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ABSTRACT 

In machining processes, surface roughness and dimensional accuracy of machined parts depend on tool wear. 

Tool wear on the tool-chip and tool-workpiece interfaces (i.e. flank wear and crater wear) is strongly influenced by the 

cutting parameters, cutting temperature, tool geometry, tool material, workpiece material, etc. Austenitic stainless steels are 

hard materials to machine, due to their high strength, high ductility and low thermal conductivity. This paper aims to 

optimize turning parameters of AISI 304 stainless steel using Taguchi analysis. Turning tests have been performed in three 

different cutting speeds (112, 180, 280 m/min), feed rates (0.2, 0.315, 0.4 mm/rev), depth of cut (1, 1.5, 2 mm) and nose 

radius (0.4, 0.8, 1.2 mm) without cutting fluid. A design of experiments (DOE) and an analysis of variance (ANOVA) have 

been used to determine the effects of each parameter on tool flank wear, surface roughness, MRR and tool life. The feed 

rate has the most important influence on the surface roughness and as it decreases, the surface roughness also decreases. 

The cutting speed has the main influence on the MRR and on the tool life. This paper also describes chip thickness, 

temperature, forces generated during the experimentation.  

KEYWORDS:  Flank Wear, Surface Roughness, MRR, AISI 304, DOE, Taguchi Analysis, ANOVA 

INTRODUCTION  

Metal cutting or simply machining, is one of the oldest processes for shaping components in the manufacturing 

industry. It is estimated that 15% of the value of all the mechanical components manufactured worldwide is derived from 

machining operations. To remain in business manufacturing companies have to machine the components at required 

quality with minimum possible cost and hence the life of cutting tool becomes utmost important aspect for manufacturing 

engineers and researcher. There are numbers of reasons for tool failure. The unavoidable reason is gradual wear which is 

the result of interaction between work and tool. Tool wear weakens the cutting tool, increases the forces used in cutting and 

causes a lack of consistency in material removal. Parts and time lost to scrap and rework from tool wear are costly to 

manufacturing companies. Under high temperature, high pressure, high sliding velocity and mechanical or thermal shock 

in cutting area, cutting tool has normally complex wear appearance, which consists of some basic wear types such as crater 

wear, flank wear, thermal crack, brittle crack, fatigue crack, insert breakage, plastic deformation and the dominating basic 

wear types vary with the change of cutting conditions [1, 2]. 

The challenge of modern machining industries is focused mainly on the achievement of high quality, in terms of 

work piece dimensional accuracy, surface finish, high production rate, less wear, on the cutting tools, economy of 

machining in terms of cost saving and increase the performance of the product with reduced environmental impact [3, 4, 

5]. 

The famous formula and its extensions for estimating the tool life has been established around one hundred years 

ago by Taylor and it is still used until now. Cutting tools can be used only if the surface quality and the tolerances fall 

within the range of acceptance level, therefore when a cutting tool reaches its life then it must be replaced before the 
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cutting edge of the tool cannot produce the required surface roughness and the accepted tolerance. Tool life has been 

defined as the length of cutting time that the tool can be used. Another definition for the tool life is the usable time that has 

elapsed before the criterion value of flank wear is reached [6, 7]. 

Metal Cutting and Turning 

Today, machining is one of the most important processes that are used to manufacture a product or component 

directly or indirectly. In the United States for example, almost $100 billion has been spent annually on machining related 

operations. As a result of this, a lot research has been done in different aspects of machining in order to study the 

effectiveness and efficiency of the machining process. 

Metal cutting processes can be divided into two groups; orthogonal and oblique cutting. In orthogonal cutting, the 

relative velocity of the work and the tool is perpendicular to the cutting edge. When the relative velocity of the work and 

the tool is not perpendicular to the cutting edge, this process is known as oblique cutting. Figure 1 shows the differences 

between orthogonal and oblique cutting [8, 9]. 

 

Figure 1: (a) Orthogonal Cutting and (b) Oblique Cutting [8] 

Forces in Turning Operation 

The application of force through the cutting tool onto the workpiece. Figure 2 shows the forces acting during 

turning operation. There are three types of forces in turning operation, the tangential force, feed force and radial force. 

Tangential force or Fc is the largest force and acts in the direction of cutting velocity. The energy required for cutting, is 

supplied by the tangential force. Radial force or Fr is the smallest force component and normally is ignored when analysing 

forces in turning operation. Ft or thrust force is the force acting in the longitudinal direction [8, 9]. 

 

Figure 2: Forces Acting During Turning: Tangential Force (Fc), Radial Force (Fr) and Thrust Force (Ft) [8] 
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Cutting Temperature and Heat Generation 

During machining, the energy consumed by the process is largely converted into heat. The generation of heat 

during machining will increase the temperature in the cutting zone. Increases in temperature will: 

• Affect the strength, hardness and wear resistance of the cutting tool. 

• Cause difficulty in controlling the accuracy due to dimensional changes in the part being machined. 

• Cause thermal damage to the workpiece and affect its properties and service life.  

Figure 3 shows the source in which heat is generated during machining. There are three regions where heat is 

produced during machining. The primary heat source is at shear zone where major plastic deformation occurs. The heat is 

also generated between the chip and the tool and this is known as the secondary heat source. Friction between the 

workpiece and flank surface of the tool will create heat. The heat produced during metal cutting is dissipated by the cutting 

tool, workpiece, chip and cutting fluid if the machining is done using coolant [8]. 

 

Figure 3: Source of Heat Generation During Machining [8] 

CUTTING  TOOL  WEAR  AND MECHANISMS  

Cutting Tool Wear 

Tool wear in machining is defined as the amount of volume loss of tool material on the contact surface due to the 

interactions between the tool and work piece. Specifically, tool wear is described by wear rate (volume loss per unit area 

per unit time) and is strongly determined by temperature, stresses, and relative sliding velocity generated at the contact 

interface. 

During the past 100 years there has been extensive research and development which has provided continuous 

improvement in the capability of cutting tool. A key factor in the wear rate of virtually all tool materials is the temperature 

reached during operation; unfortunately it is difficult to establish the values of the parameters needed for such calculations. 

However, experimental measurements have provided the basis for empirical approaches. 

It is common to assume that all the energy used in cutting is converted to heat (a reasonable assumption) and that 

80% of this is carried away in the chip (this will vary and depend upon several factors - particularly the cutting speed). This 

leaves about 20% of the heat generated going into the cutting tool. During operation, one or more of the following wear 

modes may occur: Flank, Notch, Crater, Edge rounding, Edge chipping, Edge cracking, Catastrophic failure. 
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Figure 4: Tool Wear Phenomena [2, 8, 9, 10, 12, 13] 

Cutting tools are subjected to an extremely severe rubbing process. They are in metal-to metal contact between 

the chip and work piece, under conditions of very high stress at high temperature. The situation is further aggravated 

(worsened) due to the existence of extreme stress and temperature gradients near the surface of the tool. During machining, 

cutting tools remove material from the component to achieve the required shape, dimension and surface roughness (finish). 

However, wear occurs during the cutting action, and it will ultimately result in the failure of the cutting tool. When the tool 

wear reaches a certain extent, the tool or active edge has to be replaced to guarantee the desired cutting action [2, 8, 9, 10, 

12, 13]. 

• Crater Wear 

The chip flows across the rake face, resulting in severe friction between the chip and rake face, and leaves a scar 

on the rake face which usually parallels to the major cutting edge. The crater wear can increase the working rake angle and 

reduce the cutting force, but it will also weaken the strength of the cutting edge. The crater depth KT is the most commonly 

used parameter in evaluating the rake face wear [2, 8, 9, 10, 12, 14]. 

 
Figure 5: Crater Wear [10 12, 14] 

• Flank Wear (Clearance Surface) 

Wear on the flank (relief) face is called flank wear and results in the formation of a wear land. Wear land 

formation is not always uniform along the major and minor cutting edges of the tool. Flank wear most commonly results 

from abrasive wear of the cutting edge against the machined surface. Flank wear can be monitored in production by 

examining the tool or by tracking the change in size of the tool or machined part. Flank wear can be measured by using the 

average and maximum wear land size VB and VBmax [2, 8, 9, 10, 12, 13, 14]. 
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Figure 6: Flank Wear [10, 12, 13, 14] 

Due to micro-cracking, surface oxidation and carbon loss layer, as well as micro-roughness at the cutting tool tip 

in tool grinding (manufacturing). For the new cutting edge, the small contact area and high contact pressure will result in 

high wear rate. The initial wear size is VB=0.05-0.1mm normally. After the initial (or preliminary) wear (cutting edge 

rounding), the micro-roughness is improved, in this region the wear size is proportional to the cutting time. The wear rate is 

relatively constant. 

When the wear size increases to a critical value, the surface roughness of the machined surface decreases, cutting 

force and temperature increase rapidly, and the wear rate increases. Then the tool loses its cutting ability. In practice, this 

region of wear should be avoided. [2, 8, 9, 10, 12, 13]. 

• Notch Wear 

This is a special type of combined flank and rake face wear which occurs adjacent to the point where the major 

cutting edge intersects the work surface. The gashing (or grooving, gouging) at the outer edge of the wear land is an 

indication of a hard or abrasive skin on the work material. Such a skin may develop during the first machine pass over a 

forging, casting or hot-rolled work piece. It is also common in machining of materials with high work-hardening 

characteristics, including many stainless steels and heat-resistant nickel or chromium alloys. In this case, the previous 

machining operation leaves a thin work-hardened skin [9, 10]. 

• Chipping 

Chipping of the tool, as the name implies, involves removal of relatively large discrete particles of tool material. 

Tools subjected to discontinuous cutting conditions are particularly prone to chipping. Chipping of the cutting edge is more 

like micro-breakages rather than conventional wear. Built-up edge formation also has a tendency to promote tool chipping. 

A built-up edge is never completely stable, but it periodically breaks off. Each time some of the built-up material is 

removed it may take with it a lump (piece) of tool edge [9, 10]. 

• Ultimate Failure 

The final result of tool wear is the complete removal of the cutting point - ultimate failure of the tool. This may 

come about by temperature rise, which virtually causes the tool tip to soften until it flows plastically at very low shear 

stress. This melting process seems to start right at the cutting edge and because material flow blunts the edge, the melting 

process continues back into the tool; within a few seconds a piece of tool almost as large as the engaged depth of cut is 

removed. An alternative mechanism of ultimate failure is the mechanical failure (usually a brittle fracture) of a relatively 

large portion of the cutting tip. This often results from a weakening of the tool by crater formation [9, 10]. 
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Tool Wear Mechanisms 

Cutting tool will experience severe cutting condition such as: metal to metal contact with workpiece and chip, 

high stress, high temperature, high temperature gradients, high stress gradient [1, 8, 9, 10, 12, 13]. 

 

Figure 7: Wear Mechanisms [12] 

In order to find out suitable way to slow down the wear process, many research works are carried out to analyze 

the wear mechanism in metal cutting. It is found that tool wear is not formed by a unique tool wear mechanism but a 

combination of several tool wear mechanisms. 

• Abrasive Wear 

Abrasive wear is mainly caused by the impurities within the workpiece material, such as carbon, nitride and oxide 

compounds, as well as the built-up fragments. This is a mechanical wear, and it is the main cause of the tool wear at low 

cutting speed.  

• Adhesive Wear 

The simple mechanism of friction and wear proposed by Bowden and Tabor is based on the concept of the 

formation of welded junctions and subsequent destruction of these. Due to the high pressure and temperature, welding 

occurs between the fresh surface of the chip and rake face because of the chip flowing on the rake face results in 

chemically clean surface. Severe wear is characterized by considerable welding and tearing of the softer rubbing surface at 

high wear rate, and the formation of relatively large wear particles. Adhesion wear occurs mainly at low machining 

temperatures on tool rake face, such built up edge (BUE).Under mild wear conditions, the surface finish of the sliding 

surfaces improves. 

• Diffusion Wear 

Wear is a process of atomic transfer at contacting asperities. A number of workers have considered that the 

mechanism of tool wear must involve chemical action and diffusion. They have demonstrated welding and preferred 

chemical attack of (W) tungsten carbide in (W-Ti) tungsten-titanium carbides. There are several ways in which the wear 

may be dependent on the diffusion mechanism.  

o Gross softening of the tool 

Diffusion of carbon in a relatively deep surface layer of the tool may cause softening and subsequent plastic flow 

of the tool. This flow may produce major changes in the tool geometry, which result in high forces and a sudden complete 

failure of the tool. 
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o Diffusion of Major Tool Constituents Into the Work (Chemical Element Loss) 

The tool matrix or a major strengthening constituent may be dissolved into the work and chip surfaces as they 

pass the tool. In cast alloy, carbide or ceramic tools, this may be the prime wear phenomenon. With HSS tools, iron 

diffusion is possible, but it seems unlikely to be the predominant wear process. Diamond tool – cutting iron and steel is the 

typical example of diffusion wear. 

o Diffusion of a Work-Material Component Into the Tool 

A constituent of the work material diffusing into the tool may alter the physical properties of a surface layer of the 

tool. For example, the diffusion of lead into the tool may produce a thin brittle surface layer, this thin layer can be removed 

by fracture or chipping. 

• Oxidation Wear 

High temperatures and the presence of air mean oxidation for most metals. A slight oxidation of tool face is 

helpful to reduce the tool wear. It reduces adhesion, diffusion and current by isolating the tool and the workpiece. But at 

high temperature soft oxide layers, for example WO3, TiO2, are formed rapidly, and then taken away by the chip and the 

workpiece. This results in a rapid tool material loss, which is oxidation wear. 

• Chemical Wear 

Corrosive wear (due to chemical attack of a surface)  

• Fatigue Wear 

Fatigue wear is often a thermo-mechanical combination. Temperature fluctuations and the loading and unloading 

of cutting forces can lead to cutting edge cracking and breaking. Intermittent cutting action leads to continual generation of 

heat and cooling as well as shocks of cutting edge engagement. 

Under different cutting conditions dominating wear mechanisms are different. For a certain combination of 

cutting tool and workpiece, the dominating wear mechanisms vary with cutting temperature. According to the temperature 

distribution on the tool face, it is assumed that crater wear is mainly caused by abrasive wear, diffusion wear and oxidation 

wear, but flank wear mainly dominated by abrasive wear due to hard second phase in the workpiece material [1, 8, 10, 12, 

13]. 

EFFECT OF DIFFERENT  PARAMETERS  ON TOOL  WEAR 

It appears that flank wear rate depends on following parameters; 

• Tool material hardness 

• Work piece hardness. 

• Tool geometry: rake angle, nose radius, etc. 

• Cutting condition: feed rate, depth of cut, cutting velocity 

Figure 8 illustrates the relationship between the different affecting factors that affect the tool life [3]. 
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Figure 8: The Effect of Different Parameters on the Tool Life [3] 

Work Material 

The high strength and difficult to turn materials have a tendency to work harden and retain the major part of their 

strength during machining. The difficult to turn materials produce more heat than other materials. At high velocities, 

temperature at cutting zone increased rapidly than low velocities. At high velocity, the temperature approached the melting 

temperature of the work material asymptotically. More heat was carried by the chips in stainless steel due low thermal 

conductivity of material. High work piece materials strength leads to high forces required for shearing, especially at the 

tool tip interface. The more flank wear formation equally responsible for high forces [14, 15]. 

In general, a harder work material will result in higher cutting stresses and tool temperatures, leading to greater 

tool wear.  However, the hardness of the steel may not be the only variable affecting flank wear. The composition and 

microstructure of the steels are also likely to be important. Nickel dissolves in the ferritic matrix, imparting toughness and 

strength, as well as increasing the tendency to strain harden. Chromium and molybdenum combine with carbon to from 

numerous hard, stable carbides that improve the hardness of the steel, especially at elevated temperatures. The tandem 

increases in hardness, toughness and strength result in greater cutting stresses and tool temperatures, and hence higher wear 

rates [11]. 

• Workpiece Diameter 

The workpiece diameter affects the curvature on the surface being cut, which, in turn, affects the stressed 

deformed state of the layer being removed. As a result, the shear angle and the length of the shear plane change with the 

workpiece diameter. When the cutting speed is kept invariable, the rotational speed (r.p.m.) changes with the workpiece 

diameter, which affects the dynamics of the process.  

The interaction of the thermal and deformation waves takes place in metal cutting. As such, if the cutting speed 

and feed are kept invariable, the time of one turn of the workpiece changes with its diameter, which greatly affects the 

discussed interactions [19].  

Cutting Speed 

Typically, tool wear rate increases with increase in cutting speed within the speed range normally used in practice. 

At lower speeds, the wear rate curve has one or more turning points which are attributed to changes in the tool wear 

mechanism [17]. 

Increased cutting speed and depth of cut result in increased temperatures at the cutting zone. At elevated 

temperatures chemical wear becomes a leading wear mechanism and often accelerates weakening of cutting edge; resulting 

in premature tool failure (chipping), namely edge breakage of the cutting tool [18]. 
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The tool wear increases rapidly when the coating layer is removed from the tool surface and the wear at the failure 

varies with the cutting speed. But as the cutting speed is increased up to a certain limit, a brittle fracture occurs at the 

cutting edge rather than a gradual flank wear and the depth of the cracks on the cutting edge increases rapidly resulting in a 

catastrophic failure of the tool. Crack grows rapidly at higher cutting speeds. The cutting force on the tool edge increases 

as the cutting speed is increased. [7]. 

Cutting Feed 

Studying the influence of the cutting feed on the tool wear, the following factors should be considered: 

• Factor 1: When the cutting feed increases (and v is constant), the length of the tool path decreases. As a result, 

the cutting (contact) time decreases, as well as the corresponding tool wear. Therefore, the relative surface wear 

decreases. 

• Factor 2: Any change in the cutting feed leads to a corresponding change in the cutting temperature, so the 

cutting feed should influence the tool wear rate. As such, there are three basic cases: (a) if the current machining 

takes place using a relatively low cutting speeds so that the cutting temperature is lower than the optimal cutting 

temperature, then an increase in the cutting feed leads to a decrease in the tool wear rate; (b) increasing the cutting 

feed until the cutting temperature remains below the optimal cutting temperature reduces the tool wear rate, while 

any further increase would increase this wear rate; (c) if the current machining takes place using a high cutting 

speed, i.e., when the cutting temperature is higher than the optimal cutting temperature, then any increase in the 

cutting feed should lead to an increase in the tool wear rate. 

• Factor 3: The tool actually cuts the transient surface (located between the surface to be machined and the 

machined surface). Because, in most practical machining operations, the tool cuts the part of the transient surface 

formed on the previous tool pass, the amount of cold working imposed by this tool on the previous pass affects the 

cutting conditions on the current pass. When the cutting feed (the uncut chip thickness) is small, then it can 

happen that depth of cold welding (dcw) > uncut chip thickness, so the major cutting edge cuts the cold-worked 

work material characterized by a greater strength and higher hardness compared to those of the original work 

material. As such, the tool wear rate increases.  

• Factor 4: Increasing the cutting feed leads to a corresponding increase in the normal contact stress at the tool–

chip interface and in the tool– chip contact area (length). However, the contact area increases at much smaller rate 

compared to the normal contact stress. When the level of the normal contact stress reaches a certain tool-material 

specific limit, the chipping of the cutting edge takes place, which eventually leads to tool breakage. Such a limit 

can be referred to as the breaking feed.  

• Factor 5: Often, the intensity of the vibrations that take place in machining reduces with the cutting feed. When 

this happens, the tool wear rate reduces. Moreover, increasing the cutting feed changes the ratio of the radial and 

the axial (feed) forces that increases the dynamic rigidity of the machine tool [16, 18]. 

Depth of Cut  

When the depth of cut increases and the uncut chip thickness is kept the same, the specific contact stresses at the 

tool–chip interfaces, the chip compression ratio and the average contact temperature remain unchanged. Therefore, an 

increase in the depth of cut should not change the tool wear rate if the machining is carried out at the optimum cutting 

regime [16].  
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Increased cutting speed and depth of cut result in increased temperatures at the cutting zone. At elevated 

temperatures chemical wear becomes a leading wear mechanism and often accelerates weakening of cutting edge; resulting 

in premature tool failure, namely edge breakage of the cutting tool [18]. 

Tool Materials 

Many types of tool materials, ranging from high-carbon steels to ceramics and diamonds, are used as cutting tool 

materials in today’s metalworking industry. It is important to be aware that differences exist among tool materials, what 

these differences are and the correct application for each type of material. 

The three prime properties of a tool material are: 

• Hardness 

It is defined as the resistance to indenter penetration. It is directly correlates with the strength of the cutting tool material. 

The ability to maintain high hardness at elevated temperatures is called hot hardness.  

• Toughness 

It is defined as the ability of a material to absorb energy before fracture. The greater the fracture toughness of a tool 

material, the better it resists shock load, chipping and fracturing, vibration, misalignments, runouts and other imperfections 

in the machining system. 

• Wear Resistance 

In general, wear resistance is defined as the attainment of acceptable tool life before tools need to be replaced. 

Although seemingly very simple, this characteristic isthe least understood. 

Wear resistance is not a defined characteristic of the tool material and the methodology of its measurement. The 

nature of tool wear, unfortunately, is not yet sufficiently clear despite numerous theoretical and experimental studies. 

Cutting tool wear is a result of complicated physical, chemical, and thermo-mechanical phenomena. Because various 

simple mechanisms of wear act simultaneously with a predominant influence of one or more of them in different situations, 

identification of the dominant mechanism is far from simple, and most interpretations are subject to controversy. As the 

most common experimental device used by hard tool material manufacturers to characterize wear resistance is a pin-on-

disk tribometer [10, 19]. 

Tool Geometry 

Rake Angle 

Rake angles come in three varieties: positive, zero (neutral) and negative. It is generally accepted that an increase 

in the rake angle reduces horsepower consumption per unit volume of the layer being removed at the rate of 1% per degree 

starting from γ = –20°. As a result, the cutting force and tool–chip contact temperature change in approximately the same 

way. So, it seems to be reasonable to select a high positive rake angle for practical cutting operations. Everyday machining 

practice, however, shows that there are number of drawbacks of increasing the rake angle.  

The main drawback is that the strength of the cutting wedge decreases when the rake angle increases. When 

cutting with a positive rake, the normal force on the tool–chip interfaces causes bending of the tip of the cutting wedge. 

The presence of the bending significantly reduces the strength of the cutting wedge, causing its chipping. Moreover, the 

tool–chip contact area reduces with the rake angle, so the point of application of the normal force shifts closer to the 

cutting edge. On the contrary, when cutting with a tool having a negative rake angle, the mentioned normal force causes 
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the compression of the tool material. Because tool materials have very high compressive strength, the strength of the 

cutting edge in this case is much higher, although the normal force is greater than that for tools with positive rake angles. 

Another essential drawback is that the region of the maximum contact temperature at the tool–chip interface shifts toward 

the cutting edge when the rake angle is increased, which lowers tool life [10, 20]. 

Flank Angle 

The flank angle directly affects tool life. When the flank angle increases, the wedge angle decreases. As such, the 

strength of the region adjacent to the cutting edge decreases as well as the heat dissipation through the tool. These factors 

lower tool life. On the other hand, the following advantages may be gained by increasing the flank angle: (a) the cutting 

edge radius decreases with the flank angle, which leads to corresponding decreases in the frictional and deformation 

components of the flank force. As a result, less heat is generated, which leads to an increase in tool life, (b) as the flank 

angle becomes larger, more tool material has to be removed (worn out) to reach the same flank wear, increasing tool life. 

As a result of such contrary effects, the influence of the flank angle on tool life always has a well-defined maximum. [10]. 

Cutting Edge Angle 

It significantly affects the cutting process because, for a given feed and cutting depth, it defines the uncut chip 

thickness, width of cut, and thus tool life. The physical background of this phenomenon can be explained as follows: when 

this angle decreases, the chip width increases correspondingly because the active part of the cutting edge increases. This 

results in improved heat removal from the tool and hence tool life increases. The reduction of this angle, however, has its 

drawbacks. One of these is the corresponding increase of the radial component of the cutting force, which reduces the 

accuracy and stability of machining particularly when the machine, tool holder and workpiece fixture are not sufficiently 

rigid [10]. 

Inclination Angle 

When the angle  is positive, the chip flows to the right and when it is negative the chip flows to the left. The 

direction of chip flow, however, is defined not only by the this angle but also by the cutting edge angle [10]. 

OBJECTIVE  OF THE  PAPER 

The purpose of this paper is to study the effect of cutting parameter, tool geometry, etc. on flank wear, surface 

roughness, material removal rate and tool life. The raw material used for testing AISI 304 and coated carbide insert was 

used. The objective of this paper is to measurement cutting force, temperature, flank wear, surface roughness,  and 

calculate material removal rate and tool life. 

METHOD  AND MATERIAL 

Methodologies 

Taguchi’s parametric design is an effective tool for robust design. It offers a simple and systematic qualitative 

optimal design at a relatively low cost. It has been widely used for the last two decades. The greatest advantage of this 

approach is to save the experimental time as well as the cost by finding out the significant factors by analysis. One of the 

important steps involved in Taguchi’s technique is selection of an orthogonal array (OA). An OA is a small set from all 

possibilities which helps to determine least number of experiments, which will further help to conduct experiments to 

determine the optimum level for each process parameters and establish the relative importance of individual process 

parameters. To obtain optimum process parameters setting, Taguchi proposed a statistical measure of performance called 

signal to noise ratio (S/N ratio). This ratio considers both the mean and the variability. In addition to S/N ratio, ANOVA is 
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used to indicate the influence of process parameters on performance measures. As there were four parameters and three 

level so according to Taguchi Design L9 OA system is used. Minitab-16 is used for Taguchi analysis. 

Workpiece Material 

Austenitic stainless steels are widely used in springs, nuts, bolts and screws due to their high strength and high 

corrosion and oxidation resistance. AISI 304 stainless steel finds its application in air craft fittings, aerospace components 

such as bushings, shafts, valves, special screws, cryogenic vessels and components for severe chemical environments. It is 

also being used for welded constructions in aerospace structural components [28-36]. 

Table 1: Chemical Composition of Work Material 
 

Elements Composition %wt) 
C 0.051 
Si 0.412 
Mn 1.351 
Cr 18.275 
Ni 8.473 

Mo 0.301 

Cu 0.318 

Ti 0.005 

V 0.049 

W 0.003 
Co 0.019 

Nb 0.020 

Fe Balance 
 

Table 2: Mechanical Properties of Work Material 
 

Grade 
Tensile 

Strength 
(MPa) min 

Yield 
Strength 

(MPa) min 

Elongation 
(% in 

50mm) min 

Hardness 

Rockwell B 
(HR B) max 

Brinell (HB) 
max 

304 515 205 40 92 201 
 

Table 3: Experimental Conditions and Equipments 
 

Machine Tool TURNMASTER-40 
Work Specimens 

Material AISI 304 
Size Ø40 X 450mm 
Cutting tool  
Tip CNMG 12 04 08 
Coating  TiN-TiCN-Al2O3-TiN 

Tool holder 
PCLNR 1616 H12 (ISO Specification), 
WIDIA 

Tip geometry 

Inclination angle: -6° 
Orthogonal rake angle: -6° 
Auxiliary cutting edge angle: 15° 
Principal cutting edge angle: 75° 

Measuring Instruments 

Lathe tool dynamometer 
The unit accurately senses thrust force 
fv and feed force ff independently. 

Infrared temperature gun Temperature measure: 0 to 1050°c 

Tool makers microscope 
Model I 
70 x 50 measuring microscope 
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Table 3: Contd., 

Taylor Hobson portable 
surface profilometer 

Model no. : 1m8-935 

Weighing machine For weight measurement 
Digital vernier caliper For chip thickness measurement 

Place of study 
Amrutvahini College of Engineering, 
Sangamner, Maharashtra, India. 

 
Table 4: Process Parameters and Levels 

 

Parameters 
Levels 

1 2 3 
1 Cutting Speed (m/min) 112 180 280 
2 Feed (mm/rev) 0.2 0.315 0.4 
3 Depth of cut (mm) 1 1.5 2 
4 Nose radius (mm) 0.4 0.8 1.2 

 
Calculation of Material Removal Rate 

Material removal rate (MRR) has been calculated from the difference of weight of work piece before and after 

experiment by using the following formula.  

 

Where,  

Wi is the initial weight of work piece in grams; Wf is the final weight of work piece in grams; t is the machining 

time in minutes; ρs is the density of AISI 304 austenitic stainless steel (8 x 10-3 g/mm3). 

Calculation of Tool Life 

The tool life is calculated considering the effect of speed feed and depth of cut [46]. 

 

Where, 

Cv = modified Taylor’s constant depending upon tool work pair; n = Taylor’s exponent; s, x, y and r = exponents 

to take care of speed, feed, depth of cut and nose radius. 

Table 5: Experimental Result 

Speed 
(m/min) 

Feed 
(mm/rev) 

DOC 
(mm) 

NR 
(mm) 

Fc 
(N) 

Ft 
(N) 

Temp. 
(°C) 

Chip 
Thickness 

(mm) 

Chip 
Thickness 

Ratio 

Chip 
Contraction 

Ratio 

Shear 
Plane 
Angle 

(°) 

Flank 
Wear 
(mm) 

Surface 
Roughness 

(µm) 

MRR 
(mm3/min) 

Tool 
Life 

(min.) 

112 0.2 1 0.4 567.9 156.67 89.9 0.32 0.625 1.6 29 0.382 2.348 2577.618 27.71433 

112 0.315 1.5 0.8 1059.48 367.45 92.5 0.4 0.7875 1.269841 35 0.389 2.674 3745.743 29.37488 

112 0.4 2 1.2 1599.03 476.62 93.3 0.49 0.816327 1.225 36 0.393 2.876 3967.495 30.16903 
180 0.2 1.5 1.2 1032.98 376.85 95.2 0.31 0.645161 1.55 30 0.345 2.569 3573.698 11.37284 
180 0.315 2 0.4 892.76 314.98 98.1 0.37 0.851351 1.174603 37 0.369 2.552 4122.96 2.977287 
180 0.4 1 0.8 1137.96 417.09 96.4 0.45 0.888889 1.125 38 0.378 2.675 3735.294 6.309677 
280 0.2 2 0.8 765 286.46 97.7 0.3 0.666667 1.5 31 0.369 2.435 4362.955 1.623904 
280 0.315 1 1.2 717.8 278.72 96.2 0.37 0.851351 1.174603 37 0.371 2.532 3967.254 2.359261 
280 0.4 1.5 0.4 698.7 235.89 98.9 0.43 0.930233 1.075 39 0.378 2.457 4739.011 0.672211 

 
RESULTS AND DISCUSSIONS 
Taguchi Analysis (using MINITAB-16)  

o Flank wear 
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• Effect of Speed, Feed, Depth of Cut and Nose Radius on Flank Wear 

It is observed from the Table 6 and Table 7 that, the cutting speed is the most responsible factor and depth of cut 

is the least responsible factor for the flank wear. This is also seen in Figure 9 and Figure 10. 

Table 6: Response Table for Signal to Noise Ratios 
 

Level Speed Feed DOC NR 
1 8.224 8.754 8.474 8.489 
2 8.784 8.491 8.632 8.437 
3 8.574 8.337 8.477 8.656 

Delta 0.560 0.416 0.158 0.219 

Rank 1 2 4 3 
 

Table 7: Response Table for Means   
 

Level Speed Feed DOC NR 
1 0.3880 0.3653 0.3770 0.3763 
2 0.3640 0.3763 0.3707 0.3787 
3 0.3727 0.3830 0.3770 0.3697 

Delta 0.0240 0.0177 0.0063 0.0090 
Rank 1 2 4 3 

 

 

Figure 9: Main Effect Plot for SN Ratios of Flank Wear 

 

Figure 10: Main Effect Plot for Means of Flank Wear 

o Surface Roughness 

• Effect of Speed, Feed, Depth of Cut and Nose Radius on Surface Roughness 
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It is observed from the Table 8 and Table 9 that, the feed is the most responsible factor and depth of cut is the 

least responsible factor for the surface roughness. This is also seen in Figure 11 and Figure 12. 

Table 8: Response Table for Signal to Noise Ratios 
 

Level Speed Feed DOC NR 
1 -8.378 -7.780 -8.010 -7.787 
2 -8.293 -8.250 -8.182 -8.273 
3 -7.869 -8.510 -8.348 -8.480 

Delta -7.869 -8.510 -8.348 -8.480 
Rank 3 1 4 2 

 
Table 9: Response Table for Means 

 
Level Speed Feed DOC NR 

1 2.633 2.451 2.518 2.452 
2 2.599 2.586 2.567 2.595 
3 2.475 2.669 2.621 2.659 

Delta 0.158 0.219 0.103 0.207 
Rank 3 1 4 2 

 

 

Figure 11: Main Effect Plot for SN Ratios of Surface Roughness 

 

Figure 12: Main Effect Plot for Means of Surface Roughness 

o Material Removal Rate 

• Effect of Speed, Feed, Depth of Cut and Nose Radius on Material Removal Rate 
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It is observed from the Table 10 and Table 11 that, the cutting speed is the most responsible factor and nose radius 

is the least responsible factor for the material removal rate. This is also seen in the Figure 13 and Figure 14. 

Table 10: Response Table for Signal to Noise Ratios  
 

Level Speed Feed DOC NR 
1 70.56 70.69 70.55 71.35 
2 71.60 71.91 72.02 71.90 
3 72.76 72.31 72.36 71.67 

Delta 2.20 1.62 1.81 0.56 
Rank 1 3 2 4 

 

Table 11: Response Table for Means 

Level Speed Feed DOC NR 
1 3430 3505 3427 3813 
2 3811 3945 4019 3948 
3 4356 4147 4151 3836 

Delta 926 643 724 135 
Rank 1 3 2 4 

 

Figure 13: Main Effect Plot for SN Ratios of MRR 

 

Figure 14: Main Effect Plot for Means of Mrr 

o Tool life 

• Effect of Speed, Feed, Depth of Cut and Nose Radius on Tool Life 
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It is observed from the Table 12 and Table 13 that, the cutting speed is the most responsible factor and nose radius is 

the least responsible factor for the tool life. This is also seen in the Figure 15 and Figure 16. 

Table 12: Response Table for Signal to Noise Ratios 
 

Level Speed Feed DOC NR 
1 29.268 18.061 17.437 11.627 
2 15.531 15.430 15.676 16.524 
3 2.739 14.047 14.426 19.388 

Delta 26.529 4.014 3.010 7.761 
Rank 1 3 4 2 

 
Table 13: Response Table for Means 

 

Level Speed Feed DOC NR 

1 29.086 13.570 12.128 10.455 
2 6.887 11.570 13.807 12.436 
3 1.552 12.384 11.590 14.634 

Delta 27.534 2.000 2.217 4.179 
Rank 1 4 3 2 

 

Figure 15: Main Effect Plot for Sn Ratios of Tool Life 

 

Figure 16: Main Effect Plot for Means of Tool Life 

• ANOVA 

The present work used ANOVA to determine the optimum combination of process parameters more accurately by 

investigating the relative importance of process parameters.  

• Flank wear 
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It is observed from the Table 14 that, the cutting speed (54.99%) is the most significant parameter followed by 

feed (30.43%). However, the depth of cut has the least effect (5.58%).  

Table 14: ANOVA for Flank Wear 
 

Factors 
Sum of 
Square 

Contribution Percentage 

Speed 0.480926171 0.549978746 54.9978746 
Feed 0.26613212 0.304344032 30.4344032 
Doc 0.048798661 0.055805294 5.58052939 
NR 0.07858806 0.089871929 8.98719288 

Error 1.27343E-13 1.45627E-13 1.4563E-11 
Total 0.874445012 

 
100 

 
• Surface Roughness 

It is observed from the Table 15 that, the feed (37.38%) is the most significant parameter followed by nose radius 

(34.58%). However, the depth of cut has the least effect (7.79%).  

 
Table 15: ANOVA for Surface Roughness 

 

Factors 
Sum of 
Square 

Contribution Percentage 

Speed 0.445535752 0.202539919 20.25399185 
Feed 0.822273091 0.373804176 37.38041764 
Doc 0.171273218 0.077860561 7.786056121 
NR 0.76066086 0.345795344 34.57953438 

Error 1.42109E-14 6.46023E-15 6.46023E-13 
Total 2.199742922 

 
100 

 

• Material Removal Rate 

It is observed from the Table 16 that, the cutting speed (41.52%) is the most significant parameter followed by 

depth of cut (31.58%). However, the nose radius has the least effect (2.67%).  

Table 16: ANOVA for Material Removal Rate 
 

Factors 
Sum of 
Square 

Contribution Percentage 

Speed 7.295830106 0.415203 41.52034279 

Feed 4.258309827 0.242339 24.23390912 

Doc 5.548964055 0.31579 31.57898229 

NR 0.468596088 0.026668 2.666765801 

Error 4.0927E-12 2.3E-13 2.3292E-11 

Total 17.57170008 
 

100 
 
Tool Life 

It is observed from the Table 17 that, the cutting speed (88.95%) is the most significant parameter followed by 

nose radius (7.78%). However, the depth of cut has the least effect (1.15%).  
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Table 17: ANOVA for Tool Life 

 
Factors Sum of Square Contribution Percentage 

Speed 1056.154469 0.889588159 88.95881594 

Feed 24.94268848 0.021008973 2.100897264 

Doc 13.72368777 0.011559323 1.155932253 

NR 92.41889217 0.077843492 7.784349225 

Error 6.30822E-05 5.31335E-08 5.31335E-06 

Total 1187.2398 
 

100 
 

o Optimal Condition 

Flank Wear 

The main effects plot (Figure 10) and S/N ratio (Table. 6) are used to determine the optimal design conditions. 

According to this, the optimal conditions for minimum flank wear are: 

• Cutting speed is 180 m/min. 

• Feed rate is 0.2 mm/rev. 

• Depth of cut is 1.5 mm 

• Nose radius is 1.2 mm  

Surface Roughness 

The main effects plot (Figure 12) and S/N ratio (Table. 8) are used to determine the optimal design conditions. 

According to this, the optimal conditions for minimum surface roughness are: 

• Cutting speed is 180 m/min. 

• Feed rate is 0.2 mm/rev. 

• Depth of cut is 1.5 mm 

• Nose radius is 1.2 mm  

Material Removal Rate 

The main effects plot (Figure 14) and S/N ratio (Table. 10) are used to determine the optimal design conditions. 

According to this, the optimal conditions for maximum material removal rate are: 

• Cutting speed is 280 m/min. 

• Feed rate is 0.4 mm/rev. 

• Depth of cut is 2 mm 

• Nose radius is 0.8 mm  

Tool life 

The main effects plot (Figure 16) and S/N ratio (Table. 12) are used to determine the optimal design conditions. 

According to this, the optimal conditions for maximum tool life rate are: 

• Cutting speed is 112 m/min. 

• Feed rate is 0.2 mm/rev. 

• Depth of cut is 1 mm 
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• Nose radius is 0.4 mm  

CONCLUSIONS 

The experimental investigation was conducted to turn AISI 304 austenitic stainless steel using CVD coated 

cemented carbide insert at three levels of cutting parameters and nose radius. The effect of influential turning parameters of 

cutting speed, feed rate, depth of cut and nose radius on turning of AISI 304 stainless steel was studied under dry condition 

and the following conclusions are drawn: 

• Cutting speed is the most dominating factor and depth of cut is the least dominating factor for flank wear. It was 

seen from Figure 14 that the flank wear reduces at speed of 180 m/min and after it starts increasing. The main 

reason for flank wear is the lack of efficient heat removal due to the low conductivity of AISI 304 alloy, the shape 

and size of the chips formed. The mechanism for flank wear was abrasion at lower speed.  

• Feed rate is the most dominating factor followed by nose radius and depth of cut is the least dominating factor for 

surface roughness. Due to the mechanism of tool wear the surface roughness was increased. 

• Cutting speed is the most dominating factor followed by depth of cut and nose radius is the least dominating 

factor for material removal rate.  

• Cutting speed is the most dominating factor and Depth of cut is the least dominating factor for tool life. Flank 

wear is the important factor for considering the tool life. 
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