

electrodes in larger number [35]. The most common method which shown the better 

results of cutting fluid disposal is ultrafiltration thermal splitting where the evaporation 

and incineration are used to separate the oil and water in the emulsion [31].   
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 Biodegradability of Metal Working Fluids 

Biodegradability is an important phenomenon for the environmental suitability. It 

represents the removal process of oil from water and soil segments in the environment 

[36]. Acceptable level of biological oxygen demand (BOD) and chemical oxygen 

demand (COD), where the two laboratory experiments measure the biodegradability 

of the discharge effluent of environmental authorities in each country.  

Variety of standard testing procedures are available to evaluate the  biodegradability 

of the organic substances [37]. Following are the accepted methods for the 

biodegradation.   

• Primary Biodegradation – Specific properties of the substance are impacted by the 

process of biological reactions to change the chemical structure [18]. 

• Ultimate Biodegradation – The microorganisms utilize the compound of the 

substance and release H2O, CO2, mineral salts and new microbial cellular 

constituents (biomass) [37]. 

• Readily Biodegradable – Chemicals use to break the properties of the substances 

and should operate the process in aquatic environments under aerobic conditions 

[37].  

 Adverse Effect of the Mineral oil based MWF 

Minerals oils which are used in metal machining process were recorded as 

carcinogenic in 1987 according to the reports of International Agency for Research on 

Cancer (IARC) [38]. Further, the experiment on toxicity was concluded with some 

fluid additives and surfactants cause cancer in laboratory animals [39].  For example; 

the nitrosamines, liver carcinogen causes with ingredients of nitrates which use as the 

corrosion inhibitor and amines including agents of nitro sating for the antioxidant in 

the MWFs as shown in Fig. 2-4 [38]. The use of nitrites containing alkanol amines for 

the cutting fluid formulation was fully banned with a regulation by U.S. Environmental 

Protection Agency in 1984 [38].  
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Metal Working Fluid is a complex mixture of many ingredients which some of the 

substances are highly suspected for co-carcinogens and tumor promoters although 

epidemiological literature, it has been considered as a sole material [40]. 

In the research experiments, toxicologically suspects groups have been found in the 

aerospace manufacturing industries in U.S who were exposed to the cutting fluids 

during metal machining with include ingredients of the fluid of polycyclic aromatic 

hydrocarbons, N-nitroso compounds (including nitrosamines), and abrasives [41].  

 

Figure 2-4: Raspatory diseases and Cancer symptoms [38] 

According to the literature following one or mixture of contaminants and additives in 

cutting fluid was identified as the initiators and promotors for the cancer [29]. 

• Compounds including sulfur 

• Nitrosamines 

• Polyaromatic hydrocarbons (PAHs) 

• Long-chain aliphatic 

• Formaldehyde-releasing biocide 

Skin cancer was recorded with use of acid refined minerals oils in laboratory 

experiments for the animals and humans as shown in Fig. 2-5. PAH amount can be 

reduced by refining the crude oil, but acid refined mineral oils still include such amount 

of PAH which directly causes for the skin cancer [41]. The common health influence 

from the exposure of cutting fluid during metal machining is skin irritation. Allergic 

and skin disorders are caused from the contact of fluid during machining [40].  
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The skin irritation is continuous type of irritant contact dermatitis as shown in Fig. 2-

5. Still the exact phenomena for the mechanism cause for the skin irritation is under 

investigation [38]. 

Following components have suspected as the reason for the skin irritation [38]. 

• Antifoams 

• Biocides  

• Amines  

• Preservatives 

• Organic acids  

• Emulsifiers 

• System Cleaners 

• Corrosion inhibitors  

Almost all the mineral based cutting fluids behaver in the range of alkaline with 9.5 to 

11 pH value [40]. Higher acidic value of the MWF directly effect for the skin irritation 

and other skin related diseases.  

During metal machining, the induce heat should be effectively removed in order to 

obtain higher dimensional accuracy and in generally, elemental sulfur is adding to the 

straight cutting oils to enhance extreme pressure and capability to absorb heat [40]. 

Still the researchers could not clearly conclude the influence of independent or 

dependent effect of sulfur towards the laryngeal cancer and skin cancer [43,45]. 

 

 

 

 

 

Figure 2-5: Skin irritations during Metal Working Fluids usage [38]  
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The exposure to the cutting fluid through unintentional inhale of the mist was 

drastically increased with the introduction of high speed machining [40]. The 

development of the technology should safeguard the occupational health and safety. 

Although, the potential effect is existing in the exposure of cutting fluid mist for the 

digestive and respiratory systems diseases and cancers.  

According to the literature, following one or more Biocides are included in the cutting 

fluid [38]. 

• Formaldehyde  

• Isohalines 

• Phenols 

• Morpholines 

• Biostatic agents such as alkanol amine-borate 

• Formaldehyde releasers 

• Ethylenediamine 

It has been found that dissolved ions of Cobalt, Chromium and Nickle in cutting fluid 

is caused for the skin sensitizers [40]. Most of the irritant reactions such as allergic 

eczematous eruptions happen in use of neat oils with association of furunculosis, 

folliculitis and oil acne [40]. Further, skin cancers, keratoses of the skin, epitheliomas 

and hyperpigmentation cause with contact of neat oil during machining [29]. The oil 

acne, epitheliomas and keratoses were not recorded during the use of water-soluble 

cutting fluids. Vesicular palmar and finger eczemas are rarely noted in soluble-oil 

dermatitis [29]. In its early stages, soluble oil dermatitis often represents as a fine 

follicular erythema, which may progress on to a patchy or even discoid popular eczema 

over the back of the hands and the forearms [40]. 

Many workers in the manufacturing industries with skin irritation due to the exposure 

of cutting fluids are also present dyshidrotic eczema dieses [29]. A field research for a 

ball-bearing manufacturing company in Singapore over a 6-month period among 24 

newly recruited machinist’s occupational dermatitis increased from 38% at week 3 to 

77% at week 6.   
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It then decreased to 50% at week 9 and thereafter remained constant at about 50% 

throughout the remaining study period. The skin irritation due to the exposure of 

cutting fluid was clinically diagnosed. Most of the machinists had mild dermatitis 

according to the clinical results [38]. The most frequently reported cancer was stomach 

cancer with associate with pancreatic cancer in workers of metal machining industries 

[40]. Large number of investigations are conducting to identify the causes for the 

digestive cancers for the machinists while using MWFs for the machining process  

 Role of Emulsions in Metal Working Fluids 

An emulsion, which is a dispersion of oil in water (generally oil to water ratio of 5%: 

95%) is made and pumped in to the cutting zone [42]. Commercially, oil and additive 

mixtures are purchased by the end user and mixed with prescribed quantity water 

whenever required [17].  

The dimension of the desired final out put can be maintained in higher accurate level 

with control of work and tool interface temperature while using water soluble MWF 

(emulsion). Further, the generated heat can absorb effectively by the emulsion where 

the higher heat absorption component of water included in large percentage comparing 

to the neat oil during the metal machining operation [17]. 

Most of the additives used in the formulation process of water soluble MWFs are in 

the rage of acidic. Highly available ricinoleic acids such like oligomers, trimmer and 

dimmer have been used with appropriate reaction conditions to prepare MWFs. 

Following are some of the available literature which indicates the important esters for 

the cutting fluid preparation process [40,49,50]. 

1. Phosphonic acid and phosphoric esters have good properties for cutting fluids.    

2. It is suspected that derivates of dimmer, trimmer and tetramer of higher fatty acid 

are good. 

3. The presence of alkanolamines is essential for water based cutting fluids. 

4. The amide group and boric ester increases antimicrobial activities. 

5. Some sulfur compounds enhance initial seizure load.  
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6. Presence of bulky alkyl group in higher fatty acid molecule is essential for anti-rust 

and load carrying capacity. 

7. Long fatty chain is good for initial seizure load. 

 

Table 2-3 express the comparison in term of advantages and disadvantages between 

the formulated MWF emulsions, neat oils and neat oils with additives. 

Table 2-3: Advantages and disadvantages of MWF emulsions and neat oils [13,14] 

MWF Type Advantages Disadvantages 

 

Water-based 

emulsions 

Highly available. 

Highest heat carrying 

capacity. 

 

Low viscosity. 

Corrodes the metal very 

quickly. 

Environmental issues and 

healthy issues. 

 

Straight 

mineral oils 

Lubrication and rust 

prevention. 

Chemically stable. 

Low cost. 

Only used for the light duty 

application. 

Health issues. 

Environmental issues at the 

disposal. 

 

Mineral oils 

with 

additives 

(Neat oils) 

Largest variety of cutting 

fluids available. 

Produce desirable 

characteristics for 

different machining 

situations. 

Can improve the load 

carrying capacity. 

Used for more difficult to 

machine situation. 

Anti-welding layer is 

continuously broken by the 

severe rubbing action between 

chip and the tool. 

Healthy and environmental 

issues.  

Difficulties in the case of 

disposal of the used fluids. 
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2.7.1 Importance of Hydrophilic and Lithophilic (HLB) value 

An emulsifier has an amphi hydrophilic group at one end, head, and lithophilic chain 

at the other end, tail for the formulation of the emulsion as shown in Fig. 2-6 [37]. By 

the definition, the hydrophilic group has a strong affinity for water and lithophilic 

group for oil [6]. The hydrophilic and lithophilic properties of emulsifiers are 

identified by, hydrophilic and lithophilic balance (HLB).  

HLB value indicates the composition of two categories of the lithophilic group and a 

hydrophilic group within an emulsifier. Ranging from 1 to 20, this scale indicates the 

attraction either to oil or water [45]. High HLB values are assigned to more hydrophilic 

(more water soluble) emulsifiers suitable for oil in water emulsions and low HLB 

values to more lithophilic (more oil soluble) ones suitable for water in oil emulsions 

[16]. Although, different applications require different HLB values. 

(a)                                                 (b) 

Figure 2-6: (a) oil - water and (b) water - oil emulsion [46] 

2.7.2 Categories of Emulsion 

• Oil - water emulsions 

• Multiple emulsions  

• Water - oil emulsions 

• Micro emulsions  
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2.7.3 The Role of Emulsifier in Emulsion  

While the shaking process is done for the water and oil mixture, a scattering of oil 

droplets in phase of water is formed. When the sharking process stops the oil and the 

water phases trend to separate immediately. The separation can be eliminated with 

addition of emulsifier to the system which results for the steady dispersion of the 

droplets by making a stable emulsion. Oil-attractive hydrophobic tail and a water 

attracting hydrophilic head plays a significant role for the formulation of stable 

emulsion [37]. Most of the times formulation process of MWF emulsion has 

considered base oil of mineral oils. The reasonable price and good technical properties 

made the sense for the selection of mineral oil for the development process of MWF 

emulsions [12].The demand has been generated for a health and ecofriendly cutting 

fluid emulsion to address the short comes of the mineral based cutting fluid emulsions. 

Biodegradable vegetable oils have been addressed most of the short comes/issues and 

still the developments are carrying out for the invention of suitable cutting fluid as the 

alternative to the mineral oil-based emulsions [9].  

Table 2-4 express the emulsifiers (additives) which can use for the formulation of 

emulsion and to enhance the performance. The selection of the MWF for a machining 

operation requires a number of parameter selections such as work piece material, 

cutting operation, cutting tool material, and other ancillary factors. When considering 

the literature, vegetable base oils have used for various type of machining applications. 

The applications can be mentioned as drilling, reaming, tapping and turning [6,41,53]. 

As according to literature, following materials have been frequently used for the 

qualitative and quantitative investigations of the machining performance while using 

vegetable oil based MWFs. Recently, hard to cut materials plays a prominent place in 

automotive, aerospace and ship building industries. Most of the researches are 

currently investigating the performance of vegetable based MWF in both categories of 

synthetic and semi synthetic in machining of hard to cut materials. Ex : Titanium 

Alloys, AISI 316L, AISI 304 austenitic stainless steel, AISI 4340 steel, AISI 1040 

steel, AISI 9310 alloy steel, AISI 420 steel, Mild steel, 100 Cr Alloy (hardened bearing 

steel), AISI 316L austenitic stainless steel, [6,14,54,55].  

http://www.sciencedirect.com/science/article/pii/S0890695511001726#sec2.5
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 Additives used in Metal Working Fluid Formulation 

Table 2-4: Compilation of additives used in MWFs  [14,56] 

Additive type Substances Mode of action, function 

Anti-aging 

additive, oxidation 

inhibitor 

Aromatic amines, Organic 

sulphide, zinc 

dialkyldithiophosphate 

Prevention of oxidation of 

base oil at high temperatures 

and stabilization. 

 

Anti-wear additive,  

Acid and nonionic 

Phosphoric acid ester, zinc 

dialkyldithio-phosphate. 

Reduces abrasive wear of 

rubbing surfaces by 

physisorption. 

Biocides 

 

Phenol derivatives, 

formaldehyde releasers, 

isothiazolinones 

Prevention of excessive 

microbial growth. 

Detergent, 

dispersant 

Sulfonate, phenolate, 

salicylate 

Prevents build-up of 

varnishes on surfaces, and 

agglomeration of particles to 

form solid deposits, promotes 

their suspension. 

Emulsifier 

Anionic: sulfonates, 

potassium-soap, 

alkanolamine-soap; 

Nonionic: fatty alcohol  

Emulsion formation and 

stabilization. 

Extreme pressure 

additive 

Chlorineparaffine, 

sulphurous ester, phosphoric 

acid ester, polysulphide, PS 

Protection against wear by 

formation of adsorption or 

reaction layers, prevent 

micro fusing of metallic 

surfaces. 

 

Foam inhibitor 

Silicone polymers, tributyl 

phosphate 

 

Destabilize foam in oil. 

Friction modifier 

Glycerol mono oleate, whale 

oil, natural fats, oils, 

synthetic ester 

 

Lowers friction and wear, 

improve adhesion of 

lubricating film. 

Metal-deactivators 

Heterocycles, di-amine, 

triaryl phosphite Adsorptive film formation. 
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 Vegetable Oils  

Mineral oils for the formulation of water soluble MWF can be replaced with the 

alternation of vegetable oils to address the health and environmental concerns [50]. 

Vegetable oils are non-toxics and readily biodegradable in the waste treatment systems. 

Cutting fluid has selected based on the machining operation, material type, tool 

material and machining condition in traditional approach. But the current selection 

process is mainly focus on the requirements of the health and environmental safety 

characteristics. Table 2-5 is shown the properties comparison of varies types of 

vegetable oils with mineral oil. The lubrication property is higher in vegetable base 

water soluble fluids than the mineral oils. Separation of tramp oils and absorption are 

not in difficult with vegetable oil-based cutting fluids. In general, it is difficult to 

emulsify the vegetable oils and the emulsions trend to separate expressing poor 

stability [42]. Further, the advantages and disadvantages of vegetable oil based MWFs 

are shown in Table 2-6. Mineral oils trend to destabilized with the heat induced 

oxidation and generate oily mists and residues [3]. Health and eco-friendly properties 

of the vegetable oils such like readily biodegradable, less toxics and renewable express 

the higher suitability as the sustainable substitute to the mineral based oils for the 

formulation of water soluble MWFs [58].  

 

Some historical records expressed that the vegetable oil and animal oils have taken for 

the variety lubrication purpose in early civilization [51]. But the evidences regarding 

the usage as lubricant for the metal machining (crafts work) is not available in literature. 

In some certain situations and periods, the lubricating oil was used for the wire drawing 

process to comfort the drawing process [52]. The readily available oils such like animal 

oils (tallow, lard and whale) and vegetable oils such like seed oil, castor oil and palm 

were used for the process where the better lubrication needed [16]. Most of the 

scientists believe that the first invention from the humankind was likely to be the 

lubrication oils which was applicable in varies process and applications in ancient time 

period [51]. Tallow and vegetable oils have used for lubricating rough surfaces in 17th  

and in 19th century, further, it was used to investigate the Reynolds’ theory of fluid 

film lubrication [44].   
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Table 2-5: Comparison of the properties of vegetable oils and mineral oil [60,61]   

Performance Canola oil 

(vegetable 

oil) 

TMPTO 

(polyol 

ester) 

Sat/Complex 

(synthetic 

ester) 

PAG 

(petroleum 

synthesized) 

Mineral oil 

(petroleum) 

Biodegradability Excellent 
Very 

good 
Very good Good Poor 

Toxicity Low Low Low Low High 

Oxidative 

stability 
Poor Moderate Very good Good Very good 

Lubrication Excellent 
Very 

good 
Very good Very good Good 

Low 

temperature 
Poor Good Good Good Good 

Viscosity index Very good 
Very 

good 
Very good Very good Moderate 

Hydrolytic 

stability 
Poor Moderate Good Good Very good 

Viscosity index Very good 
Very 

good 
Very good Very good Moderate 

Thermal 

stability 
Moderate Good Very good Good Good 

Seal 

compatibility 
Moderate Moderate Moderate Good Very good 

Relative cost* 2 2 6-8 4 1 

*Cost with respect to the mineral oil (1)  
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Subsequently, vegetable-based oils have a good potential to use as the alternative to 

the mineral oil based industrial lubricants. Most of the researches are ongoing to 

develop and investigate the influence of bio based MWFs for the metal machining 

around the world. The requirement of biodegradable lubricants is in higher level due 

to the introduction and growth of the regulations for environmental protection. US 

market is expecting bio based MWFs annual growth rate of 7-10% which is 2% of the 

total lubrication market in next five years [54].  

Table 2-6: Advantages and Disadvantages of Vegetable Base MWF [48,57] 

Advantages Disadvantages 

Non-toxic. 

Biodegradability. 

Resource renewable. 

Good lubricity. 

High viscosity index. 

Affordable application cost. 

Oxidative instability. 

Poor temperature properties. 

Perceived poor hydrolytic 

stability. 

 

 Minimum Quantity Lubrication (MQL) 

Minimum quantity lubrication (MQL) or micro lubrication or near dry lubrication, is 

a lubrication technique of applying fine mist of oil instead a flood of MWF [55]. 

Through the exploration of researches, it was found that typical flow rate of MWF in 

MQL is 10-500 ml/hr which is nearly four times reduction of usage volume than the 

flood approach [56]. In MQL system, the cutting fluid should supply at high speed and 

high pressure to the cutting region as shown in Fig. 2-7, where the high pressure is 

supplied through a compressor unit. Therefore, at first the MWF is mixed with 

compressed atmospheric air. The mixing of MWF and compressed air can be achieved 

externally via inside the mixing chamber or internally via inside the nozzle or tool 

spindle. According to the type of feed or delivery, the MQL system can be categorized 

into two groups which a nozzle is used for the external distribution and the internal 

distribution is done through the cutting tool [57].  
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Both internal feed and external feed systems have number of advantages and 

disadvantages. For an example external feed system needs low investment cost but it 

has limitations in some machining operations like drilling, taping and reaming. In 

internal feed system, it gives optimal lubrication at the cutting point but it requires 

high investment cost [54]. The conventional cooling techniques had shown inefficient 

performances due to disability of reach the real cutting area with increase in feed rate 

and cutting velocity [42]. 

 

Figure 2-7: Schematic representation of MQL application [56] 

It was revealed through experiments that the MQL technique is more convenient for 

not only low but also high cutting speeds and feed rates. In MQL, the heat transfer 

from the machining zone to the MWF is occurred in efficient manner due to increase 

of surface contact area of MWF through the evaporation by tiny droplets and forced 

convection by compressed air [58]. The MQL is a credible technique of 

cooling/lubrication within industrial applications, because it minimizes the usage of 

quantity of MWF, machine cleaning cycle time, overall cost of machining, demand of 

infrastructure facilities, environmental pollution, ecological and human health issues 

[56].  
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At the same time, it has improved machining performances like feed force, cutting 

force, tool wear, chip thickness ratio, surface roughness and cutting temperature. This 

cooling technique is sometimes called micro lubrication or dry lubrication [55]. 

The main advantages of MQL are reduction of the fluid volume, cost saving (material), 

reduction of environmental impact (with use of minimum volume), improvement on 

overall performance of operation and increment of surface quality. MQL application 

has identified as one of the most suitable methods for the green manufacturing in the 

aspect of sustainable manufacturing. With the experimental records in literature 

expressed that using vegetable oil as MWF via MQL approach provides more benefits 

mainly by improving the surface finish, reducing the cutting temperature, increasing 

dimensional accuracy and reducing cutting forces in term of reducing the friction 

between work tool interfaces.  

 Nano Metal Working Fluids 

Nanofluids can be obtained from the dispersion of nanoparticles in a base liquid such 

like water, oil or ethylene glycol [59]. The tribological properties, heat transfer 

capacity can improve with the concentration of the suspended nanoparticles in the 

cutting fluid [60]. The nanofluids express good lubrication properties for wide range 

of temperatures and make significant advantages for the new technology inventions in 

MWFs to perform better in reliability. According to the literature, the better wear and 

friction properties were shown for the water with oxide graphene nanosheets other than 

water with oxide multiwall nanotubes [15]. 

Variety of nanoparticles have taken for the experiments to identify and investigate the 

effect of lubrication property in nanofluids during metal machining. Most of the 

researches, in the field of nanofluids have discussed the better machining performance 

with use of the Silicon Dioxide (SiO2) nanoparticles which consumes the benefit of 

higher availability in the market, cheap and hard with comparing to the other available 

nanoparticles. Further, SiO2 express good mechanical properties such like hardness of 

1000 kgf/mm2 (Vickers Scale) and availability of the particles with range of 5 nm up 

to 100 nm sizes.   
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As shown in Fig. 2-8, the SiO2 nanoparticles in the mineral oil express the combination 

effect of sliding and rolling at work-tool interfaces. This mechanism reduces the thrust 

force and other forces which results for the reduction of friction coefficient and help 

for the increment of machining performance significantly [15]. The additives which 

expressed in Table 2-4 can also be used to enhance the chemical and mechanical 

properties in nanofluids. Recently, number of research investigations have conducted 

to investigate the performance of nanofluids with the combination of MQL technique 

to address the conventional problems. Still the researches for the vegetable oil-based 

nanofluids in MQL have not conducted which will definitely a breakthrough in 

addressing the same conventional issues and problems.     

 

Figure 2-8: Rolling elements in the tool chip interface [15] 

The productivity of the machining operation can be increased through lower usage of 

nanofluid which gives the better machining performance and saving the environment 

with comparing to the conventional cutting fluids [59]. Most of the MWFs research 

experiments have shown that the dispersed nanoparticles in fluids can simply penetrate 

into the rubbing surfaces of work-tool interfaces. Hence, the electrohydrodynamic 

lubrication property induced and enhances the lubrication capability of the fluid [15]. 

The researchers reported the experimental results of single-thrust bearing tester that 

the nanofluid prevents the contact between two metal pieces and improves the 

lubrication performance, reducing the frictional coefficient and extreme pressure with 

comparing to the pure liquid [59]. Further, the results discussed that the thermal 

conductivity is increased with the increment the concentration of nanoparticles in the 

MWF [15].   
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 Summary of Literature Review 

It is essential use a fluid to lubricate and cool between contact surfaces (work and tool 

interfaces) to obtain a higher dimensional accuracy on machined components during 

machining. More than 200 years ago water was used as a cooling medium due to its 

higher availability and thermal capacity (higher specific heat capacity). Poor 

lubrication and corrosion of parts were identified as the main two problems of the 

water coolant. The petroleum based cutting fluids have played a substantial role in 

addressing the drawbacks of water coolant. But the use of neat mineral oil has 

constrained to the lower cutting speed due to its poor cooling capability and higher 

cost. Although, the mineral oils have expressed good lubrication properties for the 

machining operations. Later on, the mineral oils were added with suitable additives to 

the water which generally called as the soluble oils to address the poor cooling effect. 

But the mineral oils in MWF pose significant health and environmental problems.  

Wide scale of researches is conducting to identify the effect of occupational health 

effect from water soluble MWFs. As according to the conducted surveys, the workers 

who exposure to the MWFs have shown significant symptoms of cancers in many 

origins and diseases in respiration. Therefore, the need of health and environmentally 

friendly cutting fluid has been raised in manufacturing industries. The dry machining 

can identify as the best solution where the cutting fluid is completely removed from 

the machining process. It can address the drawbacks and issues related to the health 

and environment by ensuring workers safety and clean atmosphere, but it has many 

application constraints. Further, research experiments were conducted to investigate a 

near dry machining process to address the aforementioned problem and ended up with 

the technique of MQL where the usage of MWF is significantly minimum with 

comparing to the flood cooling approach. MQL technique will address the health, 

environmental and economic requirement with having a better machining performance 

compared to other cooling methods. MQL method expressed a longer tool life on 

difficult-to-machine materials which are generally use in aerospace, ship building and 

automobile industries.  
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Further, the researchers have investigated the suitability of vegetable oils as an 

alternative to the mineral oils. Vegetable oils have excellent tribological properties and 

readily biodegradable with comparing to the mineral oils. It has been found that the 

unsaturated fatty acid of the vegetable oil facilitates an effective layer of lubricant 

between work tool interface than the mineral oils. Water has been identified as the 

good coolant. Vegetable oil was mixed with water and suitable additives to formulate 

an emulsion. Currently, researches are conducting to investigate the performance and 

enhancing the properties in vegetable oil-based emulsions.  

The use of nanoparticle additives for the MWF formulation has led better results in 

machining operations. The outstanding properties can be integrated to the base oil of 

vegetable in emulsion to obtain effective performance while making as an alternative 

to the mineral oil base MWF in term of addressing the health and environmental 

drawbacks. Further, MQL technique and bubbling can be used on vegetable oil-based 

emulsions to obtain excellent performance during machining operations. It is 

important to study the cooling and lubrication performance of the sustainable MWF 

for the difficult to cut materials through MQL or bubbling effect approaches for the 

process optimization in machining operation. The application of a such process make 

a significant positive impact for the socio economic and environmental sustainability, 

hence, it helps to perform the machining operation in an effective and efficient manner.  
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CHAPTER 03: METHODOLOGY  

 Experimental Investigation of Surface Quality 

The surface quality was investigated on 0.2% C and AISI 304 steels during different 

cooling media in turning with controlled cutting parameters. Linear speed, feed rate 

and DoC were selected as the machining parameters. Lubricating media were selected 

as commercially available MWF, developed white coconut oil based MWF and 

measured the surface quality of the work materials for the selected machining 

parameters. Dry machining operation was conducted as the reference operation. The 

novel vegetable oil based MWF was prepared with nontoxic and ecofriendly food 

grade surfactants with white coconut oil as the base oil. This mixture was slowly added 

to a weighted percentage of water while rousing using a magnetic stirrer. The stability 

of the novel white coconut oil emulsion sample was visually inspected throughout 6 

months and confirmed the firmness by observing none of the separate layers in the 

sample. Fig. 3-1 shows the prepared setup to measure surface roughness on the 

selected machined material. Following Table 3-1 and Table 3-2 express the chemical 

composition of the selected two work materials. Table 3-3 and Table 3-4 express the 

physical properties of the selected two work materials. 

 
 

 

 

Figure 3-1: Measuring Surface Roughness of the Work Material 

Test Specimen  Surface Roughness Tester  
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Table 3-1: Chemical composition of 0.2% C steel (Weight %) 

 C Si Mn P S Cr Mo Ni Al 

Min - 0.05 - - - - - - - 

Max 0.2 0.35 1.0 0.060 0.060 - - - - 

Results 0.2 0.24 0.8 0.042 0.025 - - - - 

 

Table 3-2 Chemical composition of AISI 304 steel (Weight %) 

 C Si Mn P S Cr Mo Ni Al 

Min - - - - - 18.00 - 8.00 - 

Max 0.08 1.00 2.00 0.045 0.030 20.00 - 10.5 11.00 

Results 0.026 0.42 1.60 0.037 0.019 18.25 - 8.00 8.02 

 

Table 3-3: Physical Properties of 0.2% C steel 

Proof Stress 

(N/mm2) 

0.2% 

Tensile 

Strength 

(N/mm2) 

Elongation (%) 

Reduction 

of Area 

(%) 

Hardness 

(BHN) 

371 498 36 64 111 

 

Table 3-4: Physical Properties of AISI 304 C steel 

Proof Stress 

(N/mm2) 

0.2% 

Tensile 

Strength 

(N/mm2) 

Elongation 

(%) 

Reduction of 

Area (%) 

Hardness 

(BHN) 

580 752 43 63 235 

 

The influence of the sustainable cooling medium can be discussed according to the 

observed results for the surface quality for the selected materials with arrangements of 

the recommended machining setup (Table 3-5 and Table 3-6).  
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The range of the machining parameters have mentioned by the materials and tool 

manufacturers as 98-150 m/min cutting speed, 0.2 mm/rev feed rate, 0.5-1.0 mm DoC 

for 0.2% C and AISI 304 steels in order to obtain optimal surface quality of the 

machining operations. The respective experiments were conducted at 64 and 102 

m/min cutting speed, 0.18 mm/rev feed rate, 0.5 mm and 1.0 mm DoC to satisfy the 

recommended requirements.  

Lathe machine (Model CM6241X1000) with spindle speed limits of 45–1800 rev/min 

was used for the experiments. The work materials were selected as 0.2% C and AISI 

304 steels. Contribution of the selected parameters on the workpiece surface quality 

was separately investigated in turning with coated carbide insert of CNMG 433-

M/Grade T 9325 (Fig. 3-2). Selected MWFs were subjected to the work tool interface 

with 8 liters/min flow rate. Qualitest TR 200 portable tester was used to measure the 

surface roughness of machined materials for each set of selected machining 

configurations (Fig. 3-1). Equipment calibration was done according to the 

recommended procedure by the manufacturer before the investigations. ISO 4288 

procedure was followed for carrying out the surface roughness measurements with 0.8 

mm cut-off length and 4 mm measurement length with total transvers length of 5.6 

mm.  

Five different locations of each machined surface were measured. The largest and 

smallest values were omitted and mean value of the remaining three values were 

tabulated for analysis (Table 4-1 to Table 4-6). 

Table 3-5: Recommended cutting parameters for the tool 

 

Following Table 3-5 express about the recommended cutting parameters by British 

steel Association for turning operation [61].   

Designation Grade 

Tool Nose 

Radius 

(mm) 

Feed Rate Depth of Cut 

(mm/rev) (mm) 

Min Max Min Max 

CNMG 433-M T 9325 1.2 0.18 0.78 1.2 6.00 
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Table 3-6: Recommended cutting parameters for the materials 

Material 

Condition 

and/or 

hardness 

(HB) 

Roughing 

(R) or 

Finishing 

(F) 

Speed sm/min* 

HSS 
Brazed 

carbide 

Disposable 

carbide 

Wrought martensitic  R 45 150 170 

Free machining grades Ann 160 F 52 170 190 

  R 33 120 145 

Lower C/lower Cr grades Ann 175 F 40 145 175 

  R 20 80 100 

Lower C/lower Cr grades Q&T 300 F 25 98 120 

  R 20 95 105 

Higher C/higher Cr grades Ann 240 F 24 105 120 

  R 15 67 80 

Higher C/higher Cr grades 
Q&T 320 F 21 80 92 

Wrought Ferritic 
 R 45 150 165 

Free machining grades Ann 160 F 50 165 185 

  R 33 137 155 

12-17% Cr grades 
Ann 160 F 40 155 180 

Wrought Austenitic 
 R 31 125 140 

Free machining grades Ann 160 F 36 140 155 

  R 23 85 95 

Other grades (304,316,321 etc) 
Ann 160 F 28 97 112 

Wrought Duplex  R 24 53 55 

 Ann 230 F 30 60 70 

Cast Plain Cr  R 21 83 100 

 N&T 210 F 27 105 130 

Cast Austenitic  R 15 68 83 

  F 20 83 100 

Roughing depth of cut 3.8 mm             Feed 0.38 mm per rev 

Finishing depth of cut 0.5-1.0 mm       Feed 0.20 mm per rev 

 

sm/min = Surface meters per minute   C= Carbon    Cr= Chromium 

 

Ann= Annealed  

Q&T= Quenched & Tempered 

N&T= Normalized & Tempered 

 

*Speeds for coated carbides are approximately 30% higher than those for disposable 

carbide 
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Figure 3-2: Selected cutting tool geometry [62] 

 

 Experimental Investigation of Chip Curl Radius and Chip Form 

The curl radius for the observed chips during the machining operation were measured 

by using digital Vernier calliper and values were plotted for the analysis. 0.2 % C and 

AISI 304 steels were used for the conventional turning operation as the work materials. 

The Vernier calliper was calibrated before the measurements and ensured none of the 

zero errors. The cutting parameters and tool were selected as same in the as Table 3-5 

and Table 3-6 which were recommended by the materials and tool manufacturers. Seah 

et al. [51] published curl radius measuring approach and equation were used as 

expressed in  Fig. 3-3, Fig. 3-4 and Equation 3-1 for the experiments. 

 Figure 3-3: Parameters for the chip curl radius [51] 

 

Chip Curl Radius =  
(

𝑎2

4
+𝑏2)

2𝑏
                                 (3-1)  
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Figure 3-4: Measuring chip curl radius parameters  

 Work Tool Interface Temperature Simulation  

The work tool interface temperature was simulated using thermo-mechanically 

coupled finite element model in DEFORM 11.1.1 platform for AISI 304 machining 

with uncoated carbide cutting tool. The machining parameters were selected as 100 

m/min cutting speed and 0.2 mm DoC. The 2D simulation was carried out assuming 

orthogonal cutting model of dry machining because of computing time and complexity 

in 3D model. Fig. 3-5 express the initial simulation model of the workpiece and cutting 

tool in 20 °C reference temperature. The workpiece was defined as elastic-plastic body 

and tool defined as a rigid body.  

  

Figure 3-5: Initial configuration for the simulation 

Collected Chip Vernier Caliper  

b 
a 

Workpiece 

Cutting Tool 
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The strain rate and temperature combined effect was used for the material to identify 

the flow stresses. The DEFORM pre-processor platform was used to build the 

simulation model. Constant shear frictional model and tool/chip perfect interactions 

were assumed. The cutting tool was retracted from the workpiece after reaching the 

desired stroke and allowed to cool down to room temperature [63].The meshing for 

the workpiece was done using meshing window tool with sizes of 0.1 mm  near cutting 

edge, 0.3 mm for cutting zone, 0.5 mm for surface and 1.0 mm for remaining part of 

the work piece. The tool meshing was done with the same mesh sizes which were taken 

for the workpiece. Tool tip, flank face and other heat dissipation areas were critically 

considered for the meshing of tool. The average strain rate for the workpiece material 

was set to 145160 1/s. The boundary conditions were applied for both tool and 

workpiece with heat transfer coefficient of 100000 kW/m2K. The initial thermal 

simulation was carried out considering unsteady condition of the machining where the 

cutting tool moves with 100 m/min while workpiece is in stationary.  

After that the work tool maximum temperature step was identified and proceeded the 

steady state thermal simulation where the workpiece moves with 100 m/min while tool 

in stationary. Again, the work tool interface maximum temperature was identified at 

the steady state simulation and carried out the unsteady thermal simulation where the 

initial simulation configuration was considered. Fig. 3-6, Fig. 3-7 and Fig. 3-8 express 

the unsteady thermal simulation step of 2,11 and 22. 

 

Figure 3-6: Work tool interface temperature at initial cutting  

Workpiece 
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Figure 3-7: Work tool interface temperature at simulation step of 11 

 

 

Figure 3-8: Unsteady thermal simulation step of 22 

 

The Newton-Raphson iteration method and skyline solver were used with convergence 

error limit of 0.001 and force error of 0.01 for all configurations. The geometry error 

in tangential direction was taken 0.0001% and normal direction of 0.01% [64,65].  
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Process convection heat coefficient was set to 0.00025 kW/m2K and friction 

coefficient between the contact surfaces (tool and workpiece) were set to 1.0 in order 

to facilitate the simulation in dry machining condition. The simulation process duration 

time was taken as 5 sec with 5 mm machining length. The simulations were done as 

considering the work materials plastic behavior in unsteady state and steady state and 

elastic-plastic behavior for final thermal unsteady configurations respectively. 

Element and node simultaneous simulation were done for the two unsteady 

configurations while only element simulation was carried out for the steady state 

configuration. USUI tool wear model (Equation 3-2) was used for compensation of the 

tool depreciation during the machining for all simulation configurations. Empirically 

calibrated coefficients were taken as a = 1 × e -5  and b= 1000. 

 

                                               𝐖 =  ∫ 𝒂𝒑𝑽𝒆
−𝒃

𝑻 𝒅𝒕                                                   (3-2) 

 

Where p is interface pressure, W is tool wear, T is interface temperature and V is 

sliding velocity. 
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CHAPTER 04: RESULTS AND DISCUSSION 

 Surface Quality Investigation 

According to Fig. 4-1 and Table 4-3, the dry machining has indicated substantial 

difference with comparing to the other cooling media. 1.0% reduction for 64 m/min 

speed and 4.6% reduction for the 102 m/min have observed for the surface roughness 

use of developed MWF for 0.2% C steel with 0.5 mm DoC while maintaining the feed 

rate at 0.18 mm/rev (Fig. 4-1, Table 4-1 and Table 4-2). 

 

Table 4-1: MSR values for 0.2% C steel at developed MWF  

Speed 
Spindle 

Speed  

Feed 

Rate 

Depth 

of Cut 
Surface Roughness-Ra (µm) 

(m/min)  (rpm) (mm/rev) (mm) 1 2 3 Mean SD 

64 585  0.18  
0.50 0.94 0.91 0.91 0.920 0.014 

1.00 0.98 0.95 0.94 0.957 0.017 

102  900  0.18  
0.50 0.86 0.88 0.86 0.867 0.009 

1.00 0.88 0.87 0.90 0.883 0.012 

 

Table 4-2: MSR values for 0.2% C steel at commercial MWF 

Speed 

(m/min) 

Spindle 

Speed 

Feed 

Rate 

Depth 

of Cut 
Surface Roughness-Ra (µm) 

(rpm) (mm/rev) (mm) 1 2 3 Mean SD 

64 585 0.18 
0.50 0.95 0.94 0.91 0.933 0.026 

1.00 0.99 0.95 0.98 0.973 0.026 

102 900 0.18 
0.50 0.91 0.92 0.90 0.910 0.014 

1.00 0.90 0.97 0.98 0.950 0.046 
 

Table 4-3: MSR values for 0.2% C steel at dry machining 

Speed 

(m/min) 

Spindle 

Speed 
Feed Rate 

Depth 

of Cut 
Surface Roughness-Ra (µm) 

(rpm) (mm/rev) (mm) 1 2 3 Mean SD 

64 585 0.18 
0.50 0.52 0.52 0.52 0.522 0.003 

1.00 0.61 0.62 0.61 0.619 0.001 

102  900 0.18 
0.50 0.35 0.39 0.34 0.360 0.022 

1.00 0.36 0.37 0.37 0.372 0.003 
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Figure 4-1: Surface roughness- Ra variation for 0.2% C steel at 0.5 mm depth of cut 

Fig. 4-2 expressed the observed results for 1 mm DoC in 0.18 mm/rev feed rate for 64 

m/min and 102 m/min cutting speeds. 1.0% and 8.0% reduction have been reported 

respectively for the surface roughness values with use of developed MWF. The 

developed MWF expressed a better surface quality for all set of configurations with 

comparing to the mineral oil based MWF for 0.2% C steel.  

 

 

Figure 4-2: Surface roughness- Ra variation for 0.2% C steel at 1 mm depth of cut  
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The fatty acid content of the developed MWF facilitates better lubrication layer 

between work tool interfaces. As a result of that the dynamic friction coefficient for 

contacting surfaces was reduced. Hence, less wear was resulted and the cutting tool 

was enabled a smooth cutting operation.  

The surface roughness values for the dry machining was also reduced with the 

increment of the cutting speed while keeping the feed rate and DoC constant for the 

0.2% C steel. 

                                       
𝐬𝐢𝐧 ∅

𝐜𝐨𝐬(∅−∝)
=  

𝑽𝒄

𝑽
                                                              (4-1) 

 

Where, Ø is Shear angle, α is Rake angle, V is Cutting velocity and Vc chip velocity. 

According to the Equation 4-1, when increasing the cutting velocity, the shear angle 

reduces. The reduction of the shear angle result for the smooth cutting operation while 

shearing the work material at the cutting point with low power consumption. During 

lower cutting speeds, where BUE may be continually building up and breaking down 

with the fractured particles carried away on the underside of the chip. As a result of 

that the highly strained particles would rub along the newly formed work surface and 

would affect in a rough surface [51]. 

Table 4-4, Table 4-5 and Table 4-6 express the observed surface roughness values for 

AISI 304 steel. The recorded values indicated a large difference between each of the 

cooling media.  

Table 4-4: MSR values for AISI 304 steel at developed MWF  

Speed 

(m/min) 

Spindle 

Speed  

Feed 

Rate 

Depth 

of Cut 
Surface Roughness-Ra (µm) 

(rpm) (mm/rev) (mm) 1 2 3 Mean SD 

64 585 0.18 
0.50 0.95 0.93 0.94 0.940 0.008 

1.00 1.11 1.12 1.14 1.123 0.012 

102  900 0.18 
0.50 0.76 0.74 0.74 0.747 0.009 

1.00 0.87 0.89 0.86 0.873 0.012 
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Table 4-5: MSR values for AISI 304 steel at commercial MWF 

Speed 

(m/min) 

Spindle 

Speed  

Feed 

Rate 

Depth 

of Cut 
Surface Roughness-Ra (µm) 

(rpm) (mm/rev) (mm) 1 2 3 Mean SD 

64 585 0.18 
0.50 1.21 1.22 1.23 1.223 0.008 

1.00 0.95 0.94 0.92 0.939 0.016 

102  900 0.18 
0.50 0.75 0.76 0.76 0.760 0.002 

1.00 0.89 0.89 0.89 0.893 0.004 

 

Table 4-6: MSR values for AISI 304 steel at dry machining 

Speed 

(m/min) 

Spindle 

Speed  

Feed 

Rate 

Depth of 

Cut 
Surface Roughness-Ra (µm) 

(rpm) (mm/rev) (mm) 1 2 3 Mean SD 

64 585 0.18 
0.50 2.64 2.56 2.68 7.901 0.063 

1.00 2.75 2.78 2.58 8.123 0.107 

102  900 0.18 
0.50 1.87 1.83 1.88 5.594 0.024 

1.00 2.14 2.16 2.12 6.424 0.020 

 

Dry machining was expressed the largest surface roughness values for both depth of 

cuts. The lowest surface roughness values were obtained for the developed MWF. It 

was declared a significant percentage reduction of the surface roughness values while 

using the developed MWF at two depth of cuts with the same parameter configurations 

than mineral oil based commercial MWF.The dry machining for AISI 304 was 

indicated the largest values for the two depth of cuts compared to 0.2% C steel (Fig. 

4-3 and Fig. 4-4). Both material conditions are different mainly in term of hardness 

(0.2 % C is 111 HB and AISI 304 is 235 HB) and directly it caused for the increment 

of the surface roughness values for dry machining.  The surface roughness values for 

the commercial MWF was also increased with the increment of the hardness values of 

the materials. But the developed MWF expressed surface roughness value reduction 

with the increment of the hardness. 

According to Equation 4-2, the work tool interface temperature is increased with the 

increment of the cutting speed and the condition of the work material. The cutting tool 

trend to wear, if the MWF is unable to abate the induce heat at the work tool interface. 

As a result of that the surface quality of the work material reduced.  
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Developed MWF was expressed lowest surface roughness values for both materials in 

all set of parameters and expressed the effective capability of heat removal with the 

increment of the hardness values of the materials.  

                                                          T = K𝑉𝑚                                                       (4-2) 

Where, T is tool chip interface temperature, V is Cutting speed, K and m are parameters 

depending on cutting conditions and work materials. 

Figure 4-3: Surface roughness- Ra variation for AISI 304 steel at 0.5mm depth of cut 

 

Figure 4-4: Surface roughness- Ra variation for AISI 304 steel at 1 mm depth of cut 
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 Chip Curl Radius and Chip Form Investigation 

 

The collected chips were categorized according to the cutting configuration and 

measured the parameters a and b (Fig. 3-3 and Fig. 3-4) to calculate chip curl radius 

(Equation 3-1) [51]. The calculated chip curl radius values were plotted for the analysis 

to identify the relationship between cutting configuration and cooling condition. Each 

of the three conditional values for the chip curl radius of dry, commercial MWF and 

developed MWF were expressed in the same graph for different cutting speeds and 

depth of cuts. Fig. 4-5 express the chip curl radius values for 0.2% C steel in 0.5 mm 

DoC with different cooling conditions while increasing the cutting speed. The 

performance of formulated novel coconut oil based MWF was investigated with 

comparing to commercially available MWF. It can be observed that the chip curl radius 

has a proportional relationship with linear cutting speed. The largest values for the chip 

curl radius were obtained while using developed MWF and lowest values were 

conquered for the dry machining in almost all the conditions.  

 

Figure 4-5: Chip curl radius variation for 0.2% C steel at 0.5 mm depth of cut 
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3.2% and 11.5% increment on chip curl radius were obtained at 64 m/min cutting 

speed, 0.18 rev/min feed rate and 0.5 mm DoC with 0.2% C steel for dry to commercial 

MWF and commercial MWF to developed MWF respectively. 27% and 3.4% 

increment for the chip curl radius were obtained at 102 m/min linear cutting speed, 

0.18 rev/min feed rate and 0.5 mm DoC configuration with 0.2% C steel for dry to 

commercial MWF and commercial MWF to developed MWF respectively. With the 

increment of the DoC, the chip curl radius has expressed the value reduction except 

the dry machining value for 102 m/min in 1 mm DoC. 

 

 Figure 4-6: Chip curl radius variation for 0.2% C steel at 1 mm depth of cut 

 

According to Fig. 4-6, the largest values were observed for the developed MWF and 

smallest for the dry machining for the selected cutting conditions. 43% and 10% 

increment in chip curl radius were obtained at 64 m/min linear cutting speed, 0.18 

rev/min and 1 mm DoC with 0.2% C steel for dry to commercial MWF and commercial 

MWF to developed MWF. 5% and 3.2% increment for the chip curl radius were 

obtained at 102 m/min linear cutting speed, 0.18 rev/min feed rate and 1 mm DoC with 

0.2% C steel for dry to commercial MWF and commercial MWF to developed MWF 

respectively. 
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Fig. 4-7 and Fig. 4-8 express the experimental results of the chip curl radius for AISI 

304 in selected cutting configurations with different cooling conditions.  

Almost all the values for the chip curl radius were increased with respect to the 

previous cutting condition except commercial MWF at 102 m/min in 0.5 mm DoC. 

9% and 9.7% increment were obtained for the cutting configurations of 64 m/min 

linear cutting speed for 0.18 rev/min feed rate and 0.5 mm DoC. 3.8% decrement was 

obtained for the chip curl radius value with respect to dry cutting at 102 m/min linear 

cutting speed for 0.18 rev/min feed rate and 0.5 mm DoC. But, for the developed MWF 

the chip curl radius was expressed 25% and 20% increment compared to the 

commercial MWF and dry machining respectively at 102 m/min linear cutting speed 

for 0.18 rev/min feed rate and 0.5 mm DoC.   

 

 Figure 4-7: Chip curl radius variation for AISI 304 steel at 0.5 mm depth of cut 

 

The increment of the chip curl radius is about 2% ,47% for commercial MWF and 

developed MWF respectively with comparing to the dry machining according to Fig. 

4-6 at 64 m/min cutting speed. Further, it can be observed that 20%, 40% increment 

for commercial MWF and developed MWF with dry machining at 102 m/min cutting 

speed.  
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For the same cutting parameters for both 0.5 mm and 1 mm depth of cuts in 0.2% C 

and AISI 304, the increment of the chip curl radius is larger for the developed MWF 

with comparing to the commercial MWF and dry machining. 

 

 

Figure 4-8: Chip curl radius variation for AISI 304 steel at 1 mm depth of cut 

 

The increment percentage of the chip curl radius for the developed MWF expressed 

larger value for AISI 304 steel compared to the commercial MWF. During metal 

cutting operation, there is a retarded layer formed at the underside of the chip due to 

friction at the tool chip interfaces. According to the velocity profile described by Seah 

et al. [51], the near material to the work surface in the retarded layer has low or zero 

velocity and far from the surface has higher velocity. The material outside the retarded 

layer remain undeformed while underside of the chip been stretched. Hence, the 

difference of the velocities of the retarded layer, causes curling of the chip.  

The work material is softened with the increment of the work tool interface 

temperature during higher cutting speed and reduces the frictional force. Thus, chip 

with larger radius curl are formed by gaining the higher speed of the retarded layer 

[58,69]. 
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The lubrication effect of the MWF facilitate further to reduce the frictional force 

between work tool interfaces, lowering the degree of the retardment in the retarded 

layer which results the larger chip curl radius [58,69]. The chip breaks when the tensile 

strain larger to the actual fracture strain as according to the Nagayama’s chip breaking 

criterion [67]. The fracture strain is propositional to the chip curl radius and chip 

thickness. 

                                                     𝜀𝐵 ∝  
𝑡𝑐

𝑅𝑐
                           (4-3) 

Where, tc chip thickness, 𝜀 B   tensile strain of the chip and Rc chip curl radius.   

Equation 4-3 express that the larger curl radius in the chip occurred due to the smaller 

strain. The energy consumption for the smaller strain is lower for the cutting 

mechanism due to the application of lower forces for breaking chip and make positive 

impact for the economical aspect of the operation. Apart from that, while increasing 

cutting speed with lower feed rate, trend to induce larger curl radius of the chip and 

results for the better surface quality of the machined material due to the lower frictional 

force. Developed MWF expressed better lubrication property with comparing to the 

commercial MWF. The obtained values for the chip curl radius for the developed 

MWF are higher for all configurations. According to Seah et al [51] and Nagayama’s 

criterion [67], the developed MWF has facilitated more reduction in frictional force 

and tensile stain for the cutting mechanism. These observations are also agreed with 

the experimental investigations carried by Sun et al. [66]. 

The cutting-edge position, cutting condition, work material, tool material and tool 

geometry are prominent factors which influence for the chip characteristics during 

metal machining operation. The formation does not change unless one of the above-

mentioned factors used to change at any given condition. The observation of the chip 

formation is important indicator to identify the changes in operational condition and 

machinability of the work material and also, unexpected edge failure can be observed. 

Therefore, it is essential to observe and report the chip characteristics in continues 

manner during the operation. Turning process is most likely to generate long and 

continuous chips during machining. The lack of availability guidelines in chip 

formation characteristics make difficult to evaluate the machining process.  
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Fig. 4-9 shows the schematic representation of standard chip characteristics based on 

ISO 3685 fundamental diagram to identify the chip formation in favourable and 

unfavourable condition during turning operation. Further, it specifies the nature of the 

chip characteristic as ribbon, tubular, spiral, washer and conical. 

*Fav/Unf: Favourable and Unfavourable 

 

Figure 4-9: ISO 3685 chip form classification standard [68] 

 

Table 4-7 and Table 4-8 express the empirical observations for 0.2% C and AISI 304 

steels in recommended machining configuration. The forms of the chips were 

favourable for almost all the machining parameters in developed MWF and 

commercial MWF for 0.2% C steel unless 102 m/min cutting speed for 0.18 rev/min 

feed rate and 1 mm DoC for commercial MWF (Table 4-9 and Table 4-10).  
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The dry machining for 0.2% C and AISI 304 steels expressed unfavourable chip 

formation characteristic for all of the machining parameters. The chip forms expressed 

favourable condition for AISI 304 during the use of developed MWF unless 102 m/min 

cutting speed for 0.18 rev/min feed rate and 1 mm DoC. The commercial MWF 

expressed the capability of producing favourable chips only for the 0.5 mm DoC in 64 

m/min and 102 m/min cutting speed for AISI 304 steel (Table 4-11 and Table 4-12). 

The dry machining was unaccepted for any of the configuration discussed above based 

on the results obtained for the chip form characteristics according to ISO 3685. The 

commercial MWF expressed good results for less harder work material for lower 

cutting speeds and depth of cuts. The developed MWF expressed better results for 

harder work material for lower cutting speeds and depth of cuts. It is essential to 

conduct the further experiments for developed MWF to make a conclusion for the 

machining status in harder materials with high speeds and higher depth of cuts.  

Table 4-7: Chip form classification details of 0.2%C steel 

 

Table 4-8: Chip form classification details of AISI 304 steel 

Machining Parameters 
Developed 

MWF 

Commercial 

MWF 
Dry Machining 

Speed 
Spindle 

Speed  

Depth 

of 

Cut 
ISO 

Number 

*Fav/   

UnF 

ISO 

Number 

*Fav/ 

Unf 

ISO 

Number 

*Fav/ 

Unf 

(m/min) (rpm) (mm) 

64 585 
0.50 4.2 Fav 4.2 Fav 5.1 Unf 

1.00 4.2 Fav 4.2 Fav 5.1 Unf 

102 900 
0.50 4.2 Fav 5.2 Fav 4.1 Unf 

1.00 5.2 Fav 4.3 Unf 4.1 Unf 

Machining Parameters 
Developed 

MWF 

Commercial 

MWF 
Dry Machining 

Speed 
Spindle 

Speed  

Depth 

of Cut ISO 

Number 

*Fav/   

UnF 

ISO 

Number 

*Fav/ 

UnF 

ISO 

Number 

*Fav/ 

UnF 
(m/min) (rpm) (mm) 

64 585 
0.50 4.2 Fav 4.2 Fav 4.3 Unf  

1.00 4.2 Fav 4.3 Unf  4.1 Unf  

102 900 
0.50 4.2 Fav 4.2 Fav  4.1 Unf  

1.00 4.1 Unf 4.3 Unf  4.3 Unf  
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Table 4-9: Chip morphology of 0.2% C steel for dry machining and developed MWF 

 
Table 4-10: Chip morphology of 0.2% C steel for commercial MWF and developed MWF 
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Table 4-11: Chip morphology of AISI 304 steel for dry machining and developed MWF 

 

Table 4-12: Chip morphology of AISI 304 steel for commercial MWF and developed MWF 
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 Tool Wear Investigation 

The cutting-edge geometry is important for the high precision machining. If it is worn 

out, the required dimensional accuracy could not be obtained. The coated carbide insert 

(CNMG 433-M/Grade T 9325) geometry of initial and after machined were 

investigated using scanning electron microscope (SEM) at Industrial Technology 

Institute (ITI), Sri Lanka. The tool wear was evaluated during the use of commercial 

MWF for cutting parameters of 64 m/min cutting speed, 18 rev/min and 0.5 mm DoC 

in AISI 304 steel. The operation was conducted continuous 300 mm length machining 

for 30 minutes. Fig. 4-10 and Fig. 4-11 express the initial tool nose and flank face 

geometry respectively.  

 

 

Figure 4-10: Initial tool geometry of the nose in cutting tool 

 

 

Figure 4-11: Initial tool geometry of the flank face in cutting tool 
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Figure 4-12: Tool geometry of the cutting tool of commercial MWF 

 

 

Figure 4-13: Cutting edges in tool insert 

 

                                                V𝑇𝑛= C                                                                  (4-4) 

Where T is the tool life, V is the cutting velocity (m/min), n and C depend on the 

condition of tool work configuration (cutting environment, type of material etc) 

According to Taylors Tool Life equation (Equation 4-4), the life of the cutting tool 

mainly depends upon the cutting velocity. For the higher cutting velocities, the 

expected life of the tool is minimum than at the lower cutting speeds. Diffusion wear 

can be observed in the rubbing surfaces in Fig. 4-12 (main cutting edge as expressed 

in Fig. 4-13), the higher velocity caused for generating higher temperature in work tool 

interfaces. Such incident results the rake surface gradual diffusion into the flowing 

chips either in bulk or atom by atom. The rate of tool wear increases with the increment 

of the work tool interfaces temperature. It is essential to use a better MWF with higher 

cooling capability for the cutting operation to abate the generate heat and ensure the 

long tool life.  

Crater Wear 

Flank Wear 
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 Simulation of Work Tool Interface Temperature  

 

The thermal simulation was performed based on the shear frictional machining concept 

where the formation of chip was assumed to be only from shearing. The load along the 

cutting direction was evaluated with number of stokes at the initial unsteady thermal 

simulation and observed the convergence throughout the machining process. Fig. 4-14 

express the load variation along the cutting direction with number of strokes.   

 

Figure 4-14: Load prediction during initial unsteady thermal simulation 

 

 

Figure 4-15: Maximum work tool interface temperature 
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As express in Fig. 4-15, 3670C maximum temperature was obtained in the initial 

unsteady thermal simulation (step 27). Therefore, the steady state thermal simulation 

was conducted at step 27. The step 28, thermal simulation was started with the same 

velocity of the tool substituting for the workpiece. At the steady state condition, the 

velocity of the cutting tool is zero relative to the workpiece. Fig. 4-16 deliberates the 

work tool interfaces heat transfer during the machining process. Step 31 express the 

lower temperature of 360 0C which was lower than step 27. 

Finally, the unsteady thermal simulation was conducted considering elastic plastic 

behavior of the work material where the relative velocity was zero to the motion of the 

tool. The highest temperature could identify at tool tip according to Fig. 4-16. 

Gradually the higher heat spread throughout the tool and workpiece. Chip carries more 

than 80% generated heat and rest transfer to the tool and workpiece [51]. The effective 

chip removal is essential for the proper cutting process. The surface of the material 

trend to soften due to the transfer heat and it facilitates the effective machining with 

lower cutting forces. The induce chips and heat will efficiently remove at the work 

tool interface with use of MWF. The use of MWF significantly helps to abate the 

generated heat at work tool interface and maintain the proper tool edge geometry 

(longer tool life) to ensure the dimensional accuracy.  

 

Figure 4-16: Work tool interface temperature at steady state step 31 
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Cutting Tool 
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The maximum principal stress has observed 797 MPa as indicated in Fig. 4-17. The 

subjected cutting force is higher in dry machining and it requires more than 250 MPa 

yield stress to make a fracture in the AISI 304 steel. The higher stress at the cutting 

zone cause diffusion wear on the tool and it accelerates with the increment of the 

temperature in high speed machining due to more interaction of flank face of the tool 

to the work surface. Therefore, it is worth to investigate the combine effect of the 

principal stress in high speed with flank wear and work tool interface temperature [63]. 

 

 

Figure 4-17: Principal stress distribution during the machining process 
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CHAPTER 05: CONCLUSION  

 

Metalworking Fluid (MWF) plays a prominent role in machining operations to provide 

a better lubrication layer for obtaining higher surface quality and dimensional accuracy 

of the machined components. Manufacturing industries are currently consuming 

mineral oil based MWFs in large volume for the machining process due to its superior 

cooling and lubrication performance. However, the higher toxic and harmful chemical 

components in the mineral oil based MWFs have reported adverse impact on health 

and environment features during usage and disposal phases. Hence, the research was 

conducted to introduce a high-performance bio based MWF for metal machining 

process to ensure industrial sustainability.   

 

• Water-soluble white coconut oil based MWF was developed to introduce to the 

metal machining process for replacing toxic and hazardous mineral oil based 

MWFs. The novel green cutting fluid was formulated using food grade ingredients 

to eliminate harmful effect on the health and environmental features. The base oil 

(i.e: white coconut oil) and food grade surfactants are highly available in market 

with lower price compared to mineral oil based MWF. The formulation is required 

only a simple stirring process with minimum energy consumption. Hence, the 

introduced green cutting fluid has fulfilled the socioeconomic and environmental 

aspects of the sustainability and can recognize as a potential candidate for cooling 

and lubrication of the contact surfaces during machining operations.  

 

• The higher free fatty acid content and better wettability properties (i.e: higher 

rheological and tribological characteristics) of the white coconut oil based MWF 

has caused 4.6% and 8% reduction on surface roughness values for 0.2% C steel 

compared to mineral oil based MWF at 102 m/min cutting speed, feed rate of 0.18 

mm/rev for 0.5 mm and 1.0 mm depth of cuts respectively. Further, surface 

roughness value reduction of 30% and 22% were recorded for the AISI 304 steel 

at 64 m/min cutting speed, feed rate of 0.18 mm/rev for 0.5 mm and 1.0 mm depth 

of cuts respectively.  
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• Moreover, 47% and 40% increment of the chip curl radius values were obtained 

for the AISI 304 work material at 64 m/min and 102 m/min respectively at 0.18 

mm/rev feed rate and 1.0 mm DoC. The higher chip curl radius values expressed 

lower energy consumption for the shear mechanism and indicated the economic 

benefit of using white coconut oil based MWF for metal machining operation. The 

collected chips were examined according to ISO 3685, chip form and 

classification standard to identify the condition of machining configurations. 

Favorable chip forms were noted for almost all the machining specifications on 

AISI 304 and 0.2% C steels under white coconut oil based MWF.  

 

• Larger crater and flank wear were observed while using commercially available 

MWF for coated carbide cutting tool. The tool wear investigations were done only 

for the mineral oil based MWF due to the technical and financial difficulties to 

conduct SEM investigations in Sri Lanka. However, the white coconut oil based 

MWF has expressed lower flank, notch and crater wear for high speed steel tool 

(HSS) in a previous study and revealed its ability for the longer tool life for the 

selected cutting configuration. 

 

• Moreover, work tool interface temperature, cutting forces and chip formation for 

AISI 304 steel were simulated using commercially available software. The higher 

cutting temperature and cutting forces in dry machining condition has expressed 

the necessity of better cooling and lubrication medium. Additionally, the empirical 

and simulation results for the machining responses can be compared in future 

studies. Though, the unavailability of the tool dynamometer and accessorises to 

measure work tool interface temperature in Sri Lanka will make a substantial 

impact to clarify the applicability of the developed green MWF.  

As a summary, the introduced white coconut oil based MWF has expressed favorable 

machining responses while ensuring the process sustainability. The aforementioned 

research objectives and sub objectives have been achieved while adding a value to the 

environmental conscious high-performance machining for socioeconomic benefit in 

manufacturing industries.    
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