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ABSTRACT 

In today’s rapidly developing new materials, metal machining industries face difficulties 

in getting the required surface finish. Optimization of machining parameters for hard 

turning process is crucial for finishing operations or the manufacturing unit to replace 

cylindrical grinding operation due to the development of advanced tool materials and 

rigid machine tools. The quality of surface finish gets influenced by different process 

parameters particularly in a finish hard turning operation. The aim of this research work 

is to investigate machining of hard materials and optimization of cutting parameters to 

achieve a better surface finish, reduce tool wear, and optimize material removal rate 

(MRR) in dry hard turning of hardened AISI 1043 steel. The cutting tool used for 

machining is a mixed Al2O3–TiC ceramic insert. Each experiment was repeated three 

times and each test used a new cutting insert to ensure accurate readings of the surface 

roughness. Besides, cutting temperature in the tooltip was predicted using an infrared 

thermometer and examined. As a methodology, the Taguchi L9 orthogonal array has been 

selected for the design of the experiments, and signal-to-noise ratio-based optimization 

has been utilized. Moreover, the analysis of variance (ANOVA) determined the 

influences of cutting parameters on the surface roughness. Also, different tooltip wear 

nature has been identified, and analysis showed that abrasion and chipping are two major 

wear mechanisms found for flank wear. Similarly, the lowest flank wear of 0.220 mm, 

and the moderate tooltip temperature of 67.50C is achieved for optimum cutting 

parameters. The result of variance presented that the influence of cutting speed, feed, and 

depth of cut were 74.22%, 22.33%, and 0.75% respectively. The lowest surface 

roughness attained for optimum cutting parameters is 1.24µm, and found that the hard 

turning can successfully substitute cylindrical grinding.  

Keywords: Hard machining, surface quality, tool wear, Taguchi S/N-based optimization. 
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CHAPTER-1 

1 INTRODUCTION 

1.1  Hard Material Machining      

Hard machining is a technology of machining of hard materials which its hardness is in 

the range of 45-65HRC such as tool steel, high-speed steels, bearing steels, hardened 

alloy steel, case-hardened steel, hard chrome coated steel, various superalloys, and heat-

treated metallurgical parts [1, 2]. The hard material is crucial in several industries like 

aerospace, automotive, and steam engine manufacturing industries because of their 

admirable strength at high temperature, corrosion resistance, creep resistance, low cycle 

fatigue strength, good formability, and weldability. Machining of hard material can be 

done in different machining operations as turning, milling, broaching, boring, and 

hobbling using specially prepared tools with geometrically defined cutting edge, super 

hard cutting-tool materials, special tool holders, and suitable rigid machine tools. The 

special tool designs and complete set-up was made the metal cutting of hardened parts 

easily accessible for any machine shop [3]. Based on the cutting environment, hard 

machining can be categorized as shown in the Figure 1.1. [4].  

 

Figure 1.1 Hard machining categories 
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Machining of hard materials like tool steel, bearing steel, hardened steel, and ceramics 

are problematic for the conventional turning because of extreme hardness, poor 

machinability, low heat transfer coefficient, high toughness, and high tool wear rate. The 

above-mentioned properties or difficulties of hard materials resulting in low productivity, 

high manufacturing cost, and produce a large amount of heat which leads to the rapid 

wear of tool material. The cutting edge used in hard machining alters component quality 

such as macro-geometry (deviations of form, dimension, and position), micro-geometry, 

and the physical properties of the subsurface zones due to the impact of a manufacturing 

process [1-5].  Due to the advances in machine tools and cutting tool technology, hard 

machining particularly hard turning becomes a cost-effective manufacturing process to 

produce parts with precision surface quality and enabled relatively high material removal 

rates [9, 8]. 

A major advantage of hard turning is the ability to machine complex parts, to get higher 

productivity, easy to adapt to complex part contours, high flexibility, cost reduction (the 

cost of hard turning is cheaper), to improve quality, eco-friendly, quick change-over 

between component types, several operations performed in one set-up, high material 

removal rate, some computer numerical control lathe as used for soft turning is possible, 

low machine tool investment, environmentally friendly metal chips, elimination of 

coolant in most cases, the cutting process requires less power and small tool inventory. 

The common disadvantage of hard machining is high tooling cost, the special rigid 

machine is required for successful hard machining, the surface finish of the machined 

part deteriorates with tool wear and the formation of the white layer [2,3,8,9]. Actually, 

the hard machining challenges or difficulty have been substituted by advanced machining 

processes such as ultrasonic machining, abrasive jet machining, laser-assisted machining, 

electron beam machining, abrasive flow machining, etc. But these advanced machining 

process in most cases and especially in local industries they are not cost-effective since 

advanced machining process increases product cost and lack of availability. The hard 

materials products such as axles, shafts, gear, pulley, agricultural materials, woodcutters, 

and others demand a minimum cost. Thus, hard machining technology is preferable due 

to availability, easy to familiarize, moderate cost, etc. 
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Hard machining processes such as hard turning, hard milling, hard boring are competitive 

finishing processes with the advancement of the high-performance cutting tool and high-

speed machine tools to manufacture precision molding components, automotive, and 

other mechanical parts. However, different characteristics these process make selection a 

great challenge in industrial application, and process knowledge is the key to process 

selection and design. [4, 7, 10-14]. 

Hard turning is an emerging technology and an attractive alternative to conventional 

grinding due to its potential benefits such as short cycle time, process flexibility, increase 

in productivity through a decrease of production (machining) time as high as 60% 

compared to grinding process and reduction of manufacturing cost, higher material 

removal rate, the possibility of dry machining, ability to manufacture complex 

geometries, cost-intensive (significant saving in cost), compatible surface roughness, 

enhanced workpiece quality, and less environmental problems without the use of cutting 

fluid. Hard turning can reach good surface quality, dimensional, and form tolerance 

closer to cylindrical grinding, [15-19,78]. Figure 1.2 shows hard turning versus 

cylindrical grinding process  [14]. 

 

Figure 1.2 Hard turning versus cylindrical grinding process 

Hard turning  Cylindrical grinding  
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Hard turning is a finishing or semi-finishing hard metal cutting process for producing 

smooth surface finish, to reach good surface quality, dimensional and form tolerance in 

manufacturing of shafts, axels, dies, cutter, bearings, tools, gears, cams, molds and other 

mechanical components of high strength alloy steels 45 < HRC < 65 hardness to achieve 

surface roughness close to those obtained in grinding. It is a common hard machining 

operation used for the production of parts where cutting speed and the material removal 

rate is limited due to the high tool wear rate [12, 20-23]. 

In hard turning, the machining operation is achieved by using purposely developed 

cutting tool materials, such as ceramics, cubic boron nitride, polycrystalline boron nitride 

and polycrystalline diamonds having special properties such as high hardness, high 

thermal conductivity, high compressive strength, high hardness-to-modulus ratio, high 

resistance to abrasion, a good resistance of wear at high temperature, high thermal, 

physical and chemical stability which are strongly necessary for cutting tool materials in 

the machining of hard materials based on typical process parameters [4, 15, 19]. 

Hard turning technology involves fewer production ladders than conventional machining 

of hard materials, with the additional advantages such as saving energy, reducing the 

machining time by eliminating second heat treatment, and the grinding process. If some 

of the processes can be eliminated, or substituted by the new process, product cycle time 

can be reduced, productivity can be increased and the process can be an economical 

comparing to the conventional machining process [24]. To make hard-turning as a 

practical alternative to cylindrical grinding, the process parameters must be selected as 

are suitable for the operation. The poor selection of process parameters may cause 

excessive tool wear and increased surface roughness. Hereafter there is a necessity to find 

the right parameters to achieve the right dimensional accuracy, good surface quality, low 

tool wear, and optimum material removal rate. Figure 1.3 indicates the comparison of 

conventional machining process and hard turning process [15].  

 

 

 



5 
 

 

 

 

 

 

 

 

 

 

Figure 1.3 Comparison of conventional machining and hard turning 

The process parameters in hard turning have a narrower range of acceptable values than 

in conventional turning, and failure to properly optimize may lead to a combination of 

poor tool life, poor surface finish, unacceptable dimensional accuracy, In addition to that, 

machining of hard materials mostly took place under dry cutting conditions [4, 25, 26]. 

Typical process parameters for hard turning according to the cutting tool material is 

shown in Table 1.1 [4]. 

Table 1.1 Typical process parameters for hard turning 

Cutting tool material Cutting speed 

(m/min) 

Feed rate 

(mm/rev) 

Depth of cut 

(mm) 

 Ceramics 55–196 0.04–0.15 0.1–0.4 

 CBN 90–246 0.08–0.25 0.1–0.6 

 Cemented carbide Up to 300 0.145 Up to 0.2 

 

Therefore, due to the reasons mentioned in the introductory part, hard-turning technology 

is a countless interest to both manufacturing industry and research community.  

Hardening  Annealing 

Finish Turning Rough turning  

Grinding 

Hardening 

Conventional Machining 

 

Hard Turning 
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1.2 Research motivation  

In machining of hard materials, the surface quality of the machined product is one of the 

most specified customer requirements and plays a vital role to increase the 

competitiveness among the manufacturers. It is difficult to discuss high production rate, 

long life of the product without defect, and mechanical properties of materials like 

(corrosion resistance, wear resistance) without surface quality. Also, surface quality plays 

a vital role in the applications of assembly parts in which movable parts are used. 

Therefore, the motivation for this work is mainly due to the above-mentioned factors.  

1.3 Statement of Problem  

In metal manufacturing industries, hard machining is still the most commonly used 

method of product formation to obtain dimensional accuracy, high-quality tolerance, high 

material removal rate, and better surface finish. The challenge of modern hard machining 

industries is mainly focused on the achievement of high quality, in terms of workpiece 

dimensional accuracy, surface roughness, tool wear, cutting temperature and economy of 

machining in terms of cost-saving and increase the performance of the product with 

reduced environmental impact. Even-though hard machining is widely used in product 

formation, obtaining a high quality of surface finish on hard material is a difficult task 

due to poor machinability of workpiece materials, high tool wear rate, low thermal 

conductivity, and workpiece material properties.   

Thus, in the modern world scenario of hard machining, optimization techniques are 

compulsory to effectively minimize hard machining challenges, increase competitiveness, 

growing demand for quality products in the market and to replace the cylindrical grinding 

process. Many people say that the desired cutting parameters are determined based on 

experience or by using a manufacturer’s handbook, but this does not ensure that the 

selected cutting parameters gives optimal or near-optimal cutting performance. 

Furthermore, optimization of machining cutting parameters and investigation of 

machining hard materials are crucial to achieve good surface finish, improve cutting 

efficiency (minimum tool wear, less cutting force and power consumption, low cutting 

temperature) and increase productivity. 
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Identifying factors mostly affect machinability of hard materials and determining 

optimum parameters at which best surface finish is produced overcome challenges during 

machining, especially in terms of surface quality and tool wear. Using optimum cutting 

parameters can increase tool life by 30%, and productivity by 50% [27]. The higher 

values of cutting parameters offered opportunities for increasing productivity but it also 

involves greater risk of deterioration in surface quality and tool life unless proper process 

parameters are used.   

1.4 Research Questions  

Having all the above-mentioned facts about hard machining in the introductory part and 

statement of the problem, the following research questions are raised. 

A. What is the optimum cutting condition in the machining of hard materials 

particularly hard-turning of AISI 1043 Steel and what are the most significant 

cutting parameters? 

B. What are the difficulties in the machining of hard materials particularly in hard 

turning of AISI 1043 Steel using a conventional lathe machine and how we 

minimize them? 

C. At what cutting parameters the optimum material removal that bridges the gap 

between productivity and quality is achieved?  

D. What is the effect of cutting parameters on cutting temperature produced at the 

tooltip?   

E.  What does the chip morphology of hardened AISI 1043 Steel is look like? 

1.5 Objectives 

1.5.1 General Objective 

The general objective of this research is to investigate and optimize machining of hard 

materials particularly of hardened AISI 1043 steel using conventional machining process 

to achieve the optimum machining condition. 

 

 



8 
 

1.5.2 Specific Objectives 

The specific objectives of the thesis are listed below. 

1. To study optimum cutting parameters for achieving the best surface finish in the 

hard-turning of AISI 1043 Steel using DOE. 

2. To investigate the behavior of the tool wear. 

3. To analysis tooltip temperature and the effect tribological parameters (cutting 

parameters) on cutting temperature at tooltip.  

4. To study chip morphology during hard turning of AISI 1043 steel. 

5. To determine the optimum material removal rate. 

1.6 Significance of the Studies 

Hard machining mostly hard turning is the most common type of finishing process of 

hard materials and it is important to optimize cutting parameters such as cutting speed, 

feed rate and depth of cut on surface finish, material removal rate, tooltip temperature, 

and tool wear. Since hard materials have found their application in critical engineering 

applications in which some of the sectors demand high surface finish those are 

appreciably quantified by the roughness parameters such as average surface roughness 

(Ra), root means square surface roughness (Rq) and the maximum height of roughness 

(Rz) depending on the industrial practices the surface roughness parameters directly 

influence the mechanical performance of any component. The machining economy 

largely depends on the performance of a cutting tool. When a cutting tool performs well 

for a longer time then it enables extra machining time. This saves time and cost of an 

extra cutting tool. Therefore, studying the machinability of hard materials and optimizing 

machining parameters that affecting the surface quality is very important to manufacture 

products with high quality. Besides that, it is important in cost reduction, to reduce 

production time, for achieving good surface finish, increase tool life, maximum 

productivity and to increase customer satisfaction. Furthermore, the study benefits both 

the manufacturing industry (especially local industries like Hibret manufacturing and 

machine-building industries) and the research community.  
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1.7 Scope and Limitation of Studies 

The scope is highly focused on hard turning cutting parameters optimization, identifying 

the most significant process parameters that affect the surface quality of AISI 1043 steel 

and how to improve the surface quality of products in the manufacturing process, to 

reduce tool wear as well as to increase the customer’s satisfaction. In this work the 

optimum cutting parameters at which better surface finish is achieved during hard turning 

of AISI 1043 steel without considering tool geometry were studied, because considering 

the simultaneous effect of cutting parameters and tool geometry is very complex. Also, 

the effect of cutting force and machine vibration on the surface roughness was not 

included because of difficulties to measure cutting forces without dynamometer and 

difficulties to measure vibration frequencies.  

1.8 Structure of the Thesis 

This thesis entitled “Investigation and optimization of Machining Hard Materials Using 

Conventional Machining Process” consists of five chapters that are organized as follows.  

• The first chapter provides the introduction, objectives, problem of the statement, 

significance of the study, scopes and limitations of the study.  

• The second chapter presents the Literature survey of hard machining of different 

hard materials. The review is based on the cutting forces involved in hard 

machining particularly hard turning, the cutting temperature, tool wear, surface 

roughness, surface finish, material removal rate, and the chip morphology. 

Finally, the summary of the literature and the research gap is described. 

• The third chapter elaborates on the experimental details including the design of 

the experiment, material preparation, the experimental procedures, equipment 

used, materials used for the study, and methodology. The methodology of 

measurement of surface roughness, temperature, and tool wear are also explained. 

• The fourth chapter deals with the result and discussion of the major findings of 

the experiment work. It discusses the effect of cutting parameters on surface 

roughness, cutting temperature, chip morphology and cutting tool wear etc. 

• Chapter 5 presents conclusion from the overall study, recommendation and future 

research directions.   
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CHAPTER -2 

2 LITERATURE REVIEW 

2.1 Introduction 

The machining most important process parameters cutting speed, feed rate, and depth of 

cut are affecting production cost and product quality. Optimizing these parameters to 

reduce surface roughness, tool wear, the production cost, to achieve the desired surface 

quality of machined product and easily assembled for desired functionality is necessary. 

Since these cutting parameters also affect surface quality, cutting force, heat generation, 

tool life, tool wear, and surface integrity. Therefore, need to be limited. Many researchers 

have investigated the effect of cutting parameters (cutting speed, feed rate, depth of cut) 

on surface roughness, cutting force, chip morphology, tool life, and production time 

during the hard machining process. The different studies on hard machining technology 

can be categorized into studies on cutting force, chip morphology, predictions of the wear 

characteristics of the cutting tool materials, investigations of the surface roughness, and 

surface finish of the machined surface.   

2.2 The Effect of Machining Parameters on Cutting Force 

Many researchers have studied the force and its effect during the hard machining process. 

Because knowledge of cutting forces are important for determining power requirements, 

effectively designing machine tool, cutting tool, tool holders and fixtures, to understand 

the effects of cutting force, the machinability of the workpiece, the process of chip 

formation and cutting tool wear. A variety of force measurement devices like 

dynamometer have been capable of measuring tool forces with high accuracy.  

During the hard machining process, the force is acting on the tool material can be 

resolved into thrust force, which acts in cutting speed direction, radial force, which acts 

in the radial direction and which is normal to the cutting speed and the feed force, which 

acts in the feed direction. The above mentioned three force components acting on the tool 

material during hard turning process as shown in Figure 2.1 [28]. 
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Figure 2.1 Various Forces on Cutting Tool and shear plane 

During cutting of steel hardened three cutting forces were generated (thrust force, feed 

force, radial force). The thrust force was the largest of three cutting forces and highly 

sensitive to workpiece hardness, negative rake angle, changes in tool geometry, and tool 

wear. The largest of the three cutting forces (thrust force) and the effect of workpiece 

hardness on the cutting force components are shown graphically as in Figure 2.2. [29]. 

 

Figure 2.2 Effect of work-piece hardness on the cutting force components 
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The cutting forces are influenced by workpiece hardness. As the hardness of work 

material increases the cutting force that accomplishes cutting action increases. Figure 2.3 

shows the influence of steel hardness on cutting force [3].  

 

Figure 2.3 Influence of steel hardness on cutting force 

The stability of the machine tool depends on cutting force that causes cutting action and 

cutting parameters. Particularly, higher negative rake angle and tool corner radius 

influencing the force increases especially when using super hard cutting tools and it 

indicates that stable and rigid process has to be provided [3, 13].  

The effect of cutting parameters and workpiece hardness on cutting force components 

during finish hard turning of AISI 52100 steel was investigated using Taguchi’s L27 

orthogonal array. The experimental result reveals that feed rate, workpiece hardness, and 

depth of cut have a significant impact on cutting force components [10]. In another study, 

the effect of cutting parameters (cutting speed, feed rate, depth of cut), and nose radius on 

the cutting force during hard turning of AISI 52100 steel using coated carbide inserts 

were investigated, and the analysis of variance (ANOVA) was performed to identify the 

influential factors over the response. It was observed that the most influential parameter 

on tool force is the tool nose radius followed by the depth of cut. The depth of cut 

exhibits maximum influence on cutting force as compared to the feed rate and cutting 

speed [29-31].  
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The feed rate has a significant influence both on cutting force as well as surface 

roughness and depth of cut has a significant influence on cutting force but has an 

insignificant influence on surface roughness [18].   

The equations for the normal and tangential force components per unit width of the 

grinding process were investigated. The grinding force which is necessary for grinding 

status is caused only by the contact between the grinding wheel and the workpiece, which 

leads to grinding chip formation and friction between grains and workpiece. Figure 2.4 

shows the grinding force [32].  

    

Figure 2.4 Grinding force 

Grinding deforming force and friction force are modeled as: - 

 Fn = FnC + Fns                                                                                                             (2.1) 

  Fr = Frc+Frs                                                                                                                                                                              (2.2) 

where: Fn = Normal grinding force 

 Fnc = Normal grinding force generated by chip deforming 

 Fns = Normal grinding force generated by friction 

 Fr = Tangential grinding force 

 Fr c = Tangential grinding force generated by chip deforming 

 Frs   = Tangential grinding force generated by friction 

The effect of cutting parameters was investigated during high-speed ball-end milling of 

Al2014-T6 and cutting force component (tangential force, radial force) was measured. 

The analyzed result shows that the cutting force increase as an increase in feed per tooth 

and axial depth of cut, but decreases with increasing cutting speed [31]. 
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The increase in cutting speed leads to a decrease in cutting force and improvement of 

surface finish, and high-speed machining is important to reduce cutting force in hard 

machining. During the hard-milling process, the milling force can be divided into radial 

force, feed force, and axial force. The axial force has a minor effect on the cutting 

process [33]. 

2.3 Tool Wear and Tool Life  

Know a day, many researchers have been focusing on the investigating tool life induced 

by wear in hard machining of hardened materials. As cutting process proceeds the various 

wear mechanisms result in increasing levels of wear on the cutting tool due to the friction 

between the workpiece and the tool insert. Three regions can usually be identified in the 

typical wear growth curve. The first is the break-in period in which the sharp cutting-

edge wears go rapidly at the beginning of the cutting process and it occurs within the first 

few minutes of cutting. The break-in period is followed by wear that occurs at a fairly 

uniform rate which is called the steady-state wear region. Finally, wear reaches a level at 

which the wear rate starts to accelerate. This marks the beginning of the failure region, in 

which cutting temperatures are higher and the general efficiency of the machining 

process is reduced. If allowed to continue, the tool finally fails by temperature failure. 

The relationship shown in Figure 2.5 is for flank wear, a similar relationship occurs for 

crater wear [34]. 

 

Figure 2.5 Tool wear as a function of cutting time 
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Tool life is defined as the length of cutting time that the tool can be used. Operating the 

tool until final catastrophic failure is one way of defining tool life. However, in 

production, it is often a disadvantage to use the tool until this failure occurs because of 

difficulties in re-sharpening the tool and problems with work surface quality. As an 

alternative, a level of tool wear can be selected as a criterion of tool life and the tool is 

replaced when wear reaches that level. Taylor tool life can be expressed in equation form 

as follows [34]. 

      𝑣𝑇𝑛 ⅆ𝑥𝑓𝑦 = 𝐶                                                                                                (2.3) 

  where, d = depth of cut (mm)  

              f = feed of the tool (mm/rev) 

              x, y: must be determined experimentally for each cutting condition 

and equation (2.3) is rearranged as; 

             T = c
1

n v−
1

n ⅆ−
x

n f 
y

n                                                                                          (2.4) 

Machining operations like turning, drilling, milling is accomplished using cutting tools. 

There are three possible modes by which a cutting tool can fail in machining process due 

to different conditions, which are described as follows. 

2.3.1 Fracture failure 

This mode of failure occurs when the cutting force at the tool point becomes excessive, 

causing it to fail suddenly by brittle fracture. 

2.3.2 Temperature failure 

This failure occurs when the cutting temperature is too high for the tool material, causing 

the material at the tool point to soften, which leads to plastic deformation and loss of the 

sharp edge. 

2.3.3 Gradual wear 

Gradual wearing of the cutting-edge causes’ loss of tool shape, reduction in cutting 

efficiency, an acceleration of wearing as the tool becomes heavily worn and finally tool 

failure in a manner similar to a temperature failure. During the machining process, wear 

marks will appear on the tool.  
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The extent of tool wear will depend on the stresses to which the tool is subjected. Gradual 

wear marks appear on the major and minor flanks of the cutting tool where, it is contact 

with the workpiece and on the tool face where it is in contact with the chip being 

removed. Accordingly, two main types of tool wear can be distinguished: crater wear and 

flank wear. As a rule, the greater the amount of wear, the greater the mechanical and 

thermal stress experienced by the tool. To explain tool wear and the mechanisms that 

cause it a single point cutting tool was used. 

Crater wear consists of a cavity in the rake face of the tool that forms and grows from the 

action of the chip sliding against the surface. High stresses and temperatures characterize 

the tool–chip contact interface, contributing to the wearing action. The crater can be 

measured either by its depth or its area. Flank wear occurs on the flank or on relief face 

of the tool. It results from rubbing between the newly generated work surface and the 

flank face adjacent to the cutting edge. Flank wear is measured by the width of the wear 

band. This wear band is sometimes called the flank wear land. Certain features of flank 

wear can be identified. First, an extreme condition of flank wear often appears on the 

cutting edge at the location corresponding to the original surface of the work part. This is 

called notch wear [34]. 

The deterioration of metal cutting tools during hard machining operations has a direct 

influence on the obtained properties, performance of machined components and quality 

of part being produced. As the hardness of material increase the cutting tool deteriorate 

and tool life decrease. Thus, different tool monitoring system like online tool monitoring 

system using multiple sensors was developed for monitoring tool life. Because the online 

tool monitoring system has potential to reduce cost, improve productivity, provide a safer 

environment for operators and guarantee consistency of product quality [35, 36]. The 

surface integrity of workpiece materials has to be maintained to give a longer life of the 

machined component. The prediction and control of tool wear are one of the most 

problems in cutting operations [37]. The experimental investigation on the behavior of a 

CBN tool wear during hard turning of 100cr6 tempered steel and the effect of cutting 

speed on different tool wear formed showed that the CBN tool offers a good wear 

resistance despite the aggressiveness of at 60 HR.  
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The optimum productivity of a machined 100cr6 using the CBN tool during hard turning 

was achieved at speed of 120 m/min for an acceptable tool flank wear blow 0.4 mm. 

Figure 2.6 shows the  flank and crater wear micrographs at Vc = 90 m/min, f = 0.08 

mm/rev and ap = 0.5 mm, and machining times: (a) 8 min, (b) 40 min, (c) 56 min and (d) 

80 min. respectively [38]. 

 

Figure 2.6 Flank and crater wear micrographs 

Also, Figure 2.7 shows the aspect of crater wear (a) at beginning of machining, (b) after 

80 min of machining at Vc = 120 m/min, f=0.08mm/rev, ap= 0.5mm [38]. 

 

Figure 2.7 Final aspect of crater wear 
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Figure 2.8 shows the flank and crater wear micrographs at Vc = 280 m/min, f = 0.08 

mm/rev and ap = 0.5 mm. Machining times: (a) 1.5 min, (b) 7 min, (c) 9 min and (d) 15.5 

min [38]. 

 

Figure 2.8 Flank and crater wear micrographs 

Figure 2.9 indicates the flank and crater wear micrographs at Vc = 350 m/min, f = 0.08 

mm/rev and ap = 0.5 mm. Machining times: (a) 1.5 min, (b) 2.5 min, (c) 4.5 min and (d) 

7.5 min [38]. 

 

Figure 2.9 Flank and crater wear micrographs 

Therefore, the authors conclude that tool life influenced mostly by cutting speed and high 

cutting speed leads to unstable and produces sparks and vibrations after only a few 

machining times. Studies in [33] outlines an experiment on two nontraditional turning 

operation namely turn-milling and rotary turning processes.  
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The tool wear was measured under the different cutting conditions for both process and 

compared with conventional turning. They conclude that both turn-milling and rotary 

turning operations can provide longer tool life, lower average tool temperature compared 

to conventional turning [39]. The cutting environments, such as dry, flood coolant, 

compressed chilly -air coolant to improve tool life was investigated, and the experiment 

was conducted for different hardened materials and various coated tools. The 

experimental result indicated that cutting environment using a compressed chilly-air 

coolant provides better tool life than using flood coolant or using a dry environment. 

Figure 2.10 shows tool wear verses cutting tool environment [16, 40]. 

 

Figure 2.10 Tool wear versus cutting tool 

The tool wear monitoring in micro-end grinding of ceramics materials using metal 

bonded micro grinding tools by monitoring the grinding force, system vibration, and 

spindle load in micro grinding zirconia were investigated. It is observed that monitoring 

and predicting tool wear is a complex procedure since low stiffness of micro grinding 

wheel causes tool deflection during the grinding process [41]. Tool flank wear over the 

machining time for a variety of cutting conditions in finish hard turning of hardened AISI 

H-13, were predicted based on a neural network model. The predicted neutral models 

show that a decrease in feed, increasing cutting speed and increase in the workpiece 

hardness resulted in a significant increase in tool wear. Also, Machining of hard materials 

leads to tool wear due to localization of heat in the cutting zone, and increase in surface 

roughness [42- 44]. The experimental study on experimented on AISI D2 hardened steel 

at various hardness levels (40-60 ± 1HRC) using the PCBN tool, at fixed cutting speed, 

depth of cut, and feed rate. 
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The experimental result showed that the workpiece hardness has a great influence on 

flank wear by abrasive wear mechanism in case of 40-55 ±1 HRC and abrasive and 

delamination mechanism for 60±1 HRC due to increase of friction at tool-work interface 

[45]. The online tool wear monitoring to detect and compensate tool wear automatically 

and a discrete-time mathematical model is developed with the recursive filter algorithm. 

The dimensional deviation of the workpiece caused by tool wear during cutting is 

obtained by detecting a signal from random noise and tool wearing is a slow, and can be 

described by the discrete equation (2.5) [46].  

  𝑣(𝑘 + 1) = 𝑣(𝑘) + 𝑐𝑇(𝑘)                                                                                    (2.5) 

where 𝑐𝑇(𝑘)=𝑇 ⋅ 𝑐(𝑘) indicates wear value, & 𝑐(𝑘) is wearing speed. 

If thermal deformation is not considered, the work-piece dimension deviation is 

represented as   

   𝑥(𝑘 + 1) = 𝑥(𝑘) + 𝑐𝑇(𝑘) + 𝑤(𝑘)                                                                      (2.6) 

Where X= different factors such as tool wear, thermal deformation of cutting tool or 

compensating value, w(k)= noise  

Generally, the experimental result conducted by authors mentioned in [46] show that the 

detecting equation is 

  𝑧 (𝑘) = ℎ ⋅ 𝑥(𝑘) + 𝑣𝑠(𝑘)                                                                                         (2.7) 

 where  𝑧 (𝑘) = work-piece dimension deviation  

              h= programmed controlled amplify 

              Vs= experimental value of independent random sequence  

The effect of cutting parameters (speed, depth of cut, feed) on tool wear parameters under 

minimum quantity lubrication (MQL) assisted hard turning of AISI 1060 steel using 

coated cemented carbide tool. The study revealed that the depth of cut followed by 

cutting speed influenced the tool wear and the governing wear mechanism such as 

adhesion, abrasion, and built-up edge was founded. Figure 2.11 shows the photographic 

images of auxiliary flank surface of coated carbide insert in turning hardened steel under 

MQL condition [47]. 
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Figure 2.11 Auxiliary flank surface of coated carbide insert in hard turning  

2.4 Studies on Chip Formation 

Chip types, i.e. continuous, discontinuous, sawtooth which produced in machining plays 

a vital role in machining process optimization. It is determined by the combined effects 

of workpiece materials, cutting parameters and tool geometry. Knowing chip morphology 

and the mechanism chip formation contributes to hard machining optimization. The chip 

morphology in hard machining of AISI 4340 at high speeds was investigated. The 

experimental result shows that discontinuous chips produced due to internal crack 

initiation and propagation in front of the tool and above the cutting edge [48].The 

sawtooth chip usually occurs in the machining of hard materials such as hardened steel, 

titanium alloy, bearing steel and  die steel due to cutting force oscillation and vibration of 

a tool system [49]. The saw-tooth chip formation mechanism of superalloy GH4169 was 

investigated by finite element method (FEM) software and ABAQUS, the deformation of 

part during high-speed machining was simulated. Different parameters such as the cutting 

force, the temperature field, the stress distribution was analyzed to determine the effect of 

cutting parameters on saw-tooth chip formation and conclude that the tool performance 

has a great effect on machining parameters and improving tool life [50]. 

The hardness-based flow stress and fracture models for numerical simulation of hard 

machining based on the stress model for the AISI 52100 bearing steel and fracture criteria 

was predicted.  
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The finding predicted that the change in chip morphology from continuous to segmented 

chip takes place as the hardness value change. During the machining of hard materials 

sticking friction occurs at cutting edge contacting with chip and the frictional shearing 

stress τ equal to average shear flow stress limit τcrit. while sliding friction occurs far away 

from the area cutting edge contacting with a chip, the frictional stress calculated by 

friction coefficient µ [49, 51].They expressed mathematically as:- 

  𝜏 = µ𝜎    when  µ𝜎  < τcrit        (in sliding area).                                                         (2.8) 

   𝜏 = 𝜏crit        when µ𝜎 ≥ τcrit         (in sticking area).                                                       (2.9) 

 The shear stress limit (τcrit) is estimated as 
𝛿𝑦

3
  ,  𝛿𝑦 yield stress of materials. 

2.5 Studies on Cutting Temperature 

The investigation of cutting temperature during machining is extremely valuable to 

address metal cutting issues such as dimensional accuracy, surface finish and tool life 

[52]. The experimental and analytical investigation of different factor which influence the 

temperature distribution on Al2O3-TiC ceramic tool rake face during machining of hard 

materials such as case hardened AISI 1552 steel, nickel-based superalloys was carried 

out. Temperature measurements on tool rake face using a thermocouple technique 

performed and results were verified using FEM analysis. The experiments are carried out 

to study the effect of different cutting parameters, tool geometry, workpiece materials and 

tool conditions on cutting tool edges. The result indicated that for turning case hardened 

steel, increasing cutting speed, feed, depth, and width of tool chamfer will increase the 

cutting-edge temperature. But increasing tool nose radius and angle of approach reduce 

the cutting-edge temperature [53]. The effect of temperature on machining of hardened 

steel and major heat source in hard turning was investigated. According to conducted 

studies during machining of hard materials the following heat was generated [54].   

• Heat due to internal friction of metal in deformation  (𝑄𝑑𝑒𝑓) 

• Heat due to external friction of the chip at the cutters front surface ( 𝑄𝑓⋅𝑓𝑟) 

• Heat due to external friction of the cutting surface and the machined surface 

(Qr.fr,) 

• Heat liberated as a result of chip breakaway and dispersion (𝑄𝑑𝑖𝑠𝑝) 
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 The total heat formed while cutting of hard materials is mathematically expressed as  

     𝑄 = 𝑄𝑑𝑒𝑓 + Qr.fr +𝑄𝑓⋅𝑓𝑟+𝑄𝑑𝑖𝑠𝑝                                                                           (2.10) 

When the mechanical work is completely converted into heat, resulting heat may be 

written as   

   𝑄 =
𝑅

𝐸
= 𝑃𝑧𝑣

1

𝐸
                                                                                                           (2.11) 

   where     𝑃𝑧 R= work of cutting 

                     𝑃𝑧= component of cutting force along the axis 

                     V = cutting speed, and   E= mechanical equivalent of heat =427 
𝑘𝑔𝑓𝑚

𝑘𝑐𝑎
 

In real situation all work of cutting will not convert to heat, meaning only some partial of 

work goes to heat and expressed as  

    𝑄 =
𝑃𝑧𝑣𝛼0

427
    where    𝛼0= is takes account of loss.                                                   (2.12)  

2.6 Surface Roughness, Surface Finish and Surface Integrity 

The quality of machined surfaces components is determined by the surface finish and 

integrity obtained after machining. Functional performance of any solid surface depends 

on the physical conditions, chemical composition of the concerned surface and 

subsurface layers. The surface quality of manufactured products by different machining 

process are commonly defined by Surface roughness, surface finish and surface integrity. 

Sometimes they are used interchangeably, but they are not exactly same. Roughness and 

finish imply the same thing but in different way; whereas integrity has a broad domain 

and encompasses the former two [55, 56]. 

2.6.1 Surface Finish  

The smoothness of a surface is determined by the surface finish and it is essential in 

many situations, for instance, precision fits, fastener holes, fatigue strength, wear 

resistance and corrosion resistance improvement. Surface finish is improved by 

decreasing the feed rate or by increasing the tool nose radius. It indirectly indicates the 

height and depth of asperities of the solid surface. No surface is perfectly smooth; even if 

it is perfectly smooth, it cannot be determined as every measuring instrument has a range 

of its capability. 
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High surface finish is required in the fields of optics and electronics (lenses, mirrors), 

medical instruments, microfluid (nozzle, channel, mixture) and material properties with 

high fatigue life wear resistance and toughness. There is a different factor that determines 

surface finish such as feed, nose radius, cutting speed, depth of cut, feed rate, and 

workpiece hardness. But the feed is a dominant factor [36, 57].  

2.6.2 Surface Roughness 

Surface roughness (Ra) is an important factor that determines the quality of a machined 

surface. It depends on many parameters such as cutting condition, machine tool vibration, 

cutting tool and work holding devices. The cutting speed, feed and depth of cut have a 

major influence on the surface roughness of the finished component. Surface roughness is 

commonly used to indicate the level surface roughness and plays an important role as it 

influences the fatigue strength, corrosion resistance, wear rate, load carrying capacity, 

coefficient of friction of the machined components. A lot of research work has been 

directed towards improving the surface quality of the machined component. Some 

relevant literatures are reported in the following paragraph. 

Surface finish produced of hardened steel having hardness 45-65HRC using special tool 

is affected by cutting parameters, tool wear and plastic behavior of work materials. The 

effect of cutting parameters on roughness parameters under minimum quantity lubrication 

assisted hard turning using coated cemented carbide tool was studied. The study revealed 

that the cutting speed impacted the surface roughness [47]. The effect of cutting 

parameters on surface roughness (for hardened AISI 4140 (51 HRC) with coated carbide 

cutting tools was investigated and the study indicated that feed rate has a most significant 

effect on surface roughness [57, 58]. The variation of feed affects surface roughness most 

significantly followed by tool nose radius and cutting speed [52, 59-61]. The analytical 

model of surface roughness of PRMMCs and optimum cutting parameters was 

developed. The ground profile of the workpiece is generated by the grooves cut of 

abrasive grains [62]. The distribution of the undeformed chip thickness, h, or penetration 

depth of abrasive grain can be expressed with Rayleigh probabilities, as: -    
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𝑓(ℎ) = {(
ℎ

𝛿2
) − ⅇ

h2

2δ2
    }  for   h ≥ 0                                                                      (2.13) 

𝑓(ℎ) =0           for             h < 0 

where h= undeformed chip thickness  

 𝑓(ℎ) = Rayleigh probabilities 

 𝛿 = is probability density function which is computed as follows 

 𝛿 = √
𝛥⋅𝑣𝑤

2𝑣𝑠𝑐𝑑⋅𝑙𝑐

1

tan 𝜃
                                                                                             (2.14) 

where 𝛥=is the grinding depth  

𝑣𝑤 = work-piece speed 

𝑣𝑠 = wheel speed 

𝑐ⅆ = dynamic grit density 

𝑙𝑐 = contact length 

𝜃 = semi included angle of grain, here it is 450. Finally, surface roughness of PRMMCs 

can be represented as  𝑅𝑎 = φ 𝑅𝑎𝑟 +(1- φ ) 𝑅𝑎𝑚
   ,where 𝑅𝑎 = surface roughness of 

PRMMCs , Rar and Ram are the surface roughness values of reinforcement particles and 

matrix respectively.  

Surface roughness is the quantitative approach of determining the smoothness of a 

surface by measuring the height of peaks and depth of valleys over a fixed length. There 

are various principles for measuring surface roughness. For example, average surface 

roughness (Ra), 10-point average(R10) and root mean square (Rz). Whatever be the case, 

roughness can quantitatively determine the profile of a solid surface and is one crucial 

parameter of surface texture. Unlike surface roughness, surface finish is one qualitative 

approach of indicating the smoothness of a surface. Roughness and finish are inversely 

proportional. When the surface finish is good, its surface roughness is reduced. Surface 

roughness was measured by equipment called profilometer which gives the value of 

surface roughness with micrometers. The interaction effect of feed rate and cutting speed 

appear to be crucial on surface roughness [63, 64]. The effect of cutting speed, feed rate, 

hardness and depth of cut on surface roughness of AISI H11 steel hardened to (40; 45 and 

50) HRC using CBN tool was investigated experimentally.  
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The experimental result showed that among analyzed parameters workpiece hardness and 

feed rate have significance on surface roughness [65].The nose radius is more influencing 

parameter than feed, cutting speed, depth on surface roughness in finish hard turning. 

High-alloy white cast iron (Ni-Hard) at two different hardness levels (50 HRC and 62 

HRC) was experimented using ceramics and cubic boron nitride cutting tool and effect of 

cutting parameters and tool materials on surface roughness was analyzed. The analysis of 

variance showed that cutting speed and feed rate have the biggest effect on surface 

roughness, the smallest surface roughness is 0.262µm is obtained for Ni-Hard of 62 HRC 

using CBN and 0.28µm for Ni-Hard 50 HRC [58]. High surface roughness value result in 

poor surface finish, the low fatigue life of a machined component [56]. Finally, the 

developed equation for modeling surface roughness as: -  

        Ra =
f2

32re
                                                                                                   (2.15) 

where       𝑅𝑎 = Surface roughness (µm). 

                  𝑓 = feed rate (  
mm

rⅇv
 ), and   Re = tool nose radius (mm). 

The surface roughness is significantly affected by workpiece hardness, cutting edge 

geometry, feed rate and cutting speed [66]. The effect of cutting parameters on the tool 

and workpiece in terms of flank wear and surface roughness was investigate using 

Taguchi’s L9 OA and statistical analysis. The results showed that surface roughness and 

flank wear are significantly influenced by feed and cutting speed [67]. 

2.6.3 Surface Integrity  

Surface integrity is an enhanced condition of a surface produced in a machining or other 

surface generating condition that describes a geometric feature of surface, physical 

properties, chemical properties, mechanical properties (residual stress, hardness etc.), 

metallurgical properties (microstructure, phase transformation etc.) and topological 

properties (surface roughness). The processes of enhancing surface integrity are such as 

strain hardening of surface, the introduction of compressive residual stress can increase 

fatigue life. Every surface generation or modification process is associated with the 

alteration of various properties including roughness, plastic deformation, micro-cracking, 

phase transformations, micro-hardness, and residual stress [68, 69].  
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removal rate 

(MRR) 

Taguchi 

orthogonal 

array, 

signal-to-

noise ratio-

based 

optimization 

45 0.1 1.0 

60 0.2 1.5 

75 - - 

90 - - 
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4  The prediction of 

surface roughness in 

the hard turning 

based on cutting 

parameters and tool 

vibrations 

Z. Hessainia, 

A. Belbah, 

M.A.Yallese, 

T. Mabrouki, 

J.F. Riga 

Measurement 

46, 2013 

42CrMo4 

steel and 

56 HRC 

Al2O3/TiC 

Mixed 

ceramic 

tools. 

v f d Surface 

roughness, 

Tool 

vibrations 

DOE, 

ANOVA, 

RSM 
90 0.08 0.15 

120 0.12 0.3 

180 0.16 0.45 

5 

 

 

 

 

 

 

 

 

 

Performance studies 

of multilayer hard 

surface coatings 

(TiN/TiCN/Al2O3/TiN) 

of indexable carbide 

inserts in hard 

machining: Part-II 

(RSM, grey relational 

and techno 

economical approach) 

A.K. Sahoo, 

B. Sahoo 

Measurement 

46 (8), 2013 

 

 

 

 

 

 

 

AISI 

4340 

Steel 

(47±1 

HRC) 

 

 

 

 

 

 

 

 

(TiN/TiCN/A

l2 

O3/TiN) 

multilayer 

coated 

carbide insert 

v f d Flank wear, 

Surface 

roughness 

FFD, 

ANOVA, 

Taguchi 

design, 

Grey 

relational 

analysis, 

regression 

analysis, 

RSM 

60 0.05 0.2 

90 0.1 0.3 

120 0.15 0.4 

150 0.2 0.5 

6 

 

 

 

 

 

 

Surface roughness and 

cutting forces modeling 

for optimization of 

machining condition in 

finish hard turning of 

AISI 52100 steel 

M.W. Azizi, 

S. Belhadi, 

M.A.Yallese, 

T. Mabrouki, 

J.F. Rigal 

Journal of 

Mechanical 

Science and 

Technology 

26 (12), 2012 

AISI 

52100 

steel 

Coated 

Al2O3/TiC 

mixed 

ceramic 

insert. 

V f d H Surface 

roughnes

s, 

Cutting 

forces 

Taguchi 

method, 

ANOVA, 

Regression 

n analysis 

85 0.08 0.1 46 

120 0.12 0.2 52 

170 0.16 0.3 62 

7 Analysis of surface 

roughness and cutting 

force components in 

hard turning with CBN 

tool: Prediction model 

and cutting conditions 

optimization. 

H. Aouici, 

M.A.Yallese, 

K. Chaoui, 

T. Mabrouki, 

J.F. Rigal. 

Measurement 

45, 2012 

AISI H11 

steel 

CBN tool. V f d H Surface 

roughnes

s, 

Cutting 

forces 

Box 

Behnken 

design, 

ANOVA, 

RSM. 

120 0.08 0.15 40 

180 0.12 0.30 45 

240 0.16 0.45 50 
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8 Machinability 

investigations on 

hardened AISI 4340 

steel using coated 

carbide insert 

R. Suresh, 

S. 

Bsavarajapa, 

V.N. 

Gaitonde, 

G.L. Samuel 

Int. Journal 

of 

Refractory 

Metals and 

Hard 

Materials 

33, 2012 

AISI 

4340 

steel and 

48 

HRC 

(TiN/MTTiC

NAl2O3) 

multilayer 

coated 

carbide insert 

v f d t Machinin

g force, 

Surface 

roughnes

s, 

Tool 

wear, 

Chip 

analysis 

ANOVA,  

RSM 80 0.10 0.8 2 

140 0.18 1.0 4 

200 0.26 1.2 6m

in 

260    

9 Determining the effect 

of cutting parameters 

on surface roughness 

in hard turning using 

the Taguchi method. 

I. Asiltürk, 

H. Akkus 

Measurement 

44, 2011 

AISI 

4140 

and 51 

HRC 

Al2O3+TiC 

coated 

carbide 

insert 

V f d        Surface 

      roughness 

Taguchi 

method, 

ANOVA. 
90 0.18 0.2 

120 0.27 0.4 

150 0.36 0.6 
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2.7 Research Gap  

Experimental investigation of machining hard materials and studying optimum cutting 

parameters at which best surface finish produced in hard machining particularly in hard 

turning of AISI 1043 Steel is very important due to challenges in machining in terms of 

surface quality of machined part, tool wear, material removal rate, cutting temperature 

etc. As observed from literature, several researchers have focused their studies on the 

effects of cutting parameters, workpiece hardness, tool geometry, tool materials, cutting 

fluid on the surface quality of the machined part, machinability aspects, and improving 

productivity using several workpieces. However, there were no studies proved 

experimentally for obtaining the optimum machining conditions of AISI 1043 steel at 

which better surface finish is produced, tool wear low, cutting temperature is minimum, 

material removal rate is optimal and should bridges the gap between quality and 

productivity, and studying the combined effect of cutting parameters on machining 

condition. Therefore, the intention of this research is to add a new contribution on: - 

• Investigating the difficulties in hard turning of AISI 1043 steel on conventional 

lathe machine and how to minimize them. 

• Identifying the optimum cutting parameters at which surface finish is good 

enough, tool wear is low, and material removal is optimal to bridge the gap 

between quality and productivity in hard turning of AISI 1043 steel.  

• Studying the tooltip temperature which is very important for recent studies.   
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CHAPTER-3 

3 METHODOLOGY AND MATERIALS 

3.1 Introduction 

This study is focused on investigating machining difficulties of AISI 1043 steel and 

optimizing cutting parameters that affect the surface finish, tool wear, tooltip temperature 

in hard turning operation using a ceramic cutting tool through experimental work. This 

chapter aims to present the details of the experimental procedures and material used for 

the study. All machines and equipment were presented with supporting photographs and 

schematic diagrams.  

3.2 Experimental Procedure 

The general procedures of experimental investigations and optimization of cutting 

parameters in hard turning process of AISI 1043 steel as it is shown in Figure 3.1.   

 

 

 

 

 

 

 

 

  

 

 

                                                              Figure 3.1 Experimental Procedure 

Identifying research gap 

Preparing the facilities for experimentation purpose  

Observation of chip morphology 

Conduct literature review 

Report writing 

 

Measuring tooltip temperature using pyrometer 

Investigation of the nature of tool wear, and MRR 

Conducting experiment work (Hard turning) 

Identifying optimum cutting parameters using DOE 
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3.2.1 Machine and Equipment  

The machine and equipment used for the study are;  

• Conventional lathe machine 

• Ceramic cutting tool 

• Dial gauge indicator  

• Pyrometer (infrared thermometer) 

• Optical microscopy 

• Profilometer, etc. 

3.3 Research Methodology 

By using the work-piece material of AISI 1043 Steel the experimental work would be 

conducted. The way of sample material preparation, machine and cutting tool used, 

design of experiment procedure, selection of orthogonal array, analysis of variance, 

methods for measuring surface roughness, tool wear, the tool tip temperature, and 

observing chip morphology would be explained.  

The materials used for this study were AISI 1043 hardened steel with a hardness of 50 

HRC in the form of a round bar with diameter of 60mm. This workpiece material was 

selected based on its applications in automotive, crank shafts, spindles, connecting rods, 

pump, gear shafts, bolts, axels, pulley, driving pinion and as well as many applications in 

general mechanical engineering due to high tensile strength, good abrasion resistance, 

mechanical strength and etc. The chemical composition of material is in Table 3.1. as 

observed using Spectrometer in weight percentage. 

Table 3.1 Chemical composition of AISI 1043 steel (w%) 

Element C Mn Si Cr P S Ni Fe 

Content 0.42-0.50 0.17-0.80 0.17-0.37 0.25 0.04 0.045 0.30 Balance 

 

  

The discussion of 

each of them such as 

composition, model, 

tool geometry, and 

other are explained 

in detail on next 

page. 
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3.4 Sample Material Preparation 

The AISI 1043 steel has been used for the machining (experimentation) purpose in this 

study. However, before the actual machining takes place, the work material has been 

properly thermally treated to obtain an average hardness of 50 HRC. The dimension of 

the work part was 60 mm in diameter and 300 mm in length, having a small length-to-

diameter ratio in order to avoid chattering problems. The work material was hardened and 

tempered up to 50 HRC. The complete thermal treatment includes two steps namely, the 

hardening process wherein the work part has been heated treated at 860°C and held at 

that temperature for 30 min by using medium electrical box furnace with model of RX12-

30-12; following this, quenched at (180°C) by submerging the work part in oil medium 

(Voluta 1041C oil) and thereby the work part was induced with a hardness of 50HRC; 

later, the desired hardness is maintained by sub-zero tempering process for an hour and 

subsequent slow rate cooling of the workpiece using media of open air. Then nine 

experiments each of cut length 30mm and 0.15, 0.2 and 0.25mm of the depth of cut 

would be operated with different turning parameters for experimental study with different 

cutting parameters that are selected by using an orthogonal array. 

 

 

Figure 3.2 Furnace in heat treatment process 
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Figure 3.3 Hardened work-piece material 

3.5 Cutting Tool Materials 

In this study the ceramic insert cutting tool is used for experimental purpose. The ceramic 

tool is very hard and withstanding high temperature more than 15000C without chemical 

decomposition. These features recommend ceramic tool to be used in dry machining 

conditions and for the machining of metals at high cutting speeds. Therefore in this study 

the ceramic tool is used for investigation because of their excellent properties such as 

producing good surface finish, economical nature, fracture strength, high hot hardness, 

high melting point, good chemical inertness, high compressive strength, chemical 

stability at elevated temperature, thermal shock resistance, high stability against abrasive 

particle, high resistance to mechanical stress, ability to maintain its shape at elevated 

cutting temperature, wear resistance with a wide range of high-speed finishing operations 

and the high removal rate in machining of hard materials [23, 70-73].  

The Ceramic cutting tools are composed of fine-grained aluminum oxide (Al2O3), 

although some manufacturers add other oxides (such as zirconium oxide) in small 

amounts. Other commercially available ceramic cutting-tool materials include silicon 

nitride (SiN), sialon (silicon nitride and aluminum oxide, SiN–Al2O3), aluminum oxide 

and titanium carbide (Al2O3–TiC), and aluminum oxide reinforced with single-crystal 

whiskers of silicon carbide [34]. The ceramics currently used in metal cutting are based 

on either alumina (A12O3) or silicon nitride (Si3N4).  
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Other ceramics such as magnesia, yttria, zirconia, chromium oxide, and titanium carbide 

are used as additives to aid sintering or to form composite ceramics with improved 

thermo-mechanical properties [70].The chemical compositions and mechanical properties 

of different ceramic cutting tools material is listed in table 3.2 [74, 75]. In general, the 

selection of cutting tool is based on literature survey.  

Table 3.2 The composition and properties of ceramics tool 

Cutting 

tools 

Brand Chemical composition Hardness 

HRA 

Bending 

strength 

(MPa) 

Fracture 

toughness 

(Mpam1/2) 

Si3N4 

base 

FD03 Si3N4+(TiC, ZrN, Al2O3) 93.5 700 6.0 

Ti(CN) 

base 

FD22 

 

TI(CN)+(Al2O3,Ni,Mo,Mg) 93.5 750 6,5 

 

WC base 

F WC+13%Co 91.5 3400 11.2 

Al2O3 

base 

 

FD Al2O3 70% TiC 30% 3000 900 6.5 

 

3.6 Machine and Cutting Tool 

The work-piece material prepared is mounted and machined in a rigid and powerful 

conventional lathe machine. The machine tool used for the experiment was conventional 

lathe machine with model of CDG150, and power 7.5 kw with spindle speed range of 

15rpm to 1500rpm. The photographic image viewing experiments on hard turning using 

conventional lathe machine is shown in Figure 3.4, and the 3D modeling on Figure 3.3. 

 

(a) 
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Figure 3.3 (a, b) 

Figure 3.3(a, b) shows the 3D-modelling of a workpiece and tool holder with an insert to 

accomplish the cutting process. The experimental setup and the photographic image are 

shown in Figure 3.4. 

 

Figure 3.4 Experimentation set up in hard turning  

Detail of Cutting Tool  

The cutting tool used was a mixed Al2O3–TiC ceramic insert containing 77% Al2O3, 21% 

TiC, and 2% other material was used with ISO specification TNGA 160408 with tool 

holder MTJNR 2525 M16. 

(b) 

Work-

piece 
Pyrometer 

Tool holder  
Insert 
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According to the orthogonal rake system of tool geometry definition, the used tool insert 

possessed -6°, -6°,6°,6°,30°,0°, and 0.8mm tool signature. Which means these values are 

for inclination angle, orthogonal rake angle, orthogonal clearance of the principal flank, 

auxiliary orthogonal clearance, auxiliary cutting-edge angle, principal cutting-edge angle 

and nose radius of tool insert, respectively. Note that for each machining run, a new tool 

insert was used so that the effect of tool wear remains identical for all experimental runs. 

Each machining run was conducted for a length of 30 mm (time for each run varied due 

to the variation in the cutting speed). 

Designation of cutting tool inserts / TNGA 160408 

T: Triangle 60° (Shape), 

 N: 0° (Clearance) 

G: ± 0.025 mm (Tolerance) 

A: Cylindrical (Hole shape) 

16: Length of cutting edge,  

04: Thickness, and 08: 0.8 mm (Corner radius) 

 

 

Figure 3.5  Ceramics Cutting Tool 
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Figure 3.6 Tool holder 

Designation of tool holder/ MTJNR 2525 M16   

M: Multi-Lock (Holding method) 

T: Triangle (Insert Geometry) 

J: Side cutting edge angle offset (Tool style) 

N: Negative (Insert clearance angle) 

R: Right hand (Hand of tool) 

25: Square size 

25: Rectangle size 

M: 25mm (Length of tool holder), and 16: Cutting edge length (Insert size) 

3.7 Design of Experiment (DOE) 

The experiment was conducted by varying the cutting parameters such as (cutting speed, 

feed rate, depth of cut), and the cutting parameters have been split into different level 

values. In the design of the experiment (DOE), the Taguchi method is mostly used to 

optimization of machining parameters because it is a problem-solving tool that can 

improve the performance of the product, process design, decrease the experimental time, 

reduce the cost ,and find out significant factors in a shorter time [64]. To observe the 

most influential cutting parameters in the hard-turning of AISI 1043 steel process each 

cutting parameters at three levels were considered in the case of this thesis. These level 

values of control factors were selected based on knowledge found in the literature, 

experience, and according to the recommendations of a tool manufacturer. These levels 

were then oriented according to the Taguchi L9 orthogonal array (OA) which is shown in 

Table 3.4. Taguchi based orthogonal array has the property of reducing the number of 

experiments without affecting the outcome significantly [76]. The Taguchi design 

procedure is shown in Figure 3.7. 
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Figure 3.7 Taguchi design procedure 

Taguchi uses the S/N ratio to measure the quality characteristics deviating from the 

desired value and it offers three categories of signal to noise ratio as follows; 

• Nominal is the best characteristics, 

                                
S

N
= 10 log

Y̅

sy
2                                                                           3.1 

• Smaller is the better characteristics,                                                     

                          
S

N
  =−10 log1

𝑛

(𝛴𝑦2)                                                                        3.2 

• Larger is the better characteristics, 

Parameters design 

Select proper orthogonal array (OA) 

Run experiments  

Analyze data  

Identify optimum condition  

Confirmation runs  

Determine the result of parameter 

design by tightening the tolerance 

of the significant factors 

 

 

 

Determine suitable working level of 

the design factors 

Tolerance design 

System 

design 
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S

N
= −10 log

1

𝑛
(∑

1

𝑦2)                                                                     3.3 

where y is observation, n is total number of observation and 𝑦ⅈ is ith response, 𝑦̅ is the 

average of observed data, 𝑠2𝑦 ⅈ𝑠 the variation of y. 

• Larger the better is suitable for determining the profit, material removal rate, 

production rate etc. 

• Smaller the better is appropriate for surface roughness, tool wear, unit cost etc. 

• Nominal the better is applicable for current.  

In hard turning process, the important task is to select cutting parameters for achieving 

high cutting performance. For experimentation purpose, cutting parameters for AISI 1043 

steel were selected depending on knowledge found in the literature, according to the 

recommendations of tool manufacturer, manufacturer’s handbook recommended for the 

tested material, current industrial practice and experience. The selected cutting 

parameters were shown in Table 3.3. 

Table 3.3 List of parameters and their levels 

    Cutting parameters Parameters designations Level  

1 2 3 

Cutting speed (m/min) A 80 100 120 

     Feed rate (mm/rev) B 0.05 0.10 0.15 

     Depth of cut (mm) C 0.15 0.2 0.25 

 

3.7.1 Selection of Orthogonal Array  

The cutting experiments were carried out on a conventional lathe machine by using 

ceramic insert tools with selected cutting parameters within three levels given in Table 

3.3. The selection of a specific orthogonal array was based on the number of levels of 

various factors using Taguchi method. Here, to conduct the experiments 3 factors each at 

3 levels were selected. Now the Degree of Freedom (DOF) can be calculated using 

equation (3.4) 

𝐷𝑂𝐹 = 𝑃 ∗ (𝐿 − 1)                                                                                           3.4 

where, DOF is degree of freedom, P is number of factors, L is number of levels 

𝐷𝑂𝐹 = 3 ∗ (3 − 1) =6   ≈ 𝐿9                                                                                 3.5 
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However, the total number of experiments of the orthogonal array (OA) should be greater 

than or equal to the total DOF required for the experiment. Thus, the L9 orthogonal array 

delivered by Minitab 18 to make further experimentations as shown in Table 3.4 and this 

array specifies nine experiments. The steps to go through are as follows:  

• Selection of factors to be evaluated  

• Selection of number of levels 

• Selection of appropriate orthogonal array 

• Conduct the experiment and analyze the results  

Table 3.4 Experimental Layout Using an L9 Orthogonal Array 
 

Exp. No. Cutting speed 

(m/min) 

Feed 

(mm/rev) 

Depth of cut 

(mm) 

1 80 0.05 0.15 

2 80 0.10 0.20 

3 80 0.15 0.25 

4 100 0.05 0.20 

5 100 0.10 0.25 

6 100 0.15 0.15 

7 120 0.05 0.25 

8 120 0.10 0.15 

9 120 0.15 0.20 

 

3.7.2 Analysis of Variance (ANOVA) 

The purpose of the analysis of variance (ANOVA) was to find which parameters 

significantly affect the quality characteristic. ANOVA is the statistical technique used to 

find the influence of all control parameters. In the analysis of variance, the percentage 

contributions of each control factor were used to measure the corresponding effects on 

the performance characteristics. The significance level of 5 %, i.e. for 95 % level of 

confidence was considered in this analysis. ANOVA results indicate whether there is 

statistical significance indifference or not in output characteristics. ANOVA analysis 

involves when α values are below 0.05 is significant and above 0.05 is not significant. 
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Percent contribution measures the contribution of each model term relative to the total 

sum of squares. It is often a rough but effective guide to the relative importance of each 

model term. From the analysis of variance Percentage contribution of each influential 

parameter was calculated by the following formula: - 

𝑃(%) = [
𝑆𝑆𝑇𝑅

𝑆𝑆𝑇
] ∗ 100                                                                                                    3.6 

where, P: Percentage contribution of individual factor, SSTR: Sum of squares or 

treatment sum of squares, and SST: Total sum of squares. 

3.8 Surface Roughness Measurement  

Surface roughness is the most decisive parameter in machining process, as it is 

considered as basis of the product quality. It measures the refined inadequacy of the 

surfaces. The quality of the surface made using conventional and non-conventional 

machining is important because a smooth surface (better finished components) reduces 

the chances of surface damage caused by wear, corrosion, improves fatigue strength, 

creep failure, increase the productivity & economics of the industry. Likewise, quality of 

a part made by turning operation can affect the performance of the surface for wear and 

corrosion prevention. 

  

 

 

 

 

 

Figure 3.8 Optimization goals 

The surface profiles of all samples were quantitively analyzed in order to determine the 

statistical standard parameter of average roughness, Ra by using tally surface. The 

roughness of a surface cannot be easily defined by a single parameter. It’s an intrinsic 

property of the surface and every test condition was repeated at least three times at 

different new locations on a specimen surface in order to ensure the repeatability and 

Maximum 

quality 

Minimize 

cost 

Minimize 

time 

Optimal machining process 
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reproducibility of the result.  In this research, the surface roughness parameters were 

measured by using SRG 4500 surface contact profilometer roughness tester. During the 

surface roughness data collection, the three readings were taken at three different 

locations after each machining run, and afterward, the mean value was accepted for 

further analysis. 

 

Figure 3.9 Surface contact profilometer 

3.9 Measurement of Material Removal Rate (MRR) 

The material removal rate is the amount of material removed per unit time and ultimately 

determines machining productivity. In roughing operations and production of large 

batches, the material removal rate needs to be maximized. However, in hard turning 

finishing operations, it affects surface roughness, tool life, cutting temperature, and the 

overall economy of the machining process. In hard turning process for achieving low 

surface roughness, low tool wear, low tooltip temperature, usually low cutting parameters 

are applied, as MRR is usually low for finishing. In the present investigation, the 

following formula has been used to compute the material removal rate.   

 Material removal rate( 𝑀𝑅𝑅) = 𝑉𝑐 𝑥 𝑓 𝑥 𝑎𝑝                                                       (3.7) 

Workpiece 
Start button 

Magnitude of measured 

surface roughness 
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where, MRR = Material removal rate 

            f = feed rate (mm/rev) 

            Vc = cutting speed (m/min), and 

             ap = depth of cut (mm). 

3.10 Measurement of Tooltip Temperature 

In hard machining, the heat generation in the cutting zone has a strong influence on the 

tool wear, workpiece surface quality, produces hot chips that cause safety hazards to the 

machine operator, and can cause inaccuracies in work part dimensions due to thermal 

expansion of the work material. There are three main zones in the cutting region. They 

are primary, secondary, and tertiary shear deformation zones. The heat generated in the 

primary shear deformation zone is due to the plastic deformation of the work material. 

The friction between the rake face of the tool and chip causes heat generation in the 

secondary shear deformation zone whereas the friction between tool flank and the 

machined surface causes heat generation in the tertiary shear deformation zone. Higher 

cutting temperature adversely affects the tool life, decreases the wear resistance and 

hardness of the cutting tool, which causes poor surface finish and dimensional inaccuracy 

of the machined surface. Therefore, it is important to maintain a lower cutting 

temperature during hard machining process. The cutting temperatures are measured by 

thermocouples, radiation pyrometers, and thermal paints.  

Tool-work thermocouple measures the average temperature of the contact area between 

the cutting tool and work material. On the other hand, the embedded thermocouple 

measures the temperature of a particular point in the cutting zone. The radiation 

pyrometers technique uses radiation to measure the cutting zone temperature. The 

advantages of radiation pyrometers are faster response time and no physical contact with 

the heat source. One main disadvantage of this method is that it is limited to accessible 

surfaces only. In this study the infrared thermometer measures the average temperature at 

the tool tip. Infrared thermometry is used to evaluate the tool tip temperature rising in the 

cutting zone during hard turning of AISI 1043 steel.  It is a non-contact, remote-sensing 

thermometer used to measure the temperature of a tooltip surface from the amount of the 

thermal radiation it emits [77].  
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During the experimental work the temperature generated at the tool tip is measured for 

each of nine experiments using Infrared thermometry (pyrometer) shown in figure 3.10.  

 

Figure 3.10  Infrared pyrometer 

The tooltip temperature readings were taken at three values, i.e. the minimum, the 

maximum, and the average reading. Finally, their mean value was considered. The 

measurement error of the device is ± 2 0C.  

3.11 Tool Wear Measurement  

After each experimental run of hard turning AISI 1043 steel, the tool insert was 

withdrawn and the tooltip wear and tool wear pattern were analyzed using an optical 

microscope (Model- Huvitz HR – 300 series, Dimension 540 × 670 × 850 mm) with a 

magnification range of 10x as shown in figure 3.11. 
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Figure 3.11 Wear measurement set up 

3.12 Study of Chip Morphology  

The study of chip morphology is a major concern of hard turning processes. Both the chip 

tool interaction and favorable machining state can be easily determined with the help of 

chip morphology. In the present experimental investigation for each experimental run, 

chips were collected at the end of each experiment for the successive examinations. The 

type of chips was studied. Furthermore, the highest chip thickness, the lowest chip 

thickness, the average maximum and minimum length of the chips were identified using 

Vernier caliper for each experimental run by taking three samples for each experiment.  

 

 

Eye lenses 

Tool inserts 
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CHAPTER-4 

4 RESULTS AND DISCUSION 

4.1 Introduction  

Experimental work was conducted to evaluate the effect of main machining cutting 

parameters on the surface quality, tool wear, material removal rate, and tooltip 

temperature of AISI 1043 Steel material during the hard-turning process. The outcomes 

for each experiment were discussed in this chapter in detail. The design of the experiment 

was used to identify the optimum cutting parameters and the most influential cutting 

parameters on surface finishing. 

All nine experiment’s with different cutting parameters but with the same length of cut 

30mm after hard turning process of AISI 1043 Steel are given in Figure 4.1. The diameter 

of the workpiece prepared for experimental work is 60mm. Experiment numbers 1, 2, and 

3 were operated by a similar cutting speed of 80m/min but, with different feeds (0.05, 

0.1, and 0.15 respectively) and depth of cuts (0.15, 0.2, and 0.25) respectively. By similar 

manner experiment number 4,5and 6 were operated by similar cutting speed of 100m/min 

but with different feeds (0.05, 0.1, and 0.15) respectively and depth of cuts (0.15, 0.2, and 

0.25) respectively. Lastly, the experiments numbers 7,8, and 9 were also operated by a 

similar cutting speed of 120m/min, but with different feeds (0.05, 0.1, and 0.15) 

respectively and depth of cut (0.15, 0.2, and 0.25) respectively. 

 

Figure 4.1 Samples after turning process 

1 2 3 
9 8 7 

6 5 4 

All are 30mm in 

length  
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4.2 Optimization of Cutting Parameters  

The main focus of the work was on the investigation and optimization of hard turning 

cutting parameters for AISI 1043 Steel using the Taguchi L9 orthogonal array method. 

Through the Taguchi procedure, the optimum hard turning parameters and the most 

significant factors that affect the surface quality of the machined product would be 

identified as follows.  

4.2.1 Taguchi Design of Experiment 

Taguchi's orthogonal arrays are highly fractional orthogonal designs. Orthogonal array 

designs focus primarily on main effects. These designs can be used to estimate the main 

effects, using only a few experimental runs. Taguchi Signal-to-Noise ratios (S/N), which 

are log functions of the desired output, help as objective functions for optimization, 

service in data analysis and prediction of optimum results. In the Taguchi method, 

response variation is studied with the help of the signal-to-noise (S/N) ratio. The 

uncontrollable parameters have affected the quality of the characteristics. The undesirable 

parameter values are expressed as "noise" (standard deviation) and desirable parameter 

values are termed as "signal (mean). Under the investigation, the product quality 

determined factors, which are assigned in the design of the experiment evaluated as the 

response factor of the analysis. The external uncontrollable factors, outcome quality of 

the product is affected. Specimens are prepared based on L9 orthogonal array and the S/N 

ratios are calculated using MINITAB 18 software. The S/N ratio for “smaller is better” is 

used to identify the optimum parameters because a smaller surface roughness is desired.  

4.2.2 Analysis of Mean  

The average mean value of surface roughness for each factor i.e. cutting speed (A), feed 

(B), and depth of cut (C) are calculated using the design of experiments. Table 4.1 

presents the experimental results of surface roughness (Ra) values for each specimen and 

their mean values. In this study, each surface roughness (Ra) trial value is the average of 

three trial reading. 
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Table 4.1 Experimental result for mean value of surface roughness 

 

Exp. 

No. 

Cutting 

speed 

(m/min) 

Feed 

(mm/rev) 

Depth 

of cut 

(mm) 

Surface roughness (µ𝑚) Avg. 

  Ra 

(µm) 

S/N 

ratios 

Meas.1 Meas.2 Meas.3 

 

1 80 0.05 0.15 1.64 1.90 1.61 1.72 -4.71 

2 80 0.10 0.20 1.69 1.42 1.48 1.53 -3.69 

3 80 0.15 0.25 1.81 2.03 1.69 1.84 -5.30 

4 100 0.05 0.20 1.86 1.79 1.98 1.88 -5.48 

5 100 0.10 0.25 1.60 1.42 1.84 1.62 -4.19 

6 100 0.15 0.15 1.40 2.42 1.61 1.81 -5.15 

7 120 0.05 0.25 1.12 1.24 1.98 1.44 -3.17 

8 120 0.10 0.15 1.25 1.21 1.25 1.24 -1.87 

9 120 0.15 0.20 1.18 1.66 1.29 1.38 -2.80 

                        Average performance mean value 1.61 -4.04 

 

The mean value of surface roughness for each factor i.e. Cutting speed (A), Feed (B), and 

Depth of cut (C) at each level are obtained and the result is listed in response Table 4.2. 

An example calculation is shown for factor B (feed):  

S/NB1 = 
 1⋅72+1⋅88+1⋅44

3
= 1 ⋅ 68 

S/NB2 =  
1⋅53+1⋅62+1.24

3
= 1 ⋅ 46 

S/NB3 =  
1⋅84+1.81+1⋅38

3
= 1 ⋅ 67 

Table 4.2 Response table for mean effects plot for smaller is better 

 

Level 

 

Cutting speed Feed rate Depth 

of cut 

Parameters 

A B C 

1 1.70 1.68 1.59 

2 1.77 1.46 1.60 

3 1.35 1.67 1.63 

Delta 0.42 0.22 0.04 

Rank 1 2 3 
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The control factor’s main effect plot for means of surface roughness values variations is 

as shown in Figure 4.2. The result taken from the above data shows as smaller is better is 

selected for surface roughness value output. 

              𝐷ⅇ𝑙𝑡𝑎 = (𝑀𝑎𝑥ⅈ𝑚𝑢𝑚 𝑚ⅇ𝑎𝑛 − 𝑀ⅈ𝑛ⅈ𝑚𝑢𝑚 𝑚ⅇ𝑎𝑛) 

The factor with the greatest effect on the mean from Table 4.2 is cutting speed (Delta = 

0.42, Rank = 1). The factor with the least effect on the mean is a depth of cut (Delta = 

0.04, Rank = 3). Since the main effect plots for means is helpful for adjusting the mean 

on better value. Those parameter levels with better surface finish value of specimens that 

means A3B2C1 will be taken as a possible parameter combination for better values. The 

significant factors in the order increasing by affecting surface roughness are depth of cut, 

feed, and cutting speed as its seen in Table 4.2. 

 

Figure 4.2 Main effect plot for means 

As observed from Figure 4.2 that within the scope of this investigation the minimum 

point in the graph for each turning parameter is the optimum conditions. The minimum 

point for cutting speed is at level three, to feed the minimum point on this graph was at 

level two and for a depth of cut is at level one. This is due to the identified optimum 

turning parameter was at high cutting speed, medium feed, and low depth of cut which is 

A3B2C1.  
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Figure 4.3(a, b) shows the effect of feed, and depth of cut on surface roughness (Ra) at 

cutting speed of 80m/min. Note:- In the equation, the average surface roughness (y) and 

the depth of cut or feed (x) are represented by the polynomial curve fitted equation. R is 

called the confidence interval. When R- value is more than 0.95 the experiment and 

mathematical curve fitting values well agreed.  As observed from the Figure 4.3 (a, & b) 

result is very good since as R-value is exactly 1.  

 

  

Figure 4.3 The effect of (a) feed and (b) depth of cut on Ra at Vc= 80m/min 
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As increasing feed from 0.05 mm/rev to 0.1 mm/rev, the surface roughness was 

decreased from 1.72 µm to 1.53 µm. Then increased to 1.84 µm as feed increased to 0.15 

mm/rev at cutting speed of 80 m/min as shown in Figure 4.3 (a). Similarly, as the depth 

of cut is increased from 0.15 mm to 0.20 mm the surface roughness was also decreased, 

but surface roughness increased when the depth of cut was increased to 0.25 mm at 

cutting speed of 80 m/min as shown in Figure 4.3(b).   

Figure 4.4 shows the effect of feed (a) and depth of cut (b) on surface roughness at 

cutting speed of 100m/min.  

 

  

Figure 4.4 The effect of feed (a) and depth of cut (b) on Ra, at Vc=  100m/min 
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It is observed from Figure 4.4 that increasing the feed from 0.05 mm/rev to 0.15 mm/rev 

surface roughness is increasing to 1.88 µm at a constant cutting speed of 100 m/min as 

shown in Figure 4.4(a). The surface roughness was increased with increasing the depth of 

cut from 0.15 mm to 0.2 mm and then decreased when the depth of cut was increased to 

0.25 mm at cutting speed of 100 m/min as shown in Figure 4.4 (b). 

Figure 4.5 indicates the effect of (a) feed and (b) depth of cut on surface roughness at 

cutting speed of 120m/min. Since, R (confidence interval) value is more than 0.95 the 

experiment and mathematical curve fitting values well agreed and the result is very good. 

 

 

Figure 4.5 The effect of (a) feed and (b) depth of cut on Ra, at Vc= 120m/min 
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Surface roughness was decreased from 1.44 µm to 1.24µm with an increasing feed from 

0.05 mm/rev to 0.1 mm/rev, then increased to 1.38 µm at cutting speed of 120 m/min as 

shown in Figure 4.5(a). This shows that the optimum machining condition at which tool 

wear is less, tooltip temperature is low, and better surface finish produced is achieved. 

The surface roughness was increased from 1.24 µm to 1.44 µm when the depth of cut was 

increased from 0.15 mm to 0.25 mm at cutting speed of 120 m/min as shown in Figure 

4.5(b). Therefore, for the given feed and depth of cut shown in Figure 4.5(a, b), the 

optimum cutting parameters has resulted in minimum surface roughness.  

Figure 4.6 shows the effect of feed, and cutting speed on surface roughness. As 

increasing cutting speed from 80 m/min to 100 m/min the surface roughness also 

increases at both constant feed 0.05 mm/rev and 0.1 mm/rev. But at 0.15mm/rev feed the 

surface roughness was slowly decreased initially with increasing cutting speed from 80 

m/min to 100 m/min and then rapidly decreased when cutting speed was increased to 120 

m/min as shown in Figure 4.6. The reason for decreased surface roughness was for 

reduced wear, low tooltip temperature, and friction as well as getting the product with 

high quality. Figure 4.6 illustrated the effect of cutting speed for different feeds on the 

surface roughness. i.e. at 0.05mm/rev feed, at 0.1mm/rev and at 0.15mm/rev. 

 

Figure 4.6 The effect of cutting speed on the surface roughness  

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

75 83 91 99 107 115 123

A
v
rg

. 
su

rf
ac

e 
ro

u
g
h
n
es

s 
(µ

m
)

Cutting speed (m/min)

0.05mm/rev

0.1mm/rev

0.15 mm/rev



55 
 

4.2.3 Performance at Optimal Levels of the Mean Value 

For predicting the optimum response, three factors of parameters are selected by the 

small mean value. A3B2C1 is the optimum level of parameters mean value for surface 

roughness value. To find out the predicted value of the responses (surface roughness 

value) the following linear regression equation is used: - 

𝑌𝑜𝑝𝑡 = 𝑚 + (𝑚𝐴3 − 𝑚) + (𝑚𝐵2 − 𝑚) + (𝑚𝐶1 − 𝑚)                  (4.1) 

where, m is average performance mean value for surface roughness, 𝑚𝐴3 is optimum 

level value for parameter A, 𝑚𝐵2 is optimum level value for parameter B, 𝑚𝐶1 is 

optimum level value for parameter C. 

𝑦𝑜𝑝𝑡 = 1.61 + (1.35 − 1.61) + (1.46 − 1.61) + (1.59 − 1.61) 

                    𝑦0𝑝𝑡 = 1.19   (predict mean value for surface roughness value)  

4.2.4 Analysis of S/N Ratios 

The Taguchi method uses the S/N ratio to measure the variations of the surface roughness 

value in experimental design. The equations used for calculating the signal to noise ratios 

are based on the characteristics of the response variables being reported. In this 

experimental work, the response variables are smaller-the-better. Table 4.1 presents the 

calculations of S/N Ratios for surface roughness values results using the design of 

experiments. And Table 4.3 presents the response table for a signal to noise ratios for 

smaller is better for this study. Example of calculation for response Table for a signal to 

noise ratio for factor C (Depth of cut) is as follows:  

S/NC1 =  
(−4.71)+(−5⋅15)+(−1⋅87)

3
= −3 ⋅ 91 

S/NC2 = 
(−3⋅70)+(−5.48)+(−2.80)

3
= −4.00 

S/NC3 = 
(−5.30)+(−4⋅19)+(−3−17)

3
= −4 ⋅ 22 
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Table 4.3 Response Table for Signal to Noise Ratios  

Level  Cutting speed  Feed Depth of cut 

                                      Parameters  

A B C 

1 -4.57 -4.45 -3.91 

2 -4.94 -3.25 -4.00 

3 -2.61 -4.42 -4.22 

Delta 2.33 1.2 0.31 

Rank  1 2 3 

 

𝐷ⅇ𝑙𝑡𝑎 = (𝑀𝑎𝑥ⅈ𝑚𝑢𝑚 
𝑆

𝑁
 𝑟𝑎𝑡ⅈ𝑜 − 𝑀ⅈ𝑛ⅈ𝑚𝑢𝑚 

𝑆

𝑁
 𝑟𝑎𝑡ⅈ𝑜) 

By looking at the surface roughness response in Table 4.3 and the main effect plot for the 

signal to noise (S/N) ratios, the cutting speed weight percentage has the greatest effect 

(Delta = 2.33, Rank = 1). The factors with the least effect on the (S/N) ratio was the depth 

of cut (Delta = 0.31, Rank = 3). Table 4.3 shows the optimal parameter combination on 

smaller is the better surface quality character is A3B2C1, and it’s a possible parameter 

combination for increasing the surface quality of specimens. The control factor’s main 

effect plot for the surface roughness S/N ratio is shown in Figure 4.7. 

 

Figure 4.7 Main effects plot for S/N ratio 
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The numerical value of the maximum point in each graph shows the best value of that 

particular parameter at that level. They also indicate the optimum conditions in the range 

of the experimental conditions. The most effective parameter to enhance the surface 

roughness is the cutting speed weight percentage when compared with other cutting 

factors and depth has the least effect on the surface roughness. Since, S/N ratio used for 

this study is smaller is better and smallest S/N ratio was selected as it shown in the Figure 

4.7. That is cutting speed at level 3, feed at level 2 and depth of cut at level 1 (A3B2C1) 

was selected.  

4.3 Prediction of Performance at Optimal Levels of S/N Result 

For predicting the optimum response approximately, three factors of parameters are 

selected by low S/N ratio value. A3B2C1 is the optimum levels of parameters S/N ratio 

value for surface roughness value. To find out predicted values of the response (surface 

roughness value) linear regression equation 4.2 was used: 

     𝑌𝑜𝑝𝑡 = 𝑚 + (𝑚𝐴3 − 𝑚) + (𝑚𝐵1 − 𝑚) + (𝑚𝐶3 − 𝑚)                                    4.2 

𝑦0𝑝𝑡 = −4.04 + (−2.61 − (−4.04)) + (−3.25 − (−4.04)) + (−3.91 − (−4.04)) 

𝑦0𝑝𝑡 = −1.69 (predict S/N value for surface roughness)  

Analysis of Variance (ANOVA) For Surface Roughness 

Analysis of variance (ANOVA) is used to identify the most significant factors which 

affects the surface roughness of the machined part. It was calculated and reported in 

Table 4.4. Percent contribution for each factor were calculated by equation (3.6).  

where       DOF is degree of freedom,  

                  SST is total sum of squares,  

                  SSTR is treatment Sum of squares,  

                  MSE is mean square error, and  

                  F is F- Ratio calculated by using Minitab 18 software. 
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Table 4.4 Analysis of Variance for surface roughness value 

Source D 

O 

F 

SST SSTR MSE F P Percent 

contributi

on 

Significanc

e (α=0.05) 

Cutting 

speed 

2 0.30 0.30 0.15 28.54 0.034 74.44% Highly 

Significant 

Feed  2 0.09 0.09 0.05 8.89 0.101 22.33% Significant  

Depth of 

cut 

2 0.003  0.003   0.002     0.31 0.761 0.75% Less 

Significant  

Residual 

error 

2 0.01  0.01   0.005   2.48%  

Total  8 0.403     100%  

 

Table 4.4 presents surface roughness percentage contribution variation of factors A, B 

and C; where factors represents cutting speed, feed and depth of cut respectively. It is 

observed that cutting speed factor has statistical and physical significance on the surface 

roughness value during hard turning operation of hardened AISI 1043 steel at 95% of 

level of confidence. It is clearly observed that the cutting speed weight percentage 

(74.22%), feed (22.33%) and depth of cut (0.75%) have significant influence on the 

surface roughness of hardened AISI 1043 steel of circular specimens. Therefore, cutting 

speed has significant effect on surface roughness of hardened AISI 1043 in dry hard 

turning process. Controlling the cutting speed for machining hard materials like AISI 

1043, will help to get good surface finish, economical machining time and less tool wear, 

low cutting temperature, and optimum material removal rate. 

4.4 Determining the Optimum Condition 

From the Table 4.2 and Table 4.3, its clearly observed that cutting speed weight 

percentage optimum level value 120 m/min, feed optimum level value 0.1mm/rev and 

depth of cut optimum level value 0.15mm makes the response S/N ratio values small. 

Therefore, the optimum processing parameters signal to noise (S/N) ratio was selected.  
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Table 4.5 presents the optimum parameters setting selected for surface roughness 

obtained from the design of experiment and experimental results. The selected optimum 

parameters in this study were at higher cutting speed, at medium feed and at minimum 

depth of cut which, is at A3B2C1. 

Table 4.5 Optimum parameters setting levels and their values 

Controllable 

factors 

Level  

selected 

Value of level Rank of affecting 

the response 

Cutting speed 3 120 1 

Feed 2 0.1 2 

Depth of cut 1 0.15 3 

 

4.5 Confirmation Test 

Once the optimal combination of process parameters and their levels was obtained, the 

final step was to verify the predicted result against the experimental result. If the optimal 

combination of parameters and their levels coincidently match with one of the 

experiments in the Orthogonal Array, then no confirmation test is required. By 

considering this, the Confirmation test was not required in this case study because the 

optimum combination of parameters and their levels (A3B2C1) have a correspondent to 

an experiment of the orthogonal array of the trail 8 conditions of the experiment. The 

obtained optimal factor combination is one of the trial conditions (Trial 8) of the 

experiment. Thus, the mean is calculated by averaging the response values of that trial. 

The Optimum combination of parameters obtained from Table 4.5 was at 120m/min 

Cutting Speed, 0.1mm/rev Feed, and 0.15mm Depth of cut. Table 4.6 Presents the 

confirmation experiment and predicted results comparison for surface roughness 

measurements. 

Table 4.6 Comparison between predicted and experimental values 

Response Optimal parameter Predicted value Experimental value 

 

Surface  

Roughness (µm) 

 

       A3B2C1 

Mean  S/N Mean  S/N 

1.19 -1.69 1.24 -1.87 
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It can be seen from Table 4.6 that, the result between experimental result and the 

predicted results are very small. The values predicted by using Taguchi approach is 

approximately near to the value which is experimentally obtained. This verify that, the 

experimental results of surface roughness are strongly correlated with the predicted 

results. The percentage error is calculated by subtracting predicted value from 

experimental value, and dividing the result for experiment value. Based on this 

percentage error was 4.03%. 

4.6 Analysis of Material Removal Rate 

Material removal rate (MRR) is the amount of material removed per unit time. In 

finishing hard turning operation of AISI 1043 steel compared to cylindrical grinding 

better material removal rate was attained. The material removal rate can be calculated by 

using equation (3.7). The amount of materials removed during the hard-turning process of 

hardened AISI 1043 steel for each experiment is determined and listed in Table 4.7.  

Table 4.7 Material removal rate 

Exp. No. Cutting speed 

(m/min) 

    Feed  

rate (mm/rev) 

Depth of cut 

(mm) 

     MRR 

(mm3/min). 

1 80 0.05 0.15 600 

2 80 0.10 0.20 1600 

3 80 0.15 0.25 3000 

4 100 0.05 0.20 1000 

5 100 0.10 0.25 2500 

6 100 0.15 0.15 2250 

7 120 0.05 0.25 1500 

8 120 0.10 0.15 1800 

9 120 0.15 0.20 3600 

As observed in Table 4.7 and Figure 4.8 material removal rate is affected by cutting 

speed, feed, and depth of cut. While increasing cutting parameters, the material removal 

rate was increased. The higher cutting parameters the higher the material removal rate 

achieved. This can be justified by the relation shown in equation (3.7).  
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On the other hand, these cutting parameters also affect the surface quality of the 

machined part, tool wear, and cutting temperature. Due to the above-mentioned reasons, 

the cutting parameters are needed to be limited. Therefore, the machining parameter 

optimization is highly necessary. Based on experimental outcomes, the material removal 

rate obtained at the optimum cutting parameters which as 1800 mm3/min. It removes 

workpiece material in a single cut rather than a lengthy cylindrical grinding and remains 

competitive. Since the optimum cutting speed at which best surface finish obtained is at 

highest level values, both improved surface finish and material removal rate were 

achieved. Also, the logic behind decreasing MRR at 100 m/min is high tool wear and low 

material removed per unit time. In machining, a higher material removal rate doesn’t 

mean economical because it affects tool life, surface integrity, and the overall machining 

economy. However, the economical machining will be achieved at optimized parameters 

for which tool wear is less, tool life is more, surface finish is good, cutting temperature is 

low. Figure 4.8 indicates the influence of feed of rate on material removal rate. 

 

Figure 4.8 Influence of feed rate on MRR 
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Figure 4.9 Shows the effect of the depth of cut on the material removal rate 

 

Figure 4.9 Effect of depth of cut on MRR 
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4.7 Analysis of Tooltip Temperature 

During hard machining, heat was generated due to friction between tool-work interface. 

mostly in three areas: primary zone, secondary zone, and at the tertiary zone. The 

quantity of heat produced varies with the type of material being machined and cutting 

parameters used. The hard turning of AISI 1043 steel using a ceramics tool was 

characterized by the moderate temperature at the tooltip. Observations and measurements 

during experimental work confirmed that heat was generated due to friction forces at the 

tooltip interface. Table 4.8 presents the recorded temperature for various cutting 

parameters at tooltip during the hard-turning process, using an infrared radiation 

thermometer as shown in Figure 4.10. 

Table 4.8  The measured temperature at tool tip  

Exp.  

No. 

Cutting 

speed 

(m/min) 

Feed rate 

(mm/rev) 

Depth 

of cut 

(mm) 

Temp (0C) 

Min 

temp. 

Max 

temp 

Ave 

temp. 

1 80 0.05 0.15 21.6 51.3 36.4 

2 80 0.10 0.20 20.8 81.4 51.1 

3 80 0.15 0.25 23.1 98.5 60.8 

4 100 0.05 0.20 22.3 110.3 66.3 

5 100 0.10 0.25 26.6 107 66.8 

6 100 0.15 0.15 41.3 88.7 65 

7 120 0.05 0.25 24.1 136.9 80.5 

8 120 0.10 0.15 25.7 109.3 67.5 

9 120 0.15 0.20 44.7 106.3 75.5 

 

As observed from table 4.8 the tooltip temperature readings were taken at three values, 

i.e. the minimum, the maximum, and the average reading. The maximum of average 

temperature (80.50C) was founded at high cutting speed of (120 m/min), the feed rate of 

0.05mm/rev. The minimum temperature of (36.40C) was obtained at low cutting speed 

(80 m/min). Therefore, the increase in cutting speed leads to an increase in tooltip 

temperate generated. Also, Figure 4.11 confirm the same thing.  
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Figure 4.10 Measuring Cutting Temperature 

The cutting temperature in the cutting tooltip depends to a great extent on the friction 

between tool-workpiece materials and causes the undesirable temperature in the cutting 

tool which leads rapid wear of cutting tool materials by softening of the tooltip. It 

accelerated flank wear and crater wear of cutting tool by plastic deformation and finally 

leads to tool breakage. The plot of cutting parameters versus an average temperature is 

shown in Figures 4.11-4.13. 

 

Figure 4.11  Cutting speed vs temperature 
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It is observed from figure 4.11 that, the cutting temperature increases as cutting speed 

increases with corresponding feed due to high friction at the tool-work interface. But at 

cutting speed of 100m/min nearly constant temperature was generated. The circle mark in 

the graph shows that the point where for three feeds the temperature values were nearly 

similar, and it is an indication of the stability of the machine tool, low friction at the 

interface of tool-workpiece, minimum coefficient of friction, etc. 

 

Figure 4.12 Feed versus Temperature 

Figure 4.12 shows the effect of feed rate on the material removal rate. It is observed that 

with an increase in feed rate the cutting temperature increases. The maximum tooltip 

temperature measurement of 80.50C was resulted using a pyrometer at 0.05 mm/rev 

feeds, and cutting speed of 120 m/min. The tooltip temperature increases due to more 

heat have been generated or concentrated in a small area, due to a low heat transfer 

coefficient, and low thermal conductivity of workpiece material. The cutting parameters 

(cutting speed, feed rate, and depth of cut) have been increased the cutting temperature, 

as reported by [80]. At an optimized feed rate of 0.1mm/rev, the temperature is reduced 

to 67.50C with an average deviation of 130C. The higher tooltip temperatures with higher 

flank wear of 0.275 mm can also be observed which is an indication of high thermal 

stress. 
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Figure 4.13 Depth of cut versus temperature 

As observed from Figure 4.13 an increase in depth of cut leads to cutting temperature 

increment. But at the obtained optimum cutting parameter of the depth of cut of 0.15 mm 

the minimum cutting temperature of 36.40C was achieved. Generally, the three machining 

parameters are found to be a dominant effect on tooltip temperature and the result of 

experimental outcomes gives a good clue about the values of tooltip temperature 

achieved, as well as the effect of some cutting parameters. Also, optimum cutting 

parameters (cutting speed 120 m/min, feed 0.1 mm/rev, and depth of cut 0.15 mm) 

resulted in the optimum machining condition by giving acceptable cutting temperature 

readings and is relatively minimal as compared to remaining parameters.  

4.8 Analysis of Tool wear 

The nature of tool wear during hard turning of hardened AISI 1043 steel has been studied 

and presented in this section. The mechanism of tool wear in tooltip has been presented 

based on the image taken by using optical microscopy at 10x magnifications as can been 

shown in Figures 4.14 up to 4.22. The photographic images of the tooltip of the cutting 

tool inserts have taken at different cutting parameters. The pattern of tool wear is 

different at different cutting parameters and their combinations. This is due to the effect 

caused by the cutting speed; feed rate and depth of cut gives different wear patterns under 

different parameters values. 
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Figure 4.14 shows optical image of the tooltip, and nose radius at cutting speed for Vc of 

80 m/min, feed rate of 0.05 mm/rev, and depth of cut of 0.15 mm. (Exp.1) 

     

 

Figure 4.14 Optical image of the tool tip at Vc = 80 m/mi, f=0.05, ap=0.15 

As observed from Figure 4.14, there are ridges, lines, or groove marks in the cutting 

tooltip. These groove marks or ridges are produced due to the movement of the hard 

workpiece materials against the cutting tool and it is the features of the abrasive wear 

mechanism. At the same time, as reported by [79] the cutting tool experiences significant 

mechanical stress and thermal stress due to friction at the tool-work interface which can 

induce tool wear. Correspondingly, tooltip wear measurement values for flank wear and 

crater wear of 0.269mm and 0.03 respectively were obtained. The measured flank wear 

was the large wear value, and it is an indication of high thermal stress.  

Abrasive wear 

(Groove Marks) 
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Therefore, high flank wear is associated due to high thermal stress, mechanical stress, 

high tool-work interface, and finally leads to poor surface finish. Figure 4.15, indicates 

the optical microscope image of wear micrographs, and nose radius at different cutting 

parameters, (speed of 80 m/min, feed of 0.1 mm/rev, and depth of cut of 0.2 mm.) 

(Exp.2) 

 

      

 

Figure 4.15 Tool wear at Vc of 80 m/min, f of 0.1 mm/rev, and ap of  0.2 mm 

Similarly, Figure 4.15 shows the nature of tooltip wear. The tooltip lost some materials 

approximately in macrons. Also, lines or groove marks are found in the cutting tooltip. 

The loss of some materials and the occurrence groove marks on tooltip are the features of 

the microchipping and abrasive wear mechanism respectively. Likewise, tooltip wear 

measurement values for flank wear and crater wear of 0. 246mm, and 0.0286mm 

respectively were attained.  

Abrasion 

Chipping 
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Figure 4.16 shows the wear micrographs and nose radius at cutting speed for Vc = 80 

m/min, feed of f = 0.15 mm/rev. and depth of cut of ap = 0.25mm. (Exp.3) 

      

 

Figure 4.16 Tool wear at Vc = 80 m/min, f = 0.15 mm/rev, and ap =0.25mm  

Figure 4.16 is an observation of optical microscope image of tooltip during hard turning 

AISI 1043 steel at, V = 80 m/min, f= 0.15 mm/rev, and ap = 0.25 mm, at 10x 

magnification. The tooltip with high flank wear of 0.304mm was observed, and it is an 

indication of high friction at the tool- work interface due to low cutting speed (produce 

high tool wear as reported by [67]), un stability of machine tool, and high thermal stress, 

etc. The abrasion wear was the dominant wear mechanism, based on image analysis. 

Groove marks  
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Figure 4.17 indicates the wear micrographs at cutting speed for Vc = 100 m/min, feed of f 

= 0.05 mm/rev. and depth of cut of ap = 0.2mm. (Exp.4) 

   

 

Figure 4.17 Optical microscope micrograph of tool wear 

As observed from Figure 4.17 there is a formation of lines or groove marks in the cutting 

tooltip at 10x magnification using an optical microscope. These groove marks are 

produced due to the movement of the hard workpiece materials against the cutting tool 

and it is the features of the abrasive wear mechanism. Also, the cutting tooltip 

experiences significant mechanical stress and thermal stress due to friction at the tool-

work interface which can induce tool wear. In the same way, tooltip wear measurement 

values for flank wear and crater wear of 0.272mm, and 0.0216mm respectively were 

accomplished. As reported by [79], high flank wear is an indication of tool wear by 

thermal stress, which causes the softening of tooltip by plastic deformation. 
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Figure 4.18 indicates the wear micrographs at cutting speed of 100 m/min, feed of 

0.1mm/rev, and depth of cut of 0.25mm. (Exp.5)  

 

    

 

Figure 4.18 Optical microscope micrograph wear of tooltip 

Figure 4.18 indicates that the wear mechanism and wear nature at the tooltip. The 

abrasive wear is occurred by making groove marks and lines. The flank wear of 0.363 

mm was measured which indicates the greater the mechanical and thermal stress 

experienced by the tool and crater wear of 0.038 mm was predicted. The maximum flank 

wear generated at cutting speed of 100 m/min, 0.1 mm/rev, the feed rate of 0.1 mm/rev, 

and depth of cut of ap = 0.25mm can produce poor surface finish, high cutting 

temperature, and short tool life. 

Abrasive wear 

(Groove Marks) 

Micro-chipping 
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Figure 4.19 indicates the wear micrographs at cutting speed for Vc of 100 m/min, feed of 

0.15mm/rev, and depth of cut of 0.15mm. (Exp.6) 

    

 

Figure 4.19 Wear micrographs of optical microscope  

Figure 4.19 specifies that the wear mechanism and wear nature at the tooltip. It can 

realize that abrasive wear is occurred by making groove marks and lines. The measured 

flank wear of 0.371mm was the largest tool wear, and crater wear of 0.040 mm. It is a 

sign of high friction at the tool- work, lack of stability of machine tool, and high thermal 

stress, etc. As a general rule reported by [34] the grater flank wear, the grater thermal 

stress and mechanical stress caused by the tool. Also, low thermal conductivity of work 

material can cause rapid tool wear. But thermal stress was the dominant cause for flank 

wear pronounced.  
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Figure 4.20 indicates the wear micrographs at cutting speed of 120 m/min, feed of 

0.05mm/rev, and depth of cut of 0.25mm. (Exp.7) 

    

Figure 4.20 Wear micrographs of optical microscope  

Figure 4.21 indicates the wear micrographs, and radius at cutting speed of 120 m/min, 

feed of 0.1mm/rev, and depth of cut of 0.15mm. 

 

 

    

Figure 4.21 Tool wear at Vc = 120 m/min, f = 0.1mm/rev, and ap = 0.15mm  

Figure 4.21 shows the tool wear of the tooltip of the optimum combination of cutting 

parameters (trial 8) which are cutting speed of 120 m/min, feed 0.1 mm/rev, and depth of 

cut of 0.15mm. When analyzing the image, it can be concluded that the optimized cutting 

parameters can resulted in the lowest flank wear of 0.220 mm is observed. 

Correspondingly, the abrasive wear, and chipping are the wear mechanism observed. 

Therefore, this the lowest flank wear among the conducted nine experiments, and 

responsible for best surface finish, high tool life, economical machining processes. 

Abrasive 

wear 

Exp.8 

Chipping 

Abrasive wear 
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Figure indicates 4.22 Wear micrographs at cutting speed of 120 m/min, feed of, 

0.15mm/rev. and depth of cut of 0.2mm. (Exp.9) 

       

 

Figure 4.22 Tool wear at Vc = 120 m/min, f = 0.15mm/rev, and ap = 0.2mm 

In the same way, Figure 4.22 shows the tooltip lost some materials, and groove marks are 

found in the cutting tooltip. The loss of some materials and the occurrence marks on 

tooltip is the features of the microchipping and abrasive wear mechanism respectively. 

Also, tooltip wear measurement values for flank wear and crater wear of 0. 0462 mm and 

0.0232 mm respectively were attained. Generally, as observed from Figure 4.14- 4.22, the 

gradual wear occurs at two principal locations on a cutting tool: the top rake face and the 

flank. Accordingly, two main types of tool wear can be distinguished: crater wear and 

flank wear as illustrated in Figures. The crater can be measured either by its depth or its 

area. 

Abrasive wear 

(Groove marks) 

Chipping 
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Flank wear occurs on the flank of the tool. It results from rubbing between the newly 

generated work surface and the flank face adjacent to the cutting edge. Flank wear is 

measured by the width of the wear band. The measured flank wear and crater wear are 

summarized and presented in Table 4.9. 

Table 4.9 Experimental values of tooltip flank wear and crater wear  

Exp.no Cutting 

speed 

(m/min) 

Feed 

(mm/rev) 

Depth 

of cut 

(mm) 

Flank wear 

(mm) 

Crater wear (mm) 

1 80 0.05 0.15 0.269 0.030 

2 80 0.10 0.20 0.246 0.028 

3 80 0.15 0.25 0.304 0.040 

4 100 0.05 0.20 0.2725 0.0216 

5 100 0.10 0.25 0.3630 0.0380 

6 100 0.15 0.15 0.371 0.040 

7 120 0.05 0.25 0.275 0.0432 

8 120 0.10 0.15 0.220 0.0257 

9 120 0.15 0.20 0.232 0.0462 

 

The investigations were carried out by analyzing the optical microscope micrographs. It 

can be observed from Figure 4.14 to Figure 4.22 that many lines, ridges and groove 

marks are observed on the flank face for cutting parameters that give poor surface 

roughness due to increase of friction at tool-work interface and the motion relative to the 

surface of hard particles trapped at the interface, which shows that the prominent wear 

mechanisms on the flank face are the abrasive wear observed as presented by [16]. Also, 

tooltip chattering in a very small amount is observed.  Therefore, Under the selected 

cutting conditions the abrasion and chipping are two major wear mechanisms found 

affected the cutting tool when hard turning AISI 1043 steel material. Also, at optimized 

cutting parameters of cutting speed of 120 m/min, the feed rate of 0.1 mm/rev, and depth 

of cut 0.15 mm, the lowest flank wear of 0.22 mm was achieved, which in turn improves 

tool life, gives best surface finish, promote economic machining process. The remaining 

cutting condition resulted in maximum tool flank wear which leads to poor surface finish. 

Therefore, the optimized cutting parameters resulted in low flank wear, high tool life, 

high surface finish, economical machining, etc. 
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4.9 Chip Morphology Analysis  

In analyzing the chip morphology, Figure 4.23 confirmed the formation of saw tooth type 

chip due to the poor ductility of workpiece materials, vibration of a tool system, and 

crack propagation during hard turning of AISI 1043 steel. As the feed reduced and the 

cutting speed increased, a reduction of chip thickness has occurred (shown in Figure 

4.23) and produced chips of three categories, i.e. broken chips, long and snarled unbroken 

chips, and ribbon type chips. As reported by [67], this is due to a substantial contact area 

on the rake face and a small shear plane area at the low cutting speed which results in 

thinner chips formation. In contrast, an increase in chip thickness due to increased feed 

because of severe compressive stresses generated ahead of the tool rake, thereby a large 

volume of material becomes plastic deformation which resulted in a thick chip. The 

highest chip thickness which is 0.29 mm was achieved at maximum feed rate value, 0.15 

mm/rev, and the lowest chip thickness 0.10 mm was achieved at lower feed rate value i.e. 

0.05 mm/rev. Also, the maximum and minimum length of chips were identified as the 

longest is 10.6 mm and the smallest chip thickness was 4.8 mm respectively. Figure 4.23 

shows the photographic images of chips generated under different machining parameters 

for each of nine experiments. 

     

Figure 4.23 Photograph images of chips generated 

 

 

 

 

 



77 
 

CHAPTER FIVE 

5 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

The current study was focused on the investigation and optimization of machining 

parameters on hard-turning characteristics output parameters such as surface roughness, 

tool wear and material removal rate using the Taguchi L9 orthogonal array and signal-to-

noise ratio method; also, consideration was given on the investigation of chip 

morphology or chip formation mechanisms ,and tooltip temperature study. The material 

used in these studies was hardened AISI 1043 steel and the cutting tool material was the 

ceramic tool. The machining environment was a dry machining condition. In this study, 

the experimental runs were determined using the Taguchi L9 orthogonal array and the 

selection of cutting parameters was done based on knowledge found in the literature, 

based on the recommendations of tool manufacturer, current industrial practice and 

experience. The role of each factor was identified by the analysis of variance (ANOVA). 

Therefore, based on the experimental results and successive analysis, the following 

conclusions are drawn: 

• The experimental work with Taguchi based orthogonal array was an effective 

and efficient way of reducing the number of experiments; accordingly, the 

resources can be saved in hard turning of hardened AISI 1043 steel work 

material. 

• In the hard turning of AISI 1043 steel for least surface roughness (high surface 

quality), the cutting speed of 120m/min, medium feed of 0.1mm/rev, and lower 

depth of cut at 0.15mm were selected that is A3B1C3, and  it is optimized 

cutting parameters to get low surface roughness which is a high surface finish of 

the machined part which was the target of the study. 

• Analysis of variance (ANOVA) shows that cutting speed was the most 

significant parameter for surface roughness followed by feed rate, affecting by 

about 74.22% and 22.33% respectively.  
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• The surface roughness is decreased with the increased in cutting speed, whereas 

surface finish improved with an increased feed from 0.05 mm/rev to 0.1 

mm/rev, and occurred a significant deterioration of surface roughness with 

further increasing of feed to 0.15mm/rev. 

• From the study, the usefulness and potential of ceramic insert cutting tool for 

hard turning process under dry condition possess good surface finish which 

benefit to replace the traditional grinding operation.   

• The hard turning under dry condition can replace cylindrical grinding with the 

additional advantage of the environmentally friendly manufacturing process (to 

eliminate ecological hazards) generated due to the use of cutting fluids. 

• In the hard-turning process, the depth, speed, and feed rate are affecting the 

surface quality, tool wear and tooltip temperature. 

• The hard turning of AISI 1043 hardened steel achieved better surface finish and 

lower tool wear, at high value of cutting speeds of 120 m/min, medium feed of 

0.1 mm/rev, and low depth of cut of 0.15 mm. 

5.2 Recommendations 

Based on the results and conclusions found from this study, the researcher forwards the 

following recommendations in hard turning of hardened AISI 1043 steel. 

• In industries traditional way of machining the hard materials using cylindrical 

grinding processes have to be replaced by hard turning technology, especially 

local industries have to start to use hard turning processes which used for 

several decades. 

• In this study hardened AISI 1043 steel has been used. This can be further 

extended to other hard materials types to study the effect of cutting parameters 

on the surface roughness under the same condition of hard turning parameters. 

• The industries of machining hard materials AISI 1043 products mostly Hibret 

Manufacturing and Machine Building industries can use the optimized hard 

turning cutting parameters of cutting speed 120 m/min, feed of 0.1 mm/rev, 

and depth of cut at 0.15 mm to achieve products with high quality. 
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5.3 Scope for Future Work 

As a future research work, the following will be carried out by any interested person: - 

• The experiment may be conducted in future by measuring cutting forces, power 

consumption, machining time. 

• In the future, the studies of stress, strain, and tooltip deformation may be 

conducted using numerical simulation and modeling. Because those parameters 

are difficult to investigate by conducting an experiment. 

• It is recommended to conduct the multi response optimization and modelling. 

• Future research work may be directed towards applying nano-coolant for further 

optimization of cutting parameters. 
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6 Appendix- Taguchi Result 

 

                             Response Table for Means 

                                               cutting                                            Depth of 

                      Level              speed (A)           Feed (B)              cut (C) 

                       1                      1.697                1.680                  1.590 

                       2                      1.770                1.463                  1.597 

                       3                      1.353                 1.677                 1.633 

                       Delta                0.417                 0.217                  0.043 

                       Rank                  1                          2                      3 

 

 

                      Response Table for Signal to Noise Ratios Smaller is better 

                                    cutting                                    Depth of 

                     Level      speed(A)           Feed (B)          cut (C) 

                      1             -4.567              -4.454            -3.911 

                      2              -4.942             -3.251            -3.992 

                      3              -2.611             -4.416            -4.218 

                     Delta         2.331                1.203             0.307 

                      Rank           1                       2                    3 
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                            Analysis of Variance 

 

              Source                           DF       Adj SS       Adj MS        F-Value         P-Value 

              cutting speed(A)           2          0.296867       0.148433       28.54           0.034 

               Feed (B)                        2          0.092467    0.046233       8.89             0.101 

               Depth of cut (C)            2           0.003267    0.001633       0.31             0.761 

               Error                              2            0.010400     0.005200 

               Total                               8             0.403000 

 

 

 


