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ABSTRACT 

 

In this research work, attempts have been made to improve the machining parameters. For this, 

diamond-like carbon (DLC) coated tool inserts were used. The DLC coating on the tungsten 

carbide (WC) tool inserts were coated using the thermal chemical vapor deposition (CVD) method. 

For the growth of DLC coating, sugarcane bagasse was used as a carbon precursor. For 

characterization of the DLC coated tool inserts, Raman spectroscopy, a field emission scanning 

electron microscope (FESEM), and X-ray diffraction (XRD) were used, to confirm the presence 

of DLC coating on the tungsten carbide tool inserts. 

 

For inspecting the hardness of the self-developed DLC coated and uncoated tool inserts, the tests 

of micro-hardness were also executed. The average values of the Vickers hardness for the uncoated 

and the DLC coated substrates were found to be 953.95 HV to 1478.78 HV respectively. It was 

observed that the hardness of the WC was increased by a factor of 1.5 after the coating process. 

 

As per ASTM G-99 standards, the tribological behaviour of the self-developed DLC coated 

substrate was considered in the scope of this research work using a pin-on-disc tribometer. The 

tribological tests showed improvement in the wear resistance of the DLC coated WC tool inserts 

as there was a decrease in the value of wear by 58.02 %. The value of the coefficient of friction 

(COF) was also found to be decreased by 51.48%.  

 

The coated tool inserts were evaluated for the crater wear, cutting force, surface roughness, and 

temperature in the cutting zone using conventional lathe machine tools and computer numeric 

control (CNC) lathe machine tools at different levels of the type of tools, feed, speed, and depth 
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of cut. It was found that for precision machining, computer numeric control (CNC) machine tools 

exhibit better results as compared to conventional ones. Further, the process parameters were 

optimized using TOPSIS and the Genetic Algorithm method. While optimizing the process 

parameters of the turning process on the conventional lathe machine tool using TOPSIS, the 

optimum values of cutting speed, feed, and depth of cut for achieving the minimum value of the 

selected response variables were found to be 60.52 m/min, 0.15 mm/rev and 0.192 mm 

respectively and from the Genetic Algorithm, the obtained optimized value of crater wear was 

found to be 461.07(µm), at a feed of 0.375mm/rev, a speed of 360m/min and a depth of cut of 0.2 

mm. 

 

Further, the performance of the coated tool inserts was enhanced by utilizing the surface texturing 

technique. Four shapes of the surface textures were fabricated on the coated tool inserts. These 

were line and wave texturing placed parallel and perpendicular to the tool nose radius. The textured 

tools were evaluated for the crater wear, cutting force, surface roughness, and temperature in the 

cutting zone. After optimizing the parameters, it was found that the tool inserts with wave texture 

parallel to the tool nose radius exhibit the best results when compared to the other texturing pattern 

and placement. 
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Chapter 1: Introduction 

 

1. Introduction 

The foundations of any manufacturing or machining industry are the processes, production 

efficiencies, and safety measures and methods. Of these foundations, processes are accomplished 

efficiently with the use of various types of tools and techniques [1]. Material removal processes 

essentially require the cutting tools to shape the raw material into predetermined designs and 

dimensions. These are the building blocks of all other structures as they provide shape, dimension, 

and a meaningful existence to them [2]. The work executed in these industries necessitates the use 

of these cutting tools to enhance the efficiency and production of various machines, their parts, or 

any other form of structure [3,4]. 

 

Globally, the manufacturing industries employ various machining operations for the 

manufacturing of various parts irrespective of the size, shape, and dimensions. The design can be 

as simple as the needle to as intricate as an aircraft component [4-6]. The growing requirement for 

precise and efficient process plans has developed the need for accurate predictive models for 

various machining variables and output performance measures including the tool life, chip 

formation, dimensional accuracy, and the surface finish of the workpiece [7]. The essentiality of 

the cutting tool can be easily noted from the fact that the automotive industry in 2015 formed 44% 

of the share of metal parts. Expanding automotive fabrication in nations, such for example, the 

US, China, Japan, and Germany implied an expanded interest in advanced cutting tools [8]. 
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The modern manufacturing sector is majorly using cutting inserts with various types of coatings 

to increase the tool life and lower the tool wear which directly influences the production cost. As 

the advancement unfolded new coating materials, the use of cemented carbides was the turning 

point in the field of cutting tool materials as these were processed with different types of thin 

coating films [8]. This helped in achieving higher tool life at a higher cutting speed which was 

previously not possible. Nowadays, approximately 80% of the cutting operations are accomplished 

using coated tools irrespective of which material removal process is considered. The new 

technology has virtually coated the tools of all processes viz. turning, shaping, milling, reaming, 

and drilling [9, 10]. 

 

Major material contribution to the metal cutting tools has been the tool steels manufactured from 

the conventional metallurgical process i.e. the powder metallurgy [11, 12]. Lind et al. [13] 

examined the blanking process for tool wear and eventually inferred its three basic stages. Tool 

wear initiated with abrasive wear which led to adhesive wear following its last stage of failure. 

The rate of tool wear was controlled by controlling the chemical composition of steel and the use 

of alloying elements such as vanadium, chromium, tungsten, molybdenum, etc. The tool wear was 

suppressed through the ceramic coatings which are the forms of carbides or nitrides of transition 

metals [14]. These coatings include TiC, TiN, TiCN, and TiAlN, which protect the tool from heat 

and corrosion and simultaneously provide good adhesion to the substrate. They also demonstrated 

high hardness when used on various mechanical components and as a coating on cutting tools [15]. 

 

Over the passing decade, the tungsten-based and HSS tools are coated with TiN through the 

process of physical vapor deposition method and are extensively used for various cutting 
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operations [16]. The tools coated with TiN are being successfully used as hobs and shaper cutters 

during gear cutting operations. Along with TiN coating, many other coatings have been developed 

over time such as TiCN, TiAlN, Al2O3, TiC, etc. The effectiveness of the coatings can be estimated 

by the exclusive use of TiN coating on conventional cutting tools.  The coating of TiN on the 

conventional HSS tool has enhanced the tool life resulting in a high productivity rate at high cutting 

speeds [17]. Multi-point cutting tools like drills and taps are also coated to increase their life. 

Experiments in various other cutting processes had shown noteworthy results. It can be inferred 

from the previous experiments that the properties of the coatings and the cutting conditions 

significantly govern the tool life and delay the wearing of the tooltip [18]. 

 

The alarming rate of improvement in manufacturing technologies has necessitated the 

understanding of the fundamental properties of the coatings applied to the cutting tools along with 

their mechanism of protecting its surface [19]. It is a multidisciplinary field that includes the study 

of chemical, physical, and tribological properties. The amalgamation of these properties defines 

the performance of uncoated and coated tools. The major change in performance of coated tools is 

governed by the region of the chip-tool interface as this is the major area that is affected by high 

temperature and affects the tool wear in the cutting zone [20]. 

 

To comprehend the properties of coatings, numerous experiments have been performed before 

inferring the reasons for the performance enhancement of the cutting tools. Another aspect of the 

fabrication method i.e. chemical vapor deposition (CVD) is extensively being researched for the 

diamond coating which is to be utilized in the cutting processes in near future [21]. The diamond-

coated tools exhibit incredible potential during various machining operations with the advantage 
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of being produced with complex geometry such as a reamer, drills, etc. Expanded utilization of 

lightweight high-quality parts has significantly developed an interest in these coated tools. A 

commonly used process for diamond coatings is the hot-filament CVD process which has the 

efficiency of depositing a film as thick as 50 μm on different tool materials such as HSS, tool 

steels, cobalt cemented tungsten carbide (WC-Co) [22, 23]. 

 

1.1. Manufacturing: An Introduction 

Manufacturing is the production of work pieces having defined geometric shapes. It is the 

economic term for making goods and services available to satisfy human needs. It converts the 

raw materials (from nature or industry) to finished products to be used for some purpose [24]. The 

development of the finished product from raw material undergoes a number of processes such as 

selecting a material, reviewing the basic design model, selecting the parameters, type of operations 

to be performed, the economics involved, quality testing and inspection, assembling, and final 

testing [25]. 

 

The manufacturing processes are the methods that are required to produce parts and then assemble 

them to develop a finished product [26]. These processes are mainly categorized as: 

i. Primary Shaping Processes 

ii. Forming or Metal Working Processes 

iii. Machining (Metal removal) Processes 

iv. Joining and Assembly processes 

v. Surface Finishing Processes 
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1.2. Materials of Tool 

The advancements in the field of tool materials along with the coatings are a success only if the 

tool material selected is of proper microstructure and morphology. Hence, the selection of tool 

material has always been the initial requirement in the designing of a coated cutting tool [27]. 

 

The market distribution of various tool materials across the globe in terms of cost is depicted in 

Figure 1.2, while Figure 1.1 shows the classification of tool materials both conventional and 

modern [28]. Along with the conventionally available tool materials, a new highly researched 

material is powder steel owing to its properties and grain structure.  It is a structure of fine-grained 

metal carbides that are uniformly distributed in the matrix of steel thereby developing better 

mechanical properties such as toughness and hardness [29].  

 

Proper heat treatment of the tools should be carried out to curb the decarburization and oxidation 

at the surface [30]. They should be hardened to release any stresses developed by a thermal change 

in the structure of the tool material and should be able to obtain a hardness within a range of 55 - 

64 HRC. There are various tool materials that are being used in the manufacturing sector, 

educational institutes, and the upcoming small enterprises in accordance with their application and 

usage [31]. Out of the materials depicted in Figure 1.1, some of the tool materials have been 

discussed in the following section. 
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Figure 1.1: Classification of Tool Materials [28] 

 

[1: Diamond PCD, 2: CBN / PcBN, 3: Ceramics, 4: Cermets, 5: High-Speed Steel, 6: Cemented Carbide] 

Figure 1.2:  Market distribution of Tool Materials [32] 
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1.2.1. High-Speed Steel (HSS) 

An extensively used tool material irrespective of the place of application is high-speed steel. These 

tools are coated to increase the mechanical properties viz. hardness, toughness; reduce friction, 

increase corrosion and wear resistance. Numerous coatings are available which include ceramics, 

soft, organic, metallic, hard, and glasses [33, 34].  

 

Usually, metallic, ceramic, and intermetallic compounds are used as surface coatings which can 

be individual or multi-layered. A thorough selection of coatings is dependent on the applicability, 

dimension, cutting conditions, temperatures of the cutting zone, work material, coating thickness, 

and production costs [35]. 

 

1.2.2. High Carbon Steel (Tool Steel) 

The tool steels when coated with the CVD technique have a high deposition rate. CVD technology 

is extensively used where heavy forming and stamping tools are used [36]. It has the advantage of 

coating any complex geometry of cutting tool uniformly. Due to the exposure to high temperature, 

the cutting tool made of tool steels undergoes a second heat treatment to relieve stress and attain 

thermal stability [36, 37].  

 

The vacuum heat treatment tends to allow changes in the dimensions of the tools, this should be 

taken into account during the machining processes. For attaining the desired qualities, the 

maximum coating temperature must be below the quenching temperature of the tool steel. This 

helps in choosing the coating technology for PVD or PA-CVD [38]. 
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1.2.3. Cemented Carbides (Carbide Tool) 

Carbide tools exhibit high machinability during machining of hard work material. These tools are 

brazed onto the steel shank or are available in the form of inserts. They have higher tool life than 

the available HSS tool [39]. The life of the carbide tool had been increased through the use of 

various coatings such as chromium nitride (CrN), titanium nitride (TiN), titanium aluminium 

nitride (TiAlN), titanium carbonitride (TiCN), and their multi-layered structures [40 - 42]. Physical 

vapor deposition (PVD), chemical vapor deposition (CVD), cathode arc evaporation physical 

vapor deposition (CAE-PVD), electron beam-assisted physical vapor deposition, etc. are the 

various methods that are used for the development of the surface coated carbide tools [42-46]. 

 

1.2.4. UCON 

It is a nitrided refractory metal alloy having the composition of 50% columbium, 30% titanium, 

and 20% tungsten with no carbide [47]. It has excellent thermal shock resistance, high hardness, 

and toughness. It exhibits excellent resistance to diffusion and chip welding. It is available in the 

form of throwaway inserts having 3-5 times more edge life than conventional carbides. It operates 

in the speed range of 250-500 m/min on steels of 200 BHN [48]. 

 

1.2.5. CBN (Cubic Boron Nitride) 

It consists of atoms of nitrogen and boron, with a special structural configuration similar to 

diamond. It has high hardness and high thermal conductivity. It is chemically inert. It is used as a 

grinding wheel for HSS tools [49]. These are available in the form of indexable inserts and are 
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capable of machining hardened tool steel, chilled cast iron, high strength alloys. It is the hardest 

material next to diamond [49-51]. 

 

1.2.6. SiAlON 

The word Si AI ON stands for silicon nitride-based materials with aluminium and oxygen 

additions. It is produced by milling Si3N4, aluminium nitride, and alumina. The mixture is dried, 

pressed to shape, and sintered at 1800°C. This tool material is tougher than alumina and thus suited 

for interrupted cuts. Aerospace alloys and nickel-based gas turbine discs can be machined using a 

sialon tool bit at a cutting speed of 200-300 m/mt [52-55]. 

 

1.2.7. Polycrystalline Diamond (PCD) 

High-speed machining operations make use of PCD and CBN tools for best results. In the motor 

vehicle and aircraft manufacturing industries, parts of non-metallic materials are being used 

extensively. PCD cutters achieve exceptional standards of surface quality at high feed and material 

removal rates with such materials. PCD tools are extensively used for machining aluminium 

components [55-57]. 

 

1.2.8. Ceramics 

Ceramics consist mainly of sintered oxides (A12O3) and are prepared in the form of clamped tips 

and as throw-away inserts. These can be used at very high speed (beyond carbide tools), resist 

built-up edge, and produce a good surface finish [58]. These are extremely brittle, so their use is 

limited for continuous cuts. Friction at rake face is usually lower as compared to carbide tools but 

the temperature is higher because these are poor conductors of heat. To strengthen the cutting edge, 
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a small chamfer or radius is often stoned on the cutting edge and a negative rake of about 15-20° 

is provided [59]. 

 

1.3. Tool Coatings 

The conventional cutting tools have been modified as per the ongoing demands of the 

manufacturing sector for the processing of advanced materials. These conventional tools have been 

coated with various types of compounds to increase the life of tools and decrease the wear rate. 

The application of the coating aims to increase the performance of the tool during the cutting 

processes where coating thicknesses ranging from microns to millimetres play a vital role [60]. 

 

 

Figure 1.3: Classification of Tool Coatings. [28] 

 

A coating can be defined as the surface covering layer applied on the machine component or the 

cutting tools in the sector of manufacturing and which is referred to as the “substrate” in connection 
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to the coating. The formation of an interface layer in the coating structure helps in enhancing the 

adhesion of the coating with the substrate [61]. This is the transition layer that governs the bonding 

between the coating layers improving the chemical and mechanical properties [62]. A substantial 

increase in the tool life at high cutting speed is governed by the thickness of coatings and the 

number of layers of coatings. TiC, Al2O3, TiAlN, TiCN, and TiN are some of the examples of 

hard and refractory coatings which can be applied as a monolayer or in multi-layer forms. Figure 

3 shows the broad classification of tool coatings used in industries [63]. 

 

The most frequently used metals for coating purposes are titanium (Ti) and silver (Ag) which 

improve hardness and lower tool failure. Previous research shows a significant effect of coatings 

on tool life and tool wear [64].  Titanium nitride (TiN) coatings applied on the drill bits and milling 

cutters enhance the tool life by three times protecting the cutting edge, retaining its cutting ability 

and corrosion resistance of the cutting tip [64 - 66]. These coatings exhibit a hardness of 2400 HV, 

hence helping in the reduction of abrasive wear, showing excellent bonding of coating with the 

substrate, chemical inertness, low maintenance cost, resistance to high temperatures and eventually 

increasing productivity. They enhanced the tool life by 1000% when drilled stainless steel 

workpieces [66].  

 

New coatings are being developed especially diamond coatings for difficult-to-machine materials 

like glass or fibre-reinforced composites and aluminium-silicon alloys [67 - 70]. Diamond coatings 

are developed using CVD technology and have been successful to some extent under working 

conditions. This owes to the increase in density of diamond nucleation and a further increase in its 

film growth along with improved diamond crystallinity [71 - 73]. These diamond-coated tools 
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showed superior performance in comparison to other coated tools and uncoated tools during their 

testing in various operations [74 -75]. The resistance to wear of the diamond compact tool and the 

diamond coated tools was comparable during the machining processes viz. milling and turning 

[76, 77]. 

 

1.4. Texturing on Tools Inserts 

The usage of textured tool inserts during machining operations reduces the crater wear, flank wear, 

cutting forces, surface roughness, and temperature at the cutting zone [78]. The decision of surface 

texturing depends on three major factors i.e. Area of texturing, the direction of cutting edge, and 

patterns of the texture [79, 80]. These further can be categorized and have been shown in the form 

of a flow chart in Figure 1.4. The surface texturing can be performed using the various texturing 

methods viz. laser texturing, electro-chemical machining, micro grinding, and electro-discharge 

machining. A flow chart classifying all the methods of texturing is shown in Figure 1.5. 

 

Figure 1.4: Classification of surface Texturing [28] 



13 

 

 

 

Figure 1.5: Classification of Texturing Methods. 

 

1.5. Coating Techniques 

The most frequently used metals for coating the tool inserts are titanium (Ti) and diamond-like 

carbon (DLC) which improve the hardness as well as decrease the tool failure rate. Titanium nitride 

(TiN) coatings applied on the tool inserts, drill bits, and milling cutters enhance the tool life by 

three times while protecting the cutting edge and retaining its cutting ability as well as resisting 

the cutting tip from corrosion [81, 82]. The coatings can be as hard as 2400 HV, hence helping in 

the reduction of abrasive wear, excellent bonding of coating with the substrate, chemical inertness, 

low maintenance cost, resistance to high temperatures and eventually increasing productivity. The 

tool coating techniques have been classified in Figure 1.6, these techniques include Chemical 

conversion, thermal and plasma spraying, galvanizing and electroless process, and modern 

methods [83]. 
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The classification of modern methods of coatings is depicted in Figure 1.7, which includes 

diffusion, implantation, chemical vapour deposition (CVD), and physical vapour deposition 

(PVD) methods [28]. 

 

Figure 1.6: Classification of Tool Coating Techniques [28] 

 

 

Figure 1.7: Classification of Modern Methods of Coatings [28] 

 

The two principal methods of depositing the surface coating on the substrate are chemical vapor 

deposition (CVD) and physical vapor deposition (PVD) [84-86]. These modern methods are 
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capable of developing thin films (at micron and nano-level) which, have now become the backbone 

for advanced applications such as optical devices, cutting tool inserts, and environmental 

applications [87]. 

 

1.5.1. Chemical Vapour Deposition (CVD) Process 

Chemical Vapour Deposition (CVD) is a coating technique to develop thin films on any base 

material. The chemical reaction occurs between reactants in the gaseous state which are deposited 

on the heated surface of the substrate [88]. The schematic diagram of the CVD process is shown 

in Figure 1.8 and the four stages in the CVD method are shown in Figure 1.9 [28, 89]. 

 

Figure 1.8: Schematic Diagram of CVD Process [89] 

 

 

Figure 1.9: Stages of CVD Process [28] 
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1.5.2. Physical Vapour Deposition (PVD) Process 

Physical vapour deposition is a coating technique that deposits thin films on the substrate by 

condensation of the vapours of the material. There are many vacuum deposition techniques for 

depositing these thin films. It is a process of transfer of material at the atomic level from solid to 

vapour phase and then again to the solid phase in terms of a thin film coating [88]. The schematic 

diagram of the PVD process is shown in Figure 1.10 and the four stages in the PVD method are 

shown in Figure 1.11 [28, 89]. 

 

Figure 1.10: Schematic Diagram of PVD Process [89] 

 

 

Figure 1.11: Stages of PVD Process [28]
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Table 1.1: Novelty of CVD Process and PVD Process 

S. No. CVD Process PVD Process References 

1 

Uniform thick coatings (10 µm to 1mm) can be 

deposited at low temperatures with the minimum 

usage of gas. 

It has excellent adhesion properties due to the penetration 

of the coating into the main material owing to exposure to 

high thermal expansion. 

[88, 90, 91] 

2 

Coatings have fewer defects and are dense in 

structure with high strength, toughness, hardness, 

chemical inertness, and low coefficient of 

friction. 

It exhibits improved hardness (3000 – 4000 HV about 85 – 

90 HRC), decreased coefficient of friction on the cutting 

edge, increased lubricity level, improved oxidation, and 

wear resistance. 

[88 – 90, 

92] 

3 
It allows irregular shapes to be coated due to high 

throwing power. 

No harmful by-products are produced, hence no damage to 

the environment. 
[89] 

4 

Its process parameters can manage the 

morphology of the surface, structures of crystal, 

and CVD products orientations. 

Coatings are deposited at low temperatures (200 - 300°C), 

hence a wide range of materials including polymers can be 

coated. 

[89, 90] 

5 Deposition rates can be adjusted easily. Coatings developed are thin (2-15 μm) and very dense. [89, 90] 

6 
It favours the development of thin films at a low 

deposition for microelectronic applications. 

Smooth surfaces are generated as thermal transmittance of 

coating is on a low level leading to the high penetration of 

the coating into the main material. 

[90] 

7 

It is used for depositing thin films of diamond on 

hard metal substrates such as tungsten carbide 

tools (cobalt-based). 

It is used for depositing coatings of TiN, TiCN, CrN, and 

TiAlN. 
[92 - 96] 
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1.6. Precision Machining 

In modern times, precision engineering was initially pushed by nuclear programs and eventually 

by semiconductor manufacturing [97]. By the 1980s demands from electronics, defence, and 

energy applications led to pioneering work on diamond turning from Lawrence Livermore 

National Laboratory and Oak Ridge National Lab [98, 99]. In Figure 1.12 we have shown in a 

most generalized form, human manufactured objects in terms of absolute size and relative 

tolerances. Mechanical engineers define precision machining as machining in which the relative 

accuracy is 10-2. “Precision machining,” when used by mechanical engineers, has typically been 

reserved for material removal processes only [100]. 

 

 

Figure 1.12: Object size vs relative accuracy for the application for precision machining [99] 
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The precision machining of microstructures and parts can majorly be divided into two general 

categories viz. Microsystem technologies (MST) and micro-engineering technologies (MET). 

These categories can be further be categorized into Micro Electro Mechanical Systems (MEMS) 

processes and Mechanical processes and the further categorization is shown in Figure 1.13 [101]. 

 

Figure 1.13: Process technologies for precision machining [101]. 

 

1.7. Properties of Diamond  

The structure of diamond exhibits strong chemical bonding leading to special mechanical and 

elastic properties [102]. The hardness, molar density, thermal conductivity, longitudinal sound 

velocity, and the elastic and Young’s modulus of diamond are the highest of all known materials 

while its compressibility is the lowest of all materials. The dynamic friction coefficient of the 

diamond is only 0.05 as low as that of Teflon [103].  
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Diamond possesses the highest thermal conductivity and it can be increased by five times if it is 

fabricated using isotropically pure carbon on account of decreased phonon scattering by different 

isotopes [104]. The chemical property is that diamond does not react with common acids at 

elevated temperatures. On treatment with the hot chromic acid cleansing mixture or a mixture of 

sulphuric and nitric acids, graphite slowly oxidizes while diamond is chemically inert. It, however, 

oxidizes (graphite) readily at high temperatures in an oxygen atmosphere and air. Molten 

hydroxides salts of oxy-acids and some metals (Fe, Ni, Co, etc.) have a corrosive effect on a 

diamond. At temperatures above 600°C, the diamond reacts with water vapour and CO2 [105-107].  

 

A diamond chemically reacts with metals such as tungsten, titanium, tantalum, and zirconium to 

form carbides while it dissolves in the metals like iron, cobalt, nickel, manganese, and chromium. 

Hence, diamond or diamond coated tools are unsuitable for machining ferrous metals. It can be 

used for machining non-ferrous metals and alloys such as aluminium, copper, and graphite owing 

to the poor weldability/wettability property [108]. Recent years witnessed the increased use of 

aluminium alloys which on machining with conventional carbide tools formed built-up edges 

easily. Diamond having poor weldability to such materials gives a very good finish without any 

built-ups [109, 110]. 

 

1.8. Application of Diamond 

Diamond-coated through CVD (Chemical Vapour Deposition) process possesses many properties 

which are in high demand by the manufacturing industries [111]. The CVD diamond unleashes 

the beginning of the new age of industrial diamond. The major applications are given below: 
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1.8.1. Wear and Cutting Applications 

Diamond-coated cutting tools are being used extensively nowadays owing to their excellent 

hardness and low coefficient of friction (in the range of 0.05- 0.1) They find use in the machining 

of aluminium, aluminium alloys, copper, copper alloys, chlorides, fluorides, polycarbonates, 

plastics, quartz, sapphire, Nacl, Sina, Sic, Ti, WC, ZnS, and ZnSe. Highly abrasive nonferrous 

material and metal matrix composites are employed in the automotive and aerospace industries 

which has increased the demand for diamond-coated tools in manufacturing processes [112-114]. 

 

Diamond-coated cutting tools display excellent resistance to thermal oxidation and high thermal 

conductivity making them suitable for both high speed and dry machining. Diamond cutting tool 

applications also include dressers for wheel dressing, special knives, burnishing tools and wire 

drawing dies. CVD diamond enables a diamond to be electrically conductive and hence can be 

easily machined using electrical discharge machining (EDM). Industrial cutting applications can 

be the diamond water jet nozzles used for cutting nappies, cloth, paper, cardboard, frozen foods, 

semiconductors, etc. which can be >100 h compared to tens of hours for more standard ruby or 

sapphire nozzles [115-119]. 

 

1.8.2. Acoustic Applications 

The high stiffness of diamond makes it suitable for use as micro-mechanical oscillators, surface 

acoustic wave (SAW) devices, and tweeter domes for loudspeakers. Diamond tweeter components 

were envisaged and date back to 1987 [120]. The ideal tweeter acts as a perfect piston without 

deformation at all frequencies [119, 120]. 
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1.8.3. Thermal Applications 

The thermal conductivity of diamond is higher than any other material at room temperature 

contributing to applications such as windows for multi-kilowatt CO; lasers, megawatt gyrotrons, 

and cutting tools. Its high thermal conductivity is a key factor for its use at high temperatures. 

Diamond's extreme stiffness and low coefficient of thermal expansion are excellent for its use in 

high power transmission windows [121-123]. 

 

1.8.4. Optical Applications 

Diamond exhibits the potential for both passive and active optical applications. Passive 

applications take advantage of its high thermal conductivity, corrosion resistance, hardness, its low 

absorption coefficient, and small coefficient of friction. The optical properties along with their 

thermal properties find exclusive use in optics such as CVD diamond beam exit windows in CO2 

lasers [124, 125]. 

 

1.8.5. Electronic Applications 

Diamond is used as an electrically insulating thermal conductor for various electronics applications 

such as high-power laser diodes to increase the output power of diodes, and thick films used as 

heat spreaders for very large integrated circuits (VLSI) multiple chip module (MCM) to increase 

the packaging density [126]. Owing to the properties such as high carrier mobility, breakdown 

field, saturation velocity, thermal conductivity, and wide-bandgap, diamond is an ideal material 

for electronic devices. The utilization of synthetic crystals in photodetectors, light-emitting diodes, 

nuclear radiation detectors, thermistors, varistors, and negative resistance devices has been 

documented. In the basic field-effect transistor (FET) device operation with homoepitaxial 
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diamond films and boron-doped layers on insulating single crystal, diamond substances have been 

used [127]. 

 

1.8.6. Electrochemical Applications 

In the field of electrochemistry, highly boron-doped diamond has been used in electro analysis and 

bulk oxidation of dissolved species in solution. Its chemical inertness, resistance to fouling, and 

large potential window in an aqueous solution make it a unique electrode material. The stability of 

the diamond surface, its chemical inertness, and the ability to apply large potentials before the 

electrolysis of water occurs are all factors in favour of selecting diamond as an electrode material. 

Most electrochemical synthesis and processing applications demand high volume capability and 

high reaction rates, in turn requiring large-area electrodes operating in very aggressive chemical 

environments [126]. 

 

Diamond is unparalleled in its ability to survive such environments without erosion and at the same 

time reduce the process cost. Trends in legislation are continually reducing the permitted levels of 

harmful chemicals in effluent and CVD diamond electrodes offer promising solutions to these new 

challenges [128]. 

 

1.8.7. MEMS Applications 

Micro-electromechanical systems (MEMS) are a process technology used to create tiny integrated 

devices or systems that combine mechanical and electrical components. In the most general form, 

MEMS consist of mechanical microstructures, microsensors, microactuators, and 

microelectronics, all integrated onto the same silicon chip. After decades of research and 
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development, thin-film diamonds are used for wafer-scale applications and are available as a 

process module through the MEMS and Nanotechnology Exchange. The key issue to the wide 

adoption of diamond-based RFMEMS is cost. The integration of diamond into the process flow is 

small and several strategies have been developed to enable the diamond to be integrated into 

complex heterostructures including metals, oxides, and other functional materials. The recent 

state-of-the-art diamond technologies could only uniformly coat wafers 2-3 inches in diameter 

[129, 130].  

 

The UNCD (ultrananocrystalline diamond) technology enables films as thin as 100 nm to be 

routinely deposited on wafers up to 200mm with excellent thickness and uniform property. Both 

diamond-on-silicon (DOSi) and diamond-on-insulator (DON) UNCD wafers are commercially 

available now and offer a means by which developers can fabricate prototype devices for their 

evaluation design. These wafers are manufactured using tools and processes that are fully 

insertable into a MEMS foundry environment and are available in wafers sizes ranging from 100 

to 200 mm. Diamond has several intrinsic properties that make it an ideal candidate for GHz RF 

MEMS devices including having the highest acoustic velocity of any material, low dissipation, 

low-temperature coefficient of frequency, and linear frequency response at high 

frequencies/powers [131-133]. 

 

1.8.8. Biotechnology Applications 

Diamond, the tetrahedral allotrope of carbon, has unusual properties defining it as a biomaterial. 

Its extreme chemical inertness makes it highly resistant to wet etching and other forms of 

degradation. It exhibits excellent biocompatibility and surface stability and has found application 
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as coating materials used for a prosthesis. New developments have witnessed its use to combat 

microbial biofilm formation on biomaterials. Diamond-like carbon-silver, diamond-like carbon-

platinum, and diamond-like carbon-silver-platinum composite films have been prepared using a 

novel multi-component target pulsed laser deposition process. Silver and platinum form 

nanoparticle arrays within the diamond-like carbon matrix that can be attributed to the high surface 

energy of noble metals relative to carbon [134-136]. 

 

Diamond-like carbon-silver-platinum composites exhibit significant antimicrobial efficacy against 

Staphylococcus bacteria. Diamond-like carbon-metal composite films may provide higher 

hardness, corrosion resistance, and antimicrobial functionalities to next-generation cardiovascular, 

orthopaedic, biosensors, and other biomedical devices [137-139].  

 

New applications of the antimicrobial properties of diamond-like carbon-silver-platinum 

nanocomposites may include catheters and other devices. Thin coatings of DLC (20-200 nm) for 

soft contact lenses and contact lens cases reduced the problems of biofilm formation. The microbial 

contamination of contact lenses is as major a problem as that of the lenses themselves and showed 

that lenses were stored in DLC coated cases were free from any contaminations [140-143]. 

 

1.9. Different forms of Diamond 

1.9.1. Natural Diamond 

Natural diamond crystals in the form of a single stone are created by geologic processes at great 

depth within the earth. This can be used as a cutting tool when the required shape of a piece is 

attached on the edge/tip for cutting glasses, stone, ceramics, FRP, etc. drill bits for mining, and oil 
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exploration. Single point cutting tool tips and small drills are used for high-speed machining of 

non-ferrous metals, ceramics, plastics, composites, etc., and effective machining of difficult- to 

machine materials, super abrasive wheels for precision and critical grinding [144-146]. 

 

1.9.2. HPHT Method for the Formation of Diamond 

In the 1950s, a successful attempt was made for producing synthetic diamond by converting 

graphite to diamond using high pressure and high temperature (HPHT) technology [147].  

 

The HPHT process is an attempt to reproduce the conditions that create natural diamonds. 

Diamond is formed with large presses that can weigh hundreds of tons to produce a pressure of 

5GPa at 1500°C, giving the conditions under which the bulk of the reported solution grown 

diamond stable region, crystallization of diamond has taken place. Diamond products are 

manufactured using alloys of transition metals, mainly iron-nickel, cobalt-iron, and to a lesser 

extent nickel-manganese for the grits and larger individual crystals and main cobalt for the 

polycrystalline products. Many solvent catalyzers are used to improve the quality of diamonds 

formed during high temperature and high-pressure synthesis of diamond [148-150]. 

 

The HPHT process takes only a few hours and produces tiny diamond bits and dust. These small 

diamonds, polycrystalline in structure (diamonds are single crystals) are too small for use as 

gemstones but as cutting tools they are extremely useful. Coated on edges of cutting tools drill bits 

and in resin, on a flexible backing these crystals can cut, drill, grind and polish a wide variety of 

materials. The high pressure, high temperature (HPHT) method of diamond formation is a major 
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contributor and research continues to improve both the creative process and its applications [150-

152]. 

 

1.9.3. CVD Method for the Formation of Diamond 

The chemical-vapour-deposition process involves the heterogeneous reaction of a gas-phase 

compound or compounds on or near a substrate surface to produce a solid deposit. The CVD 

technique for producing diamonds involves activating a mixture of H2 or O2 and carbon-containing 

gases to produce diamonds on a heated solid surface in a deposition chamber. The carbon-

containing gases could be hydrocarbons such as CHA, C2H2, or COs; various alcohols, or acetone. 

The activating source can be a hot filament, plasma (DC. RF or microwave), a combustion flame 

(oxyacetylene or plasma torches), an optical pumping source, or a laser. The basic mechanism in 

which the carbon phase is formed by the low-pressure process is by cracking hydrocarbon(s) 

(CHA, C2H2, etc.) in the presence of hydrogen. The carbon species in the hydrocarbon gas have 

been activated since at low-pressure graphite is thermodynamically stable and without activation, 

only graphite is stable. The activation depends upon the temperature and chamber pressure. In the 

activation process, the mixture of reactants passes over a substrate that is heated either by radiation 

from the activated energy source or a separate self-heater. Under these conditions, carbon saturates 

the substrate surface as sp1 bonded carbon diamond and sp2 bonded carbon (graphite) in a 

competitive process [153-155]. 

 

1.9.4. Single Crystal Diamond 

Single crystal CVD diamonds have been produced recently by several groups. This diamond 

contains the nitrogen-vacancy (N-V) and substitutional nitrogen, Ns, defects (which contribute to 
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the colour observed). Recent measurements on extremely pure CVD single-crystal diamonds 

indicate a quality much better than that of the best diamond found in nature or grown by HPHT 

processes. For extremely pure device grade CVD single crystals, with dimensions of the order of 

3-5mm electron and hole mobilities (4400 and 3800 cm°/sec, respectively) exceeding twice the 

previously measured best values were reported recently [156, 157]. 

 

1.9.5. Polycrystalline Diamond 

Polycrystalline diamond films and plates are grown on non-diamond materials, such as refractory 

metals or ceramics, e.g. W, Ta, Mo, WC, Si, SiO2, and others, by seeding the surface with particles 

of diamond or by specific treatments that evolve into small diamond particles, e.g. biased enhanced 

nucleation followed by homoepitaxial growth on the surface of these particles until they coalesce 

into a continuous coating [158]. As a result of this growth process, the grain size is smallest on the 

nucleation surface (substrate side) and coarsens into larger grains as the film thickens due to 

overgrowth of slower growing surfaces (grains) by more rapidly growing surfaces (grains). 

Additionally, impurity incorporation and intentional doping (with B, N, P, Si, etc.) depend on the 

specific growth mechanisms on each local facet [typically a (111) or (100) surface], resulting in 

different incorporation rates on each surface (or growth sector under each surface) [159]. The 

polycrystalline (PCD) tools consist of layers of 0.5-1.0mm of fine grain size, randomly oriented 

diamond particles sintered with a suitable binder, usually cobalt, and then metallurgically bonded 

to a suitable substrate like cemented carbide or SigN, inserts. PCD exhibits excellent wear 

resistance, holds a sharp edge, generates less friction, and has high thermal conductivity. These 

properties contribute to PCD tooling's long life in conventional and high-speed machining of soft 

non-ferrous materials (Al, Mg, and Cu, etc.), advanced composites, eta-matrix composites, 
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superalloys, and nonmetallic materials. PCD is well suited for machining abrasive materials 

(drilling and reaming metal matrix composites) where it provides 100 times the life of carbides. It 

is not recommended for machining ferrous materials because of the high solubility of diamond 

(carbon) at elevated temperatures [160]. The main advantage of such a PCD tool is greater 

toughness due to finer microstructure with random orientation of the grains and reduced cleavage. 

The presence of binder cobalt/nickel reduces wear resistance and thermal stability. Freestanding 

plates of polycrystalline diamond have been made industrially with dimensions up to 30 cm in 

diameter and several mm in thickness [161]. The colour of such materials can vary from 

transparent for optical applications, to blue for electrically conductive applications, to grey/black 

found generally in cutting tools or thermal management applications [162]. 

 

1.9.6. Nanocrystalline  Diamond 

Nanocrystalline CVD diamond (NCD) is a form of polycrystalline diamond in which the initial 

seeds are of nanometer dimensions resulting in extremely high nucleation densities, typically 

between 1010 nuclei/cm2 to over 1012 nuclei/cm2. As with polycrystalline CVD diamond, the grain 

size coarsens with growth, reaching 100s of nm with films of several microns thickness [163]. The 

purity of individual growth sectors in a nanocrystalline diamond can approach that of the single 

crystal CVD diamond resulting in optically transparent or coloured doped films. But the existence 

of incoherent cluster boundaries and higher-order twin boundaries often causes localized stress 

and sp2 bonded carbon regions, which in turn results in higher dislocation densities [164]. 

 

Since the invention of the low-pressure synthesis of the diamond from gas phases, continuous 

efforts were being made to use it as a coating on a cutting tool [165]. Various methods were 
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invented to synthesize diamonds from the gas phase (hydrocarbons with the help of a reducer like 

H2 and O2, etc.). The coating thickness rate can vary from 0.1 um/hour to 1.0mm/hour. This method 

is less expensive, free from the binder, and cleavage. It also permits use in the wide application 

range of cutting tools with complex shapes like milling cutters and drills. Nanocrystalline CVD 

diamond differs from polycrystalline CVD diamond in that the critical dimension of the growth 

sector or grain cluster (nanometers to hundreds of nanometers) is less than typical characteristic 

dimensions for various transport properties, e.g. phonon scattering electrical carrier scattering, 

crack propagation length [164, 166]. Hence there are important differences in some of the 

properties of these two classes of materials. The improved properties of nanocrystalline CVD 

diamond films are higher toughness and lower light scattering, while other properties such as 

carrier mobility and thermal diffusivity are decreased. Surprisingly, in fully dense nanocrystalline 

CVD diamond films, Young's modulus is nearly that of a single crystal diamond. In addition, many 

other properties of diamond are retained, such as corrosion resistance, surface termination and 

chemistry, density, optical transparency, and others [166 - 168]. Recently, nanocrystalline CVD 

diamond materials have been exploited for applications in micro-electro-mechanical systems 

(MEMS) and the nano variant MEMS, where the mechanical, electrical, and corrosion properties 

of these fully dense films extend the range and application of these novel devices. For example, 

the high stiffness (Young's Modulus) of the diamond can push resonant structures of a given 

dimension to much higher frequencies than achievable in more traditional MEMS material (Si, 

SiO2, SisNa, etc.) or relax the lithographic constraints required to achieve a particular frequency. 

Diamond MEMS/NEMS prove to be more durable, capable of surviving harsh chemical, radiation, 

or mechanical shock environments [169 - 172]. 
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1.9.7. Ultrananocrystalline Diamond 

Ultrananocrystalline diamond (UNCD) is a nanomaterial consisting of diamond grains only 2-5 

nm in size (20 carbon atom diameters) separated by atomically abrupt grain boundaries. The grain 

boundaries consist of a mixture of diamond and graphite-bonded carbon [165]. Thus, UNCD is 

not a pure diamond but a nanostructured hybrid of different carbon allotropes (i.e., different forms 

of the same substance, in this case, carbon) that retains most of the desirable extreme properties of 

diamond and in some cases, exceeds the properties of natural diamond (e.g., fracture strength, 

electrical transport, field-induced electron emission, electrochemistry, and bio-inertness). Such 

films also retain the superior hardness, chemical inertness, and ultralow friction characteristics of 

natural diamonds [169]. UNCD films exhibit a unique set of complementary mechanical and 

tribological properties such as hardness (98 GPa) and Young's modulus (980 GPa) close to 

corresponding values for single crystal diamond (100 GPa and 1200 GPa, respectively). Close 

correlations were observed between the hydrogen content in diamond (UNCD) films, measured 

by elastic recoil detection (ERD), and their electrical conductivity and capacitance-frequency (C-

f) behaviours [168, 171]. The addition of hydrogen gas in the Ar/ CHa gas mixture used to grow 

the diamond films appears to have two main effects depending on the film microstructure, in the 

UNCD films, hydrogen incorporates into the atomically abrupt grain boundaries [172]. Recent 

work has shown that electric field-induced emission of electrons from nanocarbon-based emitter 

surfaces, ND films, and carbon nanotubes (CNT) can be used to produce a new generation of 

electron emission devices, specifically, nanodiamond film- -based lateral field-emission (FE) 

diodes and gated carbon nanotube (CNT) triodes, which are new configurations for robust 

nanoelectronic devices [165-172]. 
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1.10. Summary 

With the extensive study of standard handbooks and analysis of ongoing research, market analysis 

along with the demand of manufacturing sectors, the following inferences have been made: 

1. A brief overview has been presented about the market trend of cutting tools across the globe. 

2. An insight detail has been provided about the cutting tool materials and the coating types.  

3. Primary fabrication techniques and their characteristics, used for coating cutting tools have 

been discussed.  

4. A discussion is presented on the properties of diamond and its governing factors on its use 

as the coating material. 

5. Lastly, applications have been listed to mark their increasing use in emerging fields. 
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Chapter 2: Literature Review 

 

2. Introduction 

Day by day, there has been a huge demand for better and long-life tools used in the manufacturing 

industry. These tools are required for the machining of various hard materials like metal-based 

composites and aluminium–silicon-based alloys because of their extensive use in the automobile 

and aerospace industries [91, 92]. It is a challenge to achieve extreme tolerances with operations 

of high volume for these materials as they are difficult to machine using conventional cutting tools 

[93, 94]. A large amount of literature is available on the determination of tool life, the effect of 

tool materials, tool coatings and cutting parameters on the output performance parameters such as 

surface topology, dimensional accuracy, etc. [176, 177]. A comprehensive literature review has 

been carried out and presented in the following subsections of this chapter. 

 

2.1. Coating Variants 

Nowadays, there exist numerous variants of the coatings which are being employed on 

conventional cutting tools [178]. The conventional tools are manufactured using the technique of 

high-temperature high-pressure sintering involving the powdered tungsten carbide and cobalt as 

binders. The substrate i.e. the surface of the conventional cutting tool carries the coating which is 

in contact with the work material in the cutting zone forming the active cutting edge. Due to the 

formation of an active edge, the need for a fine grain size of tungsten carbide arises which is to be 

sintered on the cemented carbide [178-180]. The interlocking between the coating and the substrate 

is favoured with fine grain size at the grain boundary lattices. The TiC, VC, NbC, ZrC, and TaC 

particles act as inhibitors when mixed in WC-Co matrix during the process of sintering [28, 181, 
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182]. While coating the substrate with the TiN and TiCN, the adhesion was increased using the 

TiC, TaC and NbC as grain growth inhibitors [183, 184]. 

 

Another research finding shows that the DLC coated tool's effectiveness depends upon the 

adhesion of the DLC coating with the substrate and which ultimately governs the output 

parameters such as surface roughness at high cutting speeds [185]. Table 2.1 shows the quantitative 

attributes of coating materials. 

 

Table 2.1: Prominent attributes of the coatings [183, 186, 187]. 

Coating Material TiN TiCN DLC 

Friction coefficient against steel (dry) 0.4 0.4 0.1 

Micro-hardness (HV 0.05) 2300 3000 3000 

Maximum service temperature (°C) 600 400 800 

 

Principally four types of coating materials are governing the global manufacturing sectors [188]. 

These are:  

 Al2O3: alumina-based ceramic coatings.  

 Lubricant coatings deposited on hard coatings (pure graphite and Molybdenum Disulphide 

(MoS2)) 

 Solid lubricant coatings (amorphous metal-carbon (Me-C:H)) and super hard coatings 

(CVD-DLC) 

 TiN, TiAlN, TiCN, and TiC: Titanium-based coatings. 
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The recent research showed the extensive study of the DLC coated tools and their wear mechanism 

during the machining process. Oles et al. [189] investigated the CVD DLC coated tools during the 

machining process and concluded that the wear on the flank face of the tool was due to abrasive 

wear, a form of progressive failure of the tool. But, in the latest research, it was also shown in other 

studies that the life of DLC coated tools was restricted by the coating interface delamination 

(insufficient adhesion between the substrate (carbide) and coating (DLC)) [190] or the coating 

fractures [200]. Polini et al. [201] inferred during their research that the presence of cobalt in 

carbide tools decreases the adhesion of coating with the substrate due to non-diamond carbon layer 

formation at the interface. These tests were conducted with tungsten carbide tools coated with 

DLC coating using the CVD technique. It was also observed that the diamond being brittle, there 

exists a tendency of catastrophic failure of the DLC coated tool due to local fractures. A DLC film 

on the cutting tools may also fracture if the development of high tensile or shear stresses takes 

place [202-205]. 

 

In order to overcome the difficulties faced due to local fractures, numerous attempts have been 

made to modify the DLC coatings for better efficiency and effectiveness. The multi-interface 

structures can contribute to the hardness and toughness while reducing the internal stress by 

restricting the crack formation and propagation, which helps to improve the cutting performance 

and prevents catastrophic failure of DLC coated tools [206]. Also introducing graded transition 

layers can lower the gap between coating and substrate thereby redistributing the internal stress 

and enhancing the adhesion to the substrate. The addition of chemical elements can also be a 

helping tool for residual stress reduction and adhesion improvement and enhances the toughness 

by suppressing the deformation and propagation of cracks [205-207].  
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2.2. Coating Thickness 

One of the significant variables in the coating system of cutting tools is the thickness of the coating 

on the substrate. An extensive study had been carried out on the tribological performance of the 

coating during the machining operations [208]. Variations of the coating thickness on HSS and 

cemented Carbide are shown in Figure 2.1 with the help of a bar chart. 

 

Brief research findings have been discussed inferring that the coating thickness plays a vital role 

in governing the tool geometry and controlling the tribological properties of the coated tools during 

the cutting operation at various cutting parameters [209].  

 

Thick coatings showed better resistance to scratch and wear during the working conditions when 

compared to the thin film-coated tools. This result was dependent on the high load-carrying 

capacity of the thickly coated tools [210, 211]. Dorner et al. [212] inferred the thickness of DLC 

coating, would not influence the wear resistance of DLC–Ti6Al4V if the thickness was from 0.7 

to 3.5 μm. However, Kanda et al. [213] performed various machining tests with DLC coated tools 

and concluded that increased film thickness favours the tool life. It was also discovered that an 

increase in thickness was also associated with the lower transverse rupture strength which was one 

of the performance parameters during the interrupted machining and higher cutting forces were 

recorded because of the increment in the radius of the cutting-edge [214]. Silva et al. [215] showed 

with their experimental investigation that multilayer DLC coatings prevent catastrophic coating 

delamination, thereby increasing the tool life. Huang et al. [216] also displayed improvement in 
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the tool performance and tool life when tools were coated with a C:H and a C coatings while 

machining aluminium alloys. 

 

 

Figure 2.1: Variation of Coating Thickness on HSS and cemented Carbide 

 

The TiN coating thickness on tool steels varies from 2 to 10 μm. These can be thicker (7–9 μm) if 

deposited using the CVD technique while these can be 3–5 μm thick if deposited by the PVD 

method [66]. The hardness of coating materials increased as the film thickness on the substrate 

increased which increased the life span of the cutting tool [64]. Though when considering the 

multi-layer coating systems, the thickness of the coating did not have much significance on the 

machining performance and machining parameters [217]. Variations of the coating hardness on 

HSS and cemented Carbide are shown in Figure 2.2 with the help of a bar chart.  
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Figure 2.2: Variation of Coating Hardness on HSS and cemented Carbide [Table 2.2] 

 

During experimentation by various researchers, it had been deduced that the rate of wear of 

uncoated tools was very high and the coating was promoting high resistance to wear and corrosion 

[218-222]. Another research observed that the PVD DLC coated insert showed low tribological 

properties in comparison to the CVD DLC coated insert when operating under the same cutting 

and environmental conditions [227]. This shows that the coating method along with the coating 

parameters decides the tribological properties and the working life of the coated cutting tools. 

 

2.3. Coating Wear Resistance 

Day-to-day increasing demands of the manufacturing industries have necessitated high 

performance of the cutting tools. The conventional tool material quality along with the type of 

surface coatings play a vital role in tool wear resistance [225-228]. In recent years, new materials 

as substrates are also being developed for the machining of new high strength sheets steels such 
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as TRIP steel, dual-phase steel, and martensite steel as it is difficult to perform forming processes 

on them [229]. These coatings should possess better resistance to wear with a less coefficient of 

friction and also should not deposit work material during the machining process. The property of 

high hardness curbs the abrasive wear and associates lubrication with a low friction coefficient 

[230]. 

 

Adhesion between the substrate and coating is a quantity that relies on several factors such as the 

substrate’s surface roughness, composition, stress level and structure and thickness of coating 

[231]. The various methods of adhesion included mechanical bonding of coating with the substrate 

roughness, pores, and dendrite growth initiated at substrate level and movement towards coating; 

physical bonding through van der Waals, electrostatic forces and hydrogen; and chemical, i.e. 

covalent and ionic atomic bonds [232-234]. 

 

Another research conducted on the DLC coated tools shows that micro and nanocrystalline DLC 

coatings can be obtained by deposition in a microwave plasma (2.45 GHz) from methane–

hydrogen mixtures to improve adhesion which will lead to higher wear resistance and inhibit the 

early crack formation and propagation in DLC coated tools [235].  

 

An attempt has also been made to study the connection between the crystal structure and 

tribological properties of thin DLC coatings to ensure the enhancement of the tribological 

properties [236]. It can be inferred from the previous research that coating materials, coating 

methods, layer thickness, single or multi-layered coatings, and structure of coatings collectively 
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govern the performance of the cutting tools [237]. They can reduce and delay the wear and prevent 

crack propagation thereby enhancing the cutting tool life. 

 

Tabulated information of different tool materials, coating materials, and their properties deduced 

from the work conducted in yesteryears are precisely displayed in Table 2.2, while Table 2.3 

depicts the combinations of coating materials with cutting tool materials used in different 

machining operations along with the associated fabrication technique used for coating the tool 

material.  

 

2.4. Analysis of Coatings 

Ever since the development of metal cutting tools, there has been an urge to revolutionize to attain 

higher productivity at low production costs. This urge led to the change from conventional tools 

to coated tools which fulfil the demands of modern manufacturing sectors. Research on coating 

has mostly been assisted by its analysis and mechanisms. This section deals with the various effects 

of the surface coatings on the cutting tool materials [113, 128, 135]. 

 

2.5. Effect of Coatings 

There are numerous effects of coatings that are applied to conventional cutting tool materials. 

Some of them are discussed in the following section [138]. 
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Table 2.2: Properties of various Coatings on different tool materials 

S. No. Coating Type Tool Material Properties Reference 

1 Ti N HSS Thickness: 4 µm [238] 

2 DLC WC/Co Thickness: 1 mm 

[239] 3 Textured DLC WC/5% Co Thickness: 20 µm 

4 Textured Diamond Cemented Carbide Thickness: 17 µm 

5 Si3N4 
Composition: 

Al2O3+TiN 
Ceramic 

Thickness: 6 µm 

[240] Hardness: 26.25 Gpa 

Thickness: 2.6 µm 

6 TiN Cemented Carbide Thickness: 5 µm [241] 

7 TiN WC–Co 6 wt.% 
Hardness: 22.52 GPa 

[242] 
Thickness: 5.8 µm 

8 TiN + nc-(Ti1−xAlx)N/a-Si3N4 +TiN WC–Co 6 wt.% 
Hardness: 31.34 GPa 

Thickness: 5.9 µm 

9 DLC Coating Fine-grain WC/6 wt.% Co Thickness: 5, 10, 15, 30 µm [244] 

10 TiN Cemented Carbides 
Hardness: 24.8 GPa 

[245] 
Thickness: 2 µm 

11 DLC/TiAlN Tool Steel 
Hardness: 3000 HV 

[246] 
Thickness: 4 ± 0.40 µm 

12 A-C:H Cemented carbide 
Hardness: 2000 – 4000 HV 

[247] 
Thickness: 1.02 µm 
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Table 2.3: Fabrication Processes of Coating Technology 

S. No. Coating Tool Materials 
Operation/ 

Apparatus 
Fabrication Process References 

1.  TiN HSS Turning PVD [238] 

2.  
TiN, single-phase high nitride 

martensite (α-fe) 
HSS 

Turning and 

Milling 

1. Ion Nitriding 

2. TiN (PVD) 

3. PEPE layer 

[248] 

3.  

WC/C-TiAlN, TiCN, TiN HSS + Carbide 

Drilling PVD [249] 

MoS2-TiAlN, TiAlN, TiN WC Multilayer 

4.  TiN Cemented Carbide Turning PVD [241] 

5.  TiN HSS Turning 
Cathodic Arc Physical Vapour 

Deposition 
[250] 

6.  
AlSiTiN 

AlSiCrN 

Nano 

Composite 
Tungsten Carbide Milling 

Cathodic Arc Physical Vapour 

Deposition 
[243] 

7.  Diamond 
WC  with 6%wt. 

cobalt 
Turning CVD [244] 

8.  
TiN, Nano TiAlN  Monolayer, 

TiAlN/TiN multilayer 
HSS Drilling PVD, Monolayer, Multilayer [251] 

9.  W-DLC coatings 
HSS 

Cemented Carbide 
Turning 

Pulsed Reactive Magnetron 

Sputtering 
[252] 

10.  TiSiN, CrC/C Cemented Carbide Tapping Hybrid cathodic arc sputter PVD [245] 
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11.  
TiN 

Al2O3 TiN/Al2O3 
Cemented Carbide Turning PVD and CVD [253] 

12.  Wear Resistant Coating (WRC) HSS 
Turning and 

Milling 

Filtration Vapour Ion Flow  with 

Cathodic Vacuum Arc Deposition 
[254] 

13.  TiN, TiAlN, CrAlN HSS and WC Drilling 
PVD 

(ARC and SARC) 
[255] 

14.  CrTiAlN Cemented Carbide Milling 

Closed Field Unbalanced 

Magnetron Sputtering System 

PVD 

[256] 

15.  AlCrN HSS 
Pin-on-disc 

Test Rig 
PVD [257] 

16.  
Hydrogenated diamond-like 

carbon (H-DLC) 

CVD diamond 

Tungsten Carbide 

(WC) 
Drilling CVD [258] 

17.  Si base layer +DLC 
Cemented 

carbide 
Drilling PECVD [259] 

18.  
DLC 

 
Cemented carbide Milling Vacuum arc discharge [260] 

19.  
TiB2 + DLC-WS2 Multilayer 

coating 
Tungsten carbide Milling 

FCVA (graphite) MS (TiB2, 

WS2) 
[261] 

20.  DLC coated tool (WC-Co) Milling CVD [262] 

21.  DLC and DLC-WS2 Cemented carbide Milling 
Hybrid FVCA and magnetron 

sputtering PVD 
[2] 
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2.5.1. Tool Life 

Surface coatings on the cutting tools help in the wear resistance and corrosion resistance also 

simultaneously enhancing the tool life significantly. For the past three decades, these coated tools 

are employed successfully in the manufacturing sectors globally as they prove to be a helping hand 

in reducing the cutting forces and cutting zone temperatures. Statistics nearly 70% of the cemented 

carbide cutting tools had been coated to improve their life span [264, 265].  

 

A coating thickness of 12-18 mm is the maximum upper limit as beyond this the integrity and 

stability of the coating weaken. A multi-layered coating has a better performance as it sums up the 

benefits of individual layers [266].  

 

An accurate and proper selection of coating layers helps in suppressing the non-beneficial 

properties of individual coating layers and enhancing the useful properties in the integrated multi-

layered coating on the substrate. The extensively used coating materials which have a substantial 

effect on the life of coated tools are TiN, TiC, Al2O3 and TiCN [110-115]. 

 

 Table 2.4 shows that different coatings surface common results such as the decrease in crater 

wear, flank wear, lowering of coefficient of friction, and enhancement in tool life which eventually 

reduces the manufacturing costs and lowers the idle time of machine tools. 
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Table 2.4: Features of Coating Materials 

Coating Type Decrease in Increase in Reference 

TiC Crater wear Tool Life [241] 

Al2O3 Crater wear Tool Life [243] 

Diamond Crater wear Tool Life, Hardness [246] 

TiN Interfacial Friction Tool Life, Layer Thickness [267] 

DLC Adhesion Wear Tool Life, Layer Thickness [260] 

DLC Catastrophic Failure Tool life, Coating hardness [268] 

 

2.5.2. Tool Wear 

During the operations of machining/metal cutting, tool experiences wear in different forms. 

Among these wears, the most significant wear experienced by the cutting tool is crater and flank 

wear. Crater wear happens on the tool’s rake face while flank wear happens on the tool’s flank 

face [269]. 

 

In the cutting process, the zone of an interface of a tool chip is at high temperature and pressure 

and is the region where crater wear originates. As the cutting process progresses, the crater enlarges 

developing a sharper edge and high-stress zone at the cutting edge which leads to edge breakage. 

Obikawa et al. [270] looked into the characteristics of the crater wear during machining of AISI 

1045 steel with the alumina coated carbide and ceramic tool. It was found through the experiments 

and their analysis that wear rate equations are functions of cutting zone temperature and normal 

stress. It was also discovered that the wearing of the coated tool was significantly dependent on 
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the substrate’s thermal conductivity. Though ceramic tools showed high resistance to wear, the 

crater wear in both cases was found to be the same. The cutting temperature of the alumina coated 

carbide tool was lower than the alumina coated ceramic tool which became the reason for such an 

interpretation [270]. 

 

It is evident from the experiments performed by Garcia-Gonzalez et al. (2016) that tool wear (i.e. 

crater wear) is significantly affected by the maximum temperature in the cutting zone. The tool is 

heavily damaged at the cutting edge when the temperature was maximum at the chip-tool interface. 

Due to high temperature, a layer of base metal is deposited on the TiN coating at the cutting edge, 

beyond which a highly damaged region lies. This phenomenon is significantly governed by 

temperature [265]. 

 

Chowdhury et al. [271] performed machining of Ti6Al4V aerospace alloy with TiAlN, TiB2 & 

DLC coated tools and inferred that tool coated with TiB2 has the lowest wear intensity due to its 

dense, non-columnar microstructure which helps in dissipating frictional energy from cutting zone. 

On further analysis, it was concluded that TiB2 coating chipped away in different ways. TiB2 

coating fails by plastic flow while TiAlN has an abrupt failure and also deformation in TiB2 is 

localised [238]. 

 

Flank wear initiates at the interface of the tool flank and newly machining surface. It begins at the 

cutting edge and continues to grow away from the edge. This wear was easily predicted and had a 

stable cutting tool life [201]. Qin et al. (2009) [86] inferred that the effect on wear resistance of 
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flank hard coating thickness was significant. Table 2.5 reflects the conclusion that 3-7 μm is the 

optimum coating thickness in order to maximize the tool life [86, 110]. 

 

Table 2.5: Tool Wear versus Coating Thickness 

Results References 

The increase in coating thickness up to 6 μm increases the resistance 

towards flank wear but decreases drastically at the thickness of 10 μm 
[89] 

With the increase in thickness of the coating, the resistance towards 

tool wear also gets increased uninterruptedly 
[98] 

The optimum coating thickness of 3.5 μm maximizes the 

resistance towards tool wear and enhances the tool life 
[99] 

Tool life increased when thickness ranged between 7.5 and 10.5 μm [110] 

 

Few studies worked on the pin-on-disc tribometer to investigate the effects of the thickness of the 

coating on the substrate and the surface roughness of the substrate [232]. The shape of the pins 

was spheres and they were made of alumina and 100C6 steel [175] or bearing AISI 52100 steel 

[135] which were loaded against discs made of materials either ferritic 35CD4 steel or AISI 440C 

steel, respectively. The discs roughness ranged from 0.01–1 μm Ra with a coating of titanium 

nitride (TiN) or Molybdenum disulfide/Titanium (MoS2/Ti) possessing a thickness range as 0.1–

5 μm thickness. Takadoum and Bennani [272], and Siu and Li [273] worked on pin-on-disc 

tribometer and not on cutting tools or cutting processes. McCool [274] identified surface roughness 

on three parameters i.e. and the area density of the asperities η, the radius of curvature of their 

summits r, and the standard deviation of asperities heights σs. No predictive or theoretical models 
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have been found in the literature which extensively discusses the effect of thickness of coating or 

surface roughness on resistance to wear during the operation. 

 

Few studies revealed the weakening effect of the very thin hard coatings during the tribological 

performance of coated and uncoated materials. The coated case showed worse results as compared 

to the uncoated materials [167]. However, M’Saoubi et al. [275] showed a case of low wear 

resistance of a coated tool in comparison to the uncoated tool. 

 

2.6. Coating Failure 

In 1984 Laugier was one of the first to discuss and developed the energy description model of 

coating removal using scratch [276]. The failure mechanism of the coating can be easily 

categorized during adhesion evaluation techniques depending upon the coatings types (ductile or 

brittle), the material of the substrate and the stress developed in an adhesion test. Hedenqvist et al. 

[277] analysed the modes of failure of thin TiN film on the HSS substrate using scratch tests with 

variable coating thickness and substrate hardness [115]. The coating detachment mechanism is 

discussed in the following points: 

a. Initially, at critical normal force, no seeable damage on the surface is observed. 

b. An increase in normal force extended deformation to the plastic state from coating to 

substrate. Transverse surface cracks were observed as a result of the generation of tensile 

stresses. 

c. On further increase of normal force, internal and external cross cracking increases. 

d. Flaking occurred preponderantly outside the scratch range. 
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Coating failure relies on the thickness of the coating. As the thickness increases, the chances of 

chipping increase which makes the coating ineffective. The thickness of the Coating and level of 

its adhesiveness governs the failure of coated tools. Usually well adhered coated tools fail due to 

progressive wear. Catastrophic failure of coated tools is due to delamination of the coating due to 

increased stress in the cutting zone. Flank and crater wear is low in wet machining as the coating 

remains protected from the high temperature in the cutting zone. 

 

During the experimental work conducted by Kumar and Patel in 2017 [278], it was observed that 

micro-grooves were formed due to abrasion and adhesion wear which delaminated the coating 

layer and led to spalling of the tool [187, 278]. Spalling of tool occurred because of poor adhesion 

of coating and material of substrate which was supported with values of critical load during a 

scratch test.  

 

Bouzakis et al. [279] studied the failure mechanism of coating a TiAlN coated tool. A number of 

patterns of flank wear were obtained at various cutting speeds which governed the coating failures. 

The condition of failure of the coating through cracking is that the mechanical work of the brittle 

failure equalises the energy release rate from cracks of the coating. So, the compressive stresses 

developed around the surface of the coating transcend a critical value [193, 278, 279]. Research is 

ongoing through the simulations of the scratch test to overcome the challenges and develop a better 

understanding of the interface behaviour, coating brittle failures etc. 

 

Many researchers have found various reasons for the failure of DLC Coatings. For instance, 

Lieberman [280] found that the reason for the failure of the DLC coating was the dissimilarity 
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between the thermal expansion coefficients of DLC coating and the substrate material. Whereas, 

Wang (2022) [207] conducted research and concluded that the high internal compressive strength 

developed in the DLC coating was the reason for the coating failure. 

 

2.7. Texturing on Tool Inserts  

The beginning of textured tool inserts in the research papers was not known till 2009. Two research 

papers were published elaborating on the effectiveness and possibility of employing textures on 

the surfaces of the tool inserts [119]. It has been found that the texturing on the surface of tool 

inserts has benefits over non-textured tool inserts viz. reduction in cutting force [121,126], 

diminishing the length of contact [9], enhancing resistance against adhesion [10], improved quality 

of machining [11] and resistance towards tool wear [12]. 

 

Sugihara and Enomoto [281] analyzed the effect of micro-laser texturing on the flank faces of the 

carbide tool. They had performed experimentation on steel using textured and non-textured tool 

inserts for wet and dry machining conditions. They found reduced crater wear in as comparison to 

the non-textured tool inserts. Xie et al. [13] obtained approx. 33% of decrease in the cutting forces 

for machining using the micro-textured tool inserts. Sugihara et al. [14] have found that 

confederated textures decrease the coefficient of friction on the rake face of the tool inserts. Kim 

et al. [15] concluded that the air gaps in the tool-chip interface induce hydrophobicity i.e. it tends 

to repel fluid which results in the reduction of adherence. These research shows immense potential 

in the field of coating technology in terms of surface texturing at micro-scale and nano-scale. After 

carefully going through the research, we have classified the various texturing patterns and their 

placement on the tool inserts in Table 2.6. 
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Table 2.6: Classification of textures on the rake face of the cutting tool inserts 

S. No. Texturing Pattern Placement of Texture Diagram References 

1. Circular Holes 
Perpendicular or 

Parallel 

 

[11] 

2. Indentations 
Perpendicular or 

Parallel 

 

[12] 

3. Linear Parallel 

 

[15] 

4. Linear Perpendicular 

 

[78] 

5. Waves Perpendicular 

 

[89] 

6. Waves Parallel 

 

[116] 

7. 
Hybrid 

(Linear and Waves) 

Perpendicular or 

Parallel 

 

[128] 

8. 
Hybrid 

(Linear and Holes) 

Perpendicular or 

Parallel 

 

[147] 
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2.8. Market Trend 

The cutting tools market is sectioned into two categories i.e. linear cutting tools and rotary cutting 

tools. The cutting tools market has been progressively expanding owing to their application in 

various sectors such as power generation, aircraft industry, construction, oil and gas and 

automotive industry [110].  

 

2.8.1. Market trends for coated cutting materials 

Ever since the development in the field of coating, it has aimed to protect the surface from adhesion 

and abrasive wear during the cutting processes. Figure 2.3 shows the distribution of various tool 

materials over the past decade [136].  

 

Figure 2.3: Global Market Share of Different Tools [123] 

 

A dip is recorded in the percentage of cemented carbides due to the recent developments of cutting 

tool materials viz. ceramic, PcBN/cBN and PCD. Though cemented carbide’s share has decreased 

carbides coated through the PVD process have captured the global market in recent times. PVD 

coated tools accounted for nearly 60% of the global manufacturing sector while the nanostructured 
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PVD coatings on cemented carbides emerged recently as a promising layer for the reduction in 

tool wear. The nanostructured PVD coatings date back to the late 90s and have grown at a faster 

rate conquering the 15% of the market in the manufacturing sector. A shift has been observed in 

materials of cutting tools from HSS to cemented carbides to nanostructured PVD coated carbide 

tools in the form of indexable inserts. According to the statistics, in 2013, nearly 74% of milling 

tools were accommodated with indexable inserts which were coated with the PVD process [124]. 

 

According to the latest survey report, the DLC coating market is estimated to reach USD 1052.5 

million in 2022 and will further attain a value of USD 1362.7 million by 2028 globally. The DLC 

coating market is majorly led by Europe and Asia-Pacific capturing 36% and 33% of global 

consumption of DLC coating [161]. Globally, the major driving force behind the DLC coating 

market is the unending demands of the automotive and aerospace industries. These sectors account 

for 56% of the total downstream consumption of DLC coatings [162]. 

 

2.9. Impact of coatings on Production Cost 

The production cost of any product in the manufacturing sector consists of nearly 3% of the cost 

incurred by the cutting tools. The statistics conducted by Dedalus Consulting [124] show that an 

increase in tool life due to the development of coatings and their material has a negligible effect 

on production costs incurred by the manufacturing firm. Nearly 1% of production cost per product 

is reduced by increasing the life of the cutting tool by 50%. Adjusting the machine parameters 

along with the coated cutting tools can reduce the production cost by 15% per component. The 

tool setting cost and tool regrinding cost can also be reduced by the use of tools coated with hard 

and super-hard coatings. It is quite evident that the new coating materials and the coating 

techniques are significantly affecting the productivity rate in every manufacturing sector. The 



54 
 

tribological analysis conducted on the advanced materials of coatings such as nanostructured 

layers has shown the excellent effect of protecting the cutting tool irrespective of variation in 

machining parameters and hence improving the productivity in machining [123]. The various 

factors incurring the production cost are shown in the form of a donut pie chart in Figure 2.4. [125]. 

 

 

Figure 2.4: Various Factors incurring the Production Cost [N.N. Cutting Tools (2014)]. 

 

The study of cutting tools dates back to primitive ages. As time changed, with industrialization 

and technological growth, new cutting tool materials were introduced. A gradual change in their 

improvement was observed with the development of the difficult-to-machine metals in terms of 

the application of the coating on the cutting face. The experimental investigation carried out over 

the years provides the platform for deposition of the coating on the substrate, entrammel the wear 

rate of the tool flank and face [129]. Table 2.7 shows the new findings over the past two decades 

in terms of tool material, tool coating, and changes in properties due to new findings. 
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Table 2.7: New findings over the past two decades 

S. No. 

Tool Material 

and Tool 

Coating 

Properties Analysed  
Investigation for New 

Findings 

Change in Properties due to New 

Findings  Y
ea

r
 

R
ef

er
en

ce
 

1. 

Diamond 

coating on 

tungsten carbide 

(CW) tool 

substrates 

Composite layer 

formation of TiC or 

TiN 

Growth of continuous 

diamond film on the 

ceramic embedded 

discontinuous coat of 

diamond film. 

1. Improvement is significantly shown in 

the adhesion property of coated 

substrate due to the presence of TiC 

composite layers. 

2. Enhancement in adhesion is a result of 

the change in thermal stresses. 

1
9
9
5
 

[113] 

2. 

Diamond 

coatings on 

WC–Co tools 

Coated tools presented 

69%–79% better 

performance in 

comparison to the 

conventional PCD tool 

Machining of various 

materials 

1. Machining of fibre reinforced plastics: 

A coated tool is equivalent to 

conventional PCD. 

2. Turning Al-Si alloy, A380: Coated 

tools surpassed conventional tools by 

200 %. 

2
0
0
3
 

[103] 

3. 

Development of 

Ti/ TiN/ TiCN 

coatings on 

cemented 

carbide inserts 

Enhanced tool life at 

high-speed turning 

operations 

Formation of a single 

layer of TiC,  

Formation of 

multilayer composite 

coating Ti/ TiN/ TiCN 

1. Increased tool life 

2. Good results at high-speed turning 

operation 

2
0
0
3
 

[113] 

4. 

Al2O3+TiN and 

with TiN+Al2O3 

coatings on 

ceramics tools 

Better adhesion and 

hardness along with 

very good resistance to 

abrasive wear  

Investigation to 

increase the cutting 

tool flank life 

Thermos-mechanically stable Al2O3 layers 

acted as a barrier between the flow of the 

chip and tool inserts, leading to 

improvement in coated tool’s resistance to 

wear while TiN layers facilitate easy chip 

flow by decreasing the friction. 

2
0
0
7

 

[114] 
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5. Coated tools 

Thermal and 

mechanical properties  

improved the wear 

behaviour of the tool 

Reconditioning of worn 

coated solid cutting 

tools 

1. Macro-blasting with various grain 

shapes and sizes help in strengthening 

the coating. 

2. Micro-blasting increased the coating 

adhesion. 

2
0
1
2
 

[115] 

6. 

PVD-coated 

carbide cutting 

tools 

Increased life of tool 

while preventing the 

cohesive damage of 

tool. 

Investigation of the 

manufacturing process 

of coated carbide tools 

at each step of the 

conventional 

machining process. 

1. A transfer of residual stresses is 

observed in the direction of tensile 

stress which is governed only by 

thermal component loads. 

2. The compressive stress of the substrate 

is released during the etching process. 

2
0
1
3

 

[116] 

7. 

PVD-coated 

TiAlN carbide 

tool and CVD-

coated 

multilayer 

TiN/TiCN/Al2O3 

The temperature at the 

interface of Chip-Tool 

significantly influences 

feed and cutting speed. 

Study of effects of heat 

generation of 

temperature at the 

interface of chip-tool. 

For PVD coated tools an observation of low 

temperature was found than when 

compared to the CVD-coated tool. 

2
0
1
4
 

[117] 

8. 

DLC and nano-

crystalline 

diamond 

coatings on solid 

carbide tools 

Excellent wear 

resistance and adhesion 

with high adaptability 

of tool geometry 

Diamond coatings of 

Nano-crystalline size. 

A very little influence was found on the  

feed and cutting velocity on tool lifetime 2
0
1
4
 

[118] 

9. 

TiAlN films 

with Cemented 

carbide tool 

inserts 

An investigation of 

coefficient of friction, 

tool wear and cutting 

forces. 

Machining in starved 

lubrication and full 

lubricated conditions. 

1. Improvement of cutting performance 

of textured tools in lubrication regime 

owing to reduction of cutting forces by 

22-35% at high speed. 

2. Surface texturing improved cutting 

performance as grooves served like a 

small reservoir of liquid. 

2
0
1
5
 

[119] 
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10. 

Tungsten 

carbide 

(WC/Co-based) 

tool with 

Ti55Al45N 

coating layer 

How tool wear and 

cutting performance 

were affected by the  

nano-scale texturing. 

1. Nano surface 

textured tool at the 

rake face followed 

by depositing the 

Ti55Al45N hard-

coatings (NCT). 

2. Deposition of 

Ti55Al45N hard-

coatings on tool 

surface followed by 

nano-scale surface 

texturing (CNT). 

1. Nano-scale textures help in the 

reduction of coefficient of friction, the 

temperature at the cutting zone, wear 

of the tool and also the forces 

developed while cutting. 

2. The geometry of textures governs the 

cutting performance. 

3. Texturing reduced the reach of chips at 

the rake face of the tool interface  

4. NCT tools were not as effective as 

CNT tools were found to be. 

2
0
1
5
 

[120] 

11. 

PVD coated 

cemented 

carbide 

(TiN + TiAlSi 

Nnanocomposite 

+ TiN) 

Nanolayer structure 

greatly improved the 

hardness in comparison 

to the structure of 

nanocomposite 

Nanostructure and 

Nanolayer coatings 

1. Hardness was improved by the 

increase in Al ratio in AlTiN layers, 

but only up to 60:40 = Ti: Al. 

2. Nanolayers differ in Al: Ti ratio. 

3. Flank wear governed the durability 

while abrasion was the predominant 

wear mechanism. 

2
0
1
6
 

[121] 

12. 

Carbide tool 

coated with 

TiAlN coating 

and TiN coating 

Observation of similar 

results for both coated 

tools was found to be 

lowest for TiAlN 

coated tool. 

1. Wear mechanism 

majorly comprised 

of adhesion wear 

due to intermittent 

cutting. 

2. Representation of 

flank wears through 

logarithmic curves. 

1. The wear rate of the TiN coated tool 

was high above 400°C of annealing 

temperature. 

2. Recrystallization led to a decrease in 

hardness and above 550°C it oxidised. 

3. The wear rate of TiAlN coated tool 

was low as hardness increased in the 

temperature ranging from 600°C to 

950°C and it has the self-adapting 

ability towards the applied thermal 

load during cutting. 

4. Images obtained through SEM and 

EDS mapping confirmed the partial 

loss of the coating layer. 

2
0
1
7
 

[122] 
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13. 

Self-lubricated 

nano-micro 

textures coated 

cutting tools 

Coated micro-textures 

tools are more effective 

than uncoated. 

The flank face and rake 

face of the cutting tool 

was used for the micro 

texturing. 

1. Enhancement in tribological properties 

due to the presence of micro-textures. 

2. Reduced machining forces, coefficient 

of friction, the temperature at the 

cutting zone, crater wear and flank 

wear. 

2
0
1
8
 

[123] 

14. 

Carbide tools 

coated with 

TiAlN and TiN 

and coating 

An increase in the 

cutting speed increases 

the wear at the flank 

face of the tool, 

resulting in a changed 

wear rate for the shorter 

distance. 

An empirical 

relationship was 

developed between the 

increase in wear rate 

and the worn-out 

coating layer. 

1. Suppression of tool wear until coating 

layer prevails (coating worn-out layer 

prevents wear) 

2. Increase in wear rate due to 

dependency of wear resistance on 

substrate material when coating at 

cutting edge is worn out. 

2
0
1
9
 

[124] 
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2.10. Summary 

An extensive study of previous literature quotes that the coated tools inserts were largely 

significantly established more resistance towards wear than uncoated tool inserts. Nevertheless, 

very less research was observed on the effect of thickness of the coating on the resistance 

towards flank wear. It was also observed during the literature review that very little study has 

been conducted on the effect of textures on the tool inserts on coating and tool life for the 

turning process. After an extensive review of previously conducted research on the cutting tool 

materials, their coating, processing of coatings and the number of layers of coating, majorly 

research is performed on the cobalt-based carbide tools or tungsten carbide tool inserts. Hence, 

the goal of future experimental research will be the development of coating for the tungsten 

carbide tool inserts for the turning process. On the basis of the above-mentioned literature, it 

has been found that limited researchers have reported the application of the TOPSIS and 

Genetic Algorithm (GA) method for the application of DLC coated tools in the turning process. 

Therefore, in this research, we have tried to estimate and optimize the selected input parameters 

using the self-developed DLC-coated tungsten carbide (WC) tool inserts and self-developed 

DLC-coated textured tungsten carbide (WC) tool inserts in the turning process. 
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Chapter 3: Problem Formulation 

 

3. Introduction 

A huge amount of bio residual is produced every year just through agricultural waste. If these 

residuals are relinquished into the environment without a suitable procedure of disposal, then 

these will cause environmental pollution and harmful effect on human and animal health.  The 

majority of the agro-based residuals are not treated and are left underused, consequently, in 

most places, it is disposed of either by unplanned landfilling, dumping, or burning [33]. These 

untreated wastes create different problems with climate change by increasing the number of 

greenhouse gases [282]. These wastes cause a serious disposal problem [283]. For example, 

the juice industries produced a huge amount of waste as peels, the coffee industry produced 

coffee pulp as waste, cereal industries produced husks and the sugar industry produces 

sugarcane bagasse. Figure 3.1 shows the image of sugarcane grown on farms.  

 

Across the earth, approximately 148,000,000 metric tons of fiber sources are obtained, also 

710,000,000 and 680,000,000 metric tons of wheat residuals and sugarcane residues are 

estimated, respectively [284].  The sugarcane bagasse has always been one of the major waste 

generated from agricultural sources. After Brazil, India is the 2nd largest producer of sugarcane. 

90 million tons of sugarcane bagasse is produced as agricultural waste from the sugarcane 

industries of India. This waste is sometimes further reduced as biofuel for applications on 

power plants and industrial boilers or is just burned as normal waste. The amount of sugarcane 

bagasse burned is approximately 7–8% of the total consumption of sugarcane bagasse [19]. 

The burnt residue of sugarcane bagasse has no possibility of any further reduction [20]. Hence, 

reasons for considering sugarcane bagasse as a carbon precursor for the growth of 
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polycrystalline diamond films in the used thermal CVD method. Interestingly, pyrolysis of 

sugarcane bagasse produces effluent gases having good thermal dissociation which, produces 

the right chemical as well as thermodynamic equilibrium for diamond formation [21]. 

 

 

Figure 3.1: Sugarcane Grown in Farms. 

 

3.1. Problem Formulation 

In the present industrial scenario, a humongous research gap can be contemplated for the 

development of an eco-friendly way of depositing the coating using the thermal CVD 

technique. 

 Trends in the industry are shifting from conventional to sustainable manufacturing. 

Hence there is a need for an environmentally friendly coating method. 

 Use of bio-waste products, as carbon precursors for the production of the diamond 

coating. 
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 As we know the cost of machining is a major element of the mechanical industry, hence 

tools wearing off rapidly while machining also increases the cost. So, in the industry, we 

need tool inserts with higher wear resistance and hardness along with lower friction of 

coefficient for machining applications at higher speed. 

 Bulk use of coolant in machining industries is not only causing the economical problem 

but also increases the environmental damage. Hence, there is a need for such coated tools 

which can be used in a dry machining environment. 

 

With this background, the present research work aims to develop, characterize and analyze the 

environment-friendly DLC coated CNC tool inserts through a thermal CVD technique for 

industrial applications. The upcoming sections explain research gaps and thesis objectives. 

 

3.2. Research Gap 

 

After carefully going through the literature mentioned in chapter 2 the following research 

gaps were formulated: 

 In the present scenario, new advances in coated CNC tools are replacing conventional 

CNC tools for advanced engineering applications and industrial purposes. 

 By going through the various literature it is found that most of the methods applied for 

the coatings of DLC are based on conventional CVD, very limited research has been 

based on environment-friendly methods such as the Thermal CVD process. So this area 

needs to be explored. 

 Also, most of the literature has been done using single response optimization for 

optimizing the various parameters viz. crater wear (CW), flank wear (FW), cutting forces 

(CF), surface roughness (SR), and temperature in the cutting zone (T). Hence, there is a 
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need to optimize the various parameters together using a Multi-response optimization 

technique. 

 Apart from the above, very less attempts have been made to optimize the machining 

process parameters using a genetic algorithm (G.A.). So, this technique needs to be 

explored more for the precision machining process. 

 

3.3. Research Objectives 

After going through the above-mentioned research gaps, the following research objectives 

were formulated: 

1. Development of diamond-like coating on tool inserts using the environment-friendly 

method. 

2. Comparison of tool performance for coated tools fabricated by conventional CVD and 

eco-friendly CVD process. 

3. Morphology and characterization of developed tool inserts. 

4. Study of mechanical properties of developed tool inserts. 

5. Study of wear and tool life of developed tool inserts for precision machining. 

6. Experimental study of the effect of various process parameters on precision machining 

and to develop the empirical relationships between important process parameters and 

response characteristics. 

7. Multi-response optimization of the process parameters of the precision machining 

process using developed inserts. 

 

3.4. Scheme of Research Work 

The following Figure 3.2 displays the flow chart of experimentation that was carried out to 

accomplish the objectives of the work. 
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Figure 3.2: Flowchart showing the scheme of experiments. 

Experimentation

Tribological Testing

Conventional 
Lathe CNC Lathe

Mechanical Testing

Morphological Study

Coating Process

Selection of Coating Method

Selection of Coating Material

Selection of Tool Material

Comparison of developed tools 
with conventional coated tools 

and un-coated tools

Comparison of developed tools 
with conventional coated tools 

and un-coated tools

Optimization using TOPSIS
Optimization using 
Genetic Algorithm

Selection of 
Texturing Patterns

Development of 
Coated Textured 

Tools

Experimentation on 
CNC Lathe

Optimization using TOPSIS
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The initial work was accomplished by the selection of cutting tool material, coating materials, 

and coating techniques. This was followed by characterization of the coated cutting tool which 

includes mechanical and tribological testing. Once the cutting tool was developed, 

experimentation was carried out on conventional and CNC lathe machine tools. The results so 

obtained were utilized to develop predictive models for optimization. 

 

Two techniques of optimization i.e. TOPSIS and Genetic Algorithm were used to optimize the 

output parameters. Also further, coated textured tools were developed and used for 

experimentation on the CNC lathe machine tool. These results were also optimized using the 

TOPSIS method. A concise flowchart has been shown in Figure 3.2. 

 

3.5. Summary 

This chapter consisted of problem formulation, research gaps, and research objectives of the 

thesis. Also, the chapter gives a concise flowchart of the experimentation which is carried out 

to fulfil all the listed objectives of the project. 
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Chapter 4: Materials and Method 

 

4. Introduction 

This chapter provides the precise details of the development of DLC coating on the tungsten 

carbide (WC) tool inserts along with the process of turning in machining operations. 

 

4.1. Material 

This section will cover the materials used for the tool and workpiece. In this research work, 

tungsten carbide was used as the substrate for developing the diamond-like coating on the 

tungsten carbide (WC) tool inserts and aluminium (6061) was used as a workpiece. 

 

4.1.1. Tool 

In this research work, commercially available tungsten carbide cutting tool inserts were used 

as substrate material for coating. The selected cutting tool insert is in the form of a triangular 

shape as shown in Figure 4.1. The average hardness measured through the micro-hardness 

tester for the uncoated insert was 953.95 HV i.e. Vicker’s Hardness number. 

 

Figure 4.1: Un-Coated WC Tool Insert 
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The elemental composition of the tool insets is shown in Table 4.1 and the EDX spectrum of 

the same is shown in Figure 4.2. 

 

Figure 4.2: EDX spectrum of Tungsten Carbide (WC) substrate 

 

Table 4.1: Elemental composition of Tungsten Carbide (WC) substrate. 

Element W C O Fe Ti Co Ni Cr 

% Weight 44.18 17.46 14.53 8.82 4.27 3.86 3.34 2.27 

 

4.1.2. Workpiece 

In this research work, aluminium (6061) was taken as a workpiece, as they are the best fit for 

the non-ferrous materials for the diamond coated tools. The workpiece used had a diameter of 

50 mm and a length of 610 mm. The image of the same can be seen in figure 4.3 and the 

elemental composition of the Aluminium (6061) workpiece is shown in Table 4.2. 

 

Figure 4.3: Workpiece used for the CNC Machining 
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Table 4.2: Elemental composition of Aluminium (6061) workpiece. 

Element AL Mg Si Cu Cr Ti Zn 

% Weight 94.18 1.46 0.94 0.56 1.32 0.81 0.73 

 

 

4.2. Coating Procedure 

Tungsten carbide (WC) inserts were used as a substrate material for the coating process. In the 

present work, DLC films were coated on the tungsten carbide tools inserts at atmospheric 

pressure using the thermal chemical vapour deposition (CVD) technique. The substrates were 

cleaned (pre-treated) using concentrated sulphuric acid (H2SO4) and acetone ((CH3)2CO) for 

7–10 min before depositing the film. At the same time, sugarcane bagasse (SBg) (obtained 

from sugarcane) was used to produce pyrolyzed sugarcane bagasse (p-SBg) by placing 

sugarcane bagasse (SBg) in the split furnace set on a controlled temperature of 550°C, at 

atmospheric pressure [18].  

 

The activated carbon was produced from the pyrolyzed sugarcane bagasse (p-SBg) after 

chemical treatment [18, 26]. After that, the cleaned substrates of tungsten carbide tool inserts 

and produced activated carbon were loaded into the reaction chamber of the thermal CVD 

system for the growth of the DLC coating. This process of coating was carried out at 

atmospheric pressure in the thermal CVD system at ~900°C. Sugarcane bagasse was used as a 

carbon precursor for the growth of DLC coating on WC substrates along with a mixture of 

Ar/H2 in the ratio of 2:1 to carry the effluent gases and to remove the presence of oxygen in 

the reactor chamber of the thermal CVD process.  
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Figure 4.4: Process used for thermal CVD of DLC coating from pyrolysis of sugarcane [18, 

26, 27-30] 
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As stated in the literature, sugarcane bagasse has been the major waste produced by sugar 

industries. Also, India is the 2nd largest sugarcane producer and has been producing 90 million 

tons of sugarcane bagasse as an agricultural waste [19]. Burning this waste is not an 

environment-friendly solution as the burnt residue of sugarcane bagasse has no possibility of 

any further reduction [20]. Fascinatingly, pyrolysis of sugarcane bagasse produces effluent 

gases that have good thermal dissociation. This thermal dissociation produces the right 

chemical and thermodynamic equilibrium, which is further responsible for the growth of DLC 

coating [18, 21]. In the process, the deposition rate was found to be ~60 μm/h and the deposition 

time for the coating process was 10 min. As the deposition time was 10 min hence, the coating 

was having a thickness in the range of 8–10μm. Figure 4.4 depicts the process conditions which 

were used for developing the films from the pyrolysis process of sugarcane bagasse on the 

tungsten carbide tool insert substrate [21, 22]. There is a high commercial value of activated 

carbon in industry and it may be used for the removal of chlorine as well [21, 27, 28]. 

 

4.3. Experimental Plan 

In the section, the process parameters which may affect the machining characteristics such as 

Type of Tool, Feed (f), Cutting Speed (Vc), and Depth of Cut (DOC) are selected. The range 

of the process parameters for the experimentation was decided based on literature and past 

experience. The selection of the experimental plan is laid out. The experiments are conducted 

within the range of selected process parameters. The details of process parameters, their values 

and detailed experimentation are given in the subsequent sections. 

 

4.3.1. Selection of Process Parameters 

In order to obtain low crater wear, flank wear, cutting force, surface roughness, and temperature 

at the cutting zone, the working range of the various parameters is to be determined. 
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Table 4.3: Levels of input parameters selected for Conventional Lathe Machine Tool 

S. No. Input Parameters Unit Level 1 Level 2 Level 3 

1 Type of Tool --- Un-Coated 

MDC (Market 

available 

diamond-

coated tool) 

DLC (Self-

developed 

DLC coated 

tool) 

2 Feed (f) mm/rev 0.07 0.11 0.15 

3 Cutting Speed (Vc) m/min 30.26 60.52 90.78 

4 Depth of Cut (DOC) mm 0.192 0.384 0.576 

 

Work Material: Aluminium 6061, Workpiece Diameter: 50 mm, Total length of the 

Workpiece: 610 mm, Temperature: Room Temperature, Machining: Dry Machining 

 

 

Table 4.4: Levels of input parameters selected for CNC Machine Tool 

S. No. Input Parameters Unit Level 1 Level 2 Level 3 

1 Type of Tool --- Un-Coated 

MDC (Market 

available 

diamond 

coated tool) 

DLC (Self-

developed 

DLC coated 

tool) 

2 Feed (f) mm/rev 0.125 0.25 0.375 

3 Cutting Speed (Vc) m/min 360 480 600 

4 Depth of Cut (DOC) mm 0.2 0.4 0.6 

 
Work Material: Aluminium 6061, Workpiece Diameter: 50 mm, Total length of the 

Workpiece: 610 mm, Temperature: Room Temperature, Machining: Dry Machining 
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Table 4.5: Levels of input parameters selected for using the developed textured coated tools 

on the CNC Machine Tool 

S. No. Input Parameters Unit Level 1 Level 2 Level 3 

1 Type of Tool --- L
1
 L

2
 S

1
 

2 Feed (f) mm/rev 0.125 0.25 --- 

3 
Cutting Speed 

(Vc) 
m/min 360 480 --- 

4 
Depth of Cut 

(DOC) 
mm 0.2 0.4 --- 

 

Work Material: Aluminium 6061, Workpiece Diameter: 50 mm, Total length of the 

Workpiece: 610 mm, Temperature: Room Temperature, Machining: Dry Machining 

 

4.3.2. Selection of Response Variables 

The following response variables are decided on the basis of the literature review: 

1. Crater Wear,  

2. Flank Wear,  

3. Cutting Force,  

4. Surface Roughness (SR) 

5. Temperature at Cutting Zone 

 

Crater wear happens on the tool face at a short distance from the cutting edge by the action of 

chip flow over the face at a very high temperature and speed. The crater wear is mainly due to 

diffusion and abrasion. They are commonly observed where the continuous chip is formed 

(usually in the ductile material). In the brittle material, the chip formation is in the shape of a 

small segment, this loosely fragmented chip has low abrasive action on the face as compared 

to the continuous chip formation. The depth of the crater measures the crater wear; the surface 

measuring instrument can measure it. The cutting edge may break from the tool due to 

excessive cratering. 
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Flank wear occurs at the tool flanks, where it gets in contact with the finished surface, as a 

result of abrasion and adhesion wear. The cutting force increases with flank wear. It affects the 

great extent of the mechanics of cutting. The flank wear region is known as wear land and is 

measured by the width of wear land. If the width of wear land exceeds 0.5-0.6mm the excessive 

cutting forces cause tool failure. The schematic diagram of crater wear and flank wear on the 

surface of the tool is shown in figure 4.5. 

 

The cutting force in turning is referred to as the main cutting force Fc which is tangential and 

often the largest force. While Fc, the feed force Ff and the passive force Fp can be measured 

directly during turning, the active Force Fa and the resultant force R are calculated. The active 

force is the vector sum of the main cutting force Fc and feed force Ff. 

 

 

Figure 4.5: Schematic of a cutting tool with crater wear and flank wear. 

 

As stated in 3.3.10, surface roughness, often shortened to roughness, is a component of surface 

texture. In surface metrology, roughness is typically considered to be the high-frequency, short-

wavelength component of a measured surface. In tribology, rough surfaces usually wear more 

quickly and have higher friction coefficients than smooth surfaces [286]. Roughness is often a 
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good predictor of the performance of a mechanical component, since irregularities on the 

surface may form nucleation sites for cracks or corrosion. On the other hand, roughness may 

promote adhesion [286]. 

 

Measurement of temperatures during machining is very important because, along with the 

mechanical load, the thermal load also impacts the wear. The temperature in the cutting zone 

influences the accuracy of machined parts and the quality of machined surfaces. High 

temperatures in the cutting zone can lead to tensile residual stresses and structural changes in 

the machined surfaces. 

 

4.3.3. Design of Experiment 

The experiments were designed to study the effects of coated tools on the response 

characteristics. L27 Orthogonal Array was adopted for the design methodology in the 

experimentation. The experiments are conducted within the range of selected process 

parameters.  

 

Table 4.6 and Table 4.7 shows the standard L27 OA with the assigned parameters for machining 

on the conventional lathe machine tool and CNC machine tool respectively. Whereas, table 4.8 

shows the L16 OA with the assigned parameters for Machining on CNC Machine Tool using 

the developed textured coated tools. 

 

While performing various experiments, the following precautionary measures are taken: 

1. The order and replication of the experiment were randomized to avoid bias, if any, in the 

results. 

2. Each set of experiments was performed at room temperature in a narrow range (32±2°C). 
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Table 4.6: The L27 OA (Parameters Assigned) for Machining on Conventional Lathe 

Machine Tool 

Run No. Exp. No. Type of Tool 
Feed 

(mm/rev) 
Speed 

(m/min) 

Depth of Cut 

(mm) 

1 1 Bare 0.07 30.26 0.192 

4 2 Bare 0.07 30.26 0.192 

7 3 Bare 0.07 30.26 0.192 

9 4 Bare 0.11 60.52 0.384 

2 5 Bare 0.11 60.52 0.384 

5 6 Bare 0.11 60.52 0.384 

8 7 Bare 0.15 90.78 0.576 

6 8 Bare 0.15 90.78 0.576 

3 9 Bare 0.15 90.78 0.576 

10 10 MDC 0.07 60.52 0.576 

13 11 MDC 0.07 60.52 0.576 

16 12 MDC 0.07 60.52 0.576 

18 13 MDC 0.11 90.78 0.192 

11 14 MDC 0.11 90.78 0.192 

14 15 MDC 0.11 90.78 0.192 

17 16 MDC 0.15 30.26 0.384 

15 17 MDC 0.15 30.26 0.384 

12 18 MDC 0.15 30.26 0.384 

19 19 DLC 0.07 90.78 0.384 

22 20 DLC 0.07 90.78 0.384 

25 21 DLC 0.07 90.78 0.384 

27 22 DLC 0.11 30.26 0.576 

20 23 DLC 0.11 30.26 0.576 

23 24 DLC 0.11 30.26 0.576 

26 25 DLC 0.15 60.52 0.192 

24 26 DLC 0.15 60.52 0.192 

21 27 DLC 0.15 60.52 0.192 

 



76 

 

Table 4.7: The L27 OA (Parameters Assigned) for Machining on CNC Machine Tool 

Run No. Exp. No. Type of Tool 
Feed 

(mm/rev) 
Speed 

(m/min) 

Depth of Cut 

(mm) 

1 1 Bare 0.125 360 0.2 

4 2 Bare 0.125 360 0.2 

7 3 Bare 0.125 360 0.2 

9 4 Bare 0.25 480 0.4 

2 5 Bare 0.25 480 0.4 

5 6 Bare 0.25 480 0.4 

8 7 Bare 0.375 600 0.6 

6 8 Bare 0.375 600 0.6 

3 9 Bare 0.375 600 0.6 

10 10 MDC 0.125 480 0.6 

13 11 MDC 0.125 480 0.6 

16 12 MDC 0.125 480 0.6 

18 13 MDC 0.25 600 0.2 

11 14 MDC 0.25 600 0.2 

14 15 MDC 0.25 600 0.2 

17 16 MDC 0.375 360 0.4 

15 17 MDC 0.375 360 0.4 

12 18 MDC 0.375 360 0.4 

19 19 DLC 0.125 600 0.4 

22 20 DLC 0.125 600 0.4 

25 21 DLC 0.125 600 0.4 

27 22 DLC 0.25 360 0.6 

20 23 DLC 0.25 360 0.6 

23 24 DLC 0.25 360 0.6 

26 25 DLC 0.375 480 0.2 

24 26 DLC 0.375 480 0.2 

21 27 DLC 0.375 480 0.2 

 



77 

 

Table 4.8: The L16 OA (Parameters Assigned) for Machining on CNC Machine Tool using 

the developed textured coated tools 

Exp. No. Type of Tool Feed 
(mm/rev) 

Speed 
(m/min) 

Depth of Cut 

(mm) 

1 L1 0.125 360 0.2 

2 L1 0.125 360 0.2 

3 L1 0.25 480 0.4 

4 L1 0.25 480 0.4 

5 L2 0.125 360 0.4 

6 L2 0.125 360 0.4 

7 L2 0.25 480 0.2 

8 L2 0.25 480 0.2 

9 S1 0.125 480 0.2 

10 S1 0.125 480 0.2 

11 S1 0.25 360 0.4 

12 S1 0.25 360 0.4 

13 S2 0.125 480 0.4 

14 S2 0.125 480 0.4 

15 S2 0.25 360 0.2 

16 S2 0.25 360 0.2 

 

4.4. Optimization Techniques 

A scientific approach to plan the experiments is necessary for efficiently conducting the 

experimentation. By the statistical design of experiments, the process of planning the 

experiment is carried out, so that appropriate data will be collected and analyzed by statistical 

methods resulting in valid and objective conclusions. 

 

When the problem involves data that are subjected to experimental error, a statistical 

methodology is the only objective approach to analysis. 
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4.4.1. Genetic Algorithm (GA) 

A Genetic Algorithm (GA) is a metaheuristic inspired by the process of natural selection that 

belongs to the larger class of evolutionary algorithms (EA). Genetic algorithms are commonly 

used to generate high-quality solutions to optimization and search problems by relying on 

biologically inspired operators such as mutation, crossover and selection. 

 

In a genetic algorithm, a population of candidate solutions to an optimization problem is 

evolved toward better solutions. Each candidate solution has a set of properties (its genotype) 

that can be mutated and altered.  

 

The evolution usually starts from a population of randomly generated individuals, and is an 

iterative process, with the population in each iteration called a generation. In each generation, 

the fitness of every individual in the population is evaluated. The fitness is usually the value of 

the objective function in the optimization problem being solved. The more fit individuals are 

stochastically selected from the current population, and each individual's genome is modified 

to form a new generation. The new generation of candidate solutions is then used in the next 

iteration of the algorithm. Commonly, the algorithm terminates when either a maximum 

number of generations has been produced, or a satisfactory fitness level has been reached for 

the population. The same is shown as a flow chart in Figure 4.6. 

 

A typical genetic algorithm requires: 

1. A genetic representation of the solution domain, 

2. A fitness function to evaluate the solution domain. 
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Figure 4.6: Flowchart depicting the process of Genetic Algorithm 

 

A standard representation of each candidate solution is as an array of bits. Arrays of other types 

and structures can be used in essentially the same way. The main property that makes these 

genetic representations convenient is that their parts are easily aligned due to their fixed size, 

Start

t = 0

Termination criterion 
satisfied?

Create initial random organisms in population P(t)

Evaluate fitness of each organism in population P(t)

Selection of organisms in population P(t) based on fitness

Variation of organisms in population P(t)

t = t + 1

Create new population P(t)

End
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which facilitates simple crossover operations. Variable-length representations may also be 

used, but crossover implementation is more complex in this case. Tree-like representations are 

explored in genetic programming and graph-form representations are explored in evolutionary 

programming; a mix of both linear chromosomes and trees is explored in gene expression 

programming. 

 

Once the genetic representation and the fitness function are defined, a GA proceeds to initialize 

a population of solutions and then to improve it through repetitive application of the mutation, 

crossover, inversion and selection operators. 

 

4.4.2. Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) 

Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is a multi-criteria 

decision analysis method, which was originally developed by Ching-Lai Hwang and Yoon in 

1981 with further developments by Yoon in 1987 and Hwang, Lai and Liu in 1993. TOPSIS is 

based on the concept that the chosen alternative should have the shortest geometric distance 

from the positive ideal solution (PIS) and the longest geometric distance from the negative 

ideal solution (NIS). 

 

Step 1 

Create an evaluation matrix consisting of m alternatives and n criteria, with the intersection 

of each alternative and criteria given as 𝑥𝑖𝑗, we therefore have a matrix (𝑥𝑖𝑗)𝑚×𝑛. 

 

Step 2 

The matrix (𝑥𝑖𝑗)𝑚×𝑛 is then normalised to form the matrix 

𝑅 = (𝑟𝑖𝑗)𝑚×𝑛, using the normalisation method 
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𝑟𝑖𝑗 =
𝑥𝑖𝑗

√∑ 𝑥𝑘𝑗
2  𝑚

𝑘=1

, 𝑖 =  1,2, . . . . . , 𝑚, 𝑗 =  1,2, . . . . , 𝑛  

 

Step 3 

Calculate the weighted normalised decision matrix 

𝑡𝑖𝑗 = 𝑟𝑖𝑗 ∙ 𝑤𝑗  ,   𝑖 = 1,2, … . , 𝑚, 𝑗 = 1,2, … … . , 𝑛   

Where, 

𝑤𝑗 =
𝑊𝑗

∑ 𝑊𝑘  
𝑛
𝑘=1

⁄ , 𝑗 = 1,2, … . . , 𝑛 so that ∑ 𝑤𝑖 
𝑛
𝑖=1 = 1, and 𝑊𝑗 is the original weight given 

to the indicator 𝑣𝑗 , 𝑗 = 1,2, … . , 𝑛. 

 

Step 4 

Determine the worst alternative (𝐴𝑤) and best alternative (𝐴𝑏): 

𝐴𝑤 = {< 𝑚𝑎𝑥(𝑡𝑖𝑗|𝑖 = 1,2, . . . . , 𝑚)|𝑗𝜖𝐽− >, < 𝑚𝑖𝑛(𝑡𝑖𝑗|𝑖 = 1,2, . . . . , 𝑚)|𝑗𝜖𝐽+ >} ≡ {𝑡𝑤𝑗|𝑗

= 1,2, . . . . . . . , 𝑛}, 

𝐴𝑏 = {< 𝑚𝑖𝑛(𝑡𝑖𝑗|𝑖 = 1,2, . . . . , 𝑚)|𝑗𝜖𝐽− >, < 𝑚𝑎𝑥(𝑡𝑖𝑗|𝑖 = 1,2, . . . . , 𝑚)|𝑗𝜖𝐽+ >} ≡ {𝑡𝑏𝑗|𝑗

= 1,2, . . . . . . . , 𝑛}, 

Where, 

𝐽+ = {𝑗 = 1,2, . . , 𝑛|𝑗} associated with the criteria having a positive impact, and 

𝐽− = {𝑗 = 1,2, . . , 𝑛|𝑗} associated with the criteria having a negative impact. 

 

Step 5 

Calculate the L2 – distance between the target alternative 𝑖 and the worst condition 𝐴𝑤  

𝑑𝑖𝑤 =  √∑ (𝑡𝑖𝑗 − 𝑡𝑤𝑗)2 𝑛
𝑗=1  , 𝑖 = 1,2, … . . , 𝑚, 

and the distance between the alternative 𝑖 and the best condition 𝐴𝑤  
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𝑑𝑖𝑏 =  √∑ (𝑡𝑖𝑗 − 𝑡𝑏𝑗)
2𝑛

𝑗=1  , 𝑖 = 1,2, … . . , 𝑚 

Where, 𝑑𝑖𝑤 and 𝑑𝑖𝑏 and L2- norm distances from the target alternative 𝑖to the worst and best 

conditions, respectively. 

 

Step 6 

Calculate the similarity to the worst condition: 

𝑠𝑖𝑤 =
𝑑𝑖𝑤 

(𝑑𝑖𝑤 +  𝑑𝑖𝑏),⁄ 0 ≤ 𝑠𝑖𝑤 ≤ 1 ,   𝑖 = 1,2 , … … , 𝑚. 

𝑠𝑖𝑤 = 1 if and only if the alternative solution has the best condition; and 

𝑠𝑖𝑤 = 0 if and only if the alternative solution has the worst condition. 

 

Step 7 

Rank the alternatives according to 𝑠𝑖𝑤 (𝑖 = 1,2 , … … , 𝑚) 



83 

 

Chapter 5: Result and Discussion 

 

5. Introduction 

This chapter provides the detail of the characterization of the self-developed DLC coating on the 

tungsten carbide (WC) tool inserts along with the testing for the mechanical properties of the 

developed tool inserts. Further tribological testing performed on those developed tool inserts and 

experimentation performed using the developed DLC coated tool inserts are discussed. 

 

5.1. Coating Characterization 

For characterization of the developed coating, a Field Emission Scanning Electron Microscope 

(FESEM), Raman Spectroscopy and X-ray diffraction (XRD), were used. These tests were 

used to affirm the existence of DLC coating on the tungsten carbide tool inserts and are 

discussed further in detail in the subsequent sub-sections. 

 

5.1.1.  EDAX 

As discussed in section 4.3.1, a tabletop scanning electron microscope (TM3000) was used to 

perform Energy-dispersive X-ray spectroscopy (EDAX) on the un-coated samples of tungsten 

carbide (WC) tool inserts for identifying the elemental composition. The EDAX was also 

performed on the tool inserts after the experimentation to identify the presence of workpiece 

material on the tool inserts. The elemental composition and EDAX spectrum of the un-coated 

tungsten carbide (WC) substrate sample is shown in Table 5.1 and Figure 5.1 respectively. 
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Figure 5.1: EDAX of the un-coated Tungsten Carbide (WC) tool insert  

Table 5.1: Elemental composition of the un-coated Tungsten Carbide (WC) tool insert 

Element W C O Fe Ti Co Ni Cr 

% Weight 44.2 17.5 14.5 8.82 4.27 3.86 3.34 2.27 

 

The elemental compositions and EDAX spectrums taken at the worn-out tool insert with a 

build-up edge are shown in Table 5.2, Table 5.3 and Figure 5.2 respectively. The region at the 

red cross of Figure 5.2 is depicting the presence of aluminium (Al) along with the tungsten 

carbide (WC). The presence of aluminium over this region is because of the movement of the 

chips over the surface of the tool inserts while machining [34]. The presence of the aluminium 

being deposited on the worn-out tool insert is clearly shown in Table 5.2. The presence of 

aluminium deposition on the tool surface is because of the formation of a built-up edge (BUE) 

on the tool. Whereas the elemental composition at the blue cross is also shown in Table 5.3. 

 

Table 5.2: Elemental composition at the Red Cross in figure 5.2 

Element Cl O Al Co Ti W 

% Weight 0.23 7.16 50.68 0.52 6.72 34.69 
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Figure 5.2: EDAX spectrum of the built-up edge (BUE) formation on coated tungsten carbide 

(WC) tool inserts. 

 

Table 5.3: Elemental composition at the Blue Cross in figure 5.2 

Element C O Al Ti W 

% Weight 10.48 9.62 5.99 9.73 64.18 
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5.1.2. XRD 

As explained in section 4.3.2 of chapter 4, Rigaku make Ultima IV was used to perform the X-

ray diffraction (XRD) on the self-developed DLC coating on the tungsten carbide (WC) insert. 

It was performed in the 2θ range from 5° to 80° and the results are presented in Figure 5.3. As 

can be seen in the XRD profile of coated WC tool in Figure 5.3, one visible peak is near 2θ~ 

43.02° which matches to the diamond {111} plane and the other peak at 2θ~75.52° which 

matched to the diamond {220} plane. All the other peaks originating in the X-ray diffraction 

spectra are from tungsten carbide WC substrate [35].  

 

5.1.3. RAMAN 

We have already mentioned in section 4.3.3 of chapter 4, that the LabRAM Soleil™ Raman 

Microscope at the Nano Research facility of IIT Delhi was used to confirm the growth of the 

polycrystalline diamond coating by capturing the Raman spectra. The LabRAM Soleil™ 

Raman Microscope machine is shown in figure 5.4. 

 

Figure 5.3: The X-Ray Diffraction spectra of the self-developed DLC coating on the tungsten 

carbide (WC) insert. 
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Figure 5.4: Raman spectra of the self-developed DLC coating on the tungsten carbide (WC) 

insert. 

 

Diamond provides a single sharp peak of intensity at 1332 cm−1 because of its only active 

phonon [36]. LabRAM Soleil™ Raman Microscope was used to confirm the growth of the 

DLC coating by capturing the Raman spectra using a 514nm lamp. Obtained Raman spectra 

for the same are shown in Figure 8. The obtained Raman spectra depicted that the D and G 

band lies at 1338 cm-1 and 1576.5 cm-1 respectively. The sharp intensity of the peak is observed 

at 1338 cm-1 in the spectrum, taken from the flat top surface of the coated tungsten carbide 

inserts. The centre phonon mode of the as-developed DLC coating is the reason for the above-

stated peak at 1338 cm-1. As it is observed from the Raman spectra that there is an upshift in 

the peak from 1332 cm-1 to 1338 cm-1. This up-shift occurs because of the compressive stress 

developed on the as-developed DLC coating. The compressive stress developed because of the 

thermal stress, which was generated during the cooling process of the substrate to room 

temperature [13, 18, 21] which arises as a result of the mismatch in thermal coefficients of both 
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diamond and tungsten carbide. The Development of the G band at 1576.5 cm-1 was due to the 

co-existence of the sp2-phases, called Trans-polyacetylene (Trans-PA). Trans-PA is an 

alternate chain of sp2 carbon atoms, with single hydrogen bonded to each carbon [37]. 

 

5.1.4. FESEM 

As mentioned in section 4.3.4 of chapter 4, FEI Quanta 200 FESEM machine was used in the 

Institute Instrumentation Centre (IIC) of Indian Institutes of Technology Roorkee (IITR) for 

studying the morphology of the WC inserts before and after the growth of the DLC coating. 

The FESEM micrographs were captured at different magnifications. The quality of the as-

developed DLC coating on the WC tool insert’s surface is almost the same on the whole 

substrate. The presence of faceted growth of DLC can be seen in Figure 5.5 [15, 40]. It is also 

clearly evident from the FESEM images in Figure 5.5 and Figure 5.7 that, the crystallites of 

the as-developed DLC coating get together to form clusters [17, 41]. The phenomenon of 

nucleation is very important in the process of determination of the growth of diamonds using 

the chemical vapour deposition (CVD) method. A diamond may nucleate on residual grains 

embedded into the surface after scratching with powders on an intermediate layer [155]. The 

nucleation growth on the surface of tungsten carbide (WC) tool inserts can be seen in Figure 

5.6. 

 

Cross-sectional FESEM images of the DLC coated tool inserts were taken and are shown in 

Figure 5.8. The average thickness of the coating was in the range of 11-12µm, whereas the 

minimum and maximum thickness observed in FESEM images were 8.5 µm and 15 µm 

respectively. The FESEM image of the coating thickness at the magnification of 50,000x is 

shown in figure 5.9. 
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Figure 5.5: FESEM images at different magnifications show the growth of diamond on the 

coated surface. 
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Figure 5.6: FESEM images of nucleation and growth of diamond coating. 

 

 

Figure 5.7: FESEM images of the DLC coated tool inserts depicting the growth of diamond 

on the coated surface. 
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Figure 5.8: Cross-Sectional FESEM of Coating Thickness 
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Figure 5.9: Cross-Sectional FESEM of Coating Thickness at higher magnification 

 

5.2. Mechanical Properties of Coating  

5.2.1. Micro Hardness 

As mentioned in section 4.3.5 of chapter 4, Fischerscope HM2000s was used to perform the 

micro-hardness test on the market purchased coated, self-coated, and uncoated WC inserts. 

Figure 5.10 depicts the loading and unloading profile in form of a graph obtained during the 

indentation testing process of measuring the hardness. The hardness was measured on the flank 

face of the tool insert before and after the coating process on the same WC substrate. Figure 

5.10 shows one out of many measurement processes performed on the samples at various 

locations on the flank face of the tool inserts. The average evaluated Vickers Hardness number 

was found to be 953.95 HV for un-coated tool inserts. The average evaluated Vickers Hardness 

number was found to be 1365.4 HV and 1478.78 HV for both market purchased coated tools 

and Self-developed DLC coated tool inserts, respectively. These values have been plotted and 

shown as a graph in Figure 5.11. The surface hardness values were measured by taking 4 

measurements along the flank face of the tool inserts. The applied tests have shown that the 
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hardness of the un-coated WC inserts has been increased by a factor of 1.5 after the coating 

process [38, 39]. 

 

Figure 5.10: Loading and unloading profile graph obtained during the process of hardness 

measurement 

 

Figure 5.11: Average Vickers hardness values of the uncoated tool inserts, market purchased 

coated tools and Self-developed DLC coated tool inserts. 
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5.2.2. Residual Stress 

As explained in section 4.3.6 of chapter 4, an X-ray residual analyzer (Pulstec limited model-

μ X-360n) was used in the precision manufacturing lab of the Mechanical Engineering 

Department at Delhi Technological University. This X-ray analyzer was used to measure the 

residual stress of the uncoated WC tool inserts, market purchased coated tools and self-

developed DLC coated tool inserts. 

 

The measurement of residual stresses is an important parameter that directly affects the 

performance of the coating. The higher stresses will lead to cracking and spallation of coatings. 

The X-ray analyzer works on the principle of Bragg’s law [37]. For the measurement, the 

radiation time, voltage and current of the X-ray tube were set at 30 s, 30 kV and 1mA 

respectively. The wavelength of the X-ray was set at 2.29 A while keeping the angle of 

incidence of the X-ray at 35º. The samples were mounted at a distance of 39 mm from the 

incident rays.  

The average evaluated residual stress was found to be -162 (MPa) for the uncoated tool inserts, 

whereas the average value of residual stresses was found to be -239.36 (MPa) and -409.73 

(MPa) for the market purchased coated tools and self-developed DLC coated tool inserts, 

respectively. These values have been plotted and shown as a graph in Figure 5.12. 

 

It is seen that the residual stress in DLC coated samples and uncoated samples were -0.39 GPa 

and -0.28 GPa [38]. There was a decrease of 39.28 % in the residual stress generation in the 

DLC coated sample. Such a decrease in the residual stress of the deposited DLC films is in 

agreement with the literature [39, 40]. It is clear from the literature that the reason for the 

decrease in residual stresses is largely dependent upon the sp2 concentration in the deposited 

polycrystalline diamond film [38, 41]. 
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Figure 5.12: Average residual stress values of the uncoated tool inserts, market purchased 

coated tools and self-developed DLC coated tool inserts. 

 

Figure 5.13 and Figure 5.14 represent the profile graph along with distortion and Debye ring 

(3D) of the market purchased coated tools and self-developed DLC coated tool inserts 

respectively. These were obtained while analyzing residual tests on the samples. The residual 

stress concentration distribution (from red to blue colour) over the machined surface is 

indicated by the Debye ring [42, 43]. The region on the sample where maximum stress 

concentration is observed is signified by the red ring while the region on the sample where 

comparatively lower stress concentration is induced in the samples is shown with a yellow ring 

and the blue ring signifies the region of minimum induced stress on the samples [22, 37]. The 

damage caused to the samples during the process is indicated by the obtained distortion images 

damage. These distortion images are used to see whether any structural changes have occurred 

within the samples. 
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Figure 5.13: Debye ring, distortion ring, and peak profile obtained while measuring the 

residual stress of the self-developed DLC coated tool inserts. 

 

Figure 5.14: Debye ring, distortion ring, and peak profile obtained while measuring the 

residual stress of the market purchased coated tool inserts.  
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5.3. Tribological behaviour of Coating 

As explained in section 4.3.7 of chapter 4, A DUCOMTM made Tribometer (TR-20L-PHM800-

DHM850) was used as a pin-on-disc setup to measure the coefficient of frictional and wear. It 

was used in the precision manufacturing lab of the mechanical engineering department, at Delhi 

Technological University, Delhi. A schematic diagram of the Pin on Disc Tribometer test rig 

used for the experimentation is shown in figure 5.15.  

 

Figure 5.15: A schematic diagram of the Pin on Disc Tribometer test rig 

 

The tribological behaviour of the as-deposited DLC coating on the WC inserts may vary as per 

the conditions of the sliding test. These conditions play a decisive role in their wear and friction. 

For mostly all other coating materials, there are plenty of factors that influence the behaviour 

of wear and friction of the developed coating. All these factors can be broadly classified into 

two types: intrinsic and extrinsic factors. Intrinsically for our as-deposited polycrystalline 

diamond films, the degree of sp3 bonding on the sliding top flat surface of polycrystalline 
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diamond films can have a strong effect on their wear as well as friction behaviour [44]. 

Extrinsically, mechanical interactions, physical interactions, and the chemical interactions 

between the sliding surfaces of the as-developed films and their surroundings influence the 

wear as well as frictional behaviour of the as-developed polycrystalline diamond films on the 

WC tool inserts [45, 46]. The tribological test measures the wear and coefficient of friction of 

the material at the contact point, this measuring property of these tests will be highly beneficial 

in understanding the self-developed DLC coated tool inserts. The tribological testing process 

was performed using the self-developed DLC coated tool insert pins were made and 

experiments were performed in dry conditions using a pin-on-disc machine as per the ASTM-

G99 standards [25, 26]. 

 

The tribological tests have shown remarkable effects of wear and friction in the study of coated 

WC tool inserts. This study has helped researchers understand the life of coated samples in 

industrial applications also [27].  The pins were positioned in the perpendicular direction to the 

flat circular counter disc. In pin-on-disc, a flat circular counter disc rotates at a predefined 

rotational speed while the pin specimen is pressed against the disc at a specified load by the 

means of a lever with attached weights. The setup consists of two sensors for the measurement 

of the coefficient of friction and wear. Before initiating the tribological tests, it was made sure 

that the surfaces were cleaned properly using acetone and well dried after cleaning. The input 

parameters were used for performing the experimentation are mentioned in table 5.4. 

 

The self-explanatory setup of the pin and disc for the experimentation is shown in figure 15.16. 

Stereo microscopic images of Uncoated WC and coated WC pins, taken after the tribological 

testing are shown in Figure 5.17 and Figure 5.18 respectively [27]. It is evident from the images 

that, the un-coated pin has undergone higher amounts of wear as compared to the coated pin. 
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Figure 5.16: Experimentation performed for the Tribological study. 

 

 

 
 

Figure 5.17: Stereo microscopic image of 

DLC coated tungsten carbide (WC) pin 

after the tribological testing 

 

Figure 5.18: Stereo microscopic 

image of Uncoated tungsten carbide 

(WC) pin after the tribological testing 
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Table 5.4: Experimental conditions for the tribological tests 

S. No. Test Condition Coated Uncoated 

1. Sliding Speed (m/s) 2.0 2.0 

2. Load (N) 30 30 

3. Track Diameter (mm) 60 80 

4. Pin diameter (mm) 5.5 5.5 

5. Disc diameter (mm) 100 100 

6. Sliding distance (m) 200 200 

7. Temperature (oC) 20 20 

8. Humidity (%) 50-55 50-55 

 

5.3.1. Wear 

The wear curves of the sample pin have been shown as the function of the sliding time in figure 

15.19, which were in contact with the counterface of the disc, under the dry sliding environment 

[27, 50].  

 

The pin on disc setup measures the wear of the pin in the form of pin length, any changes to 

the length of the pin are measured with the help of wearable sensors. It is seen that the DLC 

coating plays a vital role in improving the wear resistance of the WC material. The average 

value of the wear (µm) obtained for the DLC coated WC insert was 12.79 µm, whereas the 

average value of the wear (µm) obtained for the un-coated WC insert was 30.47 µm. This 

shows that the polycrystalline diamond films coated on the WC inserts have been able to 

decrease the wear by 58.02%. 
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Figure 5.19: Variation of wear with respect to sliding time. 

 

5.3.2. Friction 

The coefficient of friction curves as a function of the sliding time for the coated and uncoated 

WC insert pins is presented in Figure 5.20. The coated and uncoated WC pins were in the 

contact with counterface of the disc, under the dry sliding environment [Prasad, 2020, Surya, 

2020].  

 

As it is evident from the plots of the coefficient of friction, the depicted curves of the coefficient 

of friction of the as-developed DLC coated WC pin exhibit similar plots [47-49]. These plots 

indicate that the whole process of sliding can be divided into two parts. There is an ephemeral 

peak in the graph of the coefficient of friction with comparatively very high amplitude, at the 

beginning of the sliding process. This peak characterizes the behaviour of the coefficient of 
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friction. The effect of initial mechanical interlocking occurring on the pin-disc interface results 

in the attribution of the presence of high initial friction. The occurrence of this initial 

interlocking makes it difficult to start the sliding movement between the pin and disc. While 

the sliding process repeats on the same track, the rigorousness in the sliding interface of pin 

and disc is worn out. In the meantime, the gaps developed on the disc are filled with the 

fragmentations of the coated WC tool inserts or with the microfractures of the uncoated WC 

toll inserts. These filling processes lead to smoother sliding movement, which further leads to 

stable wear and friction curves. The average value of the coefficient of friction (COF) obtained 

for the DLC coated WC pin was 0.196. Whereas the average value of the coefficient of friction 

(COF) obtained for the uncoated WC pin was 0.404. This shows that the DLC coated WC pins 

have been able to decrease the coefficient of friction (COF) by 51.48%. 

 

Figure 5.20: Variation of the coefficient of friction with respect to sliding time. 
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5.4. Experimentation on Conventional Lathe Machine Tool 

As explained in section 4.3.11 of chapter 4, HARISSON LATHES make HARRISON 12’ Lathe 

“Model L6” of Metal Cutting Lab in the mechanical engineering department at Delhi Technological 

University, Delhi, was used to perform the experimentation with the self-developed DLC coated 

tungsten carbide (WC) tool inserts. 

 

A round bar of 50 mm in diameter and 610 mm in length was chosen for the turning process. 

The process of dry turning operation was performed on the lathe machine tool. The levels of 

input parameters selected for the experimentation are mentioned in Table 5.5. The levels were 

decided by going through the various literature as well as after doing the test runs on the 

machine tools. 

 

Table 5.5: Levels of input parameters selected for Conventional Lathe Machine Tool 

S. No. Input Parameters Unit Level 1 Level 2 Level 3 

1 Type of Tool --- Un-Coated 

MDC (Market 

available 

diamond 

coated tool) 

DLC (Self-

developed DLC 

coated tool) 

2 Feed (f) mm/rev 0.07 0.11 0.15 

3 Cutting Speed (Vc) m/min 30.26 60.52 90.78 

4 Depth of Cut (DOC) mm 0.192 0.384 0.576 

 
Work Material: Aluminium 6061, Workpiece Diameter: 50 mm, Total length of the 

Workpiece: 610 mm, Temperature: Room Temperature, Machining: Dry Machining 

 

The experimental set-up consists of a dynamometer was used for the measurement of cutting force 

and an infrared thermometer for measuring the temperature, as shown in section 4.3.8 of chapter 4. 

Detailed experimental conditions viz. the design of experiments selected for the experiments is 

an L27 orthogonal array (OA), which is depicted in Table 5.6. 

 



104 

 

Table 5.6: The L27 OA for Machining on Conventional Lathe Machine Tool 

Run No. Exp. No. Type of Tool 
Feed 

(mm/rev) 
Speed 

(m/min) 

Depth of Cut 

(mm) 

1 1 Bare 0.07 30.26 0.192 

4 2 Bare 0.07 30.26 0.192 

7 3 Bare 0.07 30.26 0.192 

9 4 Bare 0.11 60.52 0.384 

2 5 Bare 0.11 60.52 0.384 

5 6 Bare 0.11 60.52 0.384 

8 7 Bare 0.15 90.78 0.576 

6 8 Bare 0.15 90.78 0.576 

3 9 Bare 0.15 90.78 0.576 

10 10 MDC 0.07 60.52 0.576 

13 11 MDC 0.07 60.52 0.576 

16 12 MDC 0.07 60.52 0.576 

18 13 MDC 0.11 90.78 0.192 

11 14 MDC 0.11 90.78 0.192 

14 15 MDC 0.11 90.78 0.192 

17 16 MDC 0.15 30.26 0.384 

15 17 MDC 0.15 30.26 0.384 

12 18 MDC 0.15 30.26 0.384 

19 19 DLC 0.07 90.78 0.384 

22 20 DLC 0.07 90.78 0.384 

25 21 DLC 0.07 90.78 0.384 

27 22 DLC 0.11 30.26 0.576 

20 23 DLC 0.11 30.26 0.576 

23 24 DLC 0.11 30.26 0.576 

26 25 DLC 0.15 60.52 0.192 

24 26 DLC 0.15 60.52 0.192 

21 27 DLC 0.15 60.52 0.192 
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Stereo microscopic images of the tools were captured after each set of experiments, using the 

optical coordinate measuring machines (CMM). As mentioned in section 4.3.9 of chapter 4, Sipcon 

made SVI Optical Coordinate Measuring Machine (SVI-OCMM-442) was used in the Center 

for Advanced Production and Industrial Engineering Research (CAPIER) Lab of the 

Mechanical Engineering Department at Delhi Technological University. A few of the images 

captured are shown in Figure 5.21. 

 

 

Figure 5.21: Microscopic images of a few of the worn-out tool inserts. 
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As multi-response optimization of the process parameters of the machining process was one of 

the objectives of our research work, hence, we used TOPSIS for doing the same. After carefully 

going through the literature we got to know that the TOPSIS method is used to get the optimum 

combination of process parameters using relative closeness value based on the ideal solution.  

We also got to know that when, compared to other multi-response optimization techniques such 

as Artificial Neural Network (ANN), TOPSIS (a technique for order of preference by similarity 

to ideal solution) method has fewer computational steps. This method provided an optimum 

solution with the shortest distance from the positive ideal solution and the farthest from the 

negative solution.  

 

5.4.1. TOPSIS 

To optimize the selected input parameters of the turning process for the self-developed DLC 

coated tungsten carbide (WC) tool inserts while using the TOPSIS method is one of the main 

objectives of our research. According to the TOPSIS (Technique for Order of Preference by 

Similarity to Ideal Solution) method, there should be a maximum value of the relative closeness 

for obtaining the optimum cutting conditions [43]. 

 

Selecting the Orthogonal Array OA 

With the intention of deciding the optimum combination of the selected input parameters for 

decided response variables, we have used the Taguchi method. Keeping the aim to find out the 

effect of input parameters viz. type of tool, feed (f), cutting speed (Vc) and Depth of cut (DOC) 

on the response variables (performance indicators) viz. Crater Wear (µm), Cutting Force (N), 

Surface Roughness (µm) and Temperature at Cutting Zone (oC), an appropriate orthogonal 

array (OA) was selected using the Taguchi method. The OA is selected to have a minimum 

number of experiments i.e. to have the least number of experimental runs.  
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In this research, we have used four input parameters (P = 4) having three levels (L = 3) for the 

experimentation. Hence, we opted for the L27 orthogonal array shown in Table 5.6. 

 

TOPSIS based on entropy weight method 

To accomplish the optimal solution we used a statistical tool. This method enlarges the distance 

from a negative ideal solution and also shortens the distance from a positive ideal solution. 

Moreover, this ranking method uses the closeness of the optimal solution from the positive 

ideal solution [41]. 

 

Formation of decision matrix 

Using the responses, a decision matrix A is formed. This decision matrix is evaluated for n 

responses of variables containing m of values [42]. The response variables in the form of an 

initial decision matrix are also shown in Table 5.7. 

 

𝑨 = (𝒂𝒊𝒋)𝒎𝐱𝒏 = [

𝒂𝟏𝟏 ⋯ 𝒂𝟏𝒏

⋮ ⋱ ⋮
𝒂𝒎𝟏 ⋯ 𝒂𝒎𝒏

]                               (1) 

 

Standardizing the decision matrix 

To have the uniform units for all the responses viz. Crater Wear (µm), Cutting Force (N), 

Surface Roughness (µm) and Temperature at Cutting Zone (oC), we have normalised the 

decision matrix [43]. In our research, we have used the criterion of “lower the better” for all 

the responses. Table 5.8 shows the response variables in the form of the obtained normalised 

decision matrix. 
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Table 5.7: L27 Orthogonal Array using the input parameters along with the response variables 

in the form of initial decision matrices. 

Input Parameters Response Variables 

Type of 

Tool 

Feed 

(mm/rev) 

Speed 

(m/min) 

Depth of 

Cut 

(mm) 

Crater 

Wear 

(µm) 

Cutting 

Force 

(N) 

Surface 

Roughness 

(µm) 

Temperature at 

Cutting Zone 

(oC) 

Bare 0.07 30.26 0.192 1488.722 126.80 1.63 167.7 

Bare 0.07 30.26 0.192 1508.459 121.23 1.651 112.2 

Bare 0.07 30.26 0.192 1172.932 118.20 1.487 159.3 

Bare 0.11 60.52 0.384 1531.015 132.52 1.515 161.3 

Bare 0.11 60.52 0.384 1449.248 119.80 1.315 173.5 

Bare 0.11 60.52 0.384 1545.113 122.36 1.462 153.5 

Bare 0.15 90.78 0.576 1646.617 130.57 1.758 276.4 

Bare 0.15 90.78 0.576 1624.06 134.57 1.867 286.1 

Bare 0.15 90.78 0.576 1605.263 137.91 1.64 303.1 

MDC 0.07 60.52 0.576 947.368 169.36 0.761 243.4 

MDC 0.07 60.52 0.576 900.846 160.08 0.712 253.1 

MDC 0.07 60.52 0.576 1131.579 159.33 0.804 270.1 

MDC 0.11 90.78 0.192 1028.195 177.35 0.873 128.3 

MDC 0.11 90.78 0.192 947.368 160.60 0.981 140.1 

MDC 0.11 90.78 0.192 1125.94 163.47 1.074 120.5 

MDC 0.15 30.26 0.384 944.549 166.53 0.744 134.7 

MDC 0.15 30.26 0.384 1048.872 173.55 0.767 103.2 

MDC 0.15 30.26 0.384 883.459 173.60 0.861 126.3 

DLC 0.07 90.78 0.384 872.18 82.11 0.64 210.4 

DLC 0.07 90.78 0.384 868.421 83.99 0.565 220.1 

DLC 0.07 90.78 0.384 842.105 78.34 0.567 237.1 

DLC 0.11 30.26 0.576 759.398 80.92 0.468 119.3 

DLC 0.11 30.26 0.576 721.805 88.23 0.467 107.5 

DLC 0.11 30.26 0.576 689.85 92.92 0.44 111.5 

DLC 0.15 60.52 0.192 680.921 94.33 0.491 114.7 

DLC 0.15 60.52 0.192 625.94 92.89 0.558 103.2 

DLC 0.15 60.52 0.192 496.241 99.64 0.482 117.3 
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Table 5.8: Response variables in the form of obtained Normalised decision matrix 

Run No. 

Performance Indicators  

(Response Variables) 

Crater Wear 

(µm) 

Cutting 

Force 

(N) 

Surface 

Roughness 

(µm) 

Temperature at 

Cutting Zone 

(OC) 

1 0.253423733 0.185388302 0.288231568 0.175583504 

2 0.256783543 0.177244668 0.291944981 0.117474473 

3 0.199667101 0.172814648 0.262944995 0.166788624 

4 0.26062323 0.193751245 0.267896212 0.168882643 

5 0.246704111 0.175153932 0.232530375 0.18165616 

6 0.263023119 0.178896788 0.258524265 0.160715969 

7 0.280302048 0.190900242 0.310865703 0.289393444 

8 0.276462192 0.196748453 0.330140084 0.299549437 

9 0.273262396 0.20163171 0.28999986 0.3173486 

10 0.161269555 0.247613272 0.134567008 0.254842129 

11 0.153350159 0.234045421 0.125902378 0.264998122 

12 0.192627619 0.232948882 0.142170663 0.282797284 

13 0.175028659 0.259295074 0.154371876 0.134331328 

14 0.161269555 0.234805689 0.173469428 0.14668604 

15 0.191667697 0.239001781 0.189914542 0.126164653 

16 0.160789679 0.243475662 0.131560912 0.141032189 

17 0.178548485 0.253739273 0.135627983 0.108051387 

18 0.150390387 0.253812376 0.152249926 0.132237308 

19 0.148470373 0.12004916 0.113170677 0.220290813 

20 0.147830482 0.12279782 0.099908488 0.230446806 

21 0.143350735 0.114537221 0.100262147 0.248245968 

22 0.1292716 0.118309317 0.082756057 0.124908241 

23 0.12287218 0.128996924 0.082579228 0.112553529 

24 0.11743251 0.135853952 0.07780484 0.116741567 

25 0.115912535 0.137915446 0.086823129 0.120091997 

26 0.106553172 0.13581009 0.098670684 0.108051387 

27 0.084474634 0.145678947 0.085231666 0.122814222 
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If (aij) denotes the response variables for lower the better standard. 

(rij) = 
𝒂𝒊𝒋

√∑ 𝒂𝒊𝒋
𝟐𝒏

𝒊=𝟏

         (2) 

Consequently, evaluating the obtained standardized decision matrix by 

R = (rij)m+n          (3) 

 

Using the entropy method for determining the weight for the response variable 

The entropy technique was used for calculating the weight for all the response variables. The 

calculation for the entropy of the performance indicator for the jth response variable is done by: 

𝒆𝒋 =  −𝒌 ∑ 𝐫𝒊𝒋 𝒍𝒏𝒓𝒊𝒋

𝒎
𝒊 , 𝒋 = 𝟏, 𝟐, … . , 𝒏 𝒂𝒏𝒅       (4) 

𝒌 =
𝟏

𝐥𝐧(𝒎)
           (5) 

 

Calculation of the performance indicator’s total entropy done by 

𝑬 = −
𝟏

𝐥𝐧(𝒎)
∗ ∑𝒏

𝒋=𝟏 ∑ 𝐫𝒊𝒋 𝒍𝒏(𝒓𝒊𝒋)𝒎
𝒊=𝟏        (6) 

Calculation of the inequality for the jth response variable is done by: 

𝒅𝒋 = |𝟏 − 𝒆𝒋|, 𝒋 = 𝟏, 𝟐, 𝟑, … 𝒏       (7) 

 

Whenever dj will be larger, rij will be propagated more which in turn will make the response 

variable “j” the important one. Similarly, when rij, becomes comparatively saturated, it makes 

“j” the least important response variable. 

 

Calculation of the weight factor was done by: 

𝒘𝒋 =  𝒅𝒋/ ∑ 𝒅𝒋
𝒏
𝒋=𝟏           (8) 
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The weight of the evaluated responses is shown in Table 5.9 and is also plotted in the form of 

a graph, depicted in Figure 5.22. 

 

 

Figure 5.22: The weight of the evaluated responses to the performance indicators. 

 

Table 5.9: Weights of the performance indicators. 

Crater Wear 
Cutting 

Force 

Surface 

Roughness 

Temperature 

at Cutting 

Zone 

0.255755308 0.26293098 0.232198664 0.249115049 

 

Determination of Weight 

R = Standardized decision matrix = (rij)m×n, 

wj = Calculated weight of the evaluated responses, 

 

The weighted decision matrix of all the response variables was calculated by the following 

matrix and is shown in Table 5.10: 
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𝒗 = [

𝒘𝟏𝒓𝟏𝟏 𝒘𝟐𝒓𝟏𝟐 ⋯ 𝒘𝒏𝒓𝟏𝒏

⋮ ⋱ ⋮
𝒘𝟏𝒓𝒎𝟏 𝒘𝟐𝒓𝒎𝟐 ⋯ 𝒘𝒏𝒓𝒎𝒏

] = [

𝒗𝟏𝟏 𝒗𝟏𝟐 ⋯ 𝒗𝟏𝒏

⋮ ⋱ ⋮
𝒗𝒎𝟏 𝒗𝒎𝟐 ⋯ 𝒗𝒎𝒏

]   (9) 

 

The calculation for finding the negative and positive ideal solution 

The expression used for determining the positive ideal solution is mentioned below: 

𝑽+ = {𝒗𝟏
+, 𝒗𝟐

+, ⋯ ⋯ , 𝒗𝒏
+} = {(𝒎𝒂𝒙 𝒗𝒊𝒋|𝒋𝜺𝑱𝟏), (𝒎𝒊𝒏 𝒗𝒊𝒋|𝒋𝜺𝑱𝟐)|𝐢 = 𝟏, 𝟐, ⋯ ⋯ , 𝐦}   

           (10) 

 

The expression used for determining the negative ideal solution is mentioned below: 

𝑽− = {𝒗𝟏
−, 𝒗𝟐

−, ⋯ ⋯ , 𝒗𝒏
−} = {(𝒎𝒊𝒏 𝒗𝒊𝒋|𝒋𝜺𝑱𝟏), (𝒎𝒂𝒙 𝒗𝒊𝒋|𝒋𝜺𝑱𝟐)|𝐢 = 𝟏, 𝟐, ⋯ ⋯ , 𝐦}  (11) 

Where,   

J1 = variable for larger the better; 

J2 = variable for smaller the better. 

Determination of the relative distance: 

𝑺𝒊
+ = √∑ (𝒗𝒊𝒋 − 𝒗𝒋

+)
𝟐𝒏

𝒊=𝟏 , 𝒊 = 𝟏, 𝟐, 𝟑, … . . , 𝒎        (12) 

𝑺𝒊
− = √∑ (𝒗𝒊𝒋 − 𝒗𝒋

−)
𝟐𝒏

𝒊=𝟏 , 𝒊 = 𝟏, 𝟐, 𝟑, … . . , 𝒎      (13) 

Where,   

𝑆𝑖
+= Relative distance between 𝑉𝑖𝑗 and positive ideal solution 𝑉𝑗

+ 

𝑺𝒊
−= Relative distance between 𝑽𝒊𝒋 and negative ideal solution 𝑽𝒋

− 

 

The positive and negative matrix for the performance indicators is shown in Table 5.11 and 

Table 5.12 respectively. Whereas, the relative distance of the considered performance 

indicators is shown in Table 5.13. 
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Table 5.10: Performance indicator’s standardized and weighted decision matrices. 

Run No. Crater Wear 
Cutting 

Force 

Surface 

Roughness 

Temperature 

at Cutting 

Zone 

1 0.064814465 0.048744328 0.066926985 0.043740493 

2 0.065673754 0.046603114 0.067789234 0.029264659 

3 0.051065921 0.045438325 0.061055476 0.041549556 

4 0.066655774 0.050943205 0.062205142 0.042071208 

5 0.063095886 0.046053395 0.053993242 0.045253283 

6 0.067269559 0.047037508 0.060028989 0.040036766 

7 0.071688737 0.050193588 0.072182601 0.072092262 

8 0.070706673 0.051731264 0.076658086 0.074622273 

9 0.069888308 0.053015223 0.06733758 0.079056312 

10 0.041245545 0.0651052 0.031246279 0.063485009 

11 0.039220117 0.061537792 0.029234364 0.06601502 

12 0.049265536 0.061249478 0.033011838 0.070449059 

13 0.044764508 0.068176708 0.035844943 0.033463955 

14 0.041245545 0.06173769 0.040279369 0.0365417 

15 0.049020031 0.062840972 0.044097903 0.031429514 

16 0.041122814 0.064017294 0.030548268 0.035133241 

17 0.045664723 0.066715916 0.031492636 0.026917227 

18 0.03846314 0.066735137 0.035352229 0.032942303 

19 0.037972086 0.031564643 0.02627808 0.054877757 

20 0.037808431 0.032287351 0.023198617 0.057407767 

21 0.036662711 0.030115384 0.023280736 0.061841806 

22 0.033061898 0.031107185 0.019215846 0.031116523 

23 0.031425212 0.033917288 0.019174786 0.028038778 

24 0.030033988 0.035720213 0.01806618 0.029082081 

25 0.029645246 0.036262243 0.020160214 0.029916724 

26 0.027251539 0.03570868 0.022911201 0.026917227 

27 0.021604836 0.038303508 0.019790679 0.030594871 
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Formation of sequence table while evaluating the TOPSIS value 

The calculated preferred value “Cj” and assigned rank of the experimental value are also 

shown in Table 5.13. 

𝑪𝒋 = 𝑺𝒊
−/(𝑺𝒊

+ + 𝑺𝒊
+)         (15) 

Table 5.11: Positive Matrix for the performance indicators. 

Crater Wear Cutting Force Surface Roughness Temperature at Cutting Zone 

0.021604836 0.030115384 0.01806618 0.026917227 

 

Table 5.12: Negative Matrix for the performance indicators. 

Crater Wear Cutting Force Surface Roughness Temperature at Cutting Zone 

0.071688737 0.068176708 0.076658086 0.079056312 

 

 

Table 5.13: Standardized and weighted decision matrices for performance indicators. 

Run No. 𝑆𝑖
+ 𝑆𝑖

− Cj Rank 

1 0.06988927 0.042033015 0.375555369 24 

2 0.068496769 0.055312432 0.446755425 20 

3 0.056257735 0.05091692 0.475083594 18 

4 0.068126913 0.043578778 0.390121374 23 

5 0.060020765 0.047112822 0.43975772 21 

6 0.06560964 0.047596709 0.420442049 22 

7 0.088774446 0.019796984 0.182340641 25 

8 0.092666173 0.017061002 0.15548566 27 

9 0.089453068 0.017888097 0.166647128 26 

10 0.055865575 0.056929077 0.504714328 17 

11 0.054323399 0.05930743 0.521930804 16 

12 0.062071243 0.050297776 0.447612484 19 

13 0.048414656 0.066852746 0.579979639 14 
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14 0.044404774 0.064024621 0.590472917 13 

15 0.050205263 0.062215896 0.55341803 15 

16 0.041875965 0.070759649 0.628217369 10 

17 0.045812082 0.073741341 0.616806606 11 

18 0.044275476 0.070275842 0.613487853 12 

19 0.033454652 0.07483317 0.691058039 7 

20 0.034975547 0.075911102 0.684582883 8 

21 0.038388247 0.076295266 0.665267954 9 

22 0.012296494 0.09200009 0.882100706 6 

23 0.010648058 0.093284392 0.897548281 4 

24 0.010351391 0.093375465 0.900205292 3 

25 0.010761693 0.091612755 0.894879108 5 

26 0.0093083 0.092930346 0.908955172 2 

27 0.00914026 0.094779842 0.912045316 1 

 

Table 5.14: Best and worst combinations of the Input Parameters 

 Input Parameters 

 Type of Tool Feed Speed Depth of Cut 

Best combination DLC 0.15 60.52 0.192 

Worst combination Bare 0.15 90.78 0.576 

 

Table 5.15: Best and worst combinations of the Response Variable 

 Response Variable 

 Crater Wear Cutting Force 
Surface 

Roughness 

Temperature at 

Cutting Zone 

Best combination 496.241 99.64 0.482 117.3 

Worst combination 1624.06 134.57 1.867 286.1 
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The effects plots of all the response variables viz. Crater Wear, Cutting Force, Surface 

Roughness, and Temperature at Cutting Zone vs all the input parameters viz. Type of Tool, 

Feed, Speed, and Depth of Cut have been plotted separately in Figure 5.23, Figure 5.24, Figure 

5.25 and Figure 5.26 respectively. 

 

As can be seen in Figure 5.23, crater wear was at its lowest value when machining was done 

using DLC coated tool inserts. Crater wear was low with low values of speed and DOC but, it 

was lowest with the highest value of feed. These effects can also be seen in Table 5.14 of the 

Best and worst combinations of the Input Parameters.  

 

Similarly, it is also observed that cutting force is also found to be at the lowest value when 

DLC coated tool inserts were used to perform the experimentations. Along with the DLC 

coated tool inserts, low feed, low cutting speed and average depth of cut were found to be the 

reasons behind the lower value of the cutting force. This is also evident in Figure 5.24. 

 

 

Figure 5.23: Effect plot of crater wear vs Type of Tool, Feed, Speed and DOC. 
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It is observed in Figure 5.25 that Surface Roughness is detected to be at the lowest value when 

the experimentation was performed using the DLC coated tool inserts. But, along with the DLC 

coated tool inserts, average feed, low cutting speed and depth of cut were the reasons behind 

the lower value of the surface roughness. 

 

 

Figure 5.24: Effect plot of cutting force vs Type of Tool, Feed, Speed and DOC. 

 

Figure 5.25: Effect plot of Surface Roughness vs Type of Tool, Feed, Speed and DOC. 
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It has been found and clearly shown in Figure 5.26 that the temperature obtained at the cutting 

zone is at the lowest range of value when the experimentations were performed using the DLC 

coated tool inserts. But, the low cutting speed and low depth of cut along with the average feed 

were the reasons behind the lower value of the temperature at the cutting zone. 

 

Figure 5.26: Effect plot of Temperature at Cutting Zone vs Type of Tool, Feed, Speed and 

DOC. 

 

5.4.2. Discussion 

In this research, for obtaining the optimal performance of the machining process the 

minimization characteristic for Crater Wear (µm), Cutting Force (N), Surface Roughness (µm) 

and Temperature at Cutting Zone (oC) were taken. The obtained results of best and worst 

combinations for the input parameter and response variable are shown in Table 5.14 and Table 

5.15 respectively. 

 

As mentioned in above section 5.4.1, the minimum values of Crater Wear (µm), Cutting Force 

(N), Surface Roughness (µm) and Temperature at Cutting Zone (oC) are indicated by the 

maximum relative closeness. The combination of a self-developed DLC coated tool insert with 
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the feed of 0.15 mm/rev, speed of 60.52 m/min and 0.192 mm depth of cut is the optimal values 

of input parameters for achieving the minimum values of response variables using the DLC 

coated tungsten carbide (WC) tool inserts in a turning process [31]. 

 

Generally, an increase in the cutting speed and feed, will either enhance the tool flank wear or 

creates the formation of a built-up edge (BUE) on the tool inserts [24]. Low rates of shear strain 

developed inside the shear zone of the tool insert in a corresponding manner at lower cutting 

speeds, which doesn’t enhance the extension of the adiabatic shear band without the loss or 

gain of heat along the shear zone [43].  

 

The optimum value indicates that while using the self-developed DLC coated tool inserts with 

the highest level of feed, normal level of cutting speed and the lowest level of depth of cut, we 

can reduce the Crater Wear (µm), Cutting Force (N), Surface Roughness (µm) and Temperature 

at Cutting Zone (oC) [15]. 

 

5.5. Experimentation on CNC Machine Tool  

As explained in section 4.3.12 of chapter 4, LMW® Machine Tool Division make 

“HORIZONTAL CNC LATHE - LL20T L3” of Metal Cutting Lab in the mechanical engineering 

department at Delhi Technological University, Delhi, was used to perform the experimentation. 

 

As mentioned in section 4.1.2 of chapter 4, a round bar of 50 mm in diameter and 610 mm in 

length was selected for the turning process. The maximum turning length of the CNC machine 

tool was 580 mm. The process of dry turning operation was performed on the CNC machine 

tool. The levels of input parameters selected for the experimentation are mentioned in Table 

5.16. The levels were decided by going through the various literature as well as after doing the 
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test runs on the CNC machine tool. Detailed experimental conditions viz. the design of 

experiments selected for the experiments is an L27 orthogonal array (OA), which is depicted in 

Table 5.17. Also, the measurement of temperature using an infrared thermal imaging camera 

while performing the machining process is shown in Figure 5.27. 

 

Table 5.16: Levels of input parameters selected for CNC Machine Tool 

S. No. Input Parameters Unit Level 1 Level 2 Level 3 

1 Type of Tool --- Un-Coated 

MDC (Market 

available 

diamond 

coated tool) 

DLC (Self-

developed DLC 

coated tool) 

2 Feed (f) mm/rev 0.125 0.25 0.375 

3 Cutting Speed (Vc) m/min 360 480 600 

4 Depth of Cut (DOC) mm 0.2 0.4 0.6 

 
Work Material: Aluminium 6061, Workpiece Diameter: 50 mm, Total length of the Workpiece: 

610 mm, Temperature: Room Temperature, Machining: Dry Machining 

 

Stereo microscopic images of the tools were captured just like it was done in the conventional lathe 

experimentation, i.e. after each set of experiments, using the optical coordinate measuring machines 

(CMM). A few of the images captured are shown in Figure 5.28. 

 

As the development of empirical relationships between important process parameters and 

response characteristics along with studying the effect of various process parameters on 

machining was one of the objectives of our experimental research work, hence we used Genetic 

Algorithm (GA) for doing the same. After going through the literature we got to know that 

Genetic algorithms are commonly used to generate high-quality solutions to optimization and 

search problems by relying on biologically inspired operators such as mutation, crossover and 

selection. 
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Table 5.17: The L27 OA for Machining on CNC Machine Tool 

Run No. Exp. No. Type of Tool 
Feed 

(mm/rev) 
Speed 

(m/min) 

Depth of Cut 

(mm) 

1 1 Bare 0.125 360 0.2 

4 2 Bare 0.125 360 0.2 

7 3 Bare 0.125 360 0.2 

9 4 Bare 0.25 480 0.4 

2 5 Bare 0.25 480 0.4 

5 6 Bare 0.25 480 0.4 

8 7 Bare 0.375 600 0.6 

6 8 Bare 0.375 600 0.6 

3 9 Bare 0.375 600 0.6 

10 10 MDC 0.125 480 0.6 

13 11 MDC 0.125 480 0.6 

16 12 MDC 0.125 480 0.6 

18 13 MDC 0.25 600 0.2 

11 14 MDC 0.25 600 0.2 

14 15 MDC 0.25 600 0.2 

17 16 MDC 0.375 360 0.4 

15 17 MDC 0.375 360 0.4 

12 18 MDC 0.375 360 0.4 

19 19 DLC 0.125 600 0.4 

22 20 DLC 0.125 600 0.4 

25 21 DLC 0.125 600 0.4 

27 22 DLC 0.25 360 0.6 

20 23 DLC 0.25 360 0.6 

23 24 DLC 0.25 360 0.6 

26 25 DLC 0.375 480 0.2 

24 26 DLC 0.375 480 0.2 

21 27 DLC 0.375 480 0.2 
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Figure 5.27: Experimentation on the CNC Machine Tool. 
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Figure 5.28: Microscopic images of a few of the worn-out tool inserts. 

 

GA is one of the modern optimization techniques, which is heuristic in nature. It creates the 

population through reproduction via three methods; selection, crossover and mutation. After 

setting the fixed parameters such as elite population, crossover function, mutated population, 
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etc. the optimized output parameters were yielded. The population count considered was 50 

and the elite, as well as the mutated population, was taken as 20 per cent from the previous 

population. Through theM-file, the GA model was run for the considered output parameters 

individually i.e. Crater Wear (µm), Flank Wear (µm), Cutting Force (N), Surface Roughness 

(µm) and Temperature at Cutting Zone (oC), which have been discussed below. 

 

5.5.1. Genetic Algorithm (GA) 

GA predictive model was considered for optimization taking into account all the process 

parameters individually. This approach was adopted to analyze the individual effect of process 

parameters on the considered output parameters. 

 

GA being a heuristic optimization technique develops its model based on the regression 

equations generated through regression analysis. As the main effects of process parameters are 

focused on in this experimentation, only the linear regression equations were generated. These 

equations are further transformed into predictive equations considering a specific range of the 

process parameters. In this section of our research, we are discussing a general form of GA 

based predictive equations. Hence, the lowest value of the range defines the lower bound while 

the highest value defines the upper bound for these predictive equations.  

 

The GA parameters considered for the optimization are selected as Population type: Double 

Vector, Selection: Stochastic uniform, Elite count: 20%, Crossover fraction: 0.8, Mutation: 

20% and Crossover function: Scattered. The Crater Wear, Flank Wear, Cutting Force, Surface 

Roughness and Temperature at Cutting Zone were expressed in terms of feed, speed and depth 

of cut. In the general form the response function can be expressed as follows:  
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Y = Φ (F, V, D)         (1) 

 

Where, 

Y = Response (Crater Wear/Flank Wear/Cutting Force/Surface Roughness/Temperature at 

Cutting Zone); 

F = feed (mm/rev); 

V = Cutting Speed (m/min); 

D = Depth of Cut (mm) 

 

Using the following regression equation  

  Y = β0 + β1F + β2V + β3D      (2) 

where β0 is constant while β1, β2, and β3 are partial regression coefficients of the model from 

which the response functions were generated as given below: 

 

CW = C1*Fx1*Vx2*Dx3        (3) 

FW = C2*Fx1*Vx2*Dx3        (4) 

CF = C3*Vx1*Lx2*Dx3         (5) 

SR = C4*Vx1*Lx2*Dx3         (6) 

T = C5*Vx1*Lx2*Dx3          (7) 

 

Where,  

CW = Crater Wear;  

FW = Flank Wear; 

CF = Cutting Force; 
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SR = Surface Roughness; 

T = Temperature at Cutting Zone. 

 

C1, C2, C3, C4, C5 = Constant 

F = feed (mm/rev); 

V = Cutting Speed (m/min); 

D = Depth of Cut (mm) 

 

The unknown coefficients, namely, exponents of feed, cutting speed and depth of cut and 

constants involved in the above equations were determined by minimizing the least-squares 

error between experimental and predicted results obtained within the range of cutting 

conditions. 

 

 

5.5.1.1. Crater Wear (CW) 

The equation developed using regression analysis for the output parameter “Crater Wear” is 

given as follows [Rana et al. (2020)]: 

Regression Equation: 

𝐶𝑟𝑎𝑡𝑒𝑟 𝑊𝑒𝑎𝑟 (µm) = 422 − 79𝑓𝑒𝑒𝑑 + 0.621𝑠𝑝𝑒𝑒𝑑 + 264𝐷𝑂𝐶 

 

The predictive equation developed for the optimization model is as follows: 

 

GA Predictive Equation: 

𝐶𝑊 = 489.31 ∗ 𝑋1
(−0.604)

∗ 𝑋2
0.00081 ∗ 𝑋3

0.408 

X1, X2 & X3 are feed, cutting speed and depth of cut, respectively. 
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Hence, 

GA Predictive Equation: 

𝐶𝑊 = 489.31 ∗ 𝑓𝑒𝑒𝑑
(−0.604)

∗ 𝑠𝑝𝑒𝑒𝑑0.00081 ∗ 𝐷𝑂𝐶0.408 

 

Optimized Result:  

CW = 461.06723(µm) at feed = 0.375, speed = 360 and DOC = 0.2 mm 

 

After setting the fixed parameters, the yielded optimized output parameter i.e. optimized crater 

wear (CW) was 461.067 µm. The value of the optimized crater wear (CW) is shown in figure 

5.29 along with the genetic algorithm graph for the best value and the average value of crater 

wear. The optimized value of crater wear (CW) was obtained at a feed of 0.375 mm/rev, a 

cutting speed of 360 m/min and a depth of cut of 0.2 mm. Whereas, the Pareto chart of the 

standardized effects for the crater wear as the response variable is shown in Figure 5.30. 

 

The graph between fitness value and generation reveals the average and mean fitness values of 

the output parameter i.e., crater wear for a given generation. The best fitness value represents 

that value beyond which the variation doesn’t occur in the output parameter. The optimization 

cycle for the developed model ran for 170 generations, after which the best and mean values 

were recorded. The graph, individual vs. generation, depicts the development of 170 

generations consisting of 2% of the elite population and 2% of the mutated population. These 

generations follow selection, mutation or crossover processes for forming the next generation. 

The Pareto graph explains the contribution or significance of the input parameters to a 

particular output parameter. The graph in Figure 5.30 shows that cutting speed has the 

maximum effect on crater wear followed by the depth of cut. Feed rate is the least significant 

parameter for evaluating crater wear. 
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Figure 5.29: Genetic Algorithm Graph for the best value and the average value of Crater 

Wear. 

 

 

Figure 5.30: Pareto Chart of the Standardized effects for the crater wear as response variable. 
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5.5.1.2. Flank Wear (FW) 

The equation developed using regression analysis for the output parameter “Flank Wear” is 

given as follows [Rana et al. (2020)]: 

Regression Equation: 

Flank Wear (µm) = 55 + 57 feed + 0.621 speed + 180 DOC 

The predictive equation developed for the optimization model is as follows: 

GA Predictive Equation:  

𝐹𝑊 = 123.97 ∗ 𝑋1
(−1.71)

∗ 𝑋2
0.00234 ∗ 𝑋3

0.42 

X1, X2 & X3 are feed, cutting speed and depth of cut, respectively. 

Hence, 

GA Predictive Equation:  

𝐹𝑊 = 123.97 ∗ 𝑓𝑒𝑒𝑑
(−1.71)

∗ 𝑠𝑝𝑒𝑒𝑑0.00234 ∗ 𝐷𝑂𝐶0.42 

 

Optimized Result:  

FW = 342.0878(µm) at feed = 0.125, speed = 600 and DOC = 0.4 mm 

 

After setting the fixed parameters, the yielded optimized output parameter i.e. optimized flank 

wear (FW) was 342.087 µm. The value of the optimized flank wear (FW) is shown in figure 

5.31 along with the genetic algorithm graph for the best value and the average value of flank 

wear. The optimized value of flank wear (FW) was obtained at a feed of 0.125 mm/rev, a 

cutting speed of 600 m/min and a depth of cut of 0.4 mm. Whereas, the Pareto chart of the 

standardized effects for the flank wear as the response variable is shown in Figure 5.32. 
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The graph between fitness value and generation in Figure 5.31 reveals that the average and 

mean fitness values of the output parameter i.e., flank wear for a given generation. The 

optimization cycle for the developed model ran for approximately 140 generations, after which 

the best and mean values were recorded as 342.88 µm and 342.103 µm respectively. The graph, 

individual vs. generation, depicts the development of 140 generations consisting of 2% of the 

elite population and 2% of the mutated population. These generations follow selection, 

mutation or crossover processes for forming the next generation. 

The Pareto graph explains the contribution or significance of the input parameters to a 

particular output parameter. The graph in Figure 5.32 shows cutting speed has the maximum 

effect on flank wear followed by the depth of cut. Feed rate is the least significant parameter 

for evaluating flank wear. 

 

 

Figure 5.31: Genetic Algorithm Graph for the best value and the average value of Flank 

Wear. 
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Figure 5.32: Pareto Chart of the Standardized effects for the flank wear as the response 

variable. 

 

5.5.1.3. Cutting Forces (CF) 

The equation developed using regression analysis for the output parameter “Cutting Force” is 

given as follows [Rana et al. (2020)]: 

 

Regression Equation: 

Cutting Force (CF) = 5.3 + 273.3 feed + 0.5654 speed - 1.2 DOC 

The predictive equation developed for the optimization model is as follows: 

GA Predictive Equation:  

𝐶𝑢𝑡𝑡𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒 = 110.06 ∗ 𝑋1
(0.898)

∗ 𝑋2
0.001833 ∗ 𝑋3

0.022 

X1, X2 & X3 are feed, cutting speed and depth of cut, respectively. 

 

Hence, 
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GA Predictive Equation:  

𝐶𝑢𝑡𝑡𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒 = 110.06 ∗ 𝑓𝑒𝑒𝑑
(0.898)

∗ 𝑠𝑝𝑒𝑒𝑑0.001833 ∗ 𝐷𝑂𝐶0.022 

 

Optimized Result:  

CF = 216.5949(N) at feed = 0.25, speed = 360 and DOC = 0.6 mm 

 

After setting the fixed parameters, the yielded optimized output parameter i.e. optimized 

cutting force (CF) was 216.595 N. The value of the optimized cutting force (CF) is shown in 

figure 5.33 along with the genetic algorithm graph for the best value and the average value of 

cutting force. The optimized value of cutting force (CF) was obtained at a feed of 0. 25 mm/rev, 

a cutting speed of 360 m/min and a depth of cut of 0.6 mm. Whereas, the Pareto chart of the 

standardized effects for the cutting force as the response variable is shown in Figure 5.34. 

 

The graph between fitness value and generation in Figure 5.33 reveals the average and mean 

fitness values of the output parameter i.e. cutting force for a given generation. The optimization 

cycle for the developed model ran for 180 generations, after which the best and mean values 

were recorded. These values were 216.595 N and 216.596 N respectively. The graph, 

individual vs. generation, depicts the development of 180 generations consisting of 2% of the 

elite population and 2% of the mutated population from the previous generation.  

The Pareto graph explains the contribution or significance of the input parameters to a 

particular output parameter. The graph in Figure 5.34 shows that the cutting speed has the 

maximum effect on cutting force followed by feed rate. It also depicts that the depth of cut has 

a negligible effect on cutting force. 
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Figure 5.33: Genetic Algorithm Graph for the best value and the average value of Cutting 

Force. 

 

Figure 5.34: Pareto Chart of the Standardized effects for the cutting force as the response 

variable. 
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5.5.1.4. Surface Roughness (SR) 

The equation developed using regression analysis for the output parameter “Surface 

Roughness” is given as follows [Rana et al. (2020)]: 

Regression Equation: 

Surface Roughness (µm) = 0.658 + 0.156 feed + 0.000671 speed - 0.086 Depth of Cut 

The predictive equation developed for the optimization model is as follows: 

GA Predictive Equation:  

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑅𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 = 0.666 ∗ 𝑋1
(−0.018)

∗ 𝑋2
0.00769 ∗ 𝑋3

−0.217 

X1, X2 & X3 are feed, cutting speed and depth of cut, respectively. 

 

Hence, 

GA Predictive Equation:  

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑅𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 = 0.666 ∗ 𝑓𝑒𝑒𝑑
(−0.018)

∗ 𝑠𝑝𝑒𝑒𝑑0.00769 ∗ 𝐷𝑂𝐶−0.217 

Optimized Result:  

SR = 0.7607(µm) at feed = 0.375, speed = 360 and DOC = 0.4 mm 

 

After setting the fixed parameters, the yielded optimized output parameter i.e. optimized 

surface roughness (SR) was 0.761 µm. The value of the optimized surface roughness (SR) is 

shown in figure 5.35 along with the genetic algorithm graph for the best value and the average 

value of surface roughness. The optimized value of surface roughness (SR) was obtained at a 

feed of 0.375 mm/rev, a cutting speed of 360 m/min and a depth of cut of 0.4 mm. Whereas, 

the Pareto chart of the standardized effects for the surface roughness as the response variable 

is shown in Figure 5.36. 

 

The graph between fitness value and generation in Figure 5.35 reveals the average and mean 

fitness values of the output parameter i.e., surface roughness for a given generation. The 
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optimization cycle for the developed model ran for 70 generations, after which the best and 

mean values were recorded as 0.760 µm and 0.760 µm respectively. The graph, individual vs 

generation, depicts the development of 70 generations consisting of 2% of the elite population 

and 2% of the mutated population. These generations follow selection, mutation or crossover 

processes for forming the next generation. 

 

The Pareto graph explains the contribution or significance of the input parameters to a 

particular output parameter. The graph in Figure 5.36 shows that the cutting speed has the 

maximum effect on surface roughness followed by feed rate. Depth of cut is the least significant 

parameter for evaluating surface roughness. 

 

 

Figure 5.35: Genetic Algorithm Graph for the best value and the average value of surface 

roughness. 
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Figure 5.36: Pareto Chart of the Standardized effects for the surface roughness as the 

response variable. 

 

 

5.5.1.5. Temperature in the Cutting Zone (T) 

The equation developed using regression analysis for the output parameter “Temperature in 

the Cutting Zone (T)” is given as follows [Rana et al. (2020)]: 

 

Regression Equation: 

Temp = -32.9 - 131.0 Feed + 0.3676 Speed + 228.0 DOC 

The predictive equation developed for the optimization model is as follows: 

GA Predictive Equation:  

𝑇𝑒𝑚𝑝 = 232.293 ∗ 𝑋1
(−0.385)

∗ 𝑋2
0.000878 ∗ 𝑋3

0.525 

X1, X2 & X3 are feed, cutting speed and depth of cut, respectively. 
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Hence, 

GA Predictive Equation:  

𝑇𝑒𝑚𝑝 = 232.293 ∗ 𝑓𝑒𝑒𝑑
(−0.385)

∗ 𝑠𝑝𝑒𝑒𝑑0.000878 ∗ 𝐷𝑂𝐶0.525 

Optimized Result:  

T = 183.282oC at feed = 0.25, speed = 360 and DOC = 0.6 mm 

 

After setting the fixed parameters, the yielded optimized output parameter i.e. optimized 

Temperature in the Cutting Zone (T) was 183.282 oC. The value of the optimized Temperature 

in the Cutting Zone (T) is shown in figure 5.37 along with the genetic algorithm graph for the 

best value and the average value of Temperature in the Cutting Zone. The optimized value of 

Temperature in the Cutting Zone (T) was obtained at a feed of 0.25 mm/rev, a cutting speed of 

360 m/min and a depth of cut of 0.6 mm. Whereas, the Pareto chart of the standardized effects 

for the Temperature in the Cutting Zone as the response variable is shown in Figure 5.38. 

 

The graph between fitness value and generation in Figure 5.37 reveals the average and mean 

fitness values of the output parameter i.e. the temperature in the cutting zone for a given 

generation. The optimization cycle for the developed model ran for 220 generations, after 

which the best and mean values were recorded as 183.2821 ˚C and 183.286 ˚C respectively. 

The graph, individual vs generation, depicts the development of 220 generations consisting of 

2% of the elite population and 2% of the mutated population from the previous generation.  

 

The Pareto graph explains the contribution or significance of the input parameters to a 

particular output parameter. The graph in Figure 5.38 shows that the depth of cut significantly 

affects the temperature in the cutting zone which is followed by cutting speed. Feed rate is the 

least significant parameter for evaluating temperature in the cutting zone. 
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Figure 5.37: Genetic Algorithm Graph for the best value and the average value of 

Temperature in the Cutting Zone. 

 

Figure 5.38: Pareto Chart of the Standardized effects for the Temperature in the Cutting Zone 

as the response variable. 
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5.6. Experimentation using Developed Coated Textured Tool on CNC 

Machine Tool 

While going through the extensive literature we got to know, texturing is being accommodated 

on the CNC tool inserts by researchers nowadays. After carefully considering the available 

resources we developed coating on the textured CNC tool inserts. We have generated four 

texturing patterns on the WC tool inserts. 

 

The microscopic images of the four generated texturing patterns are shown in Figure 5.39 and 

Figure 5.40. The notation used for the generated four texturing patterns is as follows: 

L1 = Denoted to the Line texturing perpendicular to the edge of the tool nose; 

S1 = Denoted to the Sine Wave texturing perpendicular to the edge of the tool nose; 

L2 = Denoted to the Line texturing parallel to the edge of the tool nose; 

S2 = Denoted to the Sine Wave texturing parallel to the edge of the tool nose. 

 

We have used LMW® Machine Tool Division make “HORIZONTAL CNC LATHE - LL20T 

L3” of the Metal Cutting Lab in the mechanical engineering department at Delhi Technological 

University, Delhi, to perform the experimentation using the self-developed textured tools. 

 

We have used the same size workpiece i.e. a round bar of 50 mm in diameter and 610 mm in 

length for the machining process. The levels of input parameters selected for the 

experimentation are mentioned in Table 5.18. The levels were decided by analyzing the results 

obtained in the previous experimentations along with the literature. Detailed experimental 

conditions viz. the design of experiments selected for the experiments is an L16 orthogonal array 

(OA), which is depicted in Table 5.19. 
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Figure 5.39: Microscopic images of the CNC tool inserts having Line and Sine Wave 

texturing perpendicular to the edge of the tool nose. 

 

Figure 5.40: Microscopic images of the CNC tool inserts having Line and Sine Wave 

texturing parallel to the edge of the tool nose. 

 

Table 5.18: Levels of input parameters selected for using the developed textured coated tools 

on the CNC Machine Tool 

S. No. Input Parameters Unit Level 1 Level 2 Level 3 Level 4 

1 Type of Tool --- L
1
 L

2
 S

1
 S

2
 

2 Feed (f) mm/rev 0.125 0.25 --- --- 

3 
Cutting Speed 

(Vc) 
m/min 360 480 --- --- 

4 
Depth of Cut 

(DOC) 
mm 0.2 0.4 --- --- 

 
Work Material: Aluminium 6061, Workpiece Diameter: 50 mm, Total length of the 

Workpiece: 610 mm, Temperature: Room Temperature, Machining: Dry Machining 
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Table 5.19: The L16 OA for Machining on CNC Machine Tool using the developed textured 

coated tools. 

Exp. No. Type of Tool 
Feed 

(mm/rev) 

Speed 

(m/min) 

Depth of Cut 

(mm) 

1 L1 0.125 360 0.2 

2 L1 0.125 360 0.2 

3 L1 0.25 480 0.4 

4 L1 0.25 480 0.4 

5 L2 0.125 360 0.4 

6 L2 0.125 360 0.4 

7 L2 0.25 480 0.2 

8 L2 0.25 480 0.2 

9 S1 0.125 480 0.2 

10 S1 0.125 480 0.2 

11 S1 0.25 360 0.4 

12 S1 0.25 360 0.4 

13 S2 0.125 480 0.4 

14 S2 0.125 480 0.4 

15 S2 0.25 360 0.2 

16 S2 0.25 360 0.2 

 

 

As already mentioned in section 5.4 of this chapter, as per the TOPSIS (Technique for Order 

of Preference by Similarity to Ideal Solution) method, there should be a maximum value of the 

relative closeness for obtaining the optimum cutting conditions [43]. Here in this set of 

experiments, we have used mixed levels of input parameters for designing the OA for the 

experimentation. 
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As we already know that when compared to other multi-response optimization techniques such 

as Artificial Neural Network (ANN), TOPSIS (a technique for order of preference by similarity 

to ideal solution) method has fewer computational steps. This method provided an optimum 

solution with the shortest distance from the positive ideal solution and the farthest from the 

negative solution. 

 

5.6.1. TOPSIS 

Selecting the Orthogonal Array OA 

With the intention of deciding the optimum combination of the selected input parameters for 

decided response variables, we have used the Taguchi method. Keeping the aim to find out the 

effect of input parameters viz. type of tool, feed (f), cutting speed (Vc) and Depth of cut (DOC) 

on the response variables (performance indicators) viz. Crater Wear (µm), Flank Wear (µm) 

Cutting Force (N), Surface Roughness (µm) and Temperature at Cutting Zone (oC), an 

appropriate orthogonal array (OA) was selected using the Taguchi method. The OA is selected 

to have a minimum number of experiments i.e. to have the least number of experimental runs. 

 

In this research work, we have used four input parameters (P = 4) having mixed levels for the 

experimentation i.e. first parameter has four levels (L = 4) and all the remaining parameters 

have 2 levels (L = 2). Hence, we opted for the Mixed Level, L16 orthogonal array (OA), which 

is shown in Table 5.19. 

 

TOPSIS based on entropy weight method 

To accomplish the optimal solution we used a statistical tool. This method enlarges the distance 

from a negative ideal solution and also shortens the distance from a positive ideal solution. 
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Moreover, this ranking method uses the closeness of the optimal solution from the positive 

ideal solution [41]. 

 

Formation of decision matrix 

Using the responses, a decision matrix A is formed. This decision matrix is evaluated for n 

responses of variables containing m of values [42]. The response variables in the form of an 

initial decision matrix are also shown in Table 5.20. 

 

𝑨 = (𝒂𝒊𝒋)𝒎𝐱𝒏 = [

𝒂𝟏𝟏 ⋯ 𝒂𝟏𝒏

⋮ ⋱ ⋮
𝒂𝒎𝟏 ⋯ 𝒂𝒎𝒏

]                               (1) 

 

Standardizing the decision matrix 

To have the uniform units for all the responses viz. Crater Wear (µm), Flank Wear (µm), 

Cutting Force (N), Surface Roughness (µm) and Temperature at Cutting Zone (oC), we have 

normalised the decision matrix [43]. In our research, we have used the criterion of “lower the 

better” for all the responses. Table 5.21 shows the response variables in the form of the obtained 

normalised decision matrix. 

 

If (aij) denotes the response variables for lower the better standard. 

(rij) = 
𝒂𝒊𝒋

√∑ 𝒂𝒊𝒋
𝟐𝒏

𝒊=𝟏

         (2) 

 

Consequently, evaluating the obtained standardized decision matrix by 

R = (rij)m+n          (3) 
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Table 5.20:  L16 Orthogonal Array using the input parameters along with the response 

variables in the form of initial decision matrices. 

Input Parameters Response Variables 

Type of 

Tool 

Feed 

(mm/rev) 

Speed 

(m/min) 

Depth of 

Cut 

(mm) 

Crater 

Wear 

(µm) 

Flank 

Wear 

(µm) 

Cutting 

Force 

(N) 

Surface 

Roughness 

(µm) 

Temperature at 

Cutting Zone 

(OC) 

L1 0.125 360 0.2 676.368 298.368 363.45 0.761 270.5 

L1 0.125 360 0.2 629.846 251.846 372.79 0.712 280.2 

L1 0.25 480 0.4 860.579 482.579 365.13 0.804 297.2 

L1 0.25 480 0.4 757.195 379.195 406.6 0.873 155.4 

L2 0.125 360 0.4 612.459 234.459 436.94 0.981 167.2 

L2 0.125 360 0.4 601.18 223.18 425.37 1.074 147.6 

L2 0.25 480 0.2 597.421 219.421 326.1 0.744 161.8 

L2 0.25 480 0.2 571.105 193.105 338.44 0.767 130.3 

S1 0.125 480 0.2 676.368 298.368 346.5 0.861 153.4 

S1 0.125 480 0.2 854.94 476.94 350.11 0.64 231.7 

S1 0.25 360 0.4 673.549 295.549 326.28 0.565 241.4 

S1 0.25 360 0.4 777.872 399.872 351.09 0.567 258.4 

S2 0.125 480 0.4 488.398 110.398 220.91 0.468 140.6 

S2 0.125 480 0.4 450.805 72.805 228.15 0.467 128.8 

S2 0.25 360 0.2 418.85 83.94 377.45 0.44 132.8 

S2 0.25 360 0.2 409.921 45.759 365.27 0.491 136 

 

Using the entropy method for determining the weight for the response variable 

The entropy technique was used for calculating the weight for all the response variables. The 

calculation for the entropy of the performance indicator for the jth response variable is done by: 

𝒆𝒋 =  −𝒌 ∑ 𝐫𝒊𝒋 𝒍𝒏𝒓𝒊𝒋

𝒎
𝒊 , 𝒋 = 𝟏, 𝟐, … . , 𝒏 𝒂𝒏𝒅       (4) 

𝒌 =
𝟏

𝐥𝐧(𝒎)
           (5) 
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Calculation of the performance indicator’s total entropy done by 

𝑬 = −
𝟏

𝐥𝐧(𝒎)
∗ ∑𝒏

𝒋=𝟏 ∑ 𝐫𝒊𝒋 𝒍𝒏(𝒓𝒊𝒋)𝒎
𝒊=𝟏        (6) 

Calculation of the inequality for the jth response variable is done by: 

𝒅𝒋 = |𝟏 − 𝒆𝒋|, 𝒋 = 𝟏, 𝟐, 𝟑, … 𝒏       (7) 

 

Whenever dj will be larger, rij will be propagated more which in turn will make the response 

variable “j” the important one. Similarly, when rij, becomes comparatively saturated, it makes 

“j” the least important response variable. 

 

Table 5.21: Response variables in the form of obtained Normalised decision matrix 

Run No. 

Performance Indicators 

(Response Variables) 

Crater Wear 

(µm) 

Flank Wear 

(µm) 

Cutting 

Force 

(N) 

Surface 

Roughness 

(µm) 

Temperature at 

Cutting Zone 

(OC) 

1 0.262876 0.260715 0.256259 0.262325 0.34031 

2 0.244795 0.220063 0.262844 0.245434 0.352513 

3 0.334471 0.421678 0.257443 0.277147 0.3739 

4 0.29429 0.331341 0.286682 0.300933 0.195505 

5 0.238037 0.204871 0.308074 0.338161 0.21035 

6 0.233654 0.195015 0.299917 0.370219 0.185692 

7 0.232193 0.19173 0.229924 0.256465 0.203557 

8 0.221965 0.168736 0.238625 0.264393 0.163927 

9 0.262876 0.260715 0.244308 0.296796 0.192989 

10 0.33228 0.416751 0.246853 0.220615 0.291496 

11 0.26178 0.258251 0.230051 0.194762 0.3037 

12 0.302326 0.349409 0.247544 0.195451 0.325087 

13 0.18982 0.096466 0.155758 0.161325 0.176886 

14 0.175209 0.063617 0.160862 0.16098 0.16204 

15 0.16279 0.073347 0.26613 0.151673 0.167073 

16 0.159319 0.039984 0.257542 0.169253 0.171098 
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Calculation of the weight factor was done by: 

𝒘𝒋 =  𝒅𝒋/ ∑ 𝒅𝒋
𝒏
𝒋=𝟏           (8) 

 

The weight of the evaluated responses is shown in Table 5.22 and is also plotted in the form of 

a graph, depicted in Figure 5.41. 

 

Table 5.22: Weights of the performance indicators. 

Crater Wear Flank Wear Cutting Force 
Surface 

Roughness 

Temperature at 

Cutting Zone 

0.211515 0.1645 0.215906 0.206682 0.201397 

 

 

Figure 5.41: The weight of the evaluated responses to the performance indicators. 

 

Determination of Weight 

R = Standardized decision matrix = (rij)m×n, 

wj = Calculated weight of the evaluated responses, 
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The weighted decision matrix of all the response variables was calculated by the following 

matrix and is shown in Table 5.23: 

𝒗 = [

𝒘𝟏𝒓𝟏𝟏 𝒘𝟐𝒓𝟏𝟐 ⋯ 𝒘𝒏𝒓𝟏𝒏

⋮ ⋱ ⋮
𝒘𝟏𝒓𝒎𝟏 𝒘𝟐𝒓𝒎𝟐 ⋯ 𝒘𝒏𝒓𝒎𝒏

] = [

𝒗𝟏𝟏 𝒗𝟏𝟐 ⋯ 𝒗𝟏𝒏

⋮ ⋱ ⋮
𝒗𝒎𝟏 𝒗𝒎𝟐 ⋯ 𝒗𝒎𝒏

]   (9) 

 

Table 5.23: Performance indicator’s standardized and weighted decision matrices. 

Run No. 
Crater 

Wear 
Flank Wear 

Cutting 

Force 

Surface 

Roughness 

Temperature at 

Cutting Zone 

1 0.055602 0.042888 0.055328 0.054218 0.068537 

2 0.051778 0.0362 0.05675 0.050727 0.070995 

3 0.070746 0.069366 0.055584 0.057281 0.075302 

4 0.062247 0.054506 0.061897 0.062197 0.039374 

5 0.050349 0.033701 0.066515 0.069892 0.042364 

6 0.049421 0.03208 0.064754 0.076518 0.037398 

7 0.049112 0.03154 0.049642 0.053007 0.040996 

8 0.046949 0.027757 0.051521 0.054645 0.033014 

9 0.055602 0.042888 0.052748 0.061342 0.038867 

10 0.070282 0.068556 0.053297 0.045597 0.058706 

11 0.055371 0.042482 0.049669 0.040254 0.061164 

12 0.063947 0.057478 0.053446 0.040396 0.065471 

13 0.04015 0.015869 0.033629 0.033343 0.035624 

14 0.037059 0.010465 0.034731 0.033272 0.032634 

15 0.034432 0.012066 0.057459 0.031348 0.033648 

16 0.033698 0.006577 0.055605 0.034982 0.034459 
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The calculation for finding the negative and positive ideal solution 

The expression used for determining the positive ideal solution is mentioned below: 

𝑽+ = {𝒗𝟏
+, 𝒗𝟐

+, ⋯ ⋯ , 𝒗𝒏
+} = {(𝒎𝒂𝒙 𝒗𝒊𝒋|𝒋𝜺𝑱𝟏), (𝒎𝒊𝒏 𝒗𝒊𝒋|𝒋𝜺𝑱𝟐)|𝐢 = 𝟏, 𝟐, ⋯ ⋯ , 𝐦}   

           (10) 

The expression used for determining the negative ideal solution is mentioned below: 

𝑽− = {𝒗𝟏
−, 𝒗𝟐

−, ⋯ ⋯ , 𝒗𝒏
−} = {(𝒎𝒊𝒏 𝒗𝒊𝒋|𝒋𝜺𝑱𝟏), (𝒎𝒂𝒙 𝒗𝒊𝒋|𝒋𝜺𝑱𝟐)|𝐢 = 𝟏, 𝟐, ⋯ ⋯ , 𝐦}  (11) 

Where,   

J1 = variable for larger the better; 

J2 = variable for smaller the better. 

 

Table 5.24: Positive Matrix for the performance indicators. 

Crater Wear Flank Wear Cutting Force 
Surface 

Roughness 

Temperature at 

Cutting Zone 

0.033698 0.006577 0.033629 0.031348 0.032634 

 

Table 5.25: Negative Matrix for the performance indicators. 

Crater Wear Flank Wear Cutting Force 
Surface 

Roughness 

Temperature at 

Cutting Zone 

0.070746 0.069366 0.066515 0.076518 0.075302 

 

 

Determination of the relative distance: 

𝑺𝒊
+ = √∑ (𝒗𝒊𝒋 − 𝒗𝒋

+)
𝟐𝒏

𝒊=𝟏 , 𝒊 = 𝟏, 𝟐, 𝟑, … . . , 𝒎        (12) 

𝑺𝒊
− = √∑ (𝒗𝒊𝒋 − 𝒗𝒋

−)
𝟐𝒏

𝒊=𝟏 , 𝒊 = 𝟏, 𝟐, 𝟑, … . . , 𝒎      (13) 

Where,   

𝑆𝑖
+= Relative distance between 𝑉𝑖𝑗 and positive ideal solution 𝑉𝑗

+ 

𝑺𝒊
−= Relative distance between 𝑽𝒊𝒋 and negative ideal solution 𝑽𝒋

− 
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The positive and negative matrix for the performance indicators is shown in Table 5.24 and 

Table 5.25 respectively. Whereas, the relative distance of the considered performance 

indicators is shown in Table 5.26. 

 

Formation of sequence table while evaluating the TOPSIS value 

The calculated preferred value “Cj” and assigned rank of the experimental value are also 

shown in Table 5.26. 

𝑪𝒋 = 𝑺𝒊
−/(𝑺𝒊

+ + 𝑺𝒊
+)         (15) 

 

Table 5.26: Standardized and weighted decision matrices for performance indicators. 

Run No. 𝑆𝑖
+ 𝑆𝑖

− Cj Rank 

1 0.063883 0.039983 0.384947 12 

2 0.059883 0.047316 0.441384 11 

3 0.091049 0.022125 0.195498 16 

4 0.070059 0.042548 0.377843 13 

5 0.060619 0.053074 0.466818 10 

6 0.062684 0.057314 0.477621 9 

7 0.040696 0.062556 0.605861 6 

8 0.038564 0.069203 0.642157 5 

9 0.055698 0.051747 0.481617 8 

10 0.080307 0.037511 0.318381 15 

11 0.053939 0.052515 0.493315 7 

12 0.071124 0.04195 0.370992 14 

13 0.011869 0.091203 0.88485 2 

14 0.005597 0.096463 0.945161 1 

15 0.024486 0.091975 0.789751 4 

16 0.022349 0.093954 0.80784 3 
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Table 5.27: Best and worst combination of the Input Parameters 

 Input Parameters 

 Type of Tool Feed Speed Depth of Cut 

Best combination S2 0.125 480 0.4 

Worst combination L1 0.25 480 0.4 

 

 

Table 5.28: Best and worst combinations of the Response Variable 

 Response Variable 

 Crater Wear Flank Wear Cutting Force 
Surface 

Roughness 

Temperature at 

Cutting Zone 

Best combination 450.805 72.805 228.15 0.467 128.8 

Worst combination 860.579 482.579 365.13 0.804 297.2 

 

 

The effects plots of all the response variables viz. Crater Wear, Flank Wear, Cutting Force, 

Surface Roughness, and Temperature at Cutting Zone vs all the input parameters viz. Type of 

Tool, Feed, Speed, and Depth of Cut have been plotted separately in Figure 5.42, Figure 5.43, 

Figure 5.44, Figure 5.45 and Figure 5.46 respectively. 

 

As can be seen in Figure 5.42, crater wear was at its lowest value when machining was done 

using S2 tool inserts i.e. textured coated tool inserts having sine wave texturing parallel to the 

edge of the tool nose. Crater wear was low with low values of feed, speed and DOC. These 

effects can also be seen in Table 5.27 of the Best and worst combinations of the Input 

Parameters. 
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Similarly, in Figure 5.43, it is also observed that flank wear was at its lowest value when 

machining was done using S2 tool inserts i.e. textured coated tool inserts having sine wave 

texturing parallel to the edge of the tool nose. Flank wear was also low with low values of feed, 

speed and DOC. These effects can also be seen in Table 5.27 of the Best and worst 

combinations of the Input Parameters. 

 

Similarly, in Figure 5.44, it is also observed that cutting force was at its lowest value when 

machining was done using S2 tool inserts i.e. textured coated tool inserts having sine wave 

texturing parallel to the edge of the tool nose. The cutting force was also low with low values 

of feed, and DOC. But, it was low with the higher speed. These effects can also be seen in 

Table 5.27 of the Best and worst combinations of the Input Parameters. 

 

Similarly, in Figure 5.45, it is also observed that surface roughness was at its lowest value when 

machining was done using S2 tool inserts i.e. textured coated tool inserts having sine wave 

texturing parallel to the edge of the tool nose. The surface roughness was also low with low 

values of speed, and DOC. But, it was low with the higher feed. These effects can also be seen 

in Table 5.27 of the Best and worst combinations of the Input Parameters. 

 

Similarly, in Figure 5.46, it is observed that the temperature obtained at the cutting zone was 

at its lowest value when machining was done using S2 tool inserts i.e. textured coated tool 

inserts having sine wave texturing parallel to the edge of the tool nose. The temperature 

obtained at the cutting zone was also low with low values of DOC, and high values of speed. 

But, it was low with the average feed. These effects can also be seen in Table 5.27 of the Best 

and worst combinations of the Input Parameters. 
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Figure 5.42: Effect plot of crater wear vs Type of Tool, Feed, Speed and DOC. 

 

Figure 5.43: Effect plot of flank wear vs Type of Tool, Feed, Speed and DOC. 

  



153 

 

 

 

Figure 5.44: Effect plot of cutting force vs Type of Tool, Feed, Speed and DOC. 

 

 

Figure 5.45: Effect plot of Surface Roughness vs Type of Tool, Feed, Speed and DOC. 
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Figure 5.46: Effect plot of Temperature at Cutting Zone vs Type of Tool, Feed, Speed and 

DOC. 

 

5.6.2. Discussion 

In this research, for obtaining the optimal performance of the machining process the 

minimization characteristic for Crater Wear (µm), Flank Wear (µm), Cutting Force (N), 

Surface Roughness (µm) and Temperature at Cutting Zone (oC) were taken. The obtained 

results of best and worst combinations for the input parameter and response variable are shown 

in Table 5.27 and Table 5.28 respectively. 

 

As mentioned in above section 5.4.1, the minimum values of Crater Wear (µm), Flank Wear 

(µm), Cutting Force (N), Surface Roughness (µm) and Temperature at Cutting Zone (oC) are 

indicated by the maximum relative closeness. The combination of self-developed DLC coated 

textured tool (S2) insert with the feed of 0.125 mm/rev, speed of 480 m/min and 0.4 mm depth 
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of cut is the optimal values of input parameters for achieving the minimum values of response 

variables using the “S2” Tool inserts in a turning process [31]. 

 

Generally, an increase in the cutting speed and feed, will either decrease the tool flank wear or 

creates the formation of a built-up edge (BUE) on the tool inserts [24]. But here the cutting 

force decreases with the decrease in cutting speed and depth of cut for the textured cutting 

inserts due to the thermal softening of the workpiece at the interface [115]. The chips get 

trapped in the gap widths of the texturing, increasing the stress on the rake surface, which 

increases the flank and crater wear but subsequently decreases the surface roughness and the 

temperature at cutting zone [115]. Surface roughness decreases due to the abrasive wear and 

delamination of coating material on the tool surface. 

 

The optimum value indicates that while using the self-developed DLC coated textured tool (S2) 

insert with the low level of feed, and cutting speed along with the high level of depth of cut, 

we can reduce the Crater Wear (µm), Flank Wear (µm), Cutting Force (N), Surface Roughness 

(µm) and Temperature at Cutting Zone (oC) [15]. 
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Chapter 6: Conclusions and Future Scope 

 

6. Introduction 

This chapter provides the conclusions obtained through detailed experimentation using the self-

developed DLC coated tungsten carbide (WC) tool inserts. 

 

6.1. Conclusions 

In this research, the diamond-like coating was developed on the tungsten carbide (WC) tool 

inserts to minimize the selected response variables viz. crater wear, flank wear, cutting force, 

surface roughness, and temperature in the cutting zone. From this research, the following 

conclusions were drawn: 

 Successfully able to develop diamond coating on the tungsten carbide (WC) tool inserts 

using an agro-waste, whose results are at par with commercial diamond-coated tool 

inserts. 

 The FESEM images of the developed coated tools insert show us the presence of 

diamond crystals on the developed coated surface. 

 X-Ray Diffraction (XRD) spectra for the coated tungsten carbide tool inserts also 

confirmed the presence of diamond in the developed coating on the tungsten carbide 

(WC) tool inserts. 

 The peak at 1338 cm-1 in the Raman spectra also supported the presence of diamond in 

the developed coating on the tungsten carbide (WC) tool inserts. The result of the 

presence of diamond is in correlation with the SEM images. 

 It was observed that the hardness of the WC was increased by a factor of 1.5 after the 

coating process. The average Vickers hardness was 953.95 HV for the uncoated 
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tungsten carbide (WC) and for the DLC coated WC, the hardness increased to 1478.78 

HV. 

 It was also noticed that the compressive residual stress of the WC was increased by 

252.91% after the coating process in comparison to the uncoated tungsten carbide (WC) 

tool inserts. As the average values of residual stress for the uncoated tool inserts and 

DLC coated tool inserts were 162 MPa and 409.73 MPa respectively. 

 Whereas the compressive residual stress of the WC was increased by 71.17% after the 

coating process compared to the commercial coated tool inserts. As the average value 

of residual stress for the market purchased coated tool inserts was 239.36 MPa. 

 

While optimizing the process parameters of the turning process on the conventional lathe 

machine tool using TOPSIS, the following conclusions were drawn: 

 The optimum values for attaining the minimum value of the selected response variables 

were achieved by the self-developed DLC coated inserts. 

 The optimum value of depth of cut for achieving the minimum value of the selected 

response variables was found to be 0.192 mm. 

 The optimum values of cutting speed and feed for achieving the minimum value of the 

selected response variables were found to be 60.52 m/min and 0.15 mm/rev 

respectively. 

 

While optimizing the process parameters of the turning process on the CNC lathe machine tool 

using a Genetic Algorithm, the following conclusions were drawn: 

 The obtained optimized value of crater wear was found to be 461.07(µm), at a feed of 

0.375mm/rev, a speed of 360m/min and a depth of cut of 0.2 mm. 
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 The obtained optimized value of flank wear was found to be 342.08 (µm), at a feed of 

0.125mm/rev, a speed of 600m/min, and a depth of cut of 0.4 mm. 

 The obtained optimized value of cutting force was found to be 216.59 (N), at a feed of 

0.25mm/rev, a speed of 360m/min, and a depth of cut of 0.6 mm. 

 The obtained optimized value of surface roughness was found to be 0.761(µm), at a 

feed of 0.375mm/rev, a speed of 360m/min, and a depth of cut of 0.4 mm. 

 The obtained optimized value of temperature at cutting zone was found to be 

183.28(oC), at a feed of 0.25mm/rev, a speed of 360m/min, and a depth of cut of 0.6 

mm. 

 Incidentally, all these optimized results were obtained by the self-developed DLC 

coated tool inserts. 

 

We developed the DLC coating on the various textured WC tool inserts. After optimizing the 

process parameters of the turning process on the CNC lathe machine tool using TOPSIS, the 

following conclusions were drawn: 

 The best results for achieving the minimum value of the selected response variables 

were obtained using Tool S2 i.e. tool where Sine Wave texturing was parallel to the 

edge of the tool nose. 

 The optimum value of depth of cut, cutting speed and feed for achieving the minimum 

value of the selected response variables using the self-developed tool inserts in a turning 

process, was found to be 0.4mm, 480 m/min and 0.125 mm/rev respectively. 
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6.2. Limitations of Research Work  

Complications confronted during the present experimental investigation include the following 

concerns: 

 The CVD process is a critical process, and the major limitation was the size of the tube 

in which the substrate was inserted for the coating procedure. The limitation of tube 

size limits the size of the substrate hence, the substrate of a certain size can only be 

coated.  

 As mentioned about the size of the tube. Hence, one can only insert a very limited 

number of substrate materials at one go for the coating procedure. Hence, that 

diminishes the chances of constant or same coating thickness on all the samples. This 

was observed during our research work. 

The next section includes future research scopes in the extension of the present investigation. 

 

6.3. Future Scope 

Present research subject matter has been extremely impactful pertaining to the novel 

advancements in DLC coating using the environmentally friendly method. Though this 

research provides a comprehensive blend of development, characterizing, and parameter 

optimization of machining operation with enhanced properties of the developed coated tools, 

however, there is plausible scope for future research, which may lead to better scientific aspects 

in detail. The scope of diversified future works in perpetuation with the present study has been 

discussed below: 

 There is scope to use other bio-waste materials as carbon precursors for the production 

of activated carbon, which can further be used in many places including the CVD 

process for diamond coating. 
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 One can use different tool materials like non-ceramics, as the substrate for the growth 

of diamond coating on the surface. 

 The technology can be further changed a bit to accommodate the coating on more 

complex tools shapes like milling and drilling tools. 

 The tribological test can be performed at various ranges of temperatures. 

 

6.4. Summary 

This chapter consisted of conclusions and limitations of our research work along with the future 

scope. 
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