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CHAPTER 1 

INTRODUCTION  

 

Every sector of the manufacturing industry is striving to increase productivity of the 

processes and simultaneously make it more sustainable by obtaining a better 

understanding of its detailed activities and their efficiencies, and thereby improve the 

process. More specifically, machining-based manufacturing industry is focused on 

reducing various costs associated with cutting tools, coolants and disposal of the chips, 

etc. generated during machining processes. Some of the advancements come in the form 

of using different and more effective forms of coolants, intelligent tool designs, use of 

different alloy compositions, etc. Another major challenge for industry is to improve the 

fatigue life of the machined components. The fatigue life of the components is critical in 

various industries such as the automotive and aerospace sectors. Several alternatives or 

ways to improve the product fatigue life during manufacturing are in use. They include 

surface treatment and improvement processes such as shot peening. The residual stresses 

generated during machining that contribute to the fatigue life are critical in machined 

components. Compressive residual stresses that are favorable for increased fatigue life 

are desirable while tensile stresses are to be avoided. There has been some work in the 

past few years in this area, but most of it is not yet translated to industrial practices. There 

have been several attempts to understand the role of residual stresses in the finished 

surface, but the approach that is presented in the current thesis is believed to be one of the 

first of its kind to attempt to understand the state of the machined surface in terms of 

topological parameters.  The choice of cutting conditions that generate the desired state of 
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residual stresses are key to advancing the understanding of the machining process that 

improve the productôs fatigue life. 

Topology is the branch of mathematics that studies the interconnectivity of the spaces 

and uses several axioms or principles that determine the connectivity. In this current 

work, the topological approach considered is at two levels, micro and macro levels 

namely. The cutting conditions that generate the desired state of residual stresses are key 

to advancing the understanding of the machining process. This work presents a 

comprehensive analysis of various machining process parameters, their interrelations and 

a topological modeling approach to understanding the cutting process. 

1.1    Overview of thesis 

Chapter two discusses the key research publications that are helpful in understanding the 

machining process and analyzing the experimental results. 

Chapter three gives a detailed description of the experiments conducted. It presents an 

analysis of the measurement data for two components of the cutting force and the 

temperature at five different locations on the groove of the cutting tool insert. It studies 

the effect of edge radius and feed rate on the measured temperature and cutting forces in 

machining of AISI 1045 mild steel. 

Chapter four gives a detailed description of sample preparations used for the 

metallographic analysis and the micro-hardness measurements. The results of the 

measured micro-hardness values within the various zones in the chip and at specific 

positions on the machined specimen for different cutting conditions are analyzed. Various 
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grain boundary parameters corresponding to the microstructural changes and topology are 

also evaluated. 

Chapter five discusses the measurement and analysis of two components of the residual 

stress. As the residual stresses hold a key for the fatigue life of any machined component, 

the experimental results and their variations are discussed. The data obtained gives a wide 

scope to understand the influence of cutting conditions such as the edge radius and feed 

rate on the fatigue life of a machined component. 

Chapter six presents the application of topology to the machining process and illustrates 

the use of Maple program to model various topological parameters. It also demonstrates a 

new methodology that is developed for interpolating the values of various topological 

parameters for arbitrary input values of edge radius and feed rates. This is a tool that can 

help in evaluating the quantitative effect of some of the topological parameters on the 

resulting properties on the machined surface and sub-surface. 

Chapter seven summarizes the work with concluding remarks, and discusses the scope of 

future research on the application of topology to machining. 
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CHAPTER 2 

LITERATURE REVIEW  

 

The inherent roundness of the cutting edge makes the basic Merchantôs metal cutting 

model and many other models ineffective, as once the cutting edge roundness is 

considered, it is impossible to locate the shear plane and define the shear angle. In some 

of the later models, where the plastic zone concept is used, it is generally assumed that 

the thickness of the plastic zone is a function of the edge radius and the rake angle of the 

tool, but no definite quantitative relationships are available.  

Experiments show that the specific cutting energy increases with an increase in the 

cutting edge radius because of the higher cutting forces, for a given uncut chip thickness. 

The specific cutting energy for a given tool however did not increase proportionately 

with the increase of uncut chip thickness. These two situations show the usefulness of the 

relation between the ratio of uncut chip thickness to the edge radius. Hence, studying the 

behavior of the rounded cutting edge on the cutting forces may make a difference on the 

accuracy of predictive modeling.  

Albrecht [1] mentioned ploughing as the major mechanism of metal removal in  

machining with a rounded edge tool. It was shown that a certain amount of metal is 

pressed into the cut surface creating residual stresses. Therefore, this ploughing 

mechanism causes the surface texture to be coarse or fine depending on the feed and the 

depth of cut. Ploughing is difficult when the tool has a large edge radius. As a result, the 

surface quality decreases with the increased cutting edge roundness. 
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Non-sharp cutting edges promote the formation of the built up edge (BUE). The BUE is 

subjected to the continuous growth and destruction of a bulky artificial tool tip which 

introduces tool chatter and vibration, while consuming significant power. This causes 

premature tool failure, rapid tool-wear and poor surface quality of the work.    

The effective rake angle can change when using a rounded cutting edge tool as a result of 

the BUE, changing the effective cutting edge conditions from the initial machining 

parameters to something different during cutting. This may cause a coarser surface 

roughness, high rate of tool-wear, or even may cause the tool to break or damage the 

workpiece. 

Knowing the actual behavior of a rounded cutting edge helps to reduce the cutting 

energy, prevents premature tool failure, reduces wear, exposes more ways of improving 

the tool geometry for chip breaking and chip control, as well as improving the overall 

quality of the work.  

Manjunathaiah and Endres [2] modeled the orthogonal cutting process of 70-30 brass and 

mild steel with tool inserts of varying cutting edge radius and analyzed the cutting force 

components. They suggest that the cutting forces are very sensitive to the change in the 

edge radius. Kim et al. [3] also modeled various edge radius tools and studied their 

effects on cutting forces in the orthogonal cutting of 0.2% carbon steel. Both of the 

above-mentioned models showed an increasing trend of cutting forces with an increase in 

the edge radius. Schimmel et al. [4] also reported that the effect of edge radius on the 

machining process parameters is prominent at lower values of uncut chip thickness in 

their experiments. They have selected values of ratio of uncut chip thickness to edge 
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radius ( t1/rn) ranging from 0.5 to 5 as representing the general range of practical interest 

in hard turning and finishing operations.   

It is very challenging to measure the temperature in the cutting zone during the process of 

machining. There have been several methods used by researchers to measure the cutting 

region temperatures in the past. In material removal processes, the temperature history 

corresponds directly to the part quality as it can influence the microstructure and the 

residual stresses on the machined surface. If properly controlled, the temperature can be 

used to produce desirable workpiece surface hardening [5]. Stephenson [6] used a direct 

radiance system in order to have a comparison with the tool-work thermocouple method. 

However, the tool-work thermocouple method was found to have three major error 

sources, relating to the thermo-electric voltage relationship, parasitic interfaces and 

vibrations due to excessive grounding [6].   

Embedded thermocouples have also been used by several researchers to establish semi-

empirical equations that relate tool temperature to cutting process parameters and tool 

wear [5]. Wanigarathne et al. [7] have investigated progressive tool-wear in machining of 

AISI 1045 steel with coated (TiN/TiCN/TiC) grooved tools, where they measured the 

temperature with a medium wavelength infrared camera system. 

Davies et al. [5] gave a detailed description of various types of methods that were used by 

researchers to measure the temperature in the material removal processes. They also 

outline the physics of each method and drew comparisons between the various methods 

that are used to measure the temperatures in material removal processes. 
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FEM-supported simulation of the cutting process allows the evaluation of the cutting 

temperatures both in the chip and the tool.  The change in temperature gives rise to the 

change in the microstructure of the material where the grains and grain boundaries 

transform. The large deformations induced by the machining process gives rise to the 

changes in grain boundaries and other microstructural parameters thereby influencing the 

physical properties of the material. 

Meyers et al. [8] have reported that the rotational dynamic recrystallization (DRX) has 

been observed where a region composed of nanocrystalline grains has also been located. 

Initial grains observed within the shear bands area were large in size. This is referred to 

as amorphization within the shear bands. The formation of serrated chip has been 

attributed to adiabatic shear bands developing during cutting [8]. 

Thiele and Melkote [9] have conducted experiments where they have performed finished 

hard turning on through-hardened AISI 52100 steel. Polycrystalline cubic boron nitride 

(PCBN) inserts of different edge radii and chamfers were used to study the effect of edge 

geometry on the residual stresses generated. The sign of the residual stresses, whether 

compressive or tensile, was correlated to the phase change and volume expansion 

accompanying the formation of a white layer. The large edge radius tools produced large 

values of compressive residual stress in the axial and circumferential directions in the 

machined surface. They suggest that the smaller edge radius tools produce over-tempered 

surface layers with tensile residual stresses for low hardness (41 HRC) values of 52100 

steel and compressive residual stresses for high hardness (57 HRC) values of 52100 steel. 

The microstructure analysis reveals the state of the surface residual stresses and their 

correlation with microstructure. Surface residual stresses in the axial and circumferential 
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directions correlate with each microstructural pattern occurring due to the phase changes. 

Specifically, all samples that show continuous white layers on the surface of the 

workpiece, display compressive residual stress in the axial and circumferential directions. 

Microstructural analysis shows that thermally-induced phase transformation effects are 

present at all feeds and workpiece hardness values in machining with the large edge hone 

tools, but only at high feeds and hardness values when using the small edge hone tools. In 

general, continuous white layers on the workpiece surface correlate with compressive 

residual stresses, while over-tempered regions correlate with tensile or compressive 

residual stresses, depending on the workpiece hardness [10]. 

Jang et al. [11] have also studied the effect of edge radius on the residual stress state in 

turning of AISI 304 stainless steel and their results show that the tools with large edge 

radius produced residual stresses that are more compressive in nature and improve the 

fatigue life of the component.   

The topology of grain boundary networks affects various material properties such as the 

corrosion resistance, and strength of the material. The intergranular changes that take 

place during the process of machining can be understood by using various topological 

transformations. The concepts of unit operations, elimination of hexagonal cells and other 

aspects can be applied to any given 2D microstructure, given that we can distinguish the 

boundaries and clusters in the microstructure.  Therefore, there are limitations imposed 

on grain size changes by the topological restrictions. 

The dislocation density and the movement of the dislocations play an important role in 

the grain boundary ranges and influence the microstructure of the material [10].  



9 

 

Joshi and Melkote [10] suggest that the strengthening of the material is due to the 

dislocation interaction process, and that the greater the geometrically necessary 

dislocation density, the greater the strength of the material.  

Mullins [12] studied grain boundary migration and translation using mathematical 

models. The grain boundaries of a recrystallized metal when annealed migrate towards 

their centers of curvature with a certain pressure given by the product of the curvature 

and the free energy. The reduction in the areas of the curves representing the two- 

dimensional grain boundaries that preserve the area is the driving force. Mullins [12] has 

modeled the grain boundaries as curves which preserve their shape while obeying the 

curvature rule. He has also identified three types of solutions namely, uniform 

magnification, translation and rotation. 

Machining also induces residual stresses on the surface of the finished product. These 

residual stresses hold a key to the fatigue life of the machined component. Thiele and 

Melkote [9] studied the effects of edge preparation on the three components of residual 

stresses induced by machining of 52100 steel of different hardness values in machining 

with PCBN inserts of varying edge geometry. 

Outeiro et al. [13]   have also measured the residual stresses created when turning AISI 

316L and AISI 1045 steels with coated and uncoated tools of finite edge radii. That study 

compares the effect of edge radius and coating on the residual stresses generated in 

oblique cutting. The results show that the oblique machining with the coated tools using a 

certain CVD coating TiC/TiCN/TiN produces higher residual stress values in comparison 
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with uncoated tools when large edge radii are used at low feed rates. Analytical models 

and experimental techniques were used. 

Sasahara et al. [14] have studied the effect of cutting tool geometry and cutting 

conditions on the surface residual stresses generated during the face turning of 

70%Cu30%Zn brass. However, they used carbide tools of different corner radius unlike 

the edge radius considered in the present work. They found that with the decrease in the 

corner radius of the tool inserts and the decrease of the feed rate,, the created residual 

stresses are more compressive in nature. They suggest that corner radius and feed rate are 

some of the important parameters that can be used to control the values of the residual 

stresses across the machined surface. Sasahara et al. [14] so mentions that during a 

machining sequence involving rough cuts through finishing cuts, an affected layer is 

generated and subsequently removed by the following cut in machining operations such 

as turning or milling. Chip forming processes are affected by the work-hardened layer 

and/or residual stresses within the machined surface layer. He further states that when the 

work-hardened layer is machined, the shear angle usually increases and the residual stress 

decreases compared with an annealed workpiece. 

The deformed layer, or the zone that Sasahara [15] mentioned, is clearly visible from the 

microstructural analysis that is reported in the current work in both the chip and surface 

layer of the machined disk as will be discussed in the subsequent chapters. The 

deformation zone or the region in which the grains are deformed, or are affected due to 

the actual cutting process is clearly observed. Sasahara [15] also performed fatigue tests 

on AISI 1045 steel specimens machined with tools of varying cutting edge geometry. The 

fatigue life and surface hardness, as shown in the Figure 2.1 gives a combined view of the 
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effects of cutting edge geometry on the fatigue life and the mechanical properties of the 

surface layer. 

 

Figure 2.1:  Interaction of residual stresses with hardness and fatigue life 

in machining [15]. 

 

Ee et al. [16] modeled the orthogonal cutting process using FEM, and studied the effect 

of finite edge radius tools on the residual stresses of the machined product. They  

incorporated certain changes to earlier approaches to improve the accuracy of the 

predictability of the model. The criteria that were used include: (a) using a modified 

JohnsonïCook material model that is augmented by a linearly elastic component to 

describe the material behavior as non-Newtonian fluid; (b) using a remeshing scheme to 

simulate the material flow in the vicinity of the rounded cutting tool edge without the use 

of a chip separation criterion; (c) properly accounting for the unloading path; and (d) 

considering the thermo-mechanical coupling effect on deformation. Case studies were 

performed to study the influence of sequential cuts, cutting conditions, etc., on the 

residual stresses induced during orthogonal machining of AISI 1045 steel.  
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CHAPTER 3 

MEASUREMENT AND ANALYSIS OF CUTTING FORCES AND 

TEMPERATURE  

 

 

3.1    Introduction  

This chapter presents the effect of cutting tool edge radius and feed rates on the cutting 

forces and temperatures on chip free surface and in the cutting zone. The AISI 1045 steel 

disks were dry machined orthogonally with uncoated carbide tools having four different 

cutting edge radii and at four different feeds. Metal cutting processes are generally 

modeled by considering that the cutting tool has a perfectly sharp cutting edge. Based on 

this assumption, shear plane and shear zone machining theories were developed 

enhancing the understanding of the metal cutting process. Tool cutting edges usually 

have a small radius, which during service wears and becomes blunt. During the cutting 

process, a built up edge is continuously formed in the tool tip region. Hence, the inclusion 

of the edge geometry effect into machining models provides a more accurate picture of 

the process. This offers a good basis to study the effect of cutting edge radius on cutting 

forces, temperature and other aspects of cutting such as the variation of residual stresses 

and micro-hardness. The knowledge of the temperature distribution and the location of 

the maximum temperature at the chip-tool interface are important, as this has a dominant 

influence on tool-wear/tool-li fe, part quality, part accuracy and residual stresses that 

contribute to the useful fatigue life of the component. As described below, an infrared 

camera was arranged so that it could view the specimen from the side so as to be able to 

measure the temperature in the cutting zone. 
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3.2    Experimental work 

Figure 3.1 shows the experimental set-up. At the beginning of each series of experiments, 

a new tool insert is mounted onto the tool-holder, a new work material disk is fixed to the 

mandrel, and the tool dynamometer and the infrared camera are set up for measurement 

of cutting forces and temperature in the cutting zone. Table 3.1 shows the cutting 

conditions used during the dry orthogonal cutting of AISI 1045 steel. After a disk is 

finished being machined, the dynamometer values are observed to measure Fc and Ft. The 

chips are collected from each experiment and the infrared images are separately saved for 

later study. The temperature is measured at various regions of the tool-chip contact, by 

placing the camera facing in the axial direction using a special fixture that was built to 

suit the needs of the experiment. The experiments are repeated three times as it is not 

possible to measure the temperature in all regions simultaneously. However, the AISI 

1045 steel disks used are from the same stock of material and there was no known 

alteration of any machine coordinates or the tool positions to affect the experiments. 

Figure 3.1: The experimental set-up 

 

 

(IR) 
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Table 3.1: Cutting conditions used in experiments  

Cutting speed (m/min) 175 

Feed (mm/rev) 0.05, 0.2, 0.3, 0.4 

Width of cut (mm) 3 

Work material AISI 1045 steel 

Hardness (HB) 200 

Disk diameter (mm) 152 

Disk thickness (mm) 3 

Tool insert type TNMG-432 

Tool material Uncoated carbide 

Tool grade P20 

Tool edge radius (µm) 15, 30, 55, 75 

3.3    Measuring cutting forces 

The two components of the cutting force, namely the feed (Ft) and the cutting forces (Fc), 

are measured using a KISTLER 9121 three-component tool dynamometer. The 

dynamometer is calibrated initially using a load of known value.  The force signals are 

correlated and the dynamometer is adjusted to show this value. The dynamometer is set 

to record the data on the cutting forces for each experiment and the data files are analyzed 

later. The mean, or the average force, is recorded along with the standard deviation so as 

to give an amplitude to the force variation due to the cyclic nature of the forces. Several 

initial experiments were performed to measure, analyze and eliminate signals from any 

likely chatter or instability. The cutting force signals also help in improving the 

experimental set-up as during the trial runs, it is easy to identify the stray signals, or 

signals due to vibration of the tool or workpiece. A total of 16 experiments were 
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conducted and the force data was collected and analyzed. Table 3.2 shows the measured 

force values and their standard deviations for all 16 test conditions. 

Figure 3.2 shows the mean cutting force variation obtained during the machining of AISI 

1045 steel disks at a constant cutting speed of 175 m/min with uncoated carbide tool 

inserts of varying cutting edge radii and at various feed rates. Figure 3.3 shows the 

corresponding data for the feed force.   

Table 3.2: Measured cutting force and feed force values 

Edge 

radius 

(µm) 

Feed 

(mm/rev) 

Fc (N) 

 

Ft (N) 

 

 
 

Mean St.Dev Mean St.Dev 

15 0.05 326.7 45.7 169.3 35.5 

15 0.2 767 62.3 312.4 42.3 

15 0.3 961.87 88.4 428.9 55.6 

15 0.4 1106 59.2 593.2 72.3 

 
     

30 0.05 431.26 61.2 285.2 86.5 

30 0.2 889.75 42.9 477.2 32.1 

30 0.3 1110 89.2 535.3 74.3 

30 0.4 1210.6 77.7 632.3 88.2 

 
     

55 0.05 524.11 91.2 215.9 64.2 

55 0.2 973.34 72.3 383.4 59.4 

55 0.3 1215.7 65.6 510.4 60.5 

55 0.4 1235.1 90.8 523.7 77.3 

 
     

75 0.05 490.1 32 277.2 65 

75 0.2 1050.3 66.5 402.88 74 

75 0.3 1223.4 42.9 535.1 22.1 

75 0.4 1271.2 44.7 577.2 90.8 
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Figure 3.2: Measured cutting force variation with tool edge radius and feed 

 

Figure 3.3: Measured feed force variation with tool edge radius and feed 
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It can be seen that with an increase in the edge radius there is a slight increase in the 

cutting forces. The analytical model developed by Manjunathaiah and Endres [2] for 

orthogonal cutting of 70-30 brass and mild steel also showed increase in the cutting force 

components with increase in the cutting edge radius, although they did not consider the 

stagnation zone or the build-up edge phenomenon. Kim et al. [3] studied the effects of 

cutting edge radius during orthogonal cutting of 0.2% carbon steel, and also observed the 

trend of increasing cutting forces with the edge radius.  Analytical models of Yen et al. 

[17] also show evidence that the cutting force components increase with an increase in 

edge radius. They also showed that there was more chip curling and a larger region of 

sticking at the tool-chip interface in machining with larger values of edge radius.  The 

cutting forces also increase with an increase in the feed for each edge radius. As the 

cutting edge radius increases, the cutting forces tend to show less variability at higher 

feed rates. This can possibly be attributed to the bluntness of the cutting edge or the 

stagnation zone. The cutting forces tend to be constant as the cutting process takes place 

over an increased contact region. However, the combined effect of edge radius on cutting 

forces, residual stresses and the quality of the finished surface, tool-wear, all must be 

considered when attempting to find an optimum value for the cutting edge radius. 

3.4    Temperature measurements 

The most common experimental methods for measuring temperature in metal cutting 

processes are: direct conduction, indirect radiation, and metallographic. Generally, these 

methods include: tool-work thermocouples, embedded thermocouples, radiation 

pyrometers, and metallographic techniques using powders of fixed melting point. The 

tool-work thermocouple technique considers that the tool and the workpiece are two 
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different materials. The potential difference generated due to the temperature change is 

calibrated. Stephenson [6] used this technique for measuring the temperature in cutting 

tests on grey cast iron and aluminum with WC tools. The main difficulty with this 

method is that it gives only a mean value of the temperature along the whole tool-chip 

contact area. The response time of thermocouples means that temperatures that occur for 

split seconds are not recorded and coolants cannot be used. The radiation techniques are 

non-contact thermographic methods to measure the surface temperature of the body 

based on its emitted thermal energy. The radiation technique has many advantages such 

as faster response times, no adverse effects on the material, etc. However, the 

measurement position has to be selected carefully as the accuracy may be significantly 

affected by chip obstruction, humidity or by the presence of mist or even dust. The major 

difficulty here is in getting the exact surface emissivity under cutting conditions as it 

strongly affects the measured temperature. The emissivity values depend on a number of 

parameters including the temperature, surface roughness, surface condition (shininess) 

and the angle of visualization. Wanigarathne et al. [7] have measured the temperature at 

the various spots on the tool insert across the nose, rake face, back wall and secondary 

face as shown in Figure 3.4, to study the effect of temperature on various forms of tool-

wear. 
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Figure 3.4:  Tool-work arrangement as seen through the IR camera (left) and the spots (1: 

nose, 2: rake face, 3: secondary wall, 4ï6: back wall, 7: flank face) where the temperature 

measurements are made (right) [7]. 

 

The model by Kim et al. [3] showing the effect of edge radius when orthogonal cutting 

0.2% carbon steel has also shown that the temperature increases with the increase in edge 

radius. It is clearly understood that with the increase in the edge radius, the area of 

contact also increases; hence, the friction causes the increase in temperature. However, 

with the increase of contact zone, there is also increased heat transfer through conduction, 

convection and radiation forms. Hence, the temperature measured is the net effect. Nasr 

et al. [18] modeled the orthogonal cutting process of AISI 316L stainless steel and 

studied the effect of edge radius on the temperature and residual stress profile. They have 

also shown the trend of increasing temperature with the edge radius. However, they 

attribute the increase in the temperature to a stagnation zone developed for non-sharp 

tools underneath the tool-edge acting as a first effective edge. As the edge radius is 

increased, the location of the stagnation zone can move away from machined surface 

along the tool, thus increasing ploughing forces and temperature.  

However, as the objective here is to study the effect of edge radius on the temperatures, 

we have identified five spots on the tool in the regions of nose, rake face, flank face and 

backwall to compare with the temperature on the chip free surface generated for the same 
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cutting conditions. The tool profile of the uncoated carbide TNMG-432 inserts (15, 30, 

55 and 75 µm) was measured using a Nikon Epihot microscope to determine and 

precisely locate where the temperature is measured. However, the spatial resolution and 

frame rate of the camera pose a severe limitation to do any more extensive 

measurements. 

3.5    Measurements and analysis 

A FLIR Systems ThermaCam PM695 infrared camera, which operates within the 7.5 - 13 

ɛm infrared wavelength within the temperature range of ï 40
0
C up to 2000

0
C (accuracy 

of ± 2 
o
C), is used to measure temperature of the tool chip interface.  A macro lens with 

100 mm focal plane was used to capture the IR radiation from this area. The maximum 

spatial resolution of the picture was 200 x 200 ɛm, which provides a clear picture of the 

chip flow within the groove profile, though it is too large of an area to measure the 

temperature gradient at the tool-chip interface. 

3.6    Camera calibration  

The thermal emissivity is a materialôs radiation property which is temperature-dependent. 

To evaluate the emissivity of the coated tool insert at various temperature levels, a type K 

thermocouple was fixed to the surface of the tool insert, and placed in an oven. The oven 

is heated to various temperatures ranging from 100
0
C to 900

0
C. This range would 

encompass the entire temperature range expected during the metal machining process. 

Once the desired tool temperature is reached, it is taken out of the furnace and kept inside 

a black enclosure, and the temperature is measured with the IR camera keeping the 

emissivity at unity. From the known temperature (from a thermocouple) and the apparent 

temperature reading of the infrared camera, the thermal emissivity of the tool insert is 
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determined. The emissivity value of 0.70 is used to calculate and estimate tool-chip 

interface temperature by processing the thermographic images. Similarly, the emissivity 

of the workpiece was also determined. However, the emissivity value for the chip free 

surface for the AISI 1045 steel is determined to be 0.85 for the given temperature range, 

as MôSaoubi and Chandrasekharan [19] have calculated extensively for various 

wavelengths. A convex screen made of Potassium Bromide (KBR) crystal that allows 

wavelength range of the infrared radiation is used with the eyepiece. The chip is then 

heated to various known temperatures in an oven and the temperature is measured with 

and without the KBR protection. A calibration curve, as shown in Figure 3.5, was 

obtained and used to calculate and analyze the actual temperatures. 

 

                                         Figure 3.5: Calibration curve for KBR screen 

Table 3.3 shows the coefficients for the quadratic fit that was obtained for calibrated 

temperature values. 
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Table 3.3: Coefficients for the quadratic function for data with KBR screen 

 
Quadratic Fit: 

 
Y = a+bx+cx2 

 
 

Coefficient 
Data: 

 
 

a 
-9.17913 

 

b 
1.620612 

 

c 
-0.00066 

 
 

Similarly, a Zinc Selenide (ZnSe) screen that transmits infrared wavelength of 0.5-22 

(µm) was used with the camera lens so as to enable the temperature measurement in the 

axial direction. To calibrate this case, the tool insert is heated to various temperatures in 

the range of 200- 800 °C. The calibration curve obtained and shown in Figure 3.6 is used 

to analyze the thermographic images in the cutting region. The data is fit with a quadratic 

function with coefficients shown in Table 3.4. 

 

 Figure 3.6: Calibration curve ï ZnSe screen 
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        Table 3.4:   Coefficients for the quadratic function for data with ZnSe screen 

 
Quadratic Fit:  
 Y = a+bx+cx

2 

 
 

Coefficient 
Data: 

 
 

a  -5.09431 

b  1.754601 

c  -0.00087 
 

A special fixture was built for mounting the camera in order to allow it to move with the 

tool holder. This fixture has movement about 3-axis making it flexible and universal so it 

can be adjusted to the focal distance of the camera and measure a region for any 

machining experiment. The fixture was designed to keep the camera rigid which 

produces better results during the actual cutting process as there can be significant 

vibration during the tool advancement if the fixture is not rigid. The thermo-graphic 

images as shown in Figures 3.7 and 3.8 clearly show the tool grove profile and the chip 

curl.  

                     

Figure 3.7: Infrared image in the axial       Figure 3.8: Infrared image visualizing the 

                direction                                      cutting process from the top view 
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3.7    Temperature Measurements 

Temperature is measured at five spots on the groove geometry on the tool insert, namely 

at the (1) rake face region, (2) transition region, (3) secondary wall, (4) backwall and the 

(5) flank face region. Figure 3.9 shows the groove geometry and the various points on the 

groove profile where the measurements are made for feed rates of 0.05 mm/rev and 0.2 

mm/rev and inserts of four different edge radii (15, 30, 55 and 75 µm). Figure 3.9 shows 

the side view section of the cutting tool, workpiece and chip during the process of 

orthogonal cutting and various spots of temperature measurement labeled. Shown in 

Figures 3.10 and 3.11 are the plots showing the variation of temperatures at various 

regions on the tool insert for various cutting conditions. 

                                       

Figure 3.9: Section of cutting process with spots of temperature measurement 
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Groove parameters of TNMG 432 - uncoated carbide insert 

The parameters of the used tool inserts are: Groove width: 1.84 mm; Land length: 0.135 

mm; Groove radius: 1.068 mm; Backwall height: 0.042 mm. The labeled temperature 

measurement points are: 

Point 1:  0.06 mm from the cutting edge in the rake face region 

Point 2: 0.128 mm from the cutting edge in the transition region between rake face and      

secondary wall 

 

Point 3: 0.63 mm from the beginning of the grove in the secondary wall region 

Point 4: 1.43 mm from the beginning of the grove in the backwall region 

Point 5: 0.045 mm from the cutting edge in the flank face region 

Here, the origin for the measurements made above is the visible tool-tip of the uncoated 

carbide insert of finite edge radii. 

The temperature increases with the increase in the edge radius for feed rates of 0.05 and 

0.2 mm/rev, respectively at all points across the groove geometry in the tool.  The highest 

temeperature of 580 °C is recorded at the point that is located in the transition region (2) 

of the rake face with the secondary wall for feed rate of 0.2 mm/rev. Figures 3.10 and 

3.11 show the variation of the temperature with edge radius at various temperature 

measurement points shown in Figure 3.9 and described above. As the edge radius 

increases, the temperature profiles across the rake face and the transition point show 

similarity, and especially above 55 µm edge radius, they record closer values. 
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Figure 3.10: Temperature variation with edge radius at five points along the tool grove 

profile for  f = 0.05mm/rev 

 

Figure 3.11: Temperature variation with edge radius at five points along the tool groove 

profile for  f = 0.2 mm/rev 

 

Another noticeable fact is that for a feed rate of 0.2 mm/rev the temperatures in the rake 

face and backwall region show closeness. The difference in the temperatures in the 
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regions of rake face and backwall for lower feeds can possibly be attributed to the chip 

formation, since long ribbon like chips are formed. For higher feed, f = 0.2 mm/rev, the 

tool-chip contact length decreases, so we can see regular curled chips. The time of 

contact also decreases hence there is no significant variation in the temperatures except 

for the higher edge radius value of 75 µm. For 75 µm edge radius, there is a clear 

distinction in the temperatures in the three regions. It can be possibly attributed to the 

increase in the temperature due to friction, and increased contact is significant enough for 

the differences in temperature. More experiments with a large range of edge radii can be 

helpful in arriving at optimum values of radius to generate low temperatures. It is very 

significant to understand the effect of the edge radius on temperatures as they have an 

effect on the residual stress state and micro-structural properties in the finished product. 

Figure 3.12 shows the temperature variation on the chip free surface at various feed rates. 

It can be clearly seen that with an increase in the feed, there is a decrease in the 

temperature on the chip free surface, which can be attributed to the increasing chip 

thickness. The temperature generated is due to the combined effect of the increase in chip 

thickness and simultaneous increase in the temperature in the cutting zone. As the edge 

radius increases the temperature also increases on the chip free surface until 55 µm edge 

radius. The temperature subsequently decreases for a 75 µm edge radius tool insert.  
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Figure 3.12: Variation of temperature on chip free surface with edge radius 

There is a significant difference between the temperature in the secondary wall region 

and that on the chip free surface, in some cases a difference of 200 °C.  Figures 3.13 and  

3.14 show the temperatures in the regions on secondary wall and chip free surface. The 

temperature is significantly higher in the secondary wall region compared to the chip free 

surface. The temperature difference remains consistent and increasing with edge radius 

except for edge radius equal to 55 µm. The chip free surface is relatively cold when 

compared with the temperature in the secondary wall region - as the chip moves away 

from the cutting zone (heat source) there is a decrease in the temperature. 
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Figure 3.13: Comparison of temperatures at the transition point and chip free surface  

for f = 0.05mm/rev 

 
Figure 3.14 : Comparison of temperatures at the transition point and chip free surface  

for  f = 0.2 mm/rev 


