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Abstract 

 

Manufacturing industries are having a great requirement of the development of 

new practices concerning advanced materials, their machining, and the use of 

lubricating additives. In machining, the machinability of the cutting tool plays a 

significant role in proclaiming the manufacturing process appropriate for the fabrication 

of a product with desired properties. Machinability of a cutting tool merely depends on 

cutting temperature, surface finish and tool life, etc. Titanium Grade 2 has replaced 

various metals due to its countless properties and applications but it devours higher 

machining costs. Lower cutting insert life is the main reason behind that. Quality of 

machined surface, tool wear, and chip morphology need to be studied to improve the 

machinability of cutting insert. Massive work on the machinability improvement of 

difficult-to-cut materials has been done. Micro-surface grooving is a modern method in 

this arena. The micro design patterns grooved on the rake or flank face of cutting inserts 

decrease the coefficient of friction, cutting temperature which results in the reduction 

of cutting forces. The solid lubricant applied in the gaps of the grooved pattern makes 

a pool that results in improvement of output parameters and tool life. Fabrication of 

textured inserts is still a challenge. To improve the machinability of a textured cutting 

insert the most effective factors are the area covered, design pattern, and orientation of 

micro-texture. For the coated cutting inserts, the fabrication of micro-grooves must not 

remove the coating from the surface. Machining experiments require complex types of 

equipment and test setups. DEFORM® 3D is an ample tool that delivers an unbounded 

assortment of factors and conditions. Its graphics visualize the analysis results 

interestingly. 

This research work is focused on several ways and approaches being used to 

improve the tool life of cutting inserts and machinability which are used in machining 

difficult-to-cut materials. To investigate the machinability of non-textured plain cutting 

inserts and micro-textured cutting inserts, various novel micro-textured grooves have 

been designed in 2D/3D and fabricated using a femtosecond laser machine on tungsten 

carbide inserts without amputating its coating. These inserts have (CVD) chemical 

vapor deposition coating of TiCN (Titanium Carbo-Nitride) and alpha-alumina up to 
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20 microns. The spiral triangular micro-texture covers 1.12 mm X 1.12 mm of the area 

with grooved edges upright to the direction of the flow of chips. 10 microns of groove 

width, 20 microns of wall thickness, and 10 microns of the depth of groove have been 

taken. Honeycomb micro-texture has covered 2.11 mm X 2.11 mm of the area on the 

rake face of the cutting insert. After fabrication of honeycomb micro-texture, the 

average groove width and wall thickness obtained is 57.7 microns and 29.49 microns 

respectively. The femtosecond laser machine is used to fabricate the micro-textures on 

the rake face of cutting inserts up to the maximum depth of 18.6 microns only. Due to 

the generation of several micro pools of reservoir for lubricant and long walls, the heat 

dissipation rate has been increased.  

The turning operation has been performed using both the plain cutting inserts 

without any micro-texture and micro-textured cutting inserts on a Titanium Gr 2 rod of 

diameter 50 mm and length 510 mm. A three-jaw self-centered lathe machine has been 

used to conduct the experiments. The type of insert, rotational speed, and cutting feed 

are the main parameters. L27 orthogonal array has been used for the design of 

experiments. The rotational speed has the range of 350 rpm to 930 rpm and the feed has 

the range of 0.04 mm/rev to 0.08 mm/rev. All experiments have been performed taking 

the same depth of cut of 0.5 mm. Further, a complete FEM simulation has been carried 

out for all the factors and levels of the turning operation using DEFORM® 3D software. 

The effect of cutting speed as well as feed on cutting tool-chip interface 

temperature has been studied and validated with experiments devouring an error of 3%. 

It is perceived that the increase in cutting speed and feed both have raised the tool-chip 

interface temperature. EDS (energy dispersive spectroscopy) confirms 68.2% presence 

of TiCN coating inside the groove with an increase of 33.7% of carbon and a decrease 

of 9.9% of titanium content due to laser cutting. Significant reduction in cutting tool 

temperature and surface roughness has been observed using micro-textured cutting 

inserts. The cutting insert with Honeycomb micro-texture gives superior results with a 

minimum cutting temperature of 210˚C and a maximum of 76% improvement in 

surface finish. Lower cutting temperature, lesser surface roughness, and slighter flank 

wear have been measured while machining with a honeycomb micro-textured cutting 

insert. Thus the honeycomb micro-texture has improved the machinability of the cutting 

insert. Both the plain and honeycomb micro-textured cutting inserts have produced the 
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same type of chips at lower feed but when the feed has been increased, the honeycomb 

micro-texture has converted the chip type from a corkscrew to ribbon and long tubular 

which results in the reduction of crater wear of the tool. In micro-scale analysis of chip 

forms, various horizontal lines with more depth have been found on the convex side of 

the snarled ribbon chips. More and large-sized teeth have been found in long cork screw 

chips in comparison to the long tubular chips which results in the deformations at the 

rake face of the cutting insert. Vertical straight line fractures have been observed on the 

concave side of the corkscrew and long tubular chips. 

The simulation results have been compared with experimental results. 

Temperature analysis has 1.11% and wear analysis has 2.19% of acceptable error. 

Further stress and strain analysis in DEFORM® 3D has been carried out. The predicted 

values of effective stress and strain increase with the increase in rotational speed as well 

as with feed. The maximum of 2.74Mpa e+03 effective principal stress has been 

measured with plain cutting insert at speed of 930 rpm and 0.08 mm/rev of feed. A 

minimum of 2.94 e-5 mm/mm effective strain has been observed with a spiral triangular 

micro-textured cutting insert. From Grey Taguchi analysis the optimal parameter has 

been observed at run 27. The best machining results are obtained with 930 rpm of 

rotational speed and 0.08 mm/rev of feed using a honeycomb micro-textured cutting 

insert.   

 

Keywords: Micro-texture cutting insert; Tool wear; Surface roughness; CVD coating; 

DEFORM 3D; Finite Element Simulation; Titanium Grade 2; Femtosecond; XRD; 

Honeycomb; Micro-pools; MRR; PISF; SEM; Flank Wear; Crater Wear; Chip Morphology.  
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Chapter 1 

 

1.  Introduction 

 

1.1 Background and Motivation 

Industrialization is a very significant part of any engineering understanding. 

Machining which includes several processes converts raw material into the looked-for 

shape and product with desired properties. It involves several processes, different 

shapes, sizes of the products. The GDP of many countries is affected by the 

manufacturing segment. This segment also provides maximum jobs to the people of 

same and other countries. That is why the “Make in India” program was launched in 

2014 in INDIA also. Hence, it is required to carry out in-depth research in all 

manufacturing processes for making it energy efficient along with improvements in 

surface finish quality. Also, green manufacturing is to be developed for protecting our 

environment, human lives, and status. It is possible only if tribological studies of tool 

insert and work piece interface are done.  

In machining, all processes are classified into three principle categories which 

are milling, turning, and drilling. All other operations come into the sub-categories of 

these. 

 In milling operation, the cutting tool rotates so that the cutting edges of the tool 

stand against the workpiece for the material removal process. Milling machines 

are the foremost machine used for these operations. 

 Turning operation is the primary method of removing material by moving the 

workpiece or tool against each other. Lathe machines are being widely used for 

this operation. 

 Drilling operations use a rotating cutter to produces holes into the workpieces. 

Drilling operations are done in drilling machines, milling machines, and for 

some products even on lathes.  

 These primary operations have several miscellaneous processes as shaping, 

boring, sawing and broaching, etc. 
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The perfect machining has to meet many parameters provided in technical drawings or 

blueprints of the product. After meeting the dimensional accuracy the desired surface 

finish is also a challenge in field manufacturing. The main reason for finishing errors 

occurs due to the use of a damaged tool, wrong selection of cutting tool, clamping error, 

etc. which results in irregular surface and cracks on the machined surfaces. 

Machinability means the ease with which any product can be machined or undergo 

various machining processes for removing the material for the desired and satisfactory 

finish. These methods must be economical enough. The machinability includes less 

power to cut, good surface finish, less tool wear, and high tool life. Hence all 

manufacturing engineers are keen observers for all parameters to improve the 

machinability of a process or apparatus. 

Machinability can be a challenge to achieve because it has a long list of 

variables. These variables can be divided into two sets of categories and which are 

material’s condition and physical properties. The condition of material means the 

factors like microstructure, hardness, grain size, chemical composition, heat treatment, 

yield, and tensile strength. Physical properties mean the properties like elasticity, work 

hardening, thermal conductivity, and expansion. Besides these, some other important 

factors which are important to be considered are the material and geometry of the 

cutting tool, operating conditions, and process parameters. 

1.2 Judging Machinability  

When the machinability is to be judged then the main factors which are to be evaluated 

are given below:  

1.2.1 Tool Life 

It is the period for which the performance of the cutting tool remains well 

enough to give desired results efficiently. Tool life determination becomes very 

difficult due to variables like tool geometry, workpiece material, conditions of 

machining operations, cutting speed, temperature, and depth of cut. During cutting 

fewer resource intakes are required. Yet, abrasive properties which are the main reason 

for rapid tool wear reduces the machinability of material and increases the cost of 

production. Tool life cannot be taken as a machinability index because of its sensitivity 
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to many machine variables [1]. If tools of two different materials are used then their 

machinability ranking cannot be compared only based on tool life like a high-speed 

steel tool and a sintered carbide tool is being used in two different cases [2]. 

1.2.2 Power Consumption 

There are two reasons to include power consumption as a criterion of 

machinability. First, less power is required if a material is easy to move against the 

cutting tool. The second is the minimum machining cost per product in terms of power 

used.  

It is good to take specific energy of metal as identification of machinability. If 

the material of the tool is harder than the workpiece material then it will be easily 

machined but hardness is not the only measure to define the tool life. 

1.2.3 Surface Finish 

The value of surface finish is also an important part of judging the machinability 

of a metal. Soft and ductile materials always tend to form an edge. But all those 

materials which machine with a relatively high shear zone always tend to minimize the 

built-up edge effects. Such materials are brass, aluminum alloys, titanium, and its 

alloys, cold worked steels, free-machining steels. There are many cases in which the 

surface finish has no importance to measure the machinability of the workpiece. Rough 

cuts manufacturing is an example of these. Other manufacturing in which surface finish 

is not the desired part of output parameters, will also not have machinability judgment 

based on surface finish [3].  

For various materials, it is very easy to determine machinability. Surface 

roughness readings are measured with an instrument after machining them under very 

controlled cutting conditions. These values are having a reverse meaning such as high 

reading means not a good surface finish quality and low machinability in return. 

Sometimes it is better to take relative readings in materials. 

1.2.4 Chip Form 

Machinability can also be judged based on chip form obtained in machining 

operation. If long string type chips are formed then its machinability rating is low. And 

if very fine chips in form of powder are obtained then it means their machinability is 
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better. Those materials would have a top rating, which inherently forms nicely broken 

chips. The process of disposal and handling of chips is a little expensive. String-type 

chips are very difficult to remove off from the machine, workpiece and can produce 

hazardous to the operator. But these are required to be removed from the freshly 

machined surface. Chips formation depends on the material of the workpiece, machine 

parameters so the machinability can be improved by taking the appropriate method of 

removing them. 

If the rating is given based on ease of chip removal then it is qualitative. The 

type of chip obtained also depends on the machining operation as in drilling operation, 

spiral shape chips are always considered to be a better type as they will not block the 

hole. 

1.2.5 Cutting Temperature 

The cutting temperature is the most effective parameter of determining the 

machinability as it affects most on tool life and job surface finish also. The main part 

of the heat generated is disposed of through the chips. But as chips are to be removed 

earlier during machining to the obtained good quality surface, so it cannot add more 

effectiveness in the reduction of cutting temperature. So the chips taken away must 

happen when the maximum part of the heat is disposed of away through chips so that 

effect on tool and workpiece can be minimized. The main effect of high cutting 

temperature on the tool are:  

 The material of the cutting tool will become soft and wear out will increase. 

 Cutting edges of the tool will deteriorate 

 Reduction in tool life. 

The main effects of cutting temperature on the work piece are: 

 Distortion in shape and inaccuracy in dimensions due to the expansion and 

contraction because of high temperature. 

 Oxidation and burning of the surface may result in the rapid corrosion of the 

workpiece.  

 Generation of micro cracks. 

 Initiation of tensile residual stresses. 
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No doubt the rise in cutting temperature will reduce the cutting force required for 

machining by softening the work material and reducing the shear strain which leads to 

the reduction in power consumption. But if the cutting edge of the tool is soft then the 

rate of wear will also increase. The soft tool will not be able to last for a long time while 

machining and will get fractures easily. So modern research of reducing the cutting 

temperature can lead to the improvement of machinability [4]. 

1.3 Difficult to Cut material 

Any material in general which is difficult to machine with existing methods of 

machining is known as difficult to cut material. Stainless steel was also considered as 

the material of this category when sufficient methods were not developed for its 

machining. But due to the developments of manufacturing techniques, it is excluded 

from that list.  

The main difficult-to-cut materials are Inconel, Titanium, Super Invar, Nickel, 

and Low thermal expansion coefficient material, etc. People from the United States had 

difficulty finding proper cutting methods of such material. 

Super alloys are having superior properties due to which these are one of the 

high-performance materials used in various industries. These properties are like high 

tensile and strength to weight ratio, high compressive strength, high fatigue resistance 

in the sea, lower density, and high corrosion resistance. Super alloys are also in this 

category because of their poor thermal conductivity during machining, low modulus of 

elasticity of the material, and at a high temperature, they have a strong tendency of 

chemical reaction to tool materials [5]. 

1.4 Compilation of Machining Technologies 

During the machining of such materials, the traditional methods cannot give the 

required results. Vibrant factors need to be taken into consideration for desired results. 

These factors are like rigidity and stiffness of cutting tools, repairs and appropriate 

selection of machining parts, etc. Super alloys have properties of higher melting 

temperature due to which these are used in the manufacturing of aerospace and naval 

machine components. These materials are mainly of four main types: Nickel, Cobalt, 

Titanium, and Iron-based alloys. These super alloys are important modern materials to 
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meet the demands of extreme applications. Despite their excellent properties against 

corrosion and fatigue, high temperature strength, and lower heat sensitivity, they are 

extremely difficult to machine. By definition, these materials will be machined at high 

speeds due to the rapid wear risk, even though the actual machining speed could be 

substantially lower than the typical high processing speeds of aluminum.  

In machining, cutting tool plays an important role the reason is that cutting 

speed completely depends on the material of the cutting tool. That is why all researchers 

are continuously trying to find out the tool work piece interaction parameters for 

obtaining a better-machined surface. To improve the machinability of such materials 

there is a requirement of proper selection of tool, machine tool with all cutting 

conditions. Figure 1.1 shows the various factors in the field of the machining area. 

 
Figure 1.1: Main issues observed in the machining of super alloys. 

All super alloys or difficult-to-cut materials have high strength at high temperatures. 

Due to this property, machining mostly produces segmented chips and produces high 

dynamic forces. These materials have the property of poor heat conductivity. Due to its 

large hardness, it generates high temperatures at the time of machining. All these 

properties of super alloys create the notch wear possessing a large depth of cut. 

Moreover, due to poor thermal property, these metals have a high and concentrated 

temperature at the tool/chip interface. Which increases the tool wear and machining 

cost.  
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1.5 Various Inventiveness Taken to Solve Issues 

1.5.1 Hot machining 

Different machining approaches have been used to overcome these problems, 

one of them is called “hot machining”. Hot machining is a method to externally heat 

the workpiece material before or during the machining operation. This machining 

method is very useful to cut difficult to machine materials because they are harder and 

have higher tensile strength than other engineering materials. They become softer when 

external heating on the workpiece material is applied [6]. As a result, the application of 

external heat would promote the machinability of the material. The application of 

external heat on workpiece material is simply named “Hot machining”. This description 

is sometimes called “thermally enhanced machining”, “heat-assisted machining”, 

“elevated temperature machining”, “plasma-assisted machining” or “laser-assisted 

machining”. In this study, hot machining is preferred due to covering all other 

descriptions. The advantages of hot machining can be mentioned as follow: 

a. Reducing mechanical properties of workpiece materials for easy machining 

operation. 

b. Increasing the machinability property of the material 

c. Increasing to select higher machining parameters (higher cutting speed, 

depth of cut, and feed) 

d. Reducing tool wear 

e. Increasing productivity 

f. Eliminating cutting fluid application 

g. Reducing total production cost 

These advantages are important when expensive materials are machined and production 

costs are high. The disadvantages of hot machining, in turn, can be mentioned below: 

a. Increasing machine tool cost due to external heating technique cost 

b. Difficult to control dimensional accuracy due to heat on the workpiece 

material 

c. Difficult to determine surface finish 

d. Require more safety precautions because of heating Equipment 



Chapter 1 

8 

 

1.5.2 MQL 

Many years ago, the concept of MQL (Minimum quantity of lubricant) came 

into play because of some environmental issues and occupational hazards. No doubt the 

minimization of cutting fluid will give economic benefits by saving the cost of 

lubricant. MQL also saves time for machine cleaning, workpiece, and tool mounting. It 

is also known as “near dry lubrication” or in some cases Micro lubrication.  In the MQL 

technique, a small quantity of lubricant of a flow rate of 50ml/hr to 500 ml/hr towards 

the cutting zone is used. One or more nozzles are used to provide lubricant in an external 

system. If the normal lubricating system has been compared with MQL then it has been 

observed that it is only 1/3 to ¼ in terms of the amount of lubricant used. Due to this 

method, the cost, time, and disposal of cutting heat are affected which in return affects 

the machinability [7]. 

Advantages of MQL System:   

 Financial advantages  

a. Due to the controlled supply of coolant saving of coolant and other resources is 

there. 

b. Higher tool life can be achieved. 

c. It reduces the time of the machine cycle up to 30%.  

d. The purchase and handling cost of lubricant will be reduced. 

e. Disposal costs of the coolant will also be reduced. 

f. Dry metal chips can be easily recyclable as compared to wet metal chips. 

g. The leakage of coolant leads to accidents that can be avoided. 

h. Operators can be protected from skin diseases.  

However, there are numerous benefits of a minimum quantity lubrication system but 

still, it has many challenges to adopt in actual practice. 

a. Machining Special tools required. 

b. High investment costs. 

c. Suitability of the machine is required [8,9]. 

d. MQL produces a very fine wastage, which is very difficult to filter out from 

lubricants. 



Chapter 1 

9 

 

e. MQL setup requires many changes in machine tool setup and machine area. 

1.5.3 Coated Tools 

Coated tools are already being used in many manufacturing operations. The 

main concern here is that it must be of such a layer thickness that it possesses very low 

thermal conductivity. Due to which it prevents the ingress of heat into the material of 

the tool. The most common materials which are used are TiAlN, TiN, TiAlCrN, etc. 

Coated cemented carbides are widely used cutting tools for major manufacturing areas. 

Moreover, these give high levels of productivity, which make affordable products for 

the customers. Coated carbide inserts are widely used while working with all ferrous 

materials. Uncoated carbide inserts are good for machining non-ferrous materials, such 

as aluminum. These coated tools are having two categories as Chemical Vapor 

Deposition (CVD) and Physical Vapor Deposition (PVD). Both have several benefits. 

In the thick category, the CVD coatings have a layer of 9 – 20 microns and these have 

high wear resistance. PVD coatings are of thin type coatings having a layer of 2 – 3 

microns.  

Advantages: 

a. Coated tools reduce the job setup times hence reduces manufacturing costs. 

b. Different grades of the same insert can be used for the machining of different 

materials which in return reduces the tool inventory. 

 Disadvantage: 

The rigidity and power of the CNC milling machine must be sufficient for the use of 

coated tools. These machines should also be able to produce controlled cutting feed. 

1.5.4 High-speed machining 

In the HSM machining process, the engaging time is reduced and the cuts are 

narrow. A high cutting feed is selected. So a very little cutting force is required which 

gives a small tool deflection. This is one of the highly productive and safe processes 

which has a constant stock. HSM cannot be one of the particular processes because it 

is a combination of several processes to be done in less time. It can be defined as: 

 Operations to be performed at a high cutting speed (vc). 

 Operations to be performed with a high spindle speed (n). 

 Operations to be performed with a high cutting feed (vf). 
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 Operations to be performed with a high removal rate (Q) 

Advantages of HSM: 

Radial forces are low in HSM. Spindle forces are also very low which saves the 

guide ways and spindle bearings. High-speed machining gives the best results when 

applied with an axial milling operation. It also reduces the amount of vibration 

produced. High-speed machining is mainly used in small-sized parts in which the 

material removal rate is very low. HSM is used to get a fine surface finish in the range 

of 0.2 microns. It also makes it possible to machine very thin surfaces. In high-speed 

machining, the contact time plays an important role which must be minimized to avoid 

unnecessary vibrations.  

Disadvantages of HSM: 

In HSM the maintenance cost increases due to faster wear of ball screws, spindle 

bearings. HSM cannot be applied without having complete knowledge of the process.  

It needs a faster data transfer rate and programming setup. Hence an experienced and 

trained operator is required. A proper work plan is required considering all of the 

precautions and safety conditions. All machine parts and fasteners are required to be 

checked regularly to avoid any accident. Proper mentioned tools can be used. 

1.5.5 Flood Cooling 

The flood cooling method is commonly used in industries to reduce the cutting 

temperature. It includes the use of soluble oil. These have a huge quantity of lubricant 

to be supplied to reduce the temperature and to remove chips by flushing on the cutting 

interface. When a flood of coolant is supplied, it reduces the thermal shock on the 

milling cutter. Ignition of the chips reduces. But this method is not appropriate in 

machining titanium. As flood cooling does not have the precise and uni-directional 

application of coolant, machining of titanium has a short contact area so the removed 

chips act as an obstacle of applying coolant to the cutting area so the temperature is not 

minimized and tool life gets reduced during machining. Moreover, a large quantity of 

coolant is to be processed for reuse. 
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1.5.6 Micro Grooves 

There are many fields in which the perfect mechanical properties are required. 

Food processing industries, aeronautical fields, and medical operations have a 

requirement of a high surface finish with a corrosion-resistant surface. During 

machining of steels, it is not easy to get the required surface finish with traditional 

methods because of high tensile strength. It has low thermal conductivity [10]. 

 

Figure 1.2: Cutting tool having a micro-textured surface [12]. 

For the enhancement in machinability, many methods have been tried like surface 

coating or tool geometry modifications. But that does not produce much effect. 

Biermann et al. [11] done experiments using various categories of hard coatings like 

TiN, AlCrN, and TiAlN. It was declared that TiAlN coatings and AlTiN gives better 

machining result because of their high hardness. Sugihara and Enomoto [12] have 

generated a micro-texture to improve the anti-adhesion property. They found a major 

decrease in chip adhesion on the face of the cutting tool. They have machined the 

aluminum alloy with micro-grooved tools. Their study proved that the modified tool 

surface with micro grooves is a modern method of enhancing the adhesion resistance. 

Figure 1.2 shows such a micro-groove texture. Zhang et al. [13] produced a 

macro/micro-sized texture on the surface of coated TiAlN tools. Hence it results in to 

rise in anti-adhesion resistance properties. An experiment was performed on AISI 316. 

It increases the lubrication on the interface of the tool and chips zone. Because of these 

microtextures, the contact area decreases. Some dimple and channel-type patterns were 
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grooved on the surface of the tool which was then used to machine plain carbon steel. 

They conclude that dry machining with a microgroove tool improved the heat transfer 

capabilities. And the machining in MQL with micro groove tool reduces the cutting 

temperature, cutting forces, and contact area of tool and chips. If we list down the 

benefits of textured tools with traditional tools then it can be concluded that the micro-

grooved tools give an effective reduction in tool chip interface, provide hydrodynamic 

lift, produces effective lubrication, tool wear, cutting forces, etc. 

1.6 Elements Concerning Machinability 

To learn the machinability of any cutting insert, attempt to improve its tool life, 

and giving conclusions in this respect, subsequent factors or terms are essential to be 

deliberated. 

1.6.1 Workpiece and Cutting Tool Material 

Difficult to cut materials have numerous applications in the arena of 

manufacturing. These have enhanced properties than conventional materials. Titanium 

alloys Ti6Al4V have around 90% of titanium, 5-6% of aluminum, and 4-5% of 

vanadium. It has various grades starting from grade 2 to grade 23, depending upon the 

composition and properties. Titanium grade 2 is a pure metal that has high strength and 

excellent cold-forming properties. It also has good welding and resistance to oxidation 

properties. It is available in rod, pipe, flat bar, and sheet forms. It is being used in 

aerospace industries, automobiles, and the medical field. It has tremendous applications 

in architecture and manufacturing areas. The titanium grade 2 rod of diameter 50 mm 

has been used. A material composition identification test has been conducted using 

NITIN-X-XRF Analyzer of Model DC2000. Similarly, the cutting tools are generally 

made up of hard metals or alloys. Some cutting inserts undergo some chemical 

processes to achieve better properties. In cutting inserts, the cutting edges, flank and 

rake face, different angles, holding style, and many more properties are important. 

Tungsten carbide inserts are the widely used type of cutting insert. These are 

economical and good-performing cutting inserts. There are CVD coated, PVD coated 

and without coating cemented carbide cutting inserts available for manufacturing 

industries. TiCN, Al2O3, and TiN are the most commonly used coating materials on 
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these cutting inserts. Cutting inserts have many shapes and sizes. The SNMA is the 

standard notation that represents the shape, angle, tolerance, and holding method in a 

cutting insert. Many companies like Widia, ISCAR, etc are producing the SNMA 

120408 cutting inserts with PVD, CVD, and without coating classification. Here 12 

represents the side of the square, 4 is the thickness, and 8 is the value representing the 

nose radius.  

1.6.2 Micro Texturing 

Micro texturing is the process of designing and fabrication the textures or 

patterns of micro size. It is the most challenging part of this thesis. These micro textures 

are so small that can be analyzed with a microscope only. Mostly the micro-textures 

covers 1 to 2 mm2 area near the cutting edge of the cutting inserts depending upon the 

design and patterns. These micro-textures are designed using the platforms like 

AutoCAD or Solidworks® in 2D and 3D. The size of the micro pattern also depends on 

the available size of cutting inserts. After designing the micro-texture is to be 

manufactured using a laser machine. Many machines have been used like the Nd-Yag 

Laser machine, femtosecond laser machine, micro-EDM machine, etc. for these laser 

machines, a G and M code program (CNC Programme) is required as per the design.  

1.6.3 Cutting Tool Temperature  

Cutting tool temperature plays an important role in declaring the cutting tool 

life or in other terms we can say the machinability of cutting insert. Cutting tool 

temperature is the real-time value of the temperature which a cutting insert acquires 

during the cutting operation. It depends on the material of the workpiece, cutting insert, 

and coatings. It also depends on the machining factors like speed, feed, the coolant 

used, the shape of chips, etc. If a cutting insert is capable of removing the heat generated 

during the machining operation, its cutting edge shape, wear, and coating layers can be 

protected for a long time, and ultimately its performance in terms of surface finish, 

power consumption, cost of machining, etc can be improved. 

1.6.4 Surface Roughness 

Surface roughness is the measure of the quality of machining which we obtained 

using a particular type of cutting insert. In many areas like food industries, automobile 
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industries, marine and aerospace industries, medical fields, a good surface finish is 

required. Surface roughness is the measure of crests and troughs on the surface of 

machined material. All cutting inserts give a good surface finish at the start of its 

machining operation but after that, it depends on various factors.  

1.6.5 Material Removal Rate 

The material removal rate is the rate with which a cutting insert can remove the 

material from the surface of the workpiece. It is also denoted as MRR. In a few of the 

machining cases, more material removal rate is good and in others, the lesser material 

removal rate is considered to be good. It is calculated in various ways. In the case of a 

round bar or rod, it can be calculated as the ratio of reduced diameter to the original 

diameter. Equation 5.1 is showing the formula to calculate MRR for this thesis work. 

1.6.6 Percentage Improvement in Surface Finish 

More percentage improvement in surface finish represents good characteristics 

of cutting insert The successful increase of PISF using innovative methods or by 

making few changes in conventional methods means the machinability of the cutting 

insert has been improved. So it is also an important element to declare the performance 

of the cutting insert. PISF is calculated as the difference in surface roughness to the 

initial surface roughness. Equation 5.2 is elaborating the method to calculate. 

1.6.7 Chip Morphology 

The quality of the obtained surface finish also depends on the shape of the 

removed chips. The long chips are always be considered not good for machining as they 

can undergo welding with the finished surface. These reduce the heat removal rate 

causing the rise in cutting insert temperature. Long chips are also hazardous to the 

machine operator as they may cause accidents in many ways. So chips must be of small 

size or powder form for good machining results. Chips morphology is the study of size, 

shape, category of removed chips at the micro and macro levels. Its saw teeth shape 

become a major reason behind its shape. To categorize the removed chips after 

machining on titanium grade 2 rod, the standard used shapes, types, and size chart has 

been shown in figure 1.3. 
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Figure 1.3: Standard shapes and types for chip morphology [14]. 

1.6.8 Optimum Parameters 

Optimum parameter defining is the stage of declaring a few sets of values. A 

combination of all those values under the same machining conditions gives the best 

output results in the same category of a workpiece and cutting insert material. It also 

includes the most and least effective factors. There are many ways to find out the 

optimum parameters. Grey relational analysis using Taguchi is one of the most effective 

methods widely used in such a set of experiments where a large set of factors and levels 

of parameters comes into play.  

1.7 Description of Instruments and Machines 

During machining processes on difficult to cut material using textured / non-

textured cutting inserts and to check the performance, to analyze the results, various 

instruments and machines are to be used. An introduction to very important instruments 

have been added to this section. 
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1.7.1 Lathe Machine 

For basic machining operations like turning, facing, drilling, etc the widely used 

machine is the lathe machine. It has various types and categories depending upon its 

usage. For this research work, a three-jaw self-centered lathe machine has been used. 

The same types of operation can also be performed on a CNC lathe machine but the 

setup required to measure some real-time values during machining becomes complex 

in comparison to a normal lathe machine. Lathe machines have their standard speed 

and feed values. So those values are calculated in advance for the input parameter levels 

and the designing of a set of experiments. 

1.7.2 Cutting Inserts 

SNMA 120408 CVD coating of TiCN, Tungsten carbide of WIDIA Company 

has been used. It has the standard double square shape. The size of a side of the square 

is 12.7 mm and the thickness of the insert is 4.76 mm. It has a nose radius of 0.8 mm. 

It has zero relief angle means the rake face and flank face are perpendicular to each 

other. 0.003 mm is the tolerance limit with a cylindrical hole without any chip breaker.  

1.7.3 IR Thermometer 

Real-time measurement of cutting insert temperature is not possible with the in 

contact thermometer so a contactless HTC IRX – 65 Infra-red ray thermometer has been 

used. This is having a temperature value range of 10 ˚C to 1100 ˚C. It also has a wire 

probe to check the pointed end temperature. Results from this thermometer have been 

tested and verified before actual use during machining. 

1.7.4 Talysurf 

To measure the surface roughness values of titanium grade 2 rods before and 

after machining, INSIZE ISR-S-400 talysurf has been used. The cut-off length of 0.8 

mm, 3 no of cut with 2.97 µm calibration Ra is taken. It gives us all the other roughness 

values like Rz, Rt, Rq, etc. 

1.7.5 Optical Microscope 

The designed and fabricated texture is of micron size so an optical microscope 

is required to test the pattern as well as for dimensional analysis. For this, the Olympus 
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topography machine has been used. It helps to compare the designed and fabricated 

micro-texture in 3D. Width and depth of the groove in micro-texture, the thickness of 

the wall, distance from cutting edge, and dimensional variation of actual from designed 

micro-texture have been carried out on this machine. After this, the Celestron 

microscope has been used for chip morphology.  

1.7.6 Scanning Electron Microscope 

Scanning electron microscope prepares a raster scan pattern using a beam of 

electrons and this beam produces a signal after striking on the atom. Catching and 

converting these signals into a high-quality image is done by this machine. JEOL JSM-

6084LV SEM machine has been used. It has a magnification range of up to 300000X. 

Using the images from this machine, an analysis of the presence of a thin coating on 

the surface of the cutting insert has been validated.  

1.7.7 X-Ray Diffraction 

XRD analysis has been performed for the material characterization of the 

cutting insert. An Ultima IV XRD machine has been used which is a fully automated 

and computer-controlled measurement machine. With this XRD analysis, the presence 

of various oxides, other metals, and the reason behind the formation of new compounds 

has been studied.  

1.7.8 Solidworks 

For the fabrication of micro-texture on the rake face of the cutting insert, a 3D 

design has been prepared and used in .dxf format with the help of Solidworks® 2015 

Software. The design alteration after trial runs become easy with Solidworks® 2015 

platform. It also creates the 2D and 3D designs required for the simulation process in 

.stl format.  

1.7.9 DEFORM – 3D 

The actual experimental analysis of difficult-to-cut material is quite expensive 

as well as time-consuming. Moreover, only limited setups can be generated and the 

actual data can be gathered for analysis. For this reason, a 3D simulation has been 

performed. The results have been matched and compared with the actual experimental 
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results. After validating the simulation, it is easy to predict the other results for those 

the set up was not possible.  

 

Figure 1.4: DEFORM 3D software platform for simulation. 

For this simulation analysis, the DEFORM® 3D tool platform has been used. First, the 

output results of temperature and tool wear have been compared. After validating, the 

conclusions have been made for other factors like stress, strain analysis, etc. The 

simulation interface of DEFORM® 3D software is shown in figure 1.4. 

1.7.10 MasterCAM 

Fabrication of microtexture on cutting insert has been done on the Femtosecond 

laser machine. That laser machine has a computer-controlled system that takes 

commands in the G-Code and M-Code form. For this MasterCAM has been used which 

creates the program into NC format required to feed into the femtosecond laser 

machine. The start of such CNC program containing G-Code and M-Code is shown in 

figure 1.5. It is only the start of code giving the origin point to the laser beam jet. 
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Figure 1.5: Part of the CNC program output from MasterCAM 

1.7.11 Femtosecond Laser Machine 

The complete analysis is based on the fabrication of micro-texture on the rake 

face of the cutting insert. If it has been fabricated, only then the complete analysis was 

carried out. This has been done on the femtosecond laser machine. There are several 

other machines on which the micro-texturing can be performed but good and precise 

dimensional results have been obtained by many of the researchers on this machine. 

This machine has a computer-controlled programming base that controls the whole 

process. It takes the CNC program into .NC format which has been generated on 

MasterCAM. Along with the CNC program it also needs the values of power 

transmission, pulse width, feed, repetition rate, tool diameter, compressed air flow rate, 

etc. which have been finalized after several trial runs. It has various units combined to 

operate on a laser bed. There is a minimum of four computer systems and several 
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electronic types of equipment attached in set to operate the micro-texture laser cutting 

machine.  

1.7.12 Ultrasonic Cleaning Apparatus  

The fabrication process removes material in powder form. It also has burnt 

oxides and other scattered particles on the surface of the cutting insert. For the accurate 

dimensional, topographic, SEM, and XRD analysis, it is required to clean the cutting 

insert. So an ultrasonic cleaning has been carried out using acetone solution and 

ultrasound from 20-40 kHz for a maximum of 5 minutes per insert. 

1.7.13 Minitab 

Minitab has been used to find out the optimum parameters with Taguchi Grey 

relational analysis. Minitab makes the analysis for most and least affecting parameter  

It becomes very difficult to analyze when the number of runs is so high. Moreover when 

the input factors and their levels have a big orthogonal array then this method is quite 

useful for the analysis. 
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2.  Literature Review 

 

Machining difficult-to-cut material is a challenge. Sahoo and Pradhan [14] have 

taken cutting speed, feed, and depth of cut as the process parameter and found their 

effect on the flank wear and surface finish while turning of Al/SiCp metal using 

uncoated tungsten carbide inserts. The experiments were carried out in a dry 

environment. The design of experiments was taken using the L9 array of Taguchi. 

Premature failure of tool did not happen. The observed optimal parametric combination 

is v3–f1–d3 and v1–f1–d3 for surface roughness and flank wear respectively. Sahoo et 

al. [15] have done the conventional casting process and develop a metal matrix of 

Al/SiCp. They have done the turning operation and studied the machinability 

characteristics of the carbide cutting insert with TiN coating. Experiments were 

conducted in a dry machining environment. 

Whereas Zhang e al. [13] studied the saw-tooth chip formation in the 

experiment. They used Inconel 718 as raw material and N/TiN coated cutting tool. They 

have performed experiments using dry experimental conditions. Following 

observations are obtained (1) At high-speed cutting, saw-tooth chips are formed 

because of the formation of cyclic crack. (2) During the turning process, they studied 

cutting force components keeping all parameters constant. The periodical deviation of 

the chip thickness results in the fluctuation of the cutting force components. 

In continuation to this Zetek et al. [16] have done an optimization process to 

find out that what is important during the optimization process. Standard finishing 

processes were carried out but cutting edge radiuses were under main consideration. It 

is necessary to use a perfect suitable device to view a complex cutting tool and cutting 

process. In the experiment, the results define the selection criteria of cutting tool and 

tool geometry for machining of Inconel. In experiments they used a tool with shape 

edged cutting tip. The tool wear is affected by all of these selected parameters. For 
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better dependability, it is necessary to get tool wear without notches or other defects. It 

increases tool efficiency and overall safety in the machining of super alloys. 

Experiments are quite expensive to conduct as they need costly setups so Parida 

and Maity [17] have used Inconel 718 in the room as well as at elevated temperatures. 

Analysis was done both by experiments and FEM simulation. Cutting force, chip size, 

shape, temperature, and thrust force were taken under observation. On comparing 

simulation data and experimental outputs, it was found to be partial validation. Hence 

the Simulation is good to predict results for those experiment conditions in which the 

experiments are costly, difficult, and time-consuming. It was also found that when the 

workpiece temperature increases the chip thickness decreased. Maity and Pradhan [18] 

have performed experiments on titanium alloy (Ti-6Al-4V) using WM25CT cutting 

inserts. The main factors under consideration were cutting speed, depth of cut applied 

to feed and their effect on cutting force, chip reduction, surface roughness, and tool 

wear. The response surface methodology (RSM) was used to carry out the experiments 

with a central composite design. The obtained quadratic equations were compared with 

the experimental values. Chip morphology shows that the side flow of chips and gap 

between the chips varied when process parameters are changed also the type of chip 

obtained varied with a change in process parameters. Damage of nose was observed 

when cutting speed was 160 m/min. During this, the feed was 0.14 mm/rev with a depth 

of cut 0.75 mm. 

Similarly, Maity and Pradhan [19] have tried to explain the machining of 

titanium alloy grade 5. To machine the titanium rod they have taken the CVD coated 

cutting inserts. The design of experiments has been created with the help of Minitab 

using Taguchi L9 array. Maity and Pradhan [20] have performed experiments on Ti-

6Al-4V alloy using carbide inserts by mist cooling lubrication. The considered process 

parameters were cutting forces, surface roughness, material removal rate, tool wear, 

and chip reduction. It was concluded that the best result was found when the cutting 

speed of the tool was taken 160 m/min and the feed was given to be 0.16 mm/rev. With 

these, the cutting depth of 1.6 mm was taken. Various effects were observed on chip 

formation due to cutting speed along with the depth of cut. Long tubular and helical 

chips were obtained.  
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Ribeiro et al. [21] depict the effect on titanium material during machining. He declared 

the best cutting conditions while machining titanium alloys. He concluded that dry 

turning operation with 90 meters/min of cutting speed was the best comparable 

machining condition. It gives a better surface finish. However, when the experiment 

was done by increasing the cutting speed to 110 -+meter/min the recorded data of 

surface finish was increased but along with this cutting tool edge deteriorate very 

quickly.  

Whereas Haron and Jawaid [22] have performed experiments of rough 

machining on titanium alloy and studied the surface reliability using uncoated carbide 

inserts. The cutting speed was taken from 45 meters/min to 100meter/min. The applied 

feed was 0.35 to 0.25 mm/rev with a constant cutting depth of 2 mm. As titanium has a 

less machinability index so the surface finish was not of good quality. The value of 

surface roughness was in the limit of 6 microns.  When SEM was taken, severe 

microstructure alterations were observed. Silva et al. [23] performed experiments 

taking dry as well as wet conditions. The measuring parameters were wear in the tool 

and changes in surface quality. 

The supply of fluids was controlled by reduced flow rate, MQL, and flooding 

method. Figure 2.1 shows such an MQL setup. They declared that longer values and 

higher material removal rate were obtained when experiments are performed reduced 

flow rate. Doing experiments under these conditions prevents the chipping. Figure 2.2 

enlighten all the components in such a cooling system. After machining, continuous 

saw tooth chips were gathered and these are of fragmented type.  From the values 

obtained, it has been declared that the cutting speed and feed have maximum effect on 

tool wear and surface roughness respectively. A higher R2 value gives the highly 

significant regression model. After experiments, it was also concluded that the obtained 

values in experiments are very close to the predicted values. 
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Figure 2.1: MQL Unit [23]. 

 

Figure 2.2: Lubricant Delivery system [23]. 

Chip's shape size and type are very important in determining the machinability of a 

cutting insert that is why Gente and Hoffmeister [24] explained the chip formation 

while machining of grade 5 titanium alloy using the cutting speed which varies from 

300-6000 m/min. They measure the specific cutting forces. It introduced a novel and 

rapid method in which deceleration was there in a very short distance. It delivers new 

data regarding the construction of the segmented chips. During experiments when 

cutting speed exceeds 2000 m/min a new change in the structure of the segmented chips 

was observed. Whereas no change in the specific cutting energy was observed, though 



Chapter 2 

 

25 

 

it affects the structure of the segmented chips. Hua et al. [25] studied the chip 

morphology while machining titanium alloy. He has concluded that when cutting speed 

is low, generally discontinuous chips were produced, whereas at high cutting speed 

formation of serrated chips takes place. In his study of finite element simulation, the 

segmented chip generation occurred based on the implicit, Lagrangian non-isothermal 

rigid visco-plastic model of flow stress. The formation of cracks in the chip occurred 

due to the ductile fracture criteria based on the strain energy. From the simulation result, 

it was revealed that stress near the tool tip change, and the crack propagates towards 

the free surface of the deformed chip in the shear zone as the cutting speed increased. 

Sun et al. [26] performed experiments at low cutting speed but high feed. They 

found the segmented continuous chips. The slipping angle of continuous chips was 38 

degrees. But the same for segmented chips was 55 degrees. During experimentation, it 

was observed that the peak cyclic force over continuous chips was 1.18 times lesser 

than the segmented chips. Segmented chip length does not depend on the cutting speed 

and depth of the cut. Cutting speed increases and a decrease in cutting forces occurs 

due to the thermal softening of materials. Herbert et al. [27] produced a new cutting 

tool having a micro hole pattern. This micro-hole pattern controls the tribological 

characteristics. Various dimensions and numbers of the micro-holes pattern in various 

orientations were manufactured. Then a comparison study has been done between a 

micro-hole pattern insert and the normal insert. After that, the leading parameter on the 

machining of Titanium alloy (Ti-6Al-4 V) is tested. During process MQL method is 

followed for the supply of lubricant. 

The adhesion and abrasion tool wear was observed. If the comparison is done 

for the results obtained from normal insert with micro-textured inserts then results show 

less flank wear. In experiments, the cutting insert with micro-hole type texture designs 

1 and 2 as given in figure 2.3 was used. Higher cutting temperature is the leading factor 

in judging machinability. It is apparent from the output Table that in the case of micro-

hole textured insert, the adhesion of chips is less. Along with this, the machining 

performance is better even at a higher speed which improves productivity. The chips 

obtained from the first design have extra shear bands in contrast to the second design 

as shown in figure 2.4. 
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Figure 2.3: SEM Images of tool flank wear [27]. 

It was declared that the insert with micro-hole reduced the friction which results in a 

reduction in vibration up to 30-50%, also the surface finish is improved to 40%, with a 

30% reduction in cutting temperature. For further improvement in machinability, liquid 

lubricant can be used. All these parameters improve the tool life without any negative 

effect on performance. 

 

Figure 2.4: SEM images of the chip-morphology [27]. 

Schulze and Zanger [28] performed experiments on titanium alloy with variable cutting 

speed and segmented chips were formed. The mechanical and thermal load variation 

were studied. A finite element model with a self-developed continuous remeshing 

method was developed to form the serrated chips. Tool wear, Stresses, temperatures, 
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and velocity of the tool face with tool tip had been investigated. Maity and Pradhan [29] 

have presented conduct the turning operation on titanium grade 5 alloys. Uncoated 

carbide inserts are used. The output parameters under observation are taken like speed, 

depth, and feed given on wear of tool, surface finish and chip reduction coefficient was 

studied using Taguchi L9 orthogonal array design. Multi-objective optimization based 

on ratio analysis (MOORA) technique has been used as an optimization tool, It is a 

multi-objective optimization technique that considers all the attributes along with their 

relative importance. The optimal cutting conditions of the cutting parameters were 

obtained by using MOORA coupled with the Taguchi method.  The used parameters 

are cutting speed of 112 meters/min, cutting depth of 1.6 mm with given input feed of 

0.04 mm/rev, and cut depth of 1.6 mm. Results declared that the depth of cut gives 

maximum effect on surface roughness. When cutting speed increased and given feed is 

also increased the wear rate of the cutting inserts increases. By increasing the given 

feed and cutting speed, there is a decrease in the chip reduction coefficient. The optical 

microscopic image of the chips shows that serrated chips were formed during the 

machining of Ti-6Al-4V. 

Pradhan and Maity [29] have performed experiments on titanium alloy of grade 

5 using PVD Al-Ti-N coating carbide insert (KC5010) to study the effect of the cutting 

variables on surface roughness. Along with this tool wear and chip reduction coefficient 

were also studied. Taguchi L27 is used for the design of experiments. Analysis of 

variance (ANNOVA) is applied for the cutting variable influencing the responses. 

Optimal conditions were validated with a confirmation test. It is declared that the 

optimum parameters setting has significantly improved the machining performance of 

titanium alloy. 

Obikawa et al. [30] proposed the manufacturing of micro-textured tools using a 

laser of femtosecond machine. Milling experiments were carried on aluminum alloy. 

Results proved that a micro-grooved surface endorsed the anti-adhesive effects but still 

there was a problem of adhesion in all experiments. They studied the different ways of 

improving anti-adhesive effects. They found that the micro-textured tool expressively 

improved the lubricity and anti-adhesive property. Umbrello [31] studied the finite 

element analysis of Ti-6Al-4V during high-speed machining. The study deals with the 

cutting force, tool wear, segmented chip formed, and the morphology of the chip. 
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Material characterization for FEM analysis was done by using Johnson- cook material 

model equation. To study the behavior of titanium alloy during high speed machining 

three different sets of material constant was being implemented. The results revealed 

that the prediction of both principal cutting force and morphology of the segmented 

chip agreed well with the experimental results. 

Calamaz et al. [32] have done the numerical simulation of serrated chips in the 

process of machining titanium alloy. They performed all simulations and conclude 

numerical solutions using FORGE 2005 software. The main of the new materials 

models is to produce segmented chips during the machining of titanium alloy with a 

wide range of cutting speed and feed. During modeling, it was assumed that the 

segmentation of chips was induced only by adiabatic shear banding. And it was also 

fixed that there is no materials failure in the primary shear zone. The results were 

calculated based on strain rate, temperature, strain, strain-softening effect. After that, 

the results were validated with experiments under the same conditions. Schulze and 

Zanger [33] had determined the material model parameter of the Johnson cook model 

for titanium alloy by performing split Hopkinson bar tests. They have done the 

simulation of cutting tools and workpiece taking constant material to predict the surface 

veracity of the finished surface. It was concluded that surface integrity depends upon 

the material model and the value of the material constant. Strain rate and cutting 

temperature was showing opposing mechanisms with the variation of the cutting 

velocity and the depth of the plastic deformation was rapidly increased. 

Caliskan and Kucukkose [34] have used the CN/TiAlN coated carbide tools and 

studied Wear behavior with cutting performance in milling operation of Ti6Al4V taking 

dry conditions during machining. The investigation is done for the surface finish 

concerning cutting forces. SEM was conducted along with EDS to study the structural 

and compositional characterization of worn workpieces. Results show that the abrasive 

wear is dominant in the tool failure on coated tools. Milling of Ti6Al4V was done using 

CN/TiAlN coated carbide tools and the 15% longer lifetime was obtained with tool 

wear. Zhan et al. [35] have used micro-grooved tools in turning operation. Their main 

focus was on the production and consumption of cutting energy. The models were 

Reliable through sensible cutting experiments as shown in Figure 2.5. Results also show 

the significant effect of speed, depth taken, and applied feed on cutting energy. 
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Figure 2.5: Cutting Test machine setup [35]. 

The industrialization growth of any nation merely depends on how we evolve new 

methods and techniques to machine metals with better and desired properties. To 

machine difficult to cut metals, various methods are there in practice like high-speed 

machining, minimum quantity lubricant, hot machining, etc. But in comparison, 

machining with a micro-textured insert gives the best result among all others. This 

method of machining shows a variation in results when different shapes and sizes of 

micro-textures have been taken. K. Zhang et al. used micro-textured CNT (Carbon 

Nano Tube Coated) tools and comparison has been done with NCT (Non-Carbon Nano 

Tube Coated) tools. An extensive decline in the values of cutting forces and cutting 

temperatures is detected. Also, the coefficient of friction at the tool and chip interface 

is reduced. In this study, it has been affirmed that the geometry of the micro-grooved 

pattern has a foremost effect on machinability. Coated tools with micro-texture give 

better results than the texture taken parallel to chip flow [36]. 

N. H. Duong et al. executed experiments and found that machining with a 

micro-grooved cutting tool engenders lower cutting force and thrust force. Hence less 

energy is required for machining. The micro-textured groove width, shape, depth, area 

covered and edge distance affect cutting force [37]. C. Zhang et al. declared the 

improvement in stress distribution of rake face of cutting tool when machined with 

micro-textured cutting insert. Simulation has also been done. Results proved that 

machining with high speed and using micro-textured insert decreases the cutting force 

and direction of pattern decide the tool wear as well as the cutting temperature. Cutting 

with a micro-textured tool also changes the chip morphology [38]. C. Qiu et al. 
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performed the experiments and proved that tensile stress can be reduced by using micro-

textured cutting inserts.  It also tempts to have compressive residual stress on the surface 

of the machined workpiece. The residual stress has a maximum effect due to the width, 

depth, and distance from the cutting edge of the insert [39]. H. Jiang et al. has used 

ANOVA (Analysis of Variance) of single-factor and the test results declare that all 

factors like speed, feed, and depth values are taken, have a significant effect on cutting 

energy in experiments. But when it has been measured for surface energy, it was found 

to be very less [35]. 

C. Darshan et al. prepared a micro-texture design that has parallel lines. The 

best result is found at a speed of 80 m/min. The measured average surface roughness 

was 3.148 micrometers. Taking this combination of parameters the cutting temperature 

was 45.42 degrees [40]. K. Orra and S. K. Choudhury have proved the reduction in 

coefficient of friction up to 11.9% with micro-textured insert as compare to normal 

cutting insert. It reduced cutting force, suppress flank and nose wear for both the lower 

as well as the higher cutting speeds. When the same experiments have been done using 

MoS2 lubricant, the machinability factor gets reduced at a higher speed [41]. C. M. Rao 

et al. have proved that the micro-textured cutting insert has reduced the friction between 

tool and chip along with a reduction in vibration up to 30% to 50%. During machining, 

the temperature is also reduced up to 30%. S. Karthikeyan et al. made a comparison of 

machining results with and without micro-textured inserts on aluminum. It has been 

declared that the coefficient of friction is reduced by 12% in machining with textured 

insert than the non-textured insert. Then a gap of micro-texture has been filled with 

graphite powder which improves the cutting velocities along with feed [27]. 

K. Maity and S. Pradhan have used titanium alloy as workpiece material and 

done FEM (Finite Element Model) simulation using cutting insert with micro-texture. 

In machining, cutting speed of 125.6 m/min is taken and feed was of 0.23 

mm/revolution. Simulation results were taken at 2 mm of the depth of cut. Then 

simulation results were compared with experimental data. Considerable improvement 

in machinability was found [42]. K. Patel et al. have prepared cutting inserts with 

different ranges of micro-texture width from 50 micrometers to 100 micrometers, depth 

from 10 micrometers to 30 micrometers, and gap of 15 micrometers to 100 

micrometers. All these inserts are used for machining of titanium alloys [43]. N. T. 
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Alagan et al. three different micro-textures have been designed and fabricated on rake 

face and flank face. Then machining has been done on Alloy 718 with high-pressure 

coolant. A noticeable improvement in the surface finish has been observed [44]. 

Turning is the most common machining operation used in industries for the 

manufacturing of products with desired properties. The nature of the material used in 

manufacturing also plays an important role. Due to less weight to strength ratio, modern 

metals like Titanium has a prevalent variety of application in the arena of industries, 

medical equipment, and marine parts, etc [45]. Titanium alloys have low thermal 

conductivity and a highly reactive nature because of that machining of such metals with 

traditional techniques becomes very difficult. The raised temperature during machining 

reduces the tool life, so the temperature analysis is of great significance in a way to 

increase the machinability [46]. Abundant research has been carried out to date but the 

experimental setup, testing, and analysis methods are extremely expensive. So the 

modern finite element analysis using various software becomes very effective. These 

simulation methods provide a nodal observation for various parameters and plot them 

graphically. 

A platform like DEFORM 3D enables us to analyze, compare, and make 

conclusions for any elemental mesh in the workpiece, cutting insert, and chips. It 

permits us to use a wide range of input factors and their levels. Numerous research has 

been conducted in this area to enhance tool life and machinability [47,48]. Tounsi and 

otho (2000) have done machining to deduce the most effective parameter in the 

machining process. They have considered a cutting tool, machine chuck along with 

workpiece under observation, and found that vibration is the most effective variable to 

be considered during machining [49]. K. Maity and S. Pradhan (2017) have studied the 

types of chips produced during the machining at a cutting speed of 160 m/min and feed 

was taken as 0.14 mm/rev. They have taken a constant depth of cut of 0.75 mm during 

their experiments [18]. Enomoto and Sugihara (2010) have used Aluminium alloy as 

the workpiece material and performed milling operations using the micro-textured 

insert. They considered surface finish as the required factor of judging the performance 

and declared that lubrication has improved the finishing capability of cutting insert [50]. 

H. Caliskan and M. Kucukkose (2015) have done milling of Ti6Al4V using 

CN/TiAlN coated tools. They declared the adhesive and abrasive wear as the main 
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reason for tool failure [51]. M. Zetek et al. (2014) concluded that the edge radius of 

15μm is not the standard parameter that all producers are using but all parameters must 

be in an optimal value. Moreover, if this is used in polishing and other processes, it can 

increase the tool life [16]. Sima and Ozel (2010) have performed experiments on 

Titanium alloy and tried to modify the material depending upon the temperature. They 

conducted experiments using coated and uncoated cutting inserts. Finite element 

analysis is performed in DEFORM software and material flow stress is predicted [52]. 

D. Umbrello (2008) has done the FEM analysis for the high-speed machining of 

Ti6Al4V. He has considered tool wear rate, cutting force, and obtained shapes of the 

chip into consideration. All the simulation results have been validated with 

experimental results [31]. Ribeiro et al. (2003) declared that the increase in cutting 

speed results in tool wear which in return reduces its life. They directed experiments on 

titanium and 90 m/min was found as the promising cutting condition [21]. Schulze and 

Zanger (2011) determined the surface veracity of the machined titanium surface in 

simulation using DEFORM software. They declared that the strain rate and cutting 

temperature reduced with the upsurge in the cutting velocity. Material constant was 

used in the FEA simulation [33]. 

K. Maity and S. Pradhan (2018) used DEFORM 3D software for the simulation 

of titanium alloy. In the machining process, they have used a micro-grooved insert and 

all the DEFORM 3D simulations show fractional covenant with experimental results 

[42].  

For the industrial evolution of any nation, innovative materials/metals, methods 

of machining, machinability improvement techniques, etc are essential to be developed. 

Numerous metals are there which can replace the traditional one because of their 

superior properties. Likewise, the difficult-to-cut materials have a great possibility of 

application in aerospace, naval, medical, and industrial areas. Nevertheless machining 

of difficult to cut metals is still a challenge [36]. Several machining methods have been 

developed by researchers to improve machinability. Most frequently used are High-

speed machining, MQL (Minimum quantity lubrication), Flood lubrication, Hot 

machining, Coated tool machining, and many more. According to P. Sivaiah et. al. [53], 

the MQL system is very effective as compared to the conventional methods of cooling. 

Any machining operation using a micro-textured insert has amplified the machinability 
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among all of the other methods [54,38]. S. Karthikeyan et al. [55] have prepared straight 

lines in micro-texture. Whereas Wenlong Chang et al. [56] prepared micro-grooves of 

different orientations such as horizontal, perpendicular, and inclined lines at a 45-

degree angle to the rake face, and reduction in tool wear was observed. Deng Jianxin et 

al. [57] and Na Zhang et. al. [58] found that parallel and dot type micro-textured cutting 

tools have less coefficient of friction. According to Junsheng Zhang et. al. [59], 

machining with micro-textured cutting inserts has reduced the diffusion wear. They 

have prepared the line and circular pit type of grooves in which the line orientation has 

increased the heat dissipation rate but the circular pits provide more area for the 

application of lubricants while machining. 

These micro textures can be produced by various methods and machines. C. 

Darshan et al. [40] have used micro EDM, Nd-Yag laser machine, V tip micro grinding 

machine, etc. to prepare circular holes on the tool surface. An increase in cutting speed 

decreases the microhardness for ferrite and austenite but not in the machining of 

difficult-to-cut metals [60]. So, Adam Khan M and Kapil Gupta [61] focused on tool 

wear and tool life while performing the experiments and demonstrated that with an 

increase of velocity, tool wear increased, and insert with dimple micro-texture is having 

maximum tool life. In a comparative study of micro and nanoscale textures for the 

machining of aluminum alloy, it is found that the cutting force requirement in the 

nanotextured cutting tool was less than the micro-textured cutting tools [62]. 

Not only the experimentation but simulation has also been conducted by A.K. 

Parida et. al. [63] on DEFORM which proves that tool life is increased with nano 

dimples. 3D finite element simulation has been conducted on Ti-6Al-4V alloy in dry 

turning and validated with experiments [64]. Microgroove width, depth, and distance 

from the cutting edge are the most significant parameters on cutting forces. In addition 

to that C. M. Rao et al. [27] found the surface finish is varying by changing the size and 

orientation of the microgroove. 

The selection of micro-texture design, its orientation, and laser machine 

parameters, etc. must be done in such a way that it must not abolish the micro CVD 

coating from the surface of the cutting tool [65]. After the fabrication of the grooves, 

the percentage of carbon and oxides produced inside the groove should not be more 

than a particular value. Because it will block the heat dissipation from that area which 
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will reduce the cutting tool life and ultimately machinability will decrease [35]. K. Orra 

and S. K. Choudhury et al. [41] have grooved the micro-textures using an Epilog laser 

machine at low speed and high power and declared that the characteristics of the cutting 

tool have not been distorted but according to V. Sharma and P. M. Pandey [66], the 

deviation in dimensions was observed during the fabrication of micro-texture. The 

various design parameters taken were the distance from the cutting edge, width of the 

micro groove, diameter of the curved part, and depth of the texture. In the fabrication 

of micro texture, the laser power and frequency have a good influence on contact angle 

[67]. 

Difficult to machine metals like Titanium Grade 2 has high corrosion resistance, 

good formability, and good strength to weight ratio maintained even at high 

temperatures, etc [68]. Due to these properties, it is being preferred in a variety of 

applications like medical equipment, human body parts replacements, aero engines, and 

industrial manufacturing [69,70]. N. J. Hallab and J. J. Jacobs [71] explained that since 

2007, 1.5 million knee replacement using such metals has occurred. But to make the 

best use of such metals, high-quality surface finish, precise dimensional machining at 

an economical price range are required. 

Machining of such metals is still a challenge as tool life reduces due to its low 

thermal conductivity [72]. Many non-traditional methods of machining like minimum 

quantity lubricant, hot machining, flood machining, etc. have been developed which 

tried to reduce the tool chip interface temperature but the increase of use of lubricants 

and energy consumption have been observed [73,74]. B. S. Nishanth et. al. [75] have 

compared electro discharge, electro Chemical, ultrasonic turning, and Water jet 

Machining. 

The main problems in traditional machining methods are the harmful effect of 

the use of coolants on human life, issues of aquatic organisms, and the cost of 

machining, etc. are explained by Imran Masood [76]. Among all of the non-traditional 

machining methods for difficult to cut metals, textured cutting inserts have shown better 

results [77]. D. Arulkirubakaran et. al. [78] have conducted the numerical simulation of 

the machining process using DEFORM 3D software and declared that the cutting 

temperature and force have been reduced using textured insert. Whereas Z. Wu et. al. 

[79] explained that cutting of removed chips using textured cutting insert becomes easy 

https://aip.scitation.org/author/Nishanth%2C+B+S
https://link.springer.com/article/10.1007/s00170-020-05428-1#auth-Ze-Wu
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which prevents the welding of chips on the surface. A drilling tool with microtexture 

has been generated by S. Niketh et. al. [80] and they declared that 10-12% of reduction 

of thrust force is observed in dry machining and micropools of lubricants in the textured 

cutting insert are the reason. 

 C. Darshan [40] has prepared the parallel line pattern of micro-texture whereas 

A. Olleak and T. Ozel [81] have fabricated parallel, perpendicular, and diagonal lines 

and pits to the cutting edge. T. Sugihara and T. Enomoto [82] have investigated the 

performance of a cutting insert with micro stripe texture. These stripes have parallel 

and orthogonal orientations to the cutting edge of the insert. Anti-adhesive properties 

both in dry and wet cutting conditions have also been examined. It has been observed 

that only a few standard shapes like straight lines, circular pits, sinusoidal waves, the 

parallel and perpendicular micro-texture have been fabricated [27]. Moreover, 

P.Sivaiah et. al. [83] have done machining using variously textured and non-textured 

inserts on AISI 304 SS workpiece. As Titanium Gr 2 has a wide range of areas of 

applications, it is required to work on its machining using cutting inserts having new 

micro-textures designs. A. K. Prida et. al. [84] have compared the FEM simulation 

results with experimental using dimple type microtextures and declared the better 

results with textured insert. N. Ghate and A. Shrivastva [85] have tried to find out the 

process parameter for the fabrication of various titanium implant surfaces. 

Difficult to cut metals have numerous usages in the medical, automobile, 

production, and other industries but due to their high machining costs, applications get 

minimized. Various metals/alloys have been tested to expand their applications as S. N. 

Rosa et. al. [86] have replaced the usual grey cast iron with compact graphite cast iron 

having a residual level of titanium content. They declared that the higher content of 

titanium is responsible for the shorter tool life but it has no influence on the surface 

roughness of CGI. P. J. Arrazola et. al. [87] have done machining of Ti555.3 and 

compared the results with Ti6Al4V. They found quite a similarity between the 

machining results of these two metals. Wear properties using multi-layered carbide 

cutting inserts on hard steel of 55HRC have been studied by A. P. Kenel et. al. [88]. 

Tool life and surface roughness are investigated while performing face turning 

operations on AISI 51100 and AISI 52100 steels [89]. 

https://www.sciencedirect.com/science/article/abs/pii/S0141635911001668#!
https://www.sciencedirect.com/science/article/abs/pii/S0141635911001668#!
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It is important to analyze the cause of damages that occurred in cutting insert while 

machining the Ti alloys so, the microscopic and macroscopic features have been 

studied. A minimum quantity lubrication system has also been introduced to study the 

shapes of removed chips [90]. A. C. Hoyne et. al. [91] have declared that, at high 

machining temperatures, titanium becomes very reactive which increases the effective 

tool wear. So, they have generated an atomization-based cutting fluid spray system in 

the cutting zone and declared it more effective than flood cooling and dry conditions. 

T. Nguyen et. al. [92] performed machining operations on the Ti-6Al-4V bar using 

uncoated carbide and PCD inserts. A confocal microscope has been used to study the 

microstructure of titanium before and after machining. Assuming that, the rate of 

cutting tool wear may also depend on machining process parameters, A. Kumar and G. 

Sehrawat [93] have tried to find out the relation between process parameters like feed 

& cutting speed on the surface roughness & tool wear while machining of Ti-6Al-4V 

using coated carbide cutting tools. After SEM analysis it has been declared that the tool 

wear increased with an increase in feed. To reduce the machining cost, experiments 

with cryogenic machining in place of wet machining have also been carried out. 

Improvement in tool life and the surface finish has been observed [94]. Cryogenic 

cooling with CO2 has also increased the tool life while machining titanium alloy [95]. 

M. Lotfi et. al. [96] found that the experimental analysis is costly so they have done the 

finite element analysis to study the wear of a TiAlN coated carbide insert with Inconel 

625 and declared the depth of cut as the most responsible factor for wear. Along with 

this, few researchers have also compared the effectiveness of PCD cutting tools with 

uncoated tungsten carbide cutting tools in machining Ti-6Al-4V alloy considering the 

cutting speed, surface finish, tool wear, and chip morphology as the parameters [97]. 

Tool wear analysis and comparison between coated and uncoated cutting insert has also 

been carried out [98]. 

Machinability of cutting inserts when used with difficult-to-cut materials is 

required to be increased to minimize the manufacturing cost of required products. The 

main reason for smaller cutting insert life is the tool wear which occurs due to many 

reasons such as high machining temperature, various material properties, etc. The 

cutting insert wear can be identified and controlled with the study of shape, size, and 

type of removed chips. J. Barry et. al. [99] observed that the chip shape has been 
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changed from aperiodic to periodic saw-tooth with the increase of speed and feed. 

Variation in thickness of chips has also been declared. Morphology of top, back, and 

the cross-sectional surface of chips after performing the milling operation on titanium 

with mill cutter under flood cooling system has been conducted [100]. Whereas S. Joshi 

et. al. [101] performed the optical and scanning electron microscopy of removed chips. 

They concluded that at room temperature high shear occurs in chips which have been 

compared with other temperature values. R. W. Maruda et. al. [102] tool wear analysis 

has been carried out for cemented carbide inserts in the machining of AISI 1045 carbon 

steel. They found that the wear has been reduced by minimum quality cooling-

lubrication method. The significant effect on tool wear is caused by the droplet diameter 

of the coolant. To monitor the tool wear, a thermocouple has been designed and 

installed on a polycrystalline cubic boron nitride cutting tool. In this, AISI O2 steel has 

been used as workpiece material and the effect of temperature on tool wear has been 

studied [103]. 

In addition to that S. Sun et. al. [104] focused on material removal rate, cutting 

speed, chip geometries. The dimple-shaped deformations have been studied and found 

that the number of dimples reduced with the increase of material removal rate which 

helps to reduce the tool wear. The response relationship analysis on residual stress 

distribution characteristics to control tool wear has also been introduced [105]. H. Lin 

et. al. [106] prefer oils on water cooling method in comparison to the MQL or CAMQL 

methods to reduce the machining cost, hazards and pollution. Then the effect on-chip 

shapes, types have been studied. They declared that the external oils on the water 

method have reduced the tool wear effectively. A relationship between the tool wear 

and high-frequency vibrations has been found. The change in tool geometry represents 

the change in the shape of removed chips. They tried to control the vibrations to 

minimize the tool wear and improve the tool life [107]. Attention has also been given 

to the study of the role of cutting force in chip formation. For this, the machining of 

Inconel 718 followed by the analysis of cutting force components has been conducted. 

It was found that the sawtooth chips at high cutting speed influence the fluctuation in 

cutting forces [13]. 

Modern production industries continuously demand contemporary 

manufacturing techniques on smart material. To formulate such affirmations, a variety 
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of experiments are essential to be performed which involve the high investment of 

resources. Distinct machining and test setups are required. Whereas the FEA (Finite 

element simulation analysis) using DEFORM 3D software provides an assortment of 

data analysis tools. Predictions always come after validation. So, first, the simulation 

results have been validated with experimental observations then several predictions 

using the same data and on the same software, can be accomplished. 

C. S. Kumar et.al. [108] have performed experiments on AISI 52100 steel with 

coated and uncoated AlTiN cutting tools under dry machining conditions. Temperature 

variation has been analyzed. The complete machining process took place on a heavy-

duty lathe machine. A different setup has been made to measure the values during 

experiments whereas A. K. Parida and K. Maity [109] have executed experiments on 

Ti-5553 using a hot machining process. They consider that the nose radius of cutting 

tool inserts also affects thrust force and tool chip contact length [17]. While machining 

of Inconel 718 and chip geometry, chip thickness, shear plane length, and cutting forces 

have been studied [110]. According to high stress and strains are difficult to find out 

experimentally so FEM simulation using any software is a better tool in such analysis. 

Similarly, Y. M. Arisoy and T. Ozel [111] have done experiments and simulations to 

study the micro-hardness in titanium alloy. They have focused on the cutting conditions 

to find its relation with grain size in machining distinct effects. T Thepsonthi and T. 

Ozel [112] have performed the milling operation in three dimensional simulation for 

titanium alloy and predict the chip flow. The simulation results have been compared 

with the experimental results and concluded the tool wear is the main parameter to 

affect the cutting temperature and wear rate. They gave visualization effects to their 

assumptions using simulation software. A. K. Parida et. al. [113] have used the 

DEFORM software to conduct the simulation analysis. They performed experiments 

on AISI steel and declared the simulation results with 10% of error. M. Lotfi et. al. [96] 

intended to produce a FEM model for the prediction of tool wear while machining 

Inconel 625 using TiAlN coated carbide inserts. They tabulate the results and found the 

depth of cut as most affecting factor for cutting tool temperature the most. 

Z. Wu et. al. [79] have performed the FEM simulation on Ti6Al4V and 

validated the results with cutting temperatures, cutting forces, and tool-chip contact 

lengths with a 10% of error. K. Maity and S. Pradhan [42] have performed the 
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simulation on DEFORM-3D for machining of titanium alloys with microgroove cutting 

inserts. They have taken constant cutting speed, feed, and depth of cut for all the runs. 

They found the partial agreement of simulation results with experimental output values. 

A. K. Parida and K. P. Maity [114] have taken the Inconel 718 as the workpiece 

material. They conduct the turning operation in actual experiments and FEM 

simulation. They focused on 2D modeling rather than 3D modeling to validate the 

simulation results. No preheat condition has been applied. In another analysis, they have 

considered Al 6061 alloy as the most demanding material and performed the FEM 

simulation on DEFORM-3D software to study the forces and chip morphology [115]. 

Tool life in the machining of Inconel 625 alloy on DEFORM software has also 

been studied with chip formation [116]. Identification of variation in cutting energy, 

cutting force, and chip analysis under hot flame and room temperature machining 

conditions on nickel base alloy have been studied. They conduct the experiments and 

simulation both for the same parameters [117]. B. S. Prasad et. al. [118] have declared 

that the vibration signals also have a noticeable effect on tool wear in turning operation. 

They performed the experiments in AISI 1040 and validate with simulation. Using 

DEFORM-3D software as a platform, a 3D cutting finite element model was established 

for the machining process of titanium alloy whirlwind milling with three elements. The 

effects of cutting speed, feed and radial depth on the cutting temperature were analyzed. 

The results showed that the cutting speed had the greatest influence on the cutting 

temperature, the axial feed and the radial cutting depth [119].  

J. Obiko et. al. [120] have taken declared the Deform 3D as an effective platform 

for analysis of deformations of X20CrMoV121 steel. They take 850 ˚C as the preheat 

temperature and conduct the simulation process to study the strain/stress distribution. 

U. Kumar et. al. [121] have tried to implement the FEM approach on forging processes. 

They have studied a wide range of process parameters to minimize the machining cost 

and declared that the results of DEFORM simulation are approximately acceptable. J. 

O. Obiko et. al. [122] have used the FEM tool to find out the relation between turning 

parameters and forces. S. Kosaraju et. al. [123] have found a 9.07% to 9.94% error in 

comparing the experimental and simulation results while investigating the machining 

of Titanium alloys. J. O. Obiko and F. M. Mwema [124] have performed a 3D 

simulation on DEFORM to compare the proposed metal upsetting process with the 
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conventional process. They declared that the modified upsetting process results in fewer 

deformations and FEM simulation provide convincing confirmations of that. K. K. 

Prasad et. al. [125] have compared the simulation results with experimental results of 

machining of difficult-to-cut metals like titanium taking power consumption as one of 

the major parameters. Drilling process analysis has also been done using the FEM 

simulation process [126] whereas U. Khanawapee and S. Butdee [127] have conducted 

the simulation analysis of the cold upsetting process for Al7075 fitted with S15C. 
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Chapter 3 

 

3. Problem Formulation 

 

Recently numerous non-traditional techniques are available such as MQL, 

coated and uncoated cutting tools, flood lubrication, etc. But all these approaches have 

constraints such as unavailability of resources, the requirement of special set up, the 

problem of disposal of coolants, trained operator requirement, etc. (Chetan et. al.) [40]. 

Therefore, the non-traditional technique like the micro-grooved surface of cutting 

inserts appears to be a better technique than the conventional methods as it will be 

helpful in reducing the cutting tool temperature. It will also reduce the tool wear rate. 

Ultimately the machinability of the cutting tool would be increased as it will increase 

the heat dissipation rate. But the micro texturing is also a typical task as it requires a 

special machine for the fabrication of patterns. The chip morphology also describes the 

rank of machinability. In near future, the research can be followed on metals like 

Titanium and its alloys, Inconel, Nickel, and all material with low thermal expansion 

coefficient on which such machining improvement techniques are still to be discovered. 

Also, work has to be done on the design and simulation of several micro-grooved 

patterns subsequent investigation of tool wear, chip forms for the textured insert. 

After ample study of prevailing literature on textured and non-micro-textured 

cutting tools, the following interpretations have been made:  

 For efficient machining, a good surface finish is an essential requirement. 

 The quality of the surface finish declines as the wear increases. It may be due 

to poor lubricating conditions or lack of cooling at the cutting interface.  

 Micro-textured cutting inserts have given good results in terms of increase of 

surface roughness and tool life while machining the difficult-to-cut metals. 

 The use of micro-textured cutting inserts with solid lubricants has also reduced 

the power required to machine the surface of difficult-to-cut metals. It also 

reduces the co-efficient of friction. 

 The attributes for the above-mentioned improvements are: 
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a. Contact area decreases between tool and chip. 

b. Self-lubricating property at the cutting zone of tools and chips. 

 The effectiveness of textured tools merely depends on designs of textures, 

alignment with cutting edge, area of texture, and orientation. 

 The design and orientation of texture according to the direction of chip flow are 

very significant for the enrichment in machinability of the cutting tools.  

Because of fewer adherences in perpendicular texture orientation, it is more 

effective than parallel textures. 

3.1 Research Objectives 

a) Design of various micro-grooved patterns on the surface of cutting inserts. 

b) 3D modeling, FEM Simulation, and comparison of all micro-textured cutting 

inserts with experiments. 

c) To study the effects of cutting variables on machinability during machining 

titanium alloy. 

d) To find out the optimum parameters settings using the Grey Taguchi method. 

3.2 Organization of Dissertation 

Various steps to achieve all of the above-mentioned objectives are organized in 

figure 3.1. Following these steps, a detailed study analysis has been included in the next 

chapters. It starts from literature reviews and determination of objectives, includes 

various designing, fabrication, testing, analysis, and conclusion reports. 

               
Figure 3.1: Methodology of Research work 
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Chapter 4 

 

4. Materials and Methods 

 

4.1 Design and Fabrication of Spiral Triangular Micro Texture 

In this section, a Spiral triangular micro-texture has been designed and then 

fabricated on the rake face of CVD (Chemical Vapor Deposition) coated with TiCN 

and alpha-alumina on a tungsten cutting insert. Best input parameter values are found 

and verified with the help of topography. The spiral triangular texture will act as a 

reservoir of lubricant and will provide more area for heat dissipation rate. Topography 

confirmed that using the femtosecond laser machine for the micro-texture on the surface 

of the cutting insert has not eradicated the coating. 

To fabricate the micro-texture on the rake face of cutting insert, all the 

parametric study has been performed and standard dimensions have been taken. It 

started with a 2 D (Dimensional) design of the micro pattern and then grooved on a 3D 

(Dimensional) cutting insert. The actual fabrication process started after doing some 

trial analysis. After making corrections and final fabrication of micro-texture on cutting 

insert, verification of all parameters has done with the help of topography. 

4.1.1 Designing 

Solidworks® software is used to design the pattern in 2D and 3D shapes. 

Dimensions have been taken as per the standard dimensions available for the cutting 

insert of SNMA 120408 HK1500. The material of this cutting insert is tungsten carbide 

material with a chemical vapor deposition coating of TiCN and alpha-alumina up to 20 

microns. It has a 12.7 X 12.7 mm side. The thickness of the insert is 4.76 mm. The 

available radius at the cutting edge is 0.8 mm. So first of all, a texture covering the 

cutting edge side of 1.12 mm on both sides is taken and a spiral design in triangular 

form has been chosen. This design provides maximum area for the reservoir of lubricant 

or coolant. Moreover, it has a continuous wall for heat dissipation of the thickness of 

20 microns. The groove has a width of 10 microns. A gap of 0.08 mm has been left 
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between the cutting edge and the edge of the texture. The depth of micro-texture is 

chosen to be 10 microns only to prevent the removal of chemical vapor deposition 

coating from the rake face of the cutting insert. Figure 4.1 shows the design of the 

selected spiral triangular textures with dimensions. Figure 4.2 gives the 3D view of 

actual texture grooving and figure 4.3 explains the location and orientation of the 

design. 

 

Figure 4.1: Design of micro-texture with dimensional detail. 

    

Figure 4.2: 3D representation of location and orientation micro-texture design. 
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Figure 4.3: Spiral triangular Micro-texture design on the rake face of cutting insert 

After designing the pattern as per the actual dimensions of the cutting insert, a G-Code 

CNC (Computerized Numerical Control) program has been generated using 

MasterCAM software. All input parameters such as co-ordinates of laser bed, a distance 

of origin from cutting edge, feed, repetition rate, tool diameter, shutter count, 

dimensions of tool and workpiece, margin from cutting edge, depth of cut, etc. are taken 

into consideration while making a CNC program. After writing this, few trial runs have 

been conducted to check and make changes for final input variables and then the CNC 

program has been finalized accordingly. 

4.1.2 Fabrication 

Laser grooving has been done by the Femtosecond laser cutting machine on the 

surface of the cutting insert. First, several trial runs have been done in straight line 

patterns and after checking in topography one combination has been finalized and all 

the patterns are then prepared using those input parameters. In femtosecond laser 

machine power transmission, pulse width, feed, and repetition rate are entered as the 

input parameter. The compressed air flow is applied to make a spatter-free grooving 

with a gap taken from the cutting edge of the laser. Distance from the origin of the laser 

bed is taken as 10 microns in finalized design. By taking all these input variables the 

pattern obtained on the cutting insert surface is having chamfered square shape of the 

groove. It takes 4.52 sec per sample to make the micro-groove. An average output width 

of the groove is obtained as 15.5 microns with a depth of 11.036 microns. The obtained 

average actual gap from the cutting edge of the insert is 24 microns. In the whole 

process, the shutter count used was 1. After this, cutting inserts have been prepared for 
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experiments. Table 4.1  shows all the input parameter values of the femtosecond laser 

machine taken for trial runs and the finalized parameter set. Figure 4.4 shows all the 

trial run fabrication of micro-textures on the rake face of the cutting insert. 

From all of these, the best value combination which is giving the required result 

has been taken for final grooving of texture and that is 2W of power transmission, 100 

fs of pulse rate with 2.5 mm/sec of feed. The repetition rate has been decided as 10000 

Hz and a tool diameter of 12 mm is taken. During the grooving, a compressed airflow 

of 12 lit/min has been passed. In this micro-texture grooving, the gap from the cutting 

edge of the insert has been taken equal to 30 microns and in the femtosecond laser 

machine, the distance of the start of a laser beam from the origin of the bed has been 

taken as 10 microns. 

Table 4.1: All input parameters of the femtosecond laser machine and their values. 

Femtosecond Laser Machine Specifications and Input Parameters 
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2 100 2 10000 0.015 12 30 10 

2 100 2.5 10000 0.015 12 30 10 

3 100 2.5 10000 0.015 12 30 10 

3.5 100 2.5 10000 0.015 12 30 10 

4 100 2.5 10000 0.015 12 30 10 

4.5 100 2.5 10000 0.015 12 30 10 

5 100 2 10000 0.015 12 30 10 

 

The main reason for selecting this set of values is the power transmission and feed. Less 

power consumption with more feed will be economical and it is giving the best result 

in terms of microtexture groove depth and shape. After making all the micro-groove 

patterns on the surface of cutting inserts, these are followed by ultrasonic cleaning to 

make the insert’s surface clear from all removed material particles and spatters during 

laser grooving. 
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Figure 4.4: Various trial run patterns grooved on the rake face of the cutting insert. 

This process uses acetone solution and ultrasound from 20-40 kHz for a maximum of 

5 minutes per insert. Figure 4.5 shows the ultrasonic cleaning of cutting inserts after 

making micro grooves on the surface of the femtosecond laser machine.  

 

Figure 4.5: Ultrasonic cleaning of cutting insert with micro-texture. 

After ultrasonic cleaning of inserts, it undergoes a topographic process in which various 

dimensions and other parameters have been evaluated as per the requirement of 

machining of difficult to hard metals like Inconel, Titanium, etc. Figure 4.6 shows the 

topographic machine used to check various values such as depth of cut, width of groove 

pattern, wall thickness and cutting edge distance, etc. 
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Figure 4.6: A machine used for the topography of cutting insert with micro-texture 

The design step has been completed in two steps. First, the design of the spiral triangular 

pattern has been prepared. Then several trial fabrication run has been done. It was 

followed by the topographic inspection of all trial runs which gave us the best 

combination of input parameters. Taking all of those parameters, necessary design and 

dimension changes have been done and then final fabrication is completed. After the 

actual fabrication of the micro groove texture on the rake face of the cutting insert, the 

obtained values of different parameters are explained in table 4.2. 

 

Figure 4.7: Cutting insert without micro groove texture 
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Table 4.2: Dimensions of micro-texture after actual fabrication. 

Results 

Design            

Pattern 

Time 

Taken 

Per 

Sample 

(Sec) 

Shape of 

Groove 

Average 

Output 

Width 

of 

Groove 

(micron) 

Average 

Output 

Depth of 

Groove 

(micron) 

Average 

Wall 

Thickness 

(micron) 

Average 

Actual Gap 

obtained 

from 

cutting edge 

of Insert                  

(micron) 

Shutter 

Counts   

Spiral 

Triangle 

5.10 
Chamfered 

Square 
35 7 13.52 24 1 

4.52 
Chamfered 

Square 
15.5 11.036 21.34 24 1 

4.41 
Chamfered 

Square 
38.4 11.1 8.97 24 1 

4.02 
Chamfered 

Square 
38.05 11.7 8.15 24 1 

3.54 
Chamfered 

Square 
39.6 12.37 8.21 24 1 

3.3 
Chamfered 

Square 
38.5 12.6 9.07 24 1 

3.0 
Chamfered 

Square 
46 12.5 5.94 24 1 

 

 

Figure 4.8: Cutting insert with micro groove texture on rake face. 

Figure 4.7 has cutting inserts before and figure 4.8 has after the fabrication of micro-

texture. After fabricating the micro-texture, it has to be assured that the size of the 
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actual micro-texture obtained must be the same as in design. So for this, dimensional 

analysis has been done with the help of topography shown in figure 4.9. 

 

Figure 4.9: Dimensional measurement of micro-texture after grooving on cutting insert. 

 

Figure 4.10: The topography of micro-texture grooved on cutting insert. 

All the dimensions are in the range of designed values and no further alteration is 

required. Very clean and precise texture has been obtained. Further to make the surface 

analysis of the prepared groove, the 3D topography has been done. It gave a clear 

comparison of all the obtained results in X-Y coordinates. It also helps to understand 
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the shape of the groove and identify those regions where depth is varying. As micro-

texture grooving with the laser has to be done in steps and laser beam has to follow a 

path within the given range so, at those turns where design has a bend, depth of groove 

decreases. Figure 4.10 shows all those areas with distance from a particular origin taken 

in the topographic image. 

After all the trial runs, the best parameter set has been decided based on less 

power consumption with more feed so that the fabrication can be performed in less 

time. It will be more economical in comparison to others. Moreover, these values 

produce the required shape of pattern, less than 20 microns of depth, and orientation of 

the micro groove pattern in actual fabrication. The topographic test of all the runs has 

proved that the required dimensions of micro-texture have been attained without any 

major transformation in the parent cutting insert. Fabrication has been performed by 

taking 30 microns of distance from the cutting edge, using 2W of power, 100 fs of pulse 

width with a feed of 2.5 mm per second. The repetition rate was taken at 10000 Hz with 

a tool diameter of 0.015 mm. After fabrication, the micro spiral triangular pattern 

obtained on the cutting insert surface has a chamfered square shape of the groove. It 

took 4.52 sec per sample to make a micro groove. The average output width of the 

groove has been obtained as 15.5 microns with a depth of 11.036 microns. The obtained 

average actual gap from the cutting edge of the insert was 24 microns. In the whole 

process, the shutter count used was 1 only. Topography confirmed the coating is still 

evaded on the cutting insert surface. All other results have required depth but along 

with that the groove width also increased. Due to which the pattern design will be 

having fewer walls to dissipate the heat. So there will be no effect of such a pattern on 

the cutting insert surface. Hence a combination of 15.5 microns of width and 11.036 

microns of depth has been selected [128] 

4.2 Design and Fabrication of Honeycomb Micro-Texture 

This section focuses on the design of the micro-texture pattern, its orientation, 

laser machine input parameters, and preservation of CVD coating during fabrication. 

As Krolczyk, G. et al. [129] found the interaction between the machined and material 

of wedge at the rake face of the cutting insert so, first the novel honeycomb 3D micro-

texture is designed using Solidworks®, and then actual fabrication has been performed 
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using a femtosecond laser machine on the rake face of cutting insert. The result has 

been analyzed in the laboratory. The complete process is done on the rake face of TiCN 

coated tungsten carbide cutting inserts. For the selection of the best input parameter 

values, all dimensional analysis has been carried out with surface topography. EDS test 

study shows the elemental increase of carbon and decrease of titanium in the coating. 

The novel honeycomb micro-texture provides several micro pool reservoirs for 

lubricant. The obtained wall thickness has increased the number of fins and their lengths 

to maximize the heat dissipation rate while machining. Although, the new formation of 

oxides and 33.7% increase of carbon element has been observed inside the groove, the 

effect of an increase of surface area and fin length is comparatively more [42]. Hence 

CVD coating and its properties are still present after the micro-grooving. 

4.2.1 Designing 

Designing micro-texture plays a major role in getting the required results of 

machining. Some design parameters are purely based on available specifications of the 

cutting tool, holder, and machine. Some of them are decided based on all of the previous 

research conclusions. The design of texture is done on Solidworks 2015© in the 2D and 

3D frameworks. All design parameters have been taken as per the standard dimensions 

of SNMA HK1500 Tungsten carbide with CVD coating of TiCN of 20 microns cutting 

insert [43,44]. It is a square insert of 12.7 mm side and 4.76 mm of thickness with 8 

available cutting edges. The nose radius is 0.8 mm. Based on all these parameters, a 

novel honeycomb pattern has been designed in Solidworks® software. Before grooving 

this on the actual insert and also to finalize the femtosecond laser machine parameters, 

some trial runs have been performed. After the actual preparation of a sample of micro 

grooves on the surface of cutting inserts, some dimensional alterations in design have 

been done for getting accurate results. From literature, It has been observed that the 

maximum effect of raised temperature during machining is observed up to a distance 

of 3 mm to 4 mm only which is measured from the cutting edge of the insert [130]. So, 

the honeycomb pattern has been designed to have a continuous series of small 

hexagonal structures. These hexagons are placed to cover 2.11 mm of the area along 

both of the cutting edges of the tool rake face. This novel honeycomb design pattern 

has several micro hexagonal pools that will provide maximum area for lubricant or 
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coolant on the rake face of the cutting insert as compared to all the patterns from the 

literature. It has been designed in such a way that a continuous wall has been obtained 

with an average thickness of 29.49 microns which is spread out in the complete design 

pattern. As thin fins have more heat dissipation rate, this micro-texture will help in 

decreasing the temperature of inserts during machining. The groove has an average 

width of 57.7 microns. From the tool cutting edge to the start of microgroove texture 

an average gap of 63.6 microns has been taken to avoid the damage of this honeycomb 

texture during machining. As the CVD coating thickness is up to 20 microns only so 

while fabrication of texture the groove depth is chosen to be 18.6 microns only so that 

it should not abolish the TiCN layer from the cutting insert. 

 

Figure 4.11: Final Design of micro-texture with dimensional detail. 

Figure 4.11 shows the final design of the selected honeycomb texture with dimensions. 

The detail of the size of micro hexagons, location of micro-texture, groove wall 

thickness, and width is given. Figure 4.12 explains the orientation of the design on the 

rake face along with the area covered. 

4.2.2 Fabrication 

MasterCAM® software has been used to generate the CNC program in G-Code 

and M-Code for laser grooving on a femtosecond laser machine [12]. Values of distance 

from the origin, the distance of bed from the edge of the cutting insert, the shortest path 

with minimum shutter counts, etc in co-ordinates forms have been measured and 
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entered. Before finalizing the parameter values, several trials run in the form of the 

straight-line pattern are fabricated and evaluated dimensionally using surface 

topography [19].  

 

Figure 4.12: Honeycomb micro-texture design on the rake face of cutting insert. 

In a femtosecond laser machine, a distance of 2184 microns is taken from the origin 

and laser bed to get sufficient space to mount and unmount the cutting inserts from the 

laser bed. The chamfered square shape of the groove has been obtained in straight line 

trial patterns and a filleted square with varying depth shape is obtained in the fabrication 

of a novel honeycomb pattern. The average time taken to fabricate the design on one 

insert is 42.08 sec. The obtained average micro groove width is 57.7 microns with 18.6 

microns of depth. After fabrication, the gap between the cutting edge and the start of 

the groove is measured to equals 63.6 mm.  The complete fabrication process took a 

total shutter count of 64. Table 4.3 shows all the femtosecond laser machine input 

parameters with the trial runs and final selected values. For the economical production 

of such grooves, less power consumption with more feed is preferred. Due to this 2W 

of power transmission and 2.5 mm/sec of feed has been taken for the fabrication of all 

cutting inserts. During Fabrication an airflow of 12 lit/min helps to clean the laser bed 

as well as insert also. 

The repetition rate of 10000 Hz and tool diameter of 0.015 mm has been taken 

for all the trials and final fabrication processes. Then the femtosecond laser machine is 

set to run for the given time and a cutting insert with micro-texture of honeycomb style 
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is obtained. Ultrasonic cleaning is done using acetone solution for 5 min to 7 min per 

insert at the 20-40 kHz of frequency. Then it undergoes topographic analysis in which 

all the dimensional parameters are evaluated [23]. Olympus topographic machine is 

used to analyze the fabricated groove. 

Table 4.3: Values of operating parameters for the Femtosecond laser machine. 

Femtosecond Laser Machine parameters and values 

Design            

Pattern 

Power 

Transmission 

(W) 

Pulse 

Width 

(fs) 

Feed 

(mm/Sec) 

Compressed 

Air Flow 

Rate   

(lit/min) 

Gap has 

taken 

from the 

cutting 

edge of 

Insert 

 (micron) 

Distance 

of Origin 

from 

cutting 

edge 

(micron) 

Straight Line 

(Trial 

Patterns) 

2 100 2 12 30 10 

3 100 2.5 12 30 10 

3.5 100 2.5 12 30 10 

4 100 2.5 12 30 10 

4.5 100 2.5 12 30 10 

5 100 2 12 30 10 

Honey Comb 

2 100 2 12 90 2184 

4.5 100 2.5 12 70 2184 

5 100 2 12 60 2184 

 

After fabrication of the actual novel honeycomb micro-texture on the cutting 

insert, the dimensional analysis has been performed on the surface topographic machine 

and results show that the required depth of 18.6 microns is obtained in 42.08 sec with 

an average width of 57.7 microns. The average gap of 63.6 microns from the cutting 

edge of the insert has been obtained. Table 4.4 is showing all the dimensional results 

obtained after the actual fabrication of the insert along with the best match with the 

required parameters. 

After fabrication of the micro-textures of the honeycomb pattern the cutting 

insert has an area covered with the series of such patterns is shown in figure 4.13 

focused at a range of 1 mm. For the dimensional analysis of the cutting inserts, surface 

topography has been performed at the 100 µm range 
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Table 4.4: Obtained values after the fabrication of honeycomb micro-texture. 

Results 

Design            

Pattern 

Time 

Taken 

Per 

Sample 

(Sec) 

Average 

Width of 

Groove 

(microns) 

Average 

Depth of 

Groove 

(microns) 

Average 

Wall 

Thickness 

(microns) 

Average 

Actual Gap 

from 

cutting edge 

of Insert                  

(microns) 

Shutter 

Counts   

(Numbers) 

Straight Line 

(Trial 

Patterns) 

0.56 35 7 -- 0 1 

0.52 38.4 11.1 -- 0 1 

0.46 38.05 11.7 -- 0 1 

0.32 39.6 12.37 -- 0 1 

0.24 38.5 12.6 -- 0 1 

0.16 46 12.5 -- 0 1 

Honey Comb 

42.08 57.7 18.6 29.49 63.6 64 

46.63 61.53 28.4 18.44 42 64 

51.81 62.02 36.14 16.21 27 64 

. A dimensional analysis of generated groove width and wall thickness has been carried 

out using the surface topographic machine at a range of 100 micrometers. Varying 

dimensions are obtained. Taking all the dimensions as shown in figure 4.14 and then 

an average of all values has been calculated. An average groove width of 57.7 microns 

and a wall thickness of 29.49 microns has been obtained. Similarly, dimensional 

analysis is shown in figure 4.15. An average gap of 63.6 microns has been obtained 

from the edge of the honeycomb micro-groove pattern and the cutting edge of the insert. 

Various values of all the parameters have been measured in different 

honeycomb patterns and then an average of all parameters has been calculated. It shows 

that at the corners of the groove, the depth of the groove is less as compared to other 

areas. This is due to the reason that when cutting laser beam passes from a straight-line 

path it gives a uniform depth of groove but when it has to bend or rotate from an edge, 

to cover the same path in the shortest time frame it does not go to that much depth of 

surface [33]. 
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Figure 4.13: Cutting insert with a micro honeycomb pattern. 

  

Figure 4.14: Dimensional analysis of wall thickness and width of the groove. 

It also helps to protect the coating of the cutting insert because if more time has been 

given at these bends, the depth of the groove at the other part of the pattern increases. 

So this type of varying depth of the groove is accepted to protect TiCN coating on the 

surface of the cutting insert.  
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Figure 4.15: Dimensional analysis of distance from cutting edge. 

After this EDS analysis has been carried out at a focus range of 100 µm. Figure 4.16 

shows the selected spectrum for study, Spectrum 1 has been selected from the normal 

area where no grooving is there and spectrum 2 is taken from the inner side of the 

honeycomb pattern. It clearly shows several dark spots where the depth of the groove 

is more in comparison to the light-colored areas with lesser depth. 

 

Figure 4.16: Selected Spectrums in EDS analysis of honeycomb pattern. 
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Figure 4.17: Element percentage component of normal spectrum-1. 

Then, the percentage of all elements present in spectrum 1 is shown in figure 4.17. It 

shows that there is a presence of 11.6% of titanium, 32.8% carbon, and 22.2% of 

nitrogen. When the honeycomb micro-textured has been fabricated then inside the 

grooved honeycomb pattern (spectrum 2), the presence of a thin coating of TiCN is still 

found. It has 1.7% of titanium, 66.5% of carbon. There is a decrease of 9.9% of titanium 

and an increase of 33.7% of carbon elements have been observed. It is due to the 

burning of metal during laser grooving in the femtosecond laser machining [15,28]. 

This increase of carbon element inside the groove will not have much effect because 

the effect of the increase of surface area and fin length is more on the heat dissipation 

rate. Figure 4.18 shows the percentage of all the elements in spectrum 2 inside the 

groove. 

In the EDS mapping analysis, it has been observed that before micro grooving 

Titanium is present all over the surface of the cutting insert, and even after micro 

grooving with femtosecond laser machine this element is present inside the grooved 

area of the honeycomb pattern. Figure 4.19 shows a combined element data of all the 

present compounds and figure 4.20 gives the detail of all the spots where the Titanium 

element is present. Here the dense color shows the non-grooved part of the cutting 

insert. As the same color element is present inside the groove of the honeycomb pattern 

also, it proves the presence of the titanium element of the thin coating inside the micro-

grooved area. Figure 4.21 gives the detail of all those spots where the nitride is present 
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and figure 4.22 shows the presence of carbon in the cutting insert. In comparing figures 

4.23 and figure 4.24 the increase of carbon element due to laser grooving is proved as 

now more area has that color symbol. 

 

Figure 4.18: Element percentage component of micro-grooved spectrum-2. 

 

Figure 4.19: EDS mapping results- Combined element data of all compounds. 

In figure 4.23 the presence of alumina is shown only at the corners of the microgroove. 

While grooving, the laser beam was focused at the center of the width of the groove. 

So oxidation and reduction have occurred more inside the grooved area only. At the 

edges, aluminium appears as a thin layer of coating is diminished. Figure 4.24 shows 
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the oxides formed inside the micro-grooved area. It was present earlier also but due to 

laser grooving its percentage. 

 

Figure 4.20: EDS mapping results- Element data of the Titanium compound only. 

 

Figure 4.21: EDS mapping results- Element data of Nitride compound. 



Chapter 4 

 

62 

 

 

Figure 4.22: EDS mapping results- Element data of the Carbide compound. 

 

Figure 4.23: EDS mapping results - Element data of Aluminium compound. 
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Figure 4.24: EDS mapping results- Element data of Oxide compound. 

XRD (X-Ray Diffraction) analysis also clears that before grooving it was present with 

aluminium in the form of alumina but after oxidation, it is converted into silicon dioxide 

shown in figure 4.25 and figure 4.26. A study of compounds in cutting insert using 

XRD is done which verifies the presence of a thin layer of TiCN even after microlaser 

grooving of a honeycomb pattern on the rake face of tungsten carbide insert. PSD fast 

mode. It started at a 10˚ angle and ends at a 119.990˚ angle in total 57.60 sec.  

The first XRD analysis of a plain insert has been executed. It shows the presence 

of Titanium Carbo-Nitride, Alumina compound on the surface of the cutting insert. 

Figure 4.25 shows the various diffraction pattern at various values of position angle 

2theta (2θ) and intensity (counts per second) with the presence of compounds in cutting 

insert without micro-texture. Then at the same machine parameters, the compound 

study of cutting insert after grooving of honeycomb micro-texture is done. It confirms 

the presence of Ti3Al2N2 (Titanium Aluminium Di-Nitride) and Ti2N (Titanium 

Nitride). 
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Figure 4.25: XRD analysis of cutting insert without micro-texture. 

 

Figure 4.26: XRD analysis of cutting insert with honeycomb micro-texture 

The generation of SiO2 (Silicon Dioxide) is also observed. These modifications in 

compounds occur due to microlaser grooving. TiCN has been reduced to Ti3Al2N2 and 

Ti2N. Similarly, Al2O3 gets oxidized and SiO2 has formed. Figure 5.26 shows numerous 

diffraction patterns and the presence of compounds at various values of angle 2theta 

(2θ) (2θ) and intensity (counts per second) in cutting insert with honeycomb micro-

texture. The newly formed Ti3Al2N2, SiO2, and Ti2N compounds have high hardness and 
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low friction coefficient. These have other common properties like high deformation 

resistance and high compressive strength. Whereas, corrosion resistance and abrasive 

wear are the properties of TiCN and Al2O3 respectively [131,132]. So after grooving 

the novel honeycomb micro-texture on the cutting insert, major properties will remain 

the same. 

It is not changing any physical, chemical as well as mechanical properties of 

thin coating also. Design and fabrication of a spiral triangular pattern have been done 

successfully using the femtosecond laser machine [133]. Experiments with plain and 

simple micro-texture have shown improvement in machinability [134]. So this study 

has a scope of experimentation as well as FEA simulation analysis to be done [135].  
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Chapter 5 

 

5. Experimentation and Modeling 

 

This chapter focuses on machining Titanium Gr 2 using few new types of 

microtextures. These novel microtextures have been fabricated on the rake face of the 

double-sided square cutting insert and their machinability is compared. First, the spiral 

triangular and honeycomb micro-textures have been designed using Solidworks® 

software and then fabricated using a femtosecond laser machine without amputating its 

TiCN coating [136,67]. Taking rotational speed range of 325rpm to 930rpm and cutting 

feed of 0.04 mm/rev to 0.08 mm/rev, a dry turning process on a self-centered lathe 

machine have been conducted. The machinability of all types of cutting inserts has been 

compared based on cutting temperature, surface roughness, material removal rate 

(MRR), and percentage improvement on the surface finish (PISF). 

To compare the machinability aspects of the micro-textured cutting insert with 

non-textured cutting insert in the turning operation of Titanium Gr 2, first of all, the 

spiral triangular and honeycomb micro-texture designs have been prepared using 

Solidworks® software. The dimensions of the micro-texture design have been finalized 

according to the trial runs performed in the femtosecond laser machine. Figure 5.1 (a) 

shows the design of the non-textured plain insert, figure 5.1 (b) shows the design of 

cutting insert with novel spiral triangular micro-texture, and figure 5.1 (c) explains the 

design of cutting insert with novel honeycomb micro-texture on the rake face. The XRD 

and EDS tests performed after the actual fabrication of these micro-textures give 

evidential proof of the presence of a layer of TiCN (Titanium Carbo-Nitride) coating 

on the cutting insert. Hence no change in the characteristics of the TiCN coated tungsten 

carbide cutting inserts is confirmed. Figure  5.2 (a) is showing the non-textured cutting 

insert, figure 5.2 (b) displays the cutting insert with novel spiral triangular micro-

texture, and figure 5.2 (c) displays the cutting insert with novel honeycomb micro-

texture on the rake face[135]. 
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Figure 5.1: Design of cutting inserts (a) Non-textured (b) with Spiral Triangular micro-texture 

(c) with Honeycomb micro-texture 
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Figure 5.2: TiCN coated tungsten carbide cutting inserts (a) Non-textured (b) with Spiral 

Triangular micro-texture (c) with Honeycomb micro-texture. 

5.1 Selection of Orthogonal array and Design of Experiments 

For the design of experiments L27, the orthogonal array has been selected taking 

three levels of the rotational speed of the workpiece that is Titanium Gr 2 rod, and three 

levels of cutting feed. Three types of cutting insert have been used for turning operation 

on a three-jaw self-centered lathe machine. Table 5.1 shows the design of the 

experiment with a total of 27 runs. Table 5.2 explains all the factors and levels used in 

this experiment. 
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Table 5.1: L27 Orthogonal array for the design of experiments 

Design of Experiments 

Run 

Parameters 

Rotational Speed 

(rpm) 
Feed (mm/rev) Type of insert 

1 1 1 1 

2 1 1 2 

3 1 1 3 

4 1 2 1 

5 1 2 2 

6 1 2 3 

7 1 3 1 

8 1 3 2 

9 1 3 3 

10 2 1 1 

11 2 1 2 

12 2 1 3 

13 2 2 1 

14 2 2 2 

15 2 2 3 

16 2 3 1 

17 2 3 2 

18 2 3 3 

19 3 1 1 

20 3 1 2 

21 3 1 3 

22 3 2 1 

23 3 2 2 

24 3 2 3 

25 3 3 1 

26 3 3 2 

27 3 3 3 

 

Table 5.2: Values of all the factors and levels used in the machining operation. 

Rotational Speed 

(rpm) 
Feed (mm/rev) Type of Insert 

1 = 325 1 = 0.04 1 = Plain Insert 

2 = 550 2 = 0.06 2 = Insert with spiral triangular pattern 

3 = 930 3 = 0.08 3 = Insert with Honeycomb pattern 
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5.2 Material, Machine Set-up & Test Conditions 

The turning operation has been performed on the three-jaw self-centered lathe 

machine taking three different rotational speed levels. The material of the workpiece 

used is Titanium Gr 2 (Ti-6Al-4V) which is having low thermal conductivity and heat 

dissipation rate. Figure 5.3 shows the Titanium Gr 2 workpiece rod of diameter 50 mm. 

The length of the rod equals 510 mm which is then divided into few sets as per the 

length of each experiment run. SNMA 120408 tungsten carbide square cutting inserts 

have been used. These inserts have a CVD coating of TiCN (Titanium Carbo-Nitride) 

up to 20 microns. The square insert is of 12.7 X 12.7 X 4.76 mm dimensions. The nose 

radius of the insert is 0.8 mm with a 75 degree of approach angle. Figure 5.4 shows the 

symmetry of the tungsten carbide square cutting insert with the holder. All the turning 

operations are carried out at a room temperature of 25 degrees. The novel micro-texture 

designs have been prepared using Solidworks® software as per the available dimension 

data of the double-sided square cutting insert giving an extreme level of attention that 

after fabrication of micro-textures, no change in the properties of the cutting insert may 

occur. 

 

Figure 5.3: Titanium Gr 2 workpiece rod of diameter 50 mm and length 510 mm. 

 

Figure 5.4: Square tungsten carbide cutting insert with holder. 
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The dry turning operations have been performed in the available rotational speed range 

of 300 – 1000 rpm. The cutting feed varies from 0.4 – 0.8 mm/rev. The depth of cut has 

been taken 0.5 mm for all the runs. Figure 5.5 is having the schematic representation of 

the setup to perform the machining operation on a three-jaw self-centered lathe 

machine. 

 

Figure 5.5: Three-jaw self-centered Lathe machine set up for turning operation. 

Cutting temperature is the main parameter to check the machinability of any cutting 

insert. For this purpose, the HTC IRX-65 digital infrared temperature measurement 

device having a range of -50˚C to 1250˚C has been used. It provides the contactless 

measurement of temperature while machining on the tip of the cutting insert. Figure 5.6 

shows the device use for the measurement of temperature. 

 

Figure 5.6: HTC IRX-65 digital infrared temperature measurement device. 

For the measurement of surface roughness, the Insize ISR-S400 surface roughness 

device has been used. The cut-off length of 0.8 mm, 3 no of cut with 2.97 µm calibration 
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Ra is taken. Figure 5.7 explains the surface roughness measurement process after the 

turning operation on Titanium Gr 2 rod using different types of cutting inserts with 

different factors and their levels. 

 

Figure 5.7: Surface roughness measurement using ISR-S400 tester. 

The values of the diameter of Titanium Gr 2 rod before and after each turning operation 

run is measured using Insize vernier caliper. The standard equation 5.1 has been used 

to calculate the values of MRR (material removal rate) for all the experiment runs. 

𝑀𝑅𝑅 = 𝑉 𝑋 𝐹 𝑋 ( 
𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟

2
 )                                                         (Eq. 5.1) 

𝑃𝐼𝑆𝐹 =
𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐹𝑖𝑛𝑖𝑠ℎ

𝐴𝑣𝑔 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐹𝑖𝑛𝑖𝑠ℎ
 𝑋 100                                                         (Eq. 5.2) 

For the calculation of PISF (percentage improvement in surface finish), values of 

surface roughness before and after the turning operation have been measured. The 

average of three values measured at different positions has been taken. The surface 

roughness of the Titanium Gr 2 rod before machining is found to be 4.03 µm. Using 

equation 5.2, PISF has been calculated for all runs. Table 5.3 give the detail of all the 

measured output values in respect to the factors and levels of each run. The maximum 

cutting temperature is observed while machining with a non-textured insert at 930 rpm 

taking 0.06 mm/rev of cutting feed and minimum with Honeycomb micro-texture at 

325 rpm and 0.04 mm/rev of cutting feed. The cutting insert with Honeycomb micro-

texture gives the maximum of 76% improvement in the surface finish at 930 rpm and 

0.04 mm/rev of cutting feed. Machining of Titanium Gr 2 shows the minimum material 

removal rate of 6.799 mm3/min with a non-textured insert and a maximum of 39.58 

mm3/min with honeycomb micro-texture. 
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Table 5.3: Detail of output results at different input values for each experiment run.  

Ru

n 

Parameters Output Results 

Rotation

al Speed           

(rpm) 

Feed 

(mm

/rev) 

Type of 

insert 

Temperatu

re (˚C) 

Surface 

Roughnes

s Ra 

 (µm) 

PISF 

 (%) 

 

Material 

Removal 

Rate 

(mm3 Per 

min) 

1 325 0.04 Plain Insert 230 2.942 27.00 6.799 

2 325 0.04 
Spiral 

Triangular 
227 1.687 58.14 6.916 

3 325 0.04 Honeycomb 210 1.228 69.53 6.786 

4 325 0.06 Plain Insert 264 2.17 46.15 9.633 

5 325 0.06 
Spiral 

Triangular 
254 2.093 48.06 9.496 

6 325 0.06 Honeycomb 240 1.892 53.05 9.672 

7 325 0.08 Plain Insert 327 3.062 24.02 13.884 

8 325 0.08 
Spiral 

Triangular 
295 2.886 28.39 13.26 

9 325 0.08 Honeycomb 268 2.522 37.42 13.286 

10 550 0.04 Plain Insert 378 2.062 48.83 10.978 

11 550 0.04 
Spiral 

Triangular 
336 1.654 58.96 10.67 

12 550 0.04 Honeycomb 295 1.911 52.58 10.788 

13 550 0.06 Plain Insert 404 2.439 39.48 16.566 

14 550 0.06 
Spiral 

Triangular 
372 1.38 65.76 16.203 

15 550 0.06 Honeycomb 317 2.209 45.19 16.104 

16 550 0.08 Plain Insert 363 2.895 28.16 22 

17 550 0.08 
Spiral 

Triangular 
313 2.203 45.33 21.56 

18 550 0.08 Honeycomb 340 2.054 49.03 21.648 

19 930 0.04 Plain Insert 475 2.964 26.45 19.344 

20 930 0.04 
Spiral 

Triangular 
404 2.034 49.53 18.972 

21 930 0.04 Honeycomb 591 0.967 76.00 18.451 

22 930 0.06 Plain Insert 625 3.822 5.16 28.625 
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23 930 0.06 
Spiral 

Triangular 
476 1.54 61.79 27.955 

24 930 0.06 Honeycomb 548 2.297 43.00 27.676 

25 930 0.08 Plain Insert 604 3.158 21.64 37.423 

26 930 0.08 
Spiral 

Triangular 
502 2.946 26.90 38.985 

27 930 0.08 Honeycomb 577 1.02 74.69 39.58 
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6. Results and Discussion 

 

6.1 Effect of Machining Parameters on Temperature 

The range of cutting temperatures while performing the turning operation on 

Titanium Gr 2 with honeycomb micro-textured insert is less in comparison to other 

types of inserts. At rotational speed 550 rpm and cutting feed 0.04 mm/rev it shows the 

minimum cutting temperature in comparison to another type of cutting inserts at the 

same parameters. This is due to the reason that Honeycomb micro-texture has 

maximum heat dissipation rate due to its long fin shape walls type design. As Titanium 

Gr 2 has a low heat dissipation rate characteristic so, at high rotational speed, the time 

available for conduction of heat is less and more heat will gather at the cutting zone 

[137]. So, a rise in cutting temperature is perceived with an increase in rotational speed 

with all types of cutting inserts. An increase in the cutting feed also increases the cutting 

temperature of all types of cutting inserts. Figure 6.1 shows the variation in cutting 

temperature with the type of inserts, rotational speed, and cutting feed levels. 
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Figure 6.1: Variation in temperature with the type of inserts, rotational speed, and cutting feed 

in turning operation. 

6.2 Effect of Machining Parameters on Surface Roughness 

The measured surface roughness values have a maximum range of 2 µm to 4 

µm after machining of Titanium Gr 2 rod with non-textured plain insert, whereas 1.5 

µm to 3 µm with spiral triangular and minimum of 1 µm to 2.5 µm with honeycomb 

micro-textured cutting insert. It is mainly due to the increase of heat dissipation rate 

with honeycomb micro-texture. Because of that, the tool wear reduces and hence 

smooth surface has been obtained [138]. Surface roughness increases with an increase 

in rotational speed as at high rotational speed material removal rate increases [139] but 

while machining with honeycomb micro-textured insert at rotational speed 930 rpm, 

surface roughness first increases up to 0.06 mm/rev of cutting feed and then start 

decreasing on a further increase of cutting feed. This is due to the reason that when 

rotational speed and cutting feed both are high then the cutting tool get less time to 

remain in contact with the workpiece material. The cutting tool moved forward quickly 
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so the material removed from a particular area is less. Figure 6.2 shows the variation of 

surface roughness with the type of insert, rotational speed, and cutting feed. 

 

Figure 6.2: Variation in surface roughness with the type of inserts, rotational speed, and cutting 

feed in turning operation. 

6.3 Effect of Machining Parameters on MRR 

For all types of cutting inserts, the material removal rate has been increased with 

an increase in rotational speed and cutting feed [140]. Graphs drawn in figure 6.3 show 

that the MRR is maximum when machining with Honeycomb micro-textured insert 

than spiral triangular micro-texture and minimum with non-textured plain insert. 
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Figure 6.3: Variation in material removal rate with the type of inserts, rotational speed, and 

cutting feed in turning operation. 

6.4 Effect of Machining Parameters on PISF 

PISF with non-textured plain and spiral triangular cutting inserts increases and 

then decreases with cutting feed but with honeycomb micro-textured insert, it decreases 

and then increases with feed. At rotational speed, 325rpm and 930rpm cutting insert 

with honeycomb micro-texture give maximum PISF but at 550rpm insert with spiral 

triangular micro-texture show the maximum PISF. Figure 6.4 shows the variation of 

PISF with rotational speed, cutting feed, and type of insert in all machining runs. 
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Figure 6.4: Variation in percentage improvement in the surface finish with the type of inserts, 

rotational speed, and cutting feed in turning operation. 

6.5 Analysis of Surface Roughness, Tool Wear and Chip Morphology 

Most of the researchers have worked on the study of tool wear and chip 

morphology by trying different methods of machining, changing the machining 

environments, cooling systems, and very little attention has been given to analyze the 

machinability of cutting inserts after modifying them at the micro-level. In this chapter, 

the analysis on surface roughness, cutting insert wear, and chip morphology have been 

done while machining titanium grade 2 with a tungsten carbide insert. A honeycomb 

micro-texture has been fabricated on the rake face of the cutting insert. The 

machinability of these two types of cutting inserts has been compared considering 

cutting speed, feed, and cutting temperature. Macro and micro-level chip morphology 

has also been conducted. 
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To analyze the surface roughness, tool wear, and chip properties the turning operation 

has been carried on the Titanium Gr2 rod. Tungsten carbide square insert has been used 

in dry conditions. The operation has been done on a three-jaw self-centered chuck-type 

lathe machine at room temperature. All the attributes and values have been summarized 

in table 6.1.   

Table 6.1: All the attributes and remarks of this experimental setup. 

Attribute Remarks 

Workpiece Material Titanium Gr 2 (Ti6Al4V) 

Workpiece Dimensions Diameter 50 mm, Length 510 mm 

Cutting Insert Material Tungsten Carbide with TiCN coating 

Cutting Insert Dimensions 12.7 mm X 12.7 mm X 4.76 mm 

Type of Operation Turning  

Machine Used Self-Centered 3jaw Lathe machine 

Workpiece Rotational Speed 325 rpm, 550 rpm, 930 rpm 

Cutting Speed 51.025 m/min, 86.35 m/min, 146.01 m/min 

Cutting Feed 0.04 mm/rev, 0.06 mm/rev, 0.08 mm/rev 

Depth of Cut 0.5 mm 

Type of Insert Plain Insert (Without Micro Groove), Microgroove Insert 

(Honeycomb Groove) 

Responses Surface Roughness, Tool wear, Chip Morphology 

 

Three levels of available cutting speed from 325 rpm to 930 rpm have been used. 

Similarly, the range of feed used is 0.04 mm/rpm to 0.08 mm/rpm. To compare the 

responses, two types of cutting inserts have been used. First of all, a honeycomb 

microgroove pattern has been designed and fabricated on the rake face of the cutting 

insert [135]. After that analysis has been carried out for the confirmation of the presence 

of thin TiCN coating and then the turning operation has been performed. The surface 

roughness, tool wear, and chip morphology are taken as the output responses. 

6.5.1 Surface Roughness Analysis 

The machinability characteristics of a cutting tool can be declared on its 

performance in form of the surface roughness and life of the tool. Hence the values of 

surface roughness have been measured using the Insize ISR-S400 surface roughness 

tester. The different surface roughness values like Ra, Rq, Rt, Rz, Rc, Rmax, Rsm, and 
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Rpc, etc have been measured. The Ra is the arithmetic mean of absolute values and it 

is mostly used to declare the roughness of any surface. After Ra, the Rz which is the 

mean of the roughness depth is being used. Similarly, the Rt is the total height of the 

roughness profile, Rc is the mean height and Rmax is the maximum roughness depth. 

Whereas the Rsm is the mean of peak width, Rpc is the average number of peaks and 

Rq is the root mean square of the roughness values. All the measured values of various 

surface roughness after machining of the Titanium Grade 2 are shown in table 6.2. 

It has been observed that the variation in the values of Ra, Rq, Rt, Rz, Rc, and 

Rmax follow the same pattern. This is due to the reason that all these values are related 

to the height and depth in the surface roughness graph. Figure 6.5 shows the graphical 

representation of the roughness values in different machining run numbers. But when 

roughness values of Rsm and Rpc have been compared, merely opposite behavior of 

both has been observed. It is due to the reason that Rsm is the mean of peak width which 

is inversely related to the Rpc that is the average number of peaks. If the number of 

peaks will increases then the width of each peak will reduce in a particular length. 

Figure 6.6 shows the variation of Rsm and Rpc graphically. The cutting insert with 

honeycomb micro-texture gives better results of surface finish in comparison to the 

plain cutting insert [141]. 

Table 6.2: Measured values of different types of surface roughness. 

Machining Conditions Obtained Results 
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1 325 0.04 Plain Insert 2.942 2.6 14.84 12.297 5.05 14.84 80 120 

2 325 0.04 Honey Comb 1.228 2.877 14.42 11.127 5.791 14.26 162 54 

3 325 0.06 Plain Insert 2.17 2.388 13.92 12.481 4.753 13.92 95 104 

4 325 0.06 Honey Comb 1.892 2.598 14.95 11.593 3.847 14.07 96 95 

5 325 0.08 Plain Insert 3.062 3.605 18.25 15.315 8.593 16.51 186 50 

6 325 0.08 Honey Comb 2.522 3.018 13.48 12.223 8.81 12.71 160 58 
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7 550 0.04 Plain Insert 2.062 2.41 11.56 10.659 4.008 11.18 96 91 

8 550 0.04 Honey Comb 1.911 2.54 13.56 11.756 4.318 12.59 69 137 

9 550 0.06 Plain Insert 2.439 3.093 18.66 15.677 6.069 18.57 62 166 

10 550 0.06 Honey Comb 2.209 2.679 12.54 10.812 5.564 11.52 85 112 

11 550 0.08 Plain Insert 2.895 3.547 18.69 15.017 5.759 17.53 106 100 

12 550 0.08 Honey Comb 2.054 3.72 18.83 15.365 6.495 18.83 101 83 

13 930 0.04 Plain Insert 2.964 2.434 11.67 10.12 4.474 11.31 114 83 

14 930 0.04 Honey Comb 0.967 3.636 19.6 16.576 6.863 19.6 103 100 

15 930 0.06 Plain Insert 3.822 4.561 22.66 18.494 11.723 20.51 280 37 

16 930 0.06 Honey Comb 2.297 2.883 15.58 13.814 4.586 15.58 81 112 

17 930 0.08 Plain Insert 3.158 3.712 25.23 16.332 6.217 25.23 113 95 

18 930 0.08 Honey Comb 1.02 3.863 17.87 16.558 8.45 17.79 126 79 

 

 

Figure 6.5: Graphical representation of the variation of Ra, Rq, Rt, Rz, Rc, and Rmax. 
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Figure 6.6: Graphical representation of the variation of Rsm and Rpc. 

6.5.2 Tool Wear Analysis 

To analyze the tool wear, the direction of the workpiece and cutting tool is very 

important. Figure 6.7 shows all these directions while machining on a lathe machine. 

The workpiece is rotating clockwise and the cutting insert movement is from right to 

left direction. The removed chip flow is along with the rake face of the cutting insert. 

Whereas flank wear which is abrasive wear occurs due to the interaction of the cutting 

insert with the workpiece. Figure 6.8 shows the areas where flank and crater wear 

occurs.  

 

Figure 6.7: Different areas of wear in a cutting insert. 

After performing the experiments, different types of deformations have been observed 

on the surface of the cutting inserts. Obtained shapes of built-up edges, flank wear, 
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crater wear, fracture, and nose radius wear are shown in Figures 6.8 (a) and 6.8 (b). 

Analysis of flank wear and crater wear has been done.  

 

 

Figure 6.8: (a), (b) Deformations occurred on the surface of the cutting insert after machining. 

6.5.3 Flank Wear 

Flank wear is the abrasive wear that occurs due to the interaction of cutting 

insert with workpiece surface at high speed. It depends on the cutting temperature while 

machining. In turning operation on Titanium Gr2, two types of tungsten carbide with 

TiCN layer cutting inserts have been used. The measured temperature during machining 

with plain cutting insert is ranging from 230˚C to 664˚C and 0.293 mm to 0.431 mm of 

flank wear has occurred. Whereas with honeycomb micro-textured cutting inserts the 

observed temperature range is 210˚C to 591˚C and 0.159 mm to 0.274 mm of flank 
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wear has occurred. Table 6.3 shows the details of temperature and corresponding flank 

wear in all machining runs.  

Table 6.3: Values of flank wear and cutting temperature for different types of cutting inserts. 

Rotational 

Speed           

(rpm) 

Feed 

(mm/rev) 
Type of Insert Temperature (˚C) 

Flank Wear 

(VB Max) (mm) 

325 0.04 Plain Insert 230 0.293 

325 0.04 Honeycomb 210 0.274 

325 0.06 Plain Insert 264 0.296 

325 0.06 Honeycomb 240 0.147 

325 0.08 Plain Insert 327 0.305 

325 0.08 Honeycomb 268 0.148 

550 0.04 Plain Insert 378 0.35 

550 0.04 Honeycomb 295 0.149 

550 0.06 Plain Insert 404 0.367 

550 0.06 Honeycomb 317 0.188 

550 0.08 Plain Insert 363 0.321 

550 0.08 Honeycomb 340 0.159 

930 0.04 Plain Insert 475 0.409 

930 0.04 Honeycomb 591 0.25 

930 0.06 Plain Insert 625 0.431 

930 0.06 Honeycomb 548 0.192 

930 0.08 Plain Insert 604 0.425 

930 0.08 Honeycomb 577 0.231 

Higher cutting temperature and more flank wear have been observed when titanium 

grade 2 rod is machined with plain cutting insert whereas it is lower while machining 

with honeycomb micro-textured cutting insert. It is due to the reason that with 

honeycomb micro-texture heat dissipation rate has been increased and cutting 

temperature is reduced which was one of the reasons for the occurrence of flank wear. 

Figure 6.9 shows graphically the variation of flank wear concerning temperature for 

both types of cutting inserts.  
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Figure 6.9: Variation of flank wear with temperature. 

An increase in flank wear with the increase in feed has been observed. For the plain 

cutting insert, at the feed of 0.04 mm/rev the observed flank wear range is 0.293 mm to 

0.409 mm. At a feed of 0.06 mm/rev, it has the range of 0.296 mm to 0.431 mm and 

0.305 mm to 0.425 mm when the feed is 0.08 mm/rev. For honeycomb micro-textured 

cutting insert, at the feed of 0.04 mm/rev the flank wear range is 0.149 mm to 0.274 

mm. At a feed of 0.06 mm/rev, it has the range of 0.147 mm to 0.192 mm and 0.148 

mm to 0.231 mm when the feed is 0.08 mm/rev which is quite lower as compared to 

the flank wear in the plain insert. 

The analysis has been carried out for the variation of flank wear with speed also. 

It has been observed that the effective flank wear has increased with an increase in 

rotational speed of titanium rod using plain cutting insert but decreased when 

machining has been done with honeycomb micro-textured cutting insert. For the plain 

cutting insert, at the speed of 325 rpm, the flank wear range is 0.293 mm to 0.305 mm. 

At speed of 550 rpm, it has a range of 0.321 mm to 0.350 mm and 0.409 mm to 0.431 

mm when the speed is 930 rpm. Whereas for honeycomb micro-textured cutting insert, 

at the speed of 325 rpm the flank wear range is 0.147 mm to 0.274 mm. At speed of 

550 rpm, it has a range of 0.149 mm to 0.188 mm and 0.192 mm to 0.250 mm when the 

speed is 930 rpm which is still lower as compared to the flank wear in the plain insert. 

The standard cutting tool life has been considered up to 0.3 mm of the flank 

wear [141]. It has an average value of 0.193 mm while machining with honeycomb 

micro-textured cutting inserts. So the honeycomb micro-texture has increased the 
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cutting tool life for the same speed and feed range for machining of titanium grade 2 

rod. Figure 6.10 shows the variation of flank wear concerning speed and feed for both 

the plain and honeycomb micro-textured cutting inserts. 

 

Figure 6.10: Variation of flank wear with speed and feed. 

6.5.4 Crater Wear 

Crater wear occurs due to the interaction of removed chips on the rake face of 

the cutting insert. The honeycomb micro-texture fabricated on the rake face of the 

cutting insert has reduced the contact surface area between high temperature removed 

chips and the rake face of the cutting insert. It also provides more area for heat 

dissipation as new and long walls have been created. Due to these reasons, the observed 

crater wear has reduced and cutting tool life has increased. Figure 6.11 (a), (b) & (c) 

shows the comparison of flank wear, crater wear, nose radius wear for normal and 

honeycomb micro-grooved cutting inserts after performing a machining operation on 

titanium grade 2 rod of diameter 50 mm at different speeds. 
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Figure 6.11: (a), (b) & (c) Comparison of flank, crater and nose radius wear at different speeds. 

6.5.5 Chip Morphology 

Variety of chips has been removed while machining of titanium grade 2 rod 

with tungsten carbide inserts such that snarled ribbon, snarled corkscrew, long 

corkscrew, snarled helical, long tubular, etc.[142] . Table 6.4 has the comparison of 

types of chips removed with plain and honeycomb micro-textured cutting insert at 

different parameters. Machining with a plain cutting insert has produced snarled ribbon-

type chips at all speeds with 0.04 mm/rev of feed. After that when the feed has been 

increased then the corkscrew type of chips has been obtained which remains the same 

for all turning speed values. Whereas honeycomb micro-textured cutting insert has 

removed a variety of chips.  

Both have produced the same type of chips at lower feed but when the feed has 

been increased then the honeycomb micro-texture has converted the chip type from a 

corkscrew to ribbon and long tubular. It is due to the reason that at a higher feed chips 

have got lesser time to make contact with the rake face of the cutting insert. Also 

because of the honeycomb micro-pattern, chips are stuck at the microgrooves and 

generate tubular or ribbon-type small diameter chips. This results in the reduction of 
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crater wear of the tool. Figure 6.12 shows the comparison of the type of removed chips 

with speed and feed for both plain and honeycomb micro-textured cutting insert. Figure 

6.13 gives the details of the machining parameter, affected rake face of cutting insert, 

and type of removed chip obtained. Reduction in chip diameters with scale and their 

respective effect on the rock face have been shown. 

Table 6.4: Comparison of types of chips removed at various parameters. 

 Parameters 
Type of chip for Plain 

Insert 

Type of chip for Honeycomb micro-texture 

insert 

325-0.04 Snarled Ribbon Snarled Helical 

325-0.06 Snarled Cork Screw Long Tubular 

325-0.08 Snarled Cork Screw Long Tubular 

550-0.04 Snarled Ribbon Snarled Ribbon 

550-0.06 Snarled Cork Screw Snarled Cork Screw 

550-0.08 Long Cork Screw Snarled Ribbon 

930-0.04 Snarled Ribbon Snarled Ribbon 

930-0.06 Snarled Cork Screw Snarled Cork Screw 

930-0.08 Snarled Cork Screw Snarled Cork Screw 
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Figure 6.12: Variation of removed Chips type with speed and feed. 
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Rake Face of cutting Insert Type of Removed Chip 

  

Run: 3; Speed 325 rpm; Feed: 0.06 mm/rev; Type of Insert: Plain; Type of Chip: Snarled 

cork Screw 

  

Run: 4; Speed: 325 rpm; Feed: 0.06 mm/rev; Type of Insert: Honey Comb; Type of Chip: 

Long Tubular 

  

Run: 5; Speed: 325 rpm; Feed: 0.08 mm/rev; Type of Insert: Plain; Type of Chip: Snarled 

Cork Screw. 
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Run: 6; Speed: 325 rpm; Feed: 0.08 mm/rev; Type of Insert: Honey Comb; Type of Chip: 

Long Tubular 

  

Run: 11; Speed: 550 rpm; Feed: 0.08 mm/rev; Type of Insert: Plain; Type of Chip: Long 

Cork Screw 

  

Run: 12; Speed: 550 rpm; Feed: 0.08 mm/rev; Type of Insert: Honey Comb; Type of Chip: 

Snarled Ribbon 

Figure 6.13: Shape and size of removed chips. 

Analysis has also been carried at micro levels for the shape of removed chips. It has 

been observed that in straight chips like snarled ribbon, various horizontal lines with 

more depth have been found on the convex side of chips. These straight groove fractures 
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are considered to be the reason for their straight shape. More and large-sized teeth have 

been found in long corkscrew chips in comparison to the long tubular chips. Due to 

these sharp edge teeth, there are more fluctuations in force components and hence more 

deformations occur at the rake face [13]. Vertical straight line fractures have been 

observed on the concave side of the corkscrew and long tubular chips. Figure 6.14 

shows the micro-level details of various types of removed chips. 

 

Figure 6.14: Micro-shape comparison of removed chips. 
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6.6 Deform 3D Simulation Analysis for Temperature Variation  

The temperature variation analysis has been carried out for the turning operation 

of titanium grade 2 using DEFORM® 3D software and the results are compared with 

experimental results. FEA simulation has been conducted using the L9 orthogonal 

layout. Two variable parameters such that cutting speed and feed have been taken. The 

cutting depth, size of the workpiece, and cutting time have been taken as fixed 

parameters. The results are calculated in terms of temperature. All the simulation results 

have been verified with experimental outputs. After that effect of various machining 

parameters has been studied.  

6.6.1 FEM Simulation  

The simulation process has been carried out in DEFORM® 3D software. All 

process parameters are defined. After selecting turning as a machining operation and SI 

units the process set up has been done. The three cutting speeds 325 rpm, 550 rpm, and 

930 rpm have been taken. The second variable parameter is feed and three levels of 

feed have been taken as 0.04 mm/rev, 0.06 mm/rev, and 0.08 mm/rev. The depth of cut 

has been selected as constant in all simulations and that is 0.5 mm. The complete 

simulation process mainly comprises three parts as shown in figure 6.15. 

 

Figure 6.15: Main parts of simulation in DEFORM 3D. 

In the pre-process, the selection of machining operation, problem ID, and machining 

type have been decided. After this, the process setup is given that requires the 

machining conditions like cutting speed in rpm, the diameter of the workpiece, depth 

of cut, and feed. Then it leads to the tool set up for which a 3D design of cutting tool 

SNMA 120408 HK1500 has been prepared in Solidworks® in (.STL) format taking 

the standard dimensions of 12.7 X 12.7 mm side, 4.76 mm of thickness, and 0.8 mm 

radius at cutting edge. The material of this rigid type of cutting insert is tungsten 

carbide which is taken directly from the library file provided by the DEFORM® 3D 

software. The direction of the movement of insert for cutting is given in +Y and the 
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linear direction of feed has been selected in –X direction. Then the preprocessor 

section leads to the mesh generation of the cutting insert. After this, the plastic-type 

of workpiece shape and material is also selected from the library file of DEFORM® 

3D software as Titanium Grade 2 (Ti6Al4V). The workpiece is fixed from all 

directions. The mesh count generated for both workpiece and cutting insert is 25000. 

After generating the mesh in the workpiece, simulation control has been given in 

terms of the number of simulation steps. 

 

Figure 6.16: Selected workpiece and cutting insert for mesh generation. 

The last phase of the pre-processor is to verify and generate the database file in a 

selected directory. Figure 6.16 shows the selected cutting tool and workpiece in 

DEFORM® 3D software along with the selected direction of cutting and feed. Figure 

6.17 shows the mesh generation in both the cutting tool as well as in the workpiece. 

The simulator is the main part in which the machining operation occurs in the software. 

In this, all the calculations have been done for various outputs and at all the nodes and 

mesh generated in the cutting insert and workpiece. It gives the detail of the step number 

for which calculation is running in a summary form. It also provides the simulation 

graphics option to visualize the current and crossed steps details. The last part of 

DEFORM® 3D software is the post-processor in which all the values and results have 

been stored in database files which are then used for the simulation analysis purpose in 

the post-processor part of the software. 
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Figure 6.17: Generation of mesh in workpiece and cutting insert. 

In DEFORM® 3D simulation, cutting speed and feed are two variable process factors. 

The three levels of cutting speed 325 rpm, 550 rpm, and 930 rpm have been taken. 

Similarly the given values of feed are 0.04 mm/rev, 0.06 mm/rev and 0.08 mm/rev. The 

depth of cut has been taken uniform in all simulations and that is 0.5. The diameter of 

a Titanium alloy rod is 50 mm and its length is 10 mm. All the experiments and 

simulations have conducted at room temperature of 20 ˚C. Figure 6.18 shows the 

observation of tool chip interface temperature as 426˚C at step 925 for the simulation 

run number 7. In this way, all the tool chip interface temperature has been observed and 

tabulated. Table 6.5 shows all the values of considered process parameters and their 

levels with output results. It also gives the value of observed output temperature after 

simulation in DEFORM® 3D software. A turning operation has been performed on the 

titanium rod of diameter 50mm and 450mm long on NH22 lathe machine. All these 

simulation output values are compared with the experimental values taken from the 

published data with same input variables. A An error of 3% has been calculated using 

equation 6.1, which is in the range of acceptance [143]. Figure 6.19 shows the 

comparison graph between the observed temperature values of a simulation run in 

DEFORM® 3D software and the actual experimental measured temperature. All the 

runs have matched with an acceptable range of values. 
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Figure 6.18: Measurement of tool chip interface temperature in DEFORM 3D software. 

Table 6.5: Observed output temperature in simulation and experiments. 

S. No. Speed (rpm) Feed (mm/rev) 
Simulation output 

Temperature (˚C) 

Experimental output 

Temperature (˚C) 

1 325 0.04 270 268 

2 325 0.06 182 125 

3 325 0.08 271 273 

4 550 0.04 151 136 

5 550 0.06 435 447 

6 550 0.08 191 163 

7 930 0.04 426 421 

8 930 0.06 350 334 

9 930 0.08 512 519 

  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐸𝑟𝑟𝑜𝑟 (%) =
(𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒− 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒)

𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
 𝑋 100  

(Eq. 6.1) 

When a comparison graph has been plotted between the speed and temperature to study 

its effect then an increase in temperature has been observed. When the cutting speed is 

less the cutting tool chip interface temperature is less as well. The maximum 

temperature has been observed at a speed of 930 rpm. Here the increased cutting speed 

will engender more friction between the tool and workpiece which ultimately intensifies 

the temperature. 
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Figure 6.19: Temperature comparison graph for simulation and experimental data. 

Figure 6.20 shows a change in temperature concerning speed.  The value of the depth 

of the cut is constant. It shows that when the feed was 0.04 mm/sec and 0.08 mm/sec 

the value of temperature first decreased and then increased when the speed has been 

raised above 525 rpm. It might be due to the reason that with low and high feed, the 

heat dissipation rate is more. But at feed of 0.06 mm/sec it follow the same trend of 

sudden rise in temperature up to the speed limit of 525 rpm. After that when the speed 

has increased the temperature has been dropped down. It might be due to the softening 

effect because of the increase in temperature. Figure 6.21 shows the effect of feed on 

temperature. It is clearly shown that at a speed of 325 rpm and 930 rpm the temperature 

has decreased first and then increased when the feed given is above 0.06 mm/sec. 

For the speed 550 rpm temperature has increased then decreased when given 

feed is above 0.06 mm/sec. The maximum temperature is obtained at a speed of 930 

rpm in all sets of experiments. It is due to an increase in friction while increasing speed. 

From these two graphs, it can be perceived that the cutting tool-chip interface 

temperature has raised with the increase in cutting speed and feed. 
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Figure 6.20: Variation in temperature with speed for three levels of feed. 

 

Figure 6.21: Variation in temperature with feed for three levels of speed. 

All the observed values in the simulation match with the experimental values with an 

error percentage of 3% only. So simulation of turning operation on titanium grade 2 

using DEFORM® 3D software is quite accurate. Now various conditional 

experimentations and precise results can be obtained. Moreover, it will save time and 

expenses to set up [144]. 

6.7 Comparison, Validation and Prediction of Machinability Aspects 

Most of the research work has been conducted on various operations using plain 

cutting inserts under different conditions of machining. This paper has been focused on 
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tool wear. The turning operation has been performed using plain and micro-textured 

cutting inserts.  

6.7.1 Comparison of Experimental Setup 

A turning operation has been performed on Titanium Grade 2 rod of diameter 

50 mm and length 510 mm. A lathe machine with a three-step speed and feed variation 

has been selected. The various machining parameters are rotational speed of workpiece, 

feed, and type of cutting inserts. The available speed values on the lathe machine have 

been measured with the help of a digital tachometer and these are 325 rpm, 550 rpm, 

and 930 rpm. The experiments have been conducted at room temperature and found to 

be 25˚C. The lathe machine has three levels of feed and that is 0.04 mm/rev, 0.06 

mm/rev, and 0.08 mm/rev. 

For this experiment analysis, double square tungsten carbide cutting inserts 

have been used. These have thin TiCN coating up to 20 microns, zero relief angle, and 

a cylindrical hole to clamp on the tool holder without any chip breaker. Using these, 

further three types of cutting inserts have been prepared, and are Plain cutting insert 

(without any micro-texture), spiral triangular micro-textured, and honeycomb micro-

textured cutting inserts. The micro-textures have been designed on Solidworks® 2015 

and then CNC codes are generated using MasterCAM. Figure 6.22 demonstrates the 

dimensional comparison of Plain, Spiral Triangular, and Honeycomb micro-texture 

designs. The standard available square side of the cutting insert is 12.7 mm and the 

main affected zone of the cutting insert while machining is presented in figure 6.23. So 

the designs have been prepared to consider that. In spiral triangular micro-textured 

cutting insert the area covered for the fabrication of micro-texture is 1.12 mm X 1.12 

mm on both sides of the cutting edge whereas in honeycomb micro-texture, it is 2.11 

mm X 2.11 mm. The width of the groove taken in spiral triangular design has a value 

of 0.01 mm and 0.03 mm in honeycomb design. It merely depends on the structure of 

the design. 

The spiral triangular design has been focused on increasing the count of 

continuous straight walls which act as fins to dissipate the heat whereas the honeycomb 

design has been focused on providing the micro pools along with the increase of 

continuous walls. These micro-pools act as a reservoir of coolant which will store the 
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coolant for a longer duration of time. The long removed chips are always a problem for 

machining operation and these micro-textures also act as a chip breaker to produce 

small-sized or discontinuous chips. 

 

Figure 6.22: Dimensional comparison of Plain, Spiral Triangular, and Honeycomb micro-

texture designs. 

 

Figure 6.23: Effective elements on a cutting insert during machining. 

Figure 6.24 gives a 3D outlook comparison of Plain, Spiral Triangular, and Honeycomb 

micro-texture designs. The created NC program having G and M Codes have been used 

in computer-controlled Femtosecond laser cutting machine. The micro-textures have 

been fabricated and analyzed using an Olympus topography machine which gives 

conclusive evidence of the presence of thin coating of TiCN. Figure 6.25 illustrates the 

comparison of actually fabricated cutting inserts. Taguchi L27 orthogonal array has 

been used for the design of experiments. 
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Figure 6.24: 3D Outlook comparison of a) Plain b) Spiral Triangular and c) Honeycomb micro-

texture designs. 

 

Figure 6.25: Actual cutting insert comparison of with and without micro-texture. 

  

Figure 6.26: Actual Experimentation and simulation machining process. 
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DEFORM® 3D software has been used for the simulation process. The pre-processor 

stage started with the selection of operation and units for measurements. Process setup 

values of rotational speed, the diameter of the workpiece, depth of cut, and feed are 

chosen the same as that of actual experiments for all 27 runs. Simulation has been 

performed at the same room temperature of 25˚C, with a convection coefficient value 

of 0.02 W/m2K. A total number of 50,000 meshes have been generated in the workpiece 

and cutting insert individually focusing on the areas of contact during the machining 

operation. Figure 6.26 shows the comparison of actual experimentation and simulation 

processes for all three types of cutting inserts. 

6.7.2 Comparison of Cutting Tool Temperature 

To analyze the simulation and experimental output results, cutting insert 

temperature and cutting tool wear are taken into observation. HTC IRX-65 contactless 

IR Thermometer has been used to measure the real-time cutting insert temperature 

during machining operation for all the runs. Table 6.6 has the experimental and 

simulation temperature values along with the speed, feed, and type of inserts. The value 

of maximum cutting tool temperature is observed with plain cutting insert at 930 rpm 

of speed and 0.06 m/rev of feed whereas the minimum values with honeycomb micro-

textured cutting insert at 325 rpm of speed and 0.04 mm/rev of feed. The comparison 

of simulation and experimental temperature values for plain cutting insert is shown in 

figure 6.27, for Spiral triangular in figure 6.28, and Honeycomb micro-textured cutting 

insert is in figure 6.29. 

In the actual experiment process, the temperature has been measured using the 

IR thermometer but in simulation, the graph of temperature variation has been plotted 

concerning time intervals. Figure 6.30 indicates the measurement of tool temperature 

for plain cutting insert, figure 6.31 for spiral triangular, and figure 6.32 for honeycomb 

micro-textured cutting insert. The tool temperature graph of the plain cutting insert is 

rising even after observing the 232 steps but for textured cutting inserts, it becomes a 

horizontal straight line even after 57 and 82 steps of simulations. It indicates that the 

control on cutting temperature has been attained using textured cutting inserts. 
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Table 6.6: Comparison of experimental and simulation temperatures with input parameters. 

Run No. 

Input Factors Measured Temperature (˚C) 

Rotational  

Speed (rpm) 

Feed 

(mm/rev) 
Type of Insert In Experiment 

In 

Simulation 

1 325 0.04 Plain 230 224 

2 325 0.04 
Spiral 

Triangular 
227  232 

3 325 0.04 Honeycomb 210  223 

4 325 0.06 Plain 264 265 

5 325 0.06 
Spiral 

Triangular 
254  262 

6 325 0.06 Honeycomb 240  246 

7 325 0.08 Plain 327 330 

8 325 0.08 
Spiral 

Triangular 
295  290 

9 325 0.08 Honeycomb 268  274 

10 550 0.04 Plain 378 381 

11 550 0.04 
Spiral 

Triangular 
336  342 

12 550 0.04 Honeycomb 295  285 

13 550 0.06 Plain 404 412 

14 550 0.06 
Spiral 

Triangular 
372  376 

15 550 0.06 Honeycomb 317  321 

16 550 0.08 Plain 363 359 

17 550 0.08 
Spiral 

Triangular 
313  321 

18 550 0.08 Honeycomb 340  346 

19 930 0.04 Plain 475 480 

20 930 0.04 
Spiral 

Triangular 
404  413 

21 930 0.04 Honeycomb 591  597 

22 930 0.06 Plain 625 632 

23 930 0.06 
Spiral 

Triangular 
476  482 

24 930 0.06 Honeycomb 548  552 

25 930 0.08 Plain 604 610 

26 930 0.08 
Spiral 

Triangular 
502  512 

27 930 0.08 Honeycomb 577  583 
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Figure 6.27: Temperature comparison for Plain cutting insert. 

 

Figure 6.28: Temperature comparison for Spiral triangular micro-textured cutting insert. 

 

Figure 6.29: Temperature comparison for Honeycomb micro-textured cutting insert. 
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Figure 6.30: Temperature Measurements in simulation for Plain cutting insert. 

 

Figure 6.31: Temperature Measurements in for Spiral Triangular micro-textured cutting insert. 

 

Figure 6.32: Temperature Measurements for Honeycomb micro-textured cutting insert. 
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Figure 6.33 demonstrates the heat-affected zones in the plain cutting insert after 

performing the turning operations on titanium grade 2 rod. Figure 6.34 shows the 

elemental distribution of temperature zones. It indicates that the rake face and flank 

both are having high-temperature zones which will cause wear of the cutting tool. 

Figure 6.34 and figure 6.36 have the temperature zones for the spiral triangular micro-

textured cutting insert. The area of the high-temperature zone has been reduced. The 

effect of long walls fabricated as per design pattern has distributed and dissipated the 

heat which results in lowering the cutting tool temperature. Similarly the figure 6.37 

and figure 6.38 have the temperature zones obtained in the honeycomb micro-textured 

cutting insert which is still smaller in size as compared to both of the others.  

 

Figure 6.33: Heat effected zones in Plain cutting insert. 

 

Figure 6.34: Elemental temperature distribution in Plain cutting insert. 
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Figure 6.35: Heat effected zones in Spiral Triangular micro-textured cutting insert. 

 

Figure 6.36: Elemental temperature distribution in Spiral Triangular micro-textured cutting 

insert. 

 

Figure 6.37: Heat effected zones in Honeycomb micro-textured cutting insert. 
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Figure 6.38: Elemental temperature distribution in Honeycomb micro-textured cutting insert. 

Temperature variation has been studied. Cutting tool temperature rise is observed with 

an increase in rotational speed of titanium rod and feed, for all types of cutting inserts. 

Obtained results in simulation analysis follow the same type of graph with small 

eccentricities of values. The compared results exhibit a maximum of 1.11% error of 

deviation which is in the suitable range. Therefore the simulation outcomes have been 

corroborated with the experimental values. Figure 6.39 have the comparison graph of 

experimental and simulation temperature values for all type of cutting inserts. 

 

Figure 6.39: Variation in temperature for all types of cutting inserts. 
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the flank wear in mm units. Both the experimental and simulation flank wear values 

have been shown in table 6.7 with the percentage of error. The average percentage of 

error is 2.19% which is in the adequate range. 

Table 6.7: Cutting tool wear in experiments and simulation with the percentage of error. 

Experiment 

Run No. 
Type of Insert 

Tool Wear in 

Experiment 

(mm) 

Tool Wear in 

Simulation 

(mm) 

Percentage of 

Error (%) 

1 Plain 0.293 0.289 1.37 

2 Spiral Triangular 0.286 0.282 1.40 

3 Honeycomb 0.274 0.278 1.46 

4 Plain 0.296 0.293 1.01 

5 Spiral Triangular 0.210 0.214 1.90 

6 Honeycomb 0.147 0.152 3.40 

7 Plain 0.305 0.312 2.30 

8 Spiral Triangular 0.246 0.242 1.63 

9 Honeycomb 0.148 0.156 5.41 

10 Plain 0.35 0.358 2.29 

11 Spiral Triangular 0.260 0.263 1.15 

12 Honeycomb 0.149 0.158 6.04 

13 Plain 0.367 0.360 1.91 

14 Spiral Triangular 0.282 0.285 1.06 

15 Honeycomb 0.188 0.192 2.13 

16 Plain 0.321 0.325 1.25 

17 Spiral Triangular 0.234 0.241 2.99 

18 Honeycomb 0.159 0.164 3.14 

19 Plain 0.409 0.402 1.71 

20 Spiral Triangular 0.296 0.289 2.36 

21 Honeycomb 0.25 0.257 2.80 

22 Plain 0.431 0.428 0.70 

23 Spiral Triangular 0.283 0.278 1.77 

24 Honeycomb 0.192 0.199 3.65 

25 Plain 0.425 0.422 0.71 

26 Spiral Triangular 0.280 0.284 1.43 

27 Honeycomb 0.231 0.236 2.16 
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The maximum tool wear of 0.425 mm has been perceived on the plain cutting insert 

and a minimum of 0.147 mm on the honeycomb micro-textured cutting insert. The 

variation in the values of tool wear has been compared with the measured cutting tool 

temperature and it can be concluded that the rise in temperature causes more tool wear 

but due to the micro-textures the tool wear has been reduced. Figure 6.40 contains the 

comparison of experimental and simulation cutting tool wear in the plain cutting insert. 

Figure 6.41 has the comparison for spiral triangular micro-textured cutting insert and 

figure 6.42 for honeycomb micro-textured cutting insert.  

 

Figure 6.40: Comparison of tool wear for Plain cutting insert. 

 

Figure 6.41: Comparison of tool wear for Spiral Triangular micro-textured cutting insert. 
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Figure 6.42: Comparison of tool wear for Honeycomb micro-textured cutting insert. 

DEFORM® 3D has the graphical representation of tool wear geometry concerning time. 

In the simulation of the plain cutting insert, five concentric round shape forms have 

been obtained which represent the damage of cutting edge and reduction in tool life. 

After that, the quality of the surface finish has been reduced. Figure 6.43 illustrates the 

same tool wear geometry for the plain cutting insert whereas figure 6.44 has for the 

spiral triangular micro-textured cutting insert which is quite smaller in comparison. 

 

Figure 6.43: Tool wear geometry in Plain cutting insert. 
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Figure 6.44: Tool wear geometry in Spiral Triangular micro-textured cutting insert. 

 

Figure 6.45: Tool wear geometry in Honeycomb micro-textured cutting insert. 

In the tool wear geometry of honeycomb micro-textured cutting insert, it has been 

observed that the size and affected area are very less. The damage of pools and walls 

of few honeycomb patterns are found. Due to this, the size of fabricated micro pools 

has been increased which will accumulate the additional amount of coolant and that 

will also help to reduce the cutting tool temperature. Figure 6.45 demonstrates the tool 

wear geometry in the honeycomb micro-textured cutting insert. 
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Figure 6.46: Tool wear comparison for experimental and simulation data. 

The comparison of the tool wear data has been plotted in a graph and shown in figure 

6.46 which epitomizes the same variation in experimental and simulation results for all 

the types of cutting inserts. Therefore the simulation results for cutting tool temperature 

and tool wear are manifestly authenticated with the experimental data. Based on this 

the effective principal stress and effective strain values for these sets of experiments 

have been predicted. 

Predicted values obtained in DEFORM® 3D analysis for effective stress and 

effective strain for plain (without micro-texture), spiral triangular, and honeycomb 

micro-textured cutting inserts are included in table 6.8. It has been perceived that the 

effective stress increases with an increase in rotational speed as well as with feed. The 

maximum of 2.74Mpa e+03 effective principal stress has been measured with plain 

cutting insert at speed of 930 rpm and 0.08 mm/rev of feed. The tool life has deteriorated 

at this speed & feed combination. Therefore a large amount of force needs to be applied 

to the plain cutting tool to perform the machining which increases the value of effective 

stress in operation. Figure 6.47 explains the variation of the values of effective stress in 

plain, spiral triangular, and honeycomb micro-textured cutting inserts. Figure 6.48 

shows the variation of effective strain for all the type of cutting inserts. Effective strain 

is also rising with an increase of rotational speed and feed values. 
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Table 6.8: Predicted effective stress and strain values of three types of cutting inserts. 

Simulation 

Run No. 
Type of Insert 

Effective Stress 

(MPa) (e +03) 

Effective Strain 

(mm/mm) (e -05) 

1 Plain 1.22 4.11 

2 Spiral Triangular 1.14 2.94 

3 Honeycomb 1.12 3.17 

4 Plain 1.53 4.24 

5 Spiral Triangular 1.08 3.68 

6 Honeycomb 1.25 3.27 

7 Plain 1.88 4.21 

8 Spiral Triangular 1.64 3.56 

9 Honeycomb 1.39 3.32 

10 Plain 1.92 4.64 

11 Spiral Triangular 1.7 3.41 

12 Honeycomb 1.38 3.37 

13 Plain 2.07 4.92 

14 Spiral Triangular 1.91 3.65 

15 Honeycomb 1.44 3.44 

16 Plain 2.38 4.82 

17 Spiral Triangular 2.02 3.88 

18 Honeycomb 1.62 3.55 

19 Plain 1.91 5.07 

20 Spiral Triangular 2.13 3.94 

21 Honeycomb 1.77 3.86 

22 Plain 2.56 5.25 

23 Spiral Triangular 2.21 4.04 

24 Honeycomb 1.81 3.91 

25 Plain 2.74 5.37 

26 Spiral Triangular 2.28 4.18 

27 Honeycomb 1.84 3.94 
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Figure 6.47: Variation of effective stress in three types of cutting inserts. 

 

Figure 6.48: Variation of effective strain in three types of cutting inserts. 

6.8 Finding the Optimal Parameters 

The grey Taguchi method is the most commonly used method to find out the 

optimal parameters when a large number of parameters and their levels have been 

selected. The machining parameters and their levels have been finalized according to 

the available resources. The process parameters and their levels are shown in table 6.9. 

After this, the design of the experiment has been prepared using Taguchi L27 

orthogonal array and shown in table 6.10. 
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Table 6.9: Process parameters and their levels 

Machining Parameter Levels 

Rotational Speed 1. 325 rpm 

2.  550 rpm 

3.  930 rpm 

Feed 1. 0.04 mm/rev 

2. 0.06 mm/rev 

3. 0.08 mm/rev 

Type of Cutting Insert 1. Plain cutting insert without any micro-texture 

2. Spiral Triangular micro-textured cutting insert 

3. Spiral Triangular micro-textured cutting insert 

Depth of Cut        0.5 mm 

 

Table 6.10: Taguchi L27 Orthogonal array for the design of experiments 

Design of Experiments 

Run 

Parameters 

Rotational Speed 

(rpm) 
Feed (mm/rev) Type of insert 

1 1 1 1 

2 1 1 2 

3 1 1 3 

4 1 2 1 

5 1 2 2 

6 1 2 3 

7 1 3 1 

8 1 3 2 

9 1 3 3 

10 2 1 1 

11 2 1 2 

12 2 1 3 

13 2 2 1 

14 2 2 2 

15 2 2 3 

16 2 3 1 

17 2 3 2 

18 2 3 3 

19 3 1 1 

20 3 1 2 

21 3 1 3 

22 3 2 1 

23 3 2 2 
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24 3 2 3 

25 3 3 1 

26 3 3 2 

27 3 3 3 

 

Table 6.11: Measured values of output responses after machining operation. 

Process Parameters Obtained Results 

Experi

ment 

Run 

No. 

Rotatio

nal 

Speed           

(rpm) 

Feed 

(mm/re

v) 

Type of 

insert 

Temper

ature 

(˚C) 

Surface 

Roughne

ss 

Ra  (µm) 

PISF 

(%) 

Material 

Removal 

Rate 

(mm3 Per 

min) 

1 325 0.04 1 230 2.942 27 6.799 

2 325 0.04 2 227 1.687 58.14 6.916 

3 325 0.04 3 210 1.228 69.53 6.786 

4 325 0.06 1 264 2.17 46.15 9.633 

5 325 0.06 2 254 2.093 48.06 9.496 

6 325 0.06 3 240 1.892 53.05 9.672 

7 325 0.08 1 327 3.062 24.02 13.884 

8 325 0.08 2 295 2.886 28.39 13.26 

9 325 0.08 3 268 2.522 37.42 13.286 

10 550 0.04 1 378 2.062 48.83 10.978 

11 550 0.04 2 336 1.654 58.96 10.67 

12 550 0.04 3 295 1.911 52.58 10.788 

13 550 0.06 1 404 2.439 39.48 16.566 

14 550 0.06 2 372 1.38 65.76 16.203 

15 550 0.06 3 317 2.209 45.19 16.104 

16 550 0.08 1 363 2.895 28.16 22 

17 550 0.08 2 313 2.203 45.33 21.56 

18 550 0.08 3 340 2.054 49.03 21.648 

19 930 0.04 1 475 2.964 26.45 19.344 

20 930 0.04 2 404 2.034 49.53 18.972 

21 930 0.04 3 591 0.967 76 18.451 

22 930 0.06 1 625 3.822 5.16 28.625 

23 930 0.06 2 476 1.54 61.79 27.955 

24 930 0.06 3 548 2.297 43 27.676 

25 930 0.08 1 604 3.158 21.64 37.423 

26 930 0.08 2 502 2.946 26.9 38.985 

27 930 0.08 3 577 1.02 74.69 39.58 

 Maximum Value in Column 625 3.822 76 39.58 

 Minimum Value in Column 210 0.967 5.16 6.786 

 (Max. Value) – (Min. Value) 415 2.855 70.84 32.794 
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After performing the experiments, the output results have been tabulated and shown in 

Table 6.11.  Total four output responses have been obtained and these are cutting tool 

temperature, surface roughness, and MRR (material removal rate), and PISF 

(percentage improvement in the surface finish). After that GREY Taguchi method has 

been applied. This widely used analysis method has four steps of calculation. 

 

Figure 6.49: Steps of Grey Taguchi method of finding optimal parameters. 

In step 1, all the obtained result values have been normalized. First, the difference 

between maximum and minimum values in a particular response column has been 

calculated. There is a total of four obtained responses out of which the cutting 

temperature and surface roughness are considered lower to be better and the other two 

i.e. percentage improvement in surface finish and material removal rate have taken 

bigger to be better. In normalizing the values two different formulas have been used. 

Equation 6.2 is being used for smaller to be better and equation 6.3 has been used for 

bigger to be a better response. 

Smaller is better: 

                                                                          (Eq. 6.2) 

Larger is better: 

                                                                            (Eq. 6.3) 
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Value of delta (absolute responses): 

                                                                               (Eq. 6.4) 

 

Zeta (Grey relational coefficients): 

                                                                               (Eq. 6.5) 
GRG:  

                                                                                                 (Eq. 6.6) 

Table 6.12: Normalized value of the obtained results. 

Experiment 

Run No. 

Temperature 

(˚C) 

Surface 

Roughness 

Ra  (µm) 

PISF (%) 

Material 

Removal Rate 

(mm3 Per min) 

1 0.951807 0.329247 0.3083 0.000396 

2 0.959036 0.768827 0.747883 0.003964 

3 1 0.929597 0.908667 0 

4 0.86988 0.59965 0.578628 0.086815 

5 0.893976 0.62662 0.60559 0.082637 

6 0.927711 0.697023 0.67603 0.088004 

7 0.718072 0.287215 0.266234 0.216442 

8 0.795181 0.348862 0.327922 0.197414 

9 0.860241 0.476357 0.455392 0.198207 

10 0.595181 0.637478 0.61646 0.127828 

11 0.696386 0.780385 0.759458 0.118436 

12 0.795181 0.690368 0.669396 0.122035 

13 0.53253 0.505429 0.484472 0.298225 

14 0.609639 0.876357 0.855449 0.287156 

15 0.742169 0.585989 0.565076 0.284137 

16 0.631325 0.345709 0.324675 0.463926 

17 0.751807 0.588091 0.567053 0.450509 

18 0.686747 0.64028 0.619283 0.453193 

19 0.361446 0.321541 0.300536 0.382936 

20 0.53253 0.647285 0.626341 0.371592 

21 0.081928 1.021016 1 0.355705 

22 0 0.021016 0 0.665945 

23 0.359036 0.820315 0.799407 0.645514 
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24 0.185542 0.555166 0.534161 0.637007 

25 0.050602 0.25359 0.232637 0.934226 

26 0.296386 0.327846 0.306889 0.981856 

27 0.115663 1.002452 0.981508 1 

 

Table 6.13: Difference of the absolute value (Δoi) 

Experiment 

Run No. 

Temperature 

(˚C) 

Surface 

Roughness in 

Experiment Ra  

(µm) 

PISF (%) 

Material 

Removal Rate 

(mm3 Per min) 

1 0.048193 0.670753 0.6917 0.99S9604 

2 0.040964 0.231173 0.252117 0.996036 

3 0 0.070403 0.091333 1 

4 0.13012 0.40035 0.421372 0.913185 

5 0.106024 0.37338 0.39441 0.917363 

6 0.072289 0.302977 0.32397 0.911996 

7 0.281928 0.712785 0.733766 0.783558 

8 0.204819 0.651138 0.672078 0.802586 

9 0.139759 0.523643 0.544608 0.801793 

10 0.404819 0.362522 0.38354 0.872172 

11 0.303614 0.219615 0.240542 0.881564 

12 0.204819 0.309632 0.330604 0.877965 

13 0.46747 0.494571 0.515528 0.701775 

14 0.390361 0.123643 0.144551 0.712844 

15 0.257831 0.414011 0.434924 0.715863 

16 0.368675 0.654291 0.675325 0.536074 

17 0.248193 0.411909 0.432947 0.549491 

18 0.313253 0.35972 0.380717 0.546807 

19 0.638554 0.678459 0.699464 0.617064 

20 0.46747 0.352715 0.373659 0.628408 

21 0.918072 -0.02102 0 0.644295 

22 1 0.978984 1 0.334055 

23 0.640964 0.179685 0.200593 0.354486 

24 0.814458 0.444834 0.465839 0.362993 

25 0.949398 0.74641 0.767363 0.065774 

26 0.703614 0.672154 0.693111 0.018144 

27 0.884337 -0.00245 0.018492 0 
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Table 6.14: Grey relational coefficients (zeta) of the responses 

Experiment 

Run No. 

Temperature 

(˚C) 

Surface 

Roughness in 

Experiment Ra  

(µm) 

PISF (%) 

Material 

Removal Rate 

(mm3 Per min) 

1 0.838384 0.271517 0.265477 0.200063 

2 0.859213 0.519563 0.497891 0.200636 

3 1 0.780268 0.732423 0.2 

4 0.657686 0.384408 0.372372 0.214927 

5 0.7022 0.401039 0.387952 0.214158 

6 0.775701 0.452098 0.435563 0.215147 

7 0.469989 0.259663 0.254125 0.241883 

8 0.549669 0.277427 0.271127 0.23751 

9 0.641422 0.323147 0.314621 0.237689 

10 0.381785 0.408149 0.394608 0.222782 

11 0.451578 0.532351 0.50964 0.220933 

12 0.549669 0.446722 0.430586 0.221638 

13 0.348447 0.335764 0.326572 0.262667 

14 0.390405 0.669088 0.633631 0.259648 

15 0.492289 0.3765 0.365004 0.258836 

16 0.40409 0.27646 0.270175 0.318036 

17 0.501814 0.377695 0.36606 0.312699 

18 0.44385 0.410024 0.396374 0.313752 

19 0.281356 0.269263 0.263307 0.288329 

20 0.348447 0.41479 0.40086 0.284606 

21 0.214028 1.091778 1 0.27955 

22 0.2 0.20342 0.2 0.428042 

23 0.280595 0.581822 0.554825 0.413575 

24 0.234861 0.359798 0.349241 0.407835 

25 0.208438 0.250901 0.245733 0.791705 

26 0.26216 0.271104 0.26508 0.932336 

27 0.220393 1.009904 0.931125 1 

 

After calculating, table 6.12 has been prepared with normalized values of all the 

responses. In the next step of the Grey Taguchi method, the values of delta (absolute 

responses) have been calculated and shown in table 6.13. The formula used for this 

calculation is given in equation 6.4. After this step, the value of zeta (Grey relational 

coefficients) has been found as per the formula given in equation 6.5 and the results 

have been recorded in table 6.14. To calculate GRG in the next step, equation 6.6 has 
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been used. Based on the value of GRG, the ranking has been given and shown in table 

6.15.  

Table 6.15: Values of GRG and the final ranking of parameters. 

Experiment 

Run No. 

Rotational 

Speed           

(rpm) 

Feed 

(mm/rev) 

Type of 

insert 
GRG  Rank 

1 325 0.04 1 0.39386 13 

2 325 0.04 2 0.519326 4 

3 325 0.04 3 0.678173 2 

4 325 0.06 1 0.407348 12 

5 325 0.06 2 0.426337 10 

6 325 0.06 3 0.469627 6 

7 325 0.08 1 0.306415 25 

8 325 0.08 2 0.333933 22 

9 325 0.08 3 0.37922 16 

10 550 0.04 1 0.351831 20 

11 550 0.04 2 0.428626 9 

12 550 0.04 3 0.412154 11 

13 550 0.06 1 0.318362 23 

14 550 0.06 2 0.488193 5 

15 550 0.06 3 0.373157 18 

16 550 0.08 1 0.31719 24 

17 550 0.08 2 0.389567 15 

18 550 0.08 3 0.391 14 

19 930 0.04 1 0.275564 26 

20 930 0.04 2 0.362176 19 

21 930 0.04 3 0.646339 3 

22 930 0.06 1 0.257865 27 

23 930 0.06 2 0.457704 7 

24 930 0.06 3 0.337934 21 

25 930 0.08 1 0.374194 17 

26 930 0.08 2 0.43267 8 

27 930 0.08 3 0.790356 1 
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7. Conclusions 

To analyze the machinability aspects of micro-textured cutting inserts, plain, 

spiral triangular, and honeycomb micro-pattern has been designed on Solidworks® and 

fabricated on the rake face of tungsten carbide inserts using a femtosecond laser 

machine. Topography, EDS, and XRD analysis of cutting inserts with micro-texture 

have been performed. As titanium is difficult to cut metal nevertheless having numerous 

applications in several fields, turning operation has been performed on Titanium Grade 

2 rod. A lathe machine with a three-step speed and feed variation has been selected. 

The various machining parameters are rotational speed of workpiece, feed, and type of 

cutting inserts. For this experiment analysis, double square tungsten carbide cutting 

inserts have been used. These have thin TiCN coating up to 20 microns, zero relief 

angle, and a cylindrical hole to clamp on the tool holder without any chip breaker. 

Cutting tool temperature, surface roughness, MRR, PISF, tool wear, and chip 

morphology has been analyzed. Finite element analysis has been performed using 

DEFORM® 3D simulation tool. Simulation results have been validated and compared 

with the experimental results. Few other factors which are responsible for 

machinability, have been predicted. Grey Taguchi analysis has been conducted to find 

out optimal parameters. The various conclusions made after this research are: 

 The spiral triangular design has been focused on increasing the count of 

continuous straight walls whereas the honeycomb design has been focused on 

providing the micro pools along with the increase of continuous walls. These 

micro-pools act as a reservoir of coolant which will store the coolant for a longer 

duration of time. The long removed chips are always a problem for machining 

operation and these micro-textures also act as a chip breaker to produce small-

sized or discontinuous chips. 

 In spiral triangular micro-textured cutting insert the area covered for the 

fabrication of micro-texture is 1.12 mm X 1.12 mm on both sides of the cutting 

edge whereas in honeycomb micro-texture, it is 2.11 mm X 2.11 mm. The width 
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of the groove taken in spiral triangular design has a value of 0.01 mm and 0.03 

mm in honeycomb design. It merely depends on the structure of the design. 

 There is the formation of varying depths of the groove due to the overlapping 

of pulses of the laser beam which is set to be completed in the shortest time. 

EDS shows the formation of new oxides and a 33.7% increase of carbon 

elements inside the groove. It will not affect the heat dissipation rate because 

the effect of an increase of surface area and fin length is more in comparison. 

XRD analysis endorses the existence of a thin coating retaining all of its 

properties. 

 Reduction of cutting tool temperature has been observed while machining with 

micro-textured cutting inserts. A significant reduction in surface roughness has 

obtained while using micro-textured cutting inserts because of improved 

machinability characteristics.  

 The standard cutting tool life has been considered up to 0.3 mm of the flank 

wear. It has an average value 0.193 mm of while machining with honeycomb 

micro-textured cutting inserts. So the honeycomb micro-texture has increased 

the cutting tool life. 

 The honeycomb micro-texture has reduced the contact surface area between 

high-temperature removed chips and the rake face of the cutting insert. It also 

provides more area for heat dissipation as new and long walls have been created. 

Due to these reasons, the observed crater wear has reduced and cutting tool life 

has increased. 

 Snarled ribbon, snarled corkscrew, long corkscrew, snarled helical, and long 

tubular type of chips has been obtained. Because of the honeycomb micro-

pattern, chips get stuck at the microgrooves and generate tubular or ribbon-type 

small diameter chips. This results in the reduction of crater wear of the tool. In 

straight chips like snarled ribbon, various horizontal lines with more depth have 

been found on the convex side of chips. These straight groove fractures are 

considered to be the main reason for their straight shape. 

 More and large-sized teeth have been found in long corkscrew chips in 

comparison to the long tubular chips. Due to these sharp edge teeth, more 
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deformations occur at the rake face. Vertical straight line fractures have been 

observed on the concave side of the corkscrew and long tubular chips. 

 The slope of the graphs indicates the control on cutting temperature using 

textured cutting inserts. The area of the high-temperature zone is maximum in 

plain insert and minimum in honeycomb micro-textured cutting insert. The 

experimental and simulation temperature values exhibit a maximum of 1.11% 

error of deviation which is in the suitable range. Therefore the simulation 

outcomes have been corroborated with the experimental values.  

 The predicted values of effective stress and strain increase with the increase in 

rotational speed as well as with feed. The maximum of 2.74Mpa e+03 effective 

principal stress has been measured with plain cutting insert at speed of 930 rpm 

and 0.08 mm/rev of feed. A minimum of 2.94 e-5 mm/mm effective strain has 

been observed with a spiral triangular micro-textured cutting insert. 

 From this Grey Taguchi analysis, the optimal parameter has been observed at 

run 27. The best machining results are obtained with 930 rpm of rotational speed 

and 0.08 mm/rev of feed using a honeycomb micro-textured cutting insert.  

 7.1 Contribution to Research 

 This research work has given novel micro-design patterns and professed their 

better enactment while machining with Titanium Grade 2 metal.  The effect of 

various factors responsible for the machinability of cutting inserts has been 

declared. 

 Feasible design ideas have been generated for double side square cutting inserts. 

Fabrication of micro-textures was a challenge. So the use of the femtosecond 

laser machine and its fabrication process parameters have been explained. 

 The study of tool wear and chip morphology has given new ideas for better 

designs and cutting tool modifications. Variation of flank wear with the 

rotational speed of the workpiece and cutting feed has given a wide range of 

operative machining parameters. 

 Variation of parameters like temperature, surface roughness, level of material 

removal, perfection in surface finish, flank wear, crater wear, removed chips 
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shape, size, and types, etc. have been expressed graphically concerning various 

machining factors.  

 Use of DEFORM® 3D tool to the prediction of other results after validating with 

experimental data has been given. Grey Taguchi analysis has given the optimal 

parameter for this machining analysis. 

7.2 Scope of Future Research 

 Machining of other difficult-to-cut metals can also be done using these designed 

and fabricated micro-textured cutting inserts. Few other process parameters can 

also be taken into consideration while performing the experiments. 

 Micro study of crater wear and removed chips can provide more conclusions 

regarding improvement in machinability aspects of cutting inserts. 

 Finite element analysis of other machine process parameters can be conducted 

for the same or different metals of the same category. 
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Annexures 

 

Calculation of PISF 

Three values of surface roughness, at different positions on titanium rod before and 

after machining has been measured for each experimental run. After that the percentage 

improvement in surface finish has been calculated using Equation 5.2 and tabulated in 

table 5.3. For example: For run 1 the average surface roughness after machining is 2.942 

µm. Before machining it was 4.03 µm. Hence the improvement in surface finish is (4.03 – 2.942) 

µm = 1.088 µm. lSo putting these values in equation 5.2 we are getting the PISF equals to 27%. In 

this way all the values have been calculated. 

 

 

 


