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ABSTRACT 

 

Hard turning has been in use for some time to achieve close dimensional tolerances to 

eliminate time consuming and costly grinding operations. The most widely used cutting tools 

for finish machining of hardened steels under dry cutting conditions are the ceramics and 

PcBN cutting tools. 

The purpose of this study was to investigate the machinability of hardened martensitic AISI 

440 B stainless steel (HRC 42-44) using commercially available cutting tools: alumina based 

ceramic and PcBN, by hard turning under different machining conditions, by providing an in-

depth understanding of wear mechanisms of these cutting tools. The study also developed a 

serrated chip formation mechanism of the workpiece and provided a deep understanding of 

the chemical interaction between workpiece and cBN cutting tools, through microstructural 

analysis of the adhered layer on the worn cutting tool. 

Experimental studies on the effects of cutting parameters on the tool wear mechanism, cutting 

forces; surface roughness, dimensional accuracy, and chip formation mechanism were 

investigated. 

The characterization of the workpiece, cutting tools, chips and wear scars on the cutting tools 

was performed using an X-ray diffractometer, and optical, scanning and transmission 

electron microscopes, as well as an energy dispersive spectroscope (EDS). 

The cutting speeds selected for testing the cutting tools were in the range of 100 m/min and 

600 m/min, depending on the type of parameter investigated. Two depths of cut, 0.1and 0.2 

mm, and three feed rates, 0.05, 0.1 and 0.15 rev/min, were selected for the experiments. 

 

Experimental results showed that the flank wear in the PcBN cutting tool is lower than that of 

the mixed alumina, with PcBN showing better wear resistance at all cutting conditions (about 

five times longer in some instances). Apart from the cutting speed, the feed rate was found as 

a parameter that directly influences the flank wear rate of the cutting tool. 

 

The wear mechanism for the ceramic cutting tool is predominantly abrasive wear, and for 

PcBN tools it was adhesive wear and abrasive wear. The abrasive wear was caused by hard 

carbide particles in the workpiece material resulting in grooves formed on the flank face. 
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There was formation of a transferred layer followed by plastic deformation of the workpiece 

material on the rake face of the PcBN tool when cutting at low cutting speed and feed rate. At 

much higher cutting speeds, some form of chemical wear preceded by adhesion and abrasion 

was the main tool wear resulting from the chemical affinity between the PcBN tool and the 

workpiece.  

 

Better surface finish (Ra) was recorded for mixed ceramics but with deteriorating surface 

topography. The increase in the cutting speed results for improvement in the surface finish 

produced by both cutting tools was investigated. The final part, using the PcBN cutting tool, 

produced better dimensional accuracy resulting from its better wear resistance at the flank 

face. The results also show that good dimensional accuracy can be achieved with cBN tools 

using a CNC machine with high static and dimensional stiffness coupled with high precision 

hard turning.  

 

The influence of cutting conditions on the chip formation showed production of continuous 

chip at a cutting speed of 100 m/min and segmented chip at higher cutting speeds above 200 

m/min by both cutting tools. The increasing cutting speed affects the formation of shear 

localised chips with rapid increase in shear strain rate and degree of segmentation at cutting 

speeds higher than 200 m/min. The microstructure of the chip produced shows the distinct 

carbide grain in the martensite of the work material with intense shear localisation in the 

primary deformation zone of the cutting tool and formation of white layer in the secondary 

deformation zone. 

The microstructure of the crater of the worn PcBN cutting tool at cutting speeds of 100 m/min 

and 600 m/min were studied in detail. A situ lift-out technique, in a Focused Ion Beam/SEM 

instrument, was used to produce thin foil specimens, which were taken out of the crater face 

of the PcBN tool and observed using SEM and TEM. The SEM and TEM study showed 

evidence of chemical interaction between the work material and the PcBN tool. Fe from the 

work material was found in the vicinity of TiC and AlB grains of the PcBN tool, with TiC 

having greater affinity for Fe. Oxidation of the elements was common in all Fe-rich areas. 

The microstructure of the worn PcBN cutting tool at the cutting speed of 600 m/min showed 

deeper penetration of Cr and Fe into the cBN tool, which was not easily detected by SEM  at 

the cutting speed of 100 m/min. 
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The hard turning operations using the PcBN cutting tool for substituting traditional 

machining operations was successfully performed in the industrial environment. The overall 

surface finish and dimensional accuracy generated during the application of CBN-100 for 

machining within the industrial environment on specified mass produced shape showed a 

component acceptable tolerance range with good surface finish similar to that of the grinding 

operation.
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1 INTRODUCTION 

1.1 GENERAL BACKGROUND AND JUSTIFICATION OF THE RESEARCH 

 

In the last few decades, hard turning has fast become an attractive alternative route for finish 

production of parts made from hardened steels, as opposed to grinding. Hard turning has been 

in use for some time to achieve close dimensional tolerances to eliminate time consuming and 

costly grinding operations. Hard part turning allows machinists to simplify their processes and 

still achieve the desired surface finish quality. This form of machining is a finishing or semi- 

finishing operation that depends on geometrical accuracies, surface topography and integrity 

of the subsurface layer of the final part produced (Ko and Kim, 2001). 

 

The acceptability of hard turning over the grinding process must satisfy the workpiece high 

quality requirements such as form and size accuracy, surface finish and surface integrity. 

These requirements are mainly determined by the following conditions: machining 

parameters, tool materials, cutting edge geometry, properties of the machine tools, and the 

geometric shape of the workpiece (Tonshoff, et al., 1995; Ko and Kim, 2001).      

 

The advantages of hard turning as a potential replacement over grinding for hardened steels 

includes: lower machining costs, increased flexibility of the machining technology, few 

process steps, shorter set up times and the optional use of coolant, the latter offering a more 

environmentally friendly operation (Konig, et al., 1990a; Tonshoff, et al., 2000; Housheng, et 

al., 2007; Sieben, et al., 2010).  

 

The cost consideration associated with hard turning compared to grinding is for finish 

production of parts as illustrated in Figure 1–1. From the figure, it follows thatthe overall cost 

ofthe finish-turning of a gear blank (hardness of about 62 HRC) using a PcBN cutting tool 

was less than that of grinding. 
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Figure 1-1Cost comparison between hard turning and grinding (Adapted from Eredel BP, 1998) 

 

Current techniques used to manufacture parts from hardened materials aresimplified by hard 

turning and involve three sequential steps:heat treatment to the required hardness, rough 

machining of the hardened steel, and finish machining to the required dimensional accuracy 

(Noordin et al., 2007). Figure 1–2 shows the sequential steps in hard turning as compared 

with conventional turning steps. Parts hard turned are usually machined in a highly tempered 

or hardened state with geometrically defined cutting tools (Ko and Kim, 2001). 

 

 

Figure 1-2 Sequential steps for conventional and hard turning (Adapted from Dograet al.,2010) 
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Hard turning is commonly used for producing parts such as gears, bearings and shaft-type 

automotive drive-train components. The types of materials that can be cut by the hard turning 

method are growing in number and applications as a result of advances in recent research. The 

most common hard turned material is stainless steel,owing to its wide application in the 

automotive and tool and die industries (Grzesik, 2008). The main demand in product quality 

in the mould and die industry is often geometrical precision anddimensional accuracy (Yih-

Fong, 2006). In addition, these high performance parts require high wear resistance and 

compressive strength. 

 

 

 

Figure 1-3Achievable surface roughness and ISO tolerance in hard turning (Adapted from Bryne et al., 

2003) 

 

Figure 1–3 shows the trends of hard turning fromprecision hard turning to high precision hard 

turning. It has been demonstrated that during high precision machining using a cBN cutting 

tool under specific machining conditions, values of 1 µm Rz (equivalently 0.1 µm Ra) and 

correspondingly IT3 dimensional tolerance are possible (Grzesik, 2009).  

 

Machining of hardened parts does not involve turning alone but also other machining 

processes,such as milling, drilling, broaching, threading, and reaming. These operations are 

also performed using PCD, PcBN, Ceramics and Cermetcutting tools. 
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As shown in Figure 1–4, awide range of machining operationscan be performed on lathes, on 

hardened transmission parts,including longitudinalcontinuous and interrupted turning, facing 

and boring, as well as grooving and threading. 

 

 

Figure 1-4Machining applications on the lathe including boring, threading and hard turning (Courtesy, 

Grzesik, 2008) 

 

Generally, for many hard parts, relatively high accuracy can be  achieved during hard turning, 

but sometimes important problems arise with surface integrity, especially with changes of 

subsurface microstructure (white layer), and undesirable patterns of residual stresses which 

reduce the fatigue life of the machined surfaces (Grzesik, 2008). 

 

The various workpiece materials involved in hard machining include hardened cast irons, 

alloy steels,hard-chrome-coated steels, bearing steels, case-hardened steels, tool steels, 

superalloys,nitrided irons and heat-treated powder metallurgical steels (Abrao et al., 1995; 

Chou and Evans, 1997; Luo et al., 1999; Richt, 2009; Sales et al., 2009). 

 

Of all the stainless steel alloys, martensitic stainless steelis an appropriate type of stainless 

steel for hard turning since it can be easily hardened by quenching and tempering, and 

therefore it can achieve high strength and hardness levels (Sourmail and Bhadeshia, 2005). 

Martensitic stainless steels are generally known to be chromium steels with higher carbon 

content when compared to austenitic and ferritic stainless steels (Bramfitt, 2002). The family 
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relationship of martensitic stainless steel is shown in Figure 1–5. The relationship includes the 

modification ofeach grade and its added advantage. Among the martensitic stainless steels, 

AISI 440 B possessesgood mechanical properties owing to its high chromium content and 

high carbon content (lower than AISI 440C). Martensitic stainless steels are widely used in 

engineering applications such as steam and water valves, pumps, turbines, compressor 

components, shafting, cutlery, surgical tools, bearings, aerospace applications and plastic 

moulds(Hassan and Tamizhmanii, 2010; Sobiyi et al. 2015). The typical microstructure of 

martensitic stainless steel is shown in Figure 1–6 (Barlow and Du Toit, 2011). 

 

 

Figure 2 Family relationship of standard martensitic stainless steel (Adapted from Bramfitt, 2002) 
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Figure 1-5Family relationship of standard martensitic stainless steel (Adapted from Bramfitt, 2002) 
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Figure 1-6Microstructure of AISI 420 martensitic stainless steel consisting of 100% martensite (Courtesy, 

Barlow and Du Toit, 2011) 

 

 

Hard turning of steels was made possible through the development and implementation of 

tougher tools with high abrasion resistance and high heat conductivity. The development of 

PcBN and ceramics as super hard cutting tool materials made it possible to machine these 

steels close to thedimensional tolerance achievable by the grinding process.In finishing and 

continuous cutting, alumina-based ceramics reinforced with titanium carbide (Al2O3/TiC) are 

suitable because of theirresistance to thermal and mechanical shocks. Polycrystalline cubic 

boron nitride (PcBN) cutting tools are suitable for both continuous and interrupted cutting, 

depending on the cBN grade of the insert during finishing and roughing operations, because 

of their superior fracture toughness, high hot hardness and  low solubility in iron (Konig et al., 

1990b; Rech and Moisan, 2003).  

 

Alumina-based ceramic composites are widely used for machining alloy steels of hardness 

ranging from 34 HRC to 66 HRC, but they have drawbacks such as lower fracture strength, 

toughness and thermal shock resistance, therefore leading to chipping of the cutting edge of 

the cutting tool and or tool fracture. All these factors make them unsuitable for interrupted 

cutting (Kumar et al., 2006; Zhou et al., 2010). 
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In addition to the chemical stability of PcBN at temperatures below 1200 ⁰C, cutting tool 

inserts made from this material are recommended for continuous and interrupted cutting of 

cast irons and steels with hardness values ranging from 50 to 65 HRC, during  roughing  and 

finishing operations (Huang and Liang, 2003; Lima et al., 2005). 

 

In hard turning, the cutting tool is subjected to cutting forces that are concentrated over a 

relatively small contact area on the rake face and the flank. The chip also slides over the rake 

surface and the machined surface rubs upon the flank surface of the cutting tool. High 

temperatures are developed over the contact surfaces. The cutting tool is also subjected to 

mechanical and thermal shock when it enters and exits from the cut. So, the cutting tools wear 

out, and under these adverse conditions even fracture occurs and precious machining time is 

lost in changing the tool, thus affecting the final part produced. 

 

The final machining part is dependent on the insert types, machine tool condition, 

performance andmachining methods, as well as edge preparation, where the edge 

reinforcement with -20 degrees chamfer is normally recommended for machining hardened 

steels (Grzesik, 2008).By proper selection of tool material, tool geometry, and cutting 

conditions, plastic deformation and mechanical failure can be prevented. However, tool 

failure through gradual wear cannot be avoided completely. This makes the study of tool wear 

so important. 

 

Despite the significant advantages of hard turning, this type of machining process cannot 

replace all grinding operations, and its implementation as ultra-precision machining is not 

widely spread because of its limited turning accuracy (Pavel et al., 2005). Despite these 

evident advantages, industrial implementation of hard machining has not increased in 

comparison with its potential applications. The clearly unsatisfactoryindustry level of 

acceptance of hard machining technology can be attributed partly to insufficient knowledge of 

tool wear, the component behaviour of hard machined surfaces, and the uncertainty about the 

attainable accuracies-to-size (Risbood et al., 2002; Pavel et al., 2005).The characteristics of 

turning as opposed to grinding for geometrical accuracies are the higher cutting force, single 

point form generation and excessive tool vibration. 

 

The dimensional tolerances that can be achieved in hard turning are around ±0.050 mm, and 

some machinists (by using diamond tip cutters) may achieve±0.040 mm.  On the other hand,it 
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is often required to achieve dimensional tolerances below ±0.010 mm. Thus hard-turned 

components may still need to be finished on a grinder to achieve the required tolerances.Any 

improvement in the hard turning process to establish tolerances near the ±0.010mm range will 

result in significant cost savings and give a competitive advantage to machining companies.  

 

 

1.2 OBJECTIVES 

 

The aims of the research were to: 

a. Investigate the feasibility of using PcBN and Al2O3basedcutting tools for hard turning 

of martensitic AISI 440B stainless steel  

b. Investigate the effects ofmachining parameters such as, feed rates, depth of cut and 

cutting speed on the cutting forces, surface integrity. 

c. Provide an in-depth understanding of wear mechanisms and failures of PcBN and 

Al2O3based cutting tools when machining AISI 440B. 

d. Propose a method for determining the out of roundness and dimensional accuracy 

during hard turning with the goal of producing a final part at extreme tolerance of + 

0.010 mm. 

e. Develop serrated chip formation mechanism for the workpieceand provide in-depth 

understanding of the mechanism of the chip formation through microstructural 

analysis of the shear localized band during serrated chip formation. 

f. Provide a deep understanding of the chemical interaction between workpiece and cBN 

cutting tools, through microstructural analysis of the adhered layer on the worn cutting 

tool using both Fused iron beam scanning electron microscopy (FIB/SEM) and 

transmission electron microscopy (TEM) techniques. 

g. Explore the application of hard turning of AISI 440Busing PcBN cutting tool in the 

industrial environment. 
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2 LITERATURE REVIEW 

2.1 MACHINING 

 

Machining is a manufacturing process based on removing unwanted and excess material from 

a workpiece in the form of relatively thin layerscalled chips. The material removal processes 

are generally of three machining classes: conventional, abrasive and non-traditional 

machining, as described in Figure 2–1 (Groover, 2010). A machining process is normally 

referred to as metal cutting, if the work material is a metal (DeGarmo et al., 2003; Trent and 

Wright, 2000; Stephenson and Agapiou, 2006). Most metals, hard or soft, ductile or brittle, 

cast or wrought, with high or low melting point, can be machined to different sizes or shapes. 

 

 

 

Figure 2-1 Material removal process (Adapted from Groover, 2010) 

 

Compared to most other relative shaping processes, metal cutting operation provides high 

accuracy, which therefore it makes it a suitable operation for producing parts that require high 

dimensional accuracy. The most common metal cutting operations include: turning, boring, 

drilling, milling, broaching and shaping(Groover, 2010; Stephenson and Agapiou, 2006).  

 

Turning is the most common operation in metal cutting. The turning operation is carried out 

using a lathe, where the work material is held on the chuck of the lathe while it rotates, and 

the tool is held rigidly on the tool post. The cutting tool moves constantly across the work 
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material either vertically or horizontally in the X, Y and Z axes. In turning, the major 

parameters involved include three factors: the cutting speed, V, (the rate at which the uncut 

surface of the work material passes the cutting edge of the cutting tool); the feed rate, f, (the 

distance moved by the cutting tool in axial direction at each revolution of the work material); 

and the depth of cut, d, (the thickness of the material removed measured in the radial 

direction) (Trent and Wright, 2000). The turning operation configuration of the major 

parameters is shown in Figure 2–2. Where Dois the diameter before cut, Dfis the final 

diameter, dis the depth of cut, fis the feed,Lis the workpiece length and Vis the workpiece 

rpm. 

 

 
 

Figure 2-2 Diagrammatical illustration of turning operation 

 

The relationship between tool life, machining productivity and surface finish is affected by 

tool geometries, material removal rates and material characteristics (Astakhov and Davim, 

2008). 

 

The localised shear deformation on the work material, just after the cutting edge of the cutting 

tool passes, describes the fundamental mechanism involved in metal cutting. The cutting tool 

is wedge-shaped, and it is forced symmetrically into the material being cut and then moved 

parallel to the edge, slicing the material into two pieces by removing a thin layer from the 

thick work material body (Trent and Wright, 2000). A chip is formed during the relative 

motion between the cutting tool and the workpiece, which induces a primary shear 

deformation. As the chip is cut, the chip flows over the cutting edge of the cutting tool. A 

secondary shear deformation is experienced through shearing process (Stephenson and 

Agapiou, 2006).  



 CHAPTER 2                       LITERATURE REVIEW 

 

11 | P a g e  
 

The primary mode of plastic deformation is dislocation slip.There is a mutual dependence in 

the plastic deformations in the primary and secondary shear zones. The primary shear zone 

influences the deformation in the secondary shear zone.In the primary shear zone, the shear 

plane angle is directly influenced by the deformation and friction at the tool–chip interface, 

thus influencing the heat generation and strain in the primary shear zone (Trent and Wright, 

2000; Stephenson and Agapiou, 2006). 

 

A relatively low amount of energy is required to form a new surface, and this is insignificant 

compared to the energy required to plastically deform the whole of the material removed 

(Trent and Wright, 2000).  

 

2.2 REVIEW OF HARD TURNING 

 

Studies on several factors in hard turning of hardened steelare available in the research 

literature: on wear characterisation of PcBN, on surface integrity and chip formation, on 

optimisation design parameters, on tool edge geometry effects on surface finish, and on the 

effects of coatings on the surface finish(Shihab et al., 2014). Much work is yet to be done on 

improvements in the dimensional accuracy of parts produced by hard turningandon the full in-

depth understanding of the wear characteristics of cutting tools when machining AISI 440 B. 

Work on machining of the following alloys has been reported: AISI 52100, AISI 4340, AISI 

1050, AISI 9310, AISI 4320, AISI 440 C, M2 and M50 (Pavel et al., 2005; Caydas, 2009; 

Hasan and Thamizhmanii, 2010).There are studies on martensitic stainless steel (AISI 440C 

and AISI 410), with reports on the toolwearmechanism,failure modes and surface roughness 

during hard turning usingPcBN and ceramic cuttings tools (Kumar et al., 2006; Thamizhmanii 

and Hasan, 2008; Hasan and Thamizhmanii, 2010). 

 

This chapter reviews the literature pertaining to the tool wear mechanisms, surface integrity, 

tool failure modes and dimensional accuracy. 

 

2.3 TOOL MATERIALS FOR HARD TURNING 

 

Cutting tools that are generally used for machining are designed to meet a significant set of 

requirements. Some of the essential properties include: high compressive strength, adequate 

impact resistance, low interface friction, thermal shock resistance, chemical inertness at 
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working temperatures, good abrasion resistance, high deformation resistance, high thermal 

conductivity, high stiffness to maintain accuracy, dimensional quality in terms of size, and 

high hardness and toughness at elevated temperatures of the cutting tool (Byrne, 2003).  The  

toughness of the cutting tool  is  indicated  by the  critical stress intensity factor,  which  

describes the stress  concentration required at the  end of a  crack  to  extend  that crack 

(Friemuth, 2002). 

 

When steel is machined, the temperatures at the chip–tool interface can be about 1000°C, and 

considerably higher when exotic materials are machined, particularly if heat is applied to help 

soften the work material (Rech, 2006). In manufacturing, higher productivity is sought; this 

involves high machining speed, which generates high temperatures at the cutting tool tip; this 

creates increasing demands on the high-temperature properties of the tool materials.  

 

During dry machining, high-speed machining or high-performance machining, cutting tools 

are also subjected to high stresses. An ideal cutting material normally combines properties 

such as high hardness with good toughness and chemical stability, the hardness and toughness 

represent opposing properties. Figure 2–3 shows the properties of widely available cutting 

tools in relation to hardness and toughness.  However, there is no perfect cutting material that 

has been developed to meet all three requirements simultaneously. In order to merge some of 

the characteristics mentioned, wear resistant coatings are combined with a tough substrate 

material (Mohlfeld, 2000; Byrne et al., 2003).  

 

 

Figure 2-3Tool materials as a function of hardness and toughness (Astakhov and Davim, 2008) 
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There are several machining operations involved in hard turning. These are: milling, turning, 

broaching, drilling, threading and reaming.Several cutting tool materials have also been used 

for performing these operations (Grzesik, 2008). Some common cutting tools that have been 

used for hard machining operations are: carbides, PCD, cermets, ceramics and PcBN. 

Carbides, ceramics and PcBN are more commonly used based on their advantages as 

compared to diamond and cermets. Diamond is no longer used in machining hardened steel 

owing to its high affinity to ferrous materials, especially at high cutting speeds, thus causing 

severe chemical wear in the cutting tool (Neo et al., 2003). Cermets have their drawback 

based on the relatively poor abrasive wear resistance when compared to PcBN and ceramics, 

and they are only applicable in instances when turning through a hard case into a soft core 

(Gosiger, 2012). Abrasion wear resistance has been described as an important property of a 

cutting tool for machining of hardened materials. The comparison of the abrasive wear 

resistance of cutting tools used during hard turning is shown in Figure 2–4. 

 

The relative comparison between different cutting tools and their propertiesis illustrated by 

Stephensonand Agapiou(2006). 

 

2.3.1 Cermets 

 

Cermets are ceramic–metal combination materials containing both a ceramic (non-metallic) 

phase and a free metallic phase. The ceramic phase consists of ceramic hard materials with 

titanium nitride as a major constituent, and carbonitrides of titanium, tungsten carbide, 

vanadium, molybdenum, tantalum, aluminium and niobium in their solid solutions. The 

metallic phase consists of nickel alloyed with a constituent of the ceramic phase and cobalt 

(Ber and Porat, 1990;Gruss and Friederich, 1994;Seah et al., 1995).  

 

Abrasion resistance 
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Figure 2-4 Comparison of abrasive wear resistance of tool materials (Adapted from Stephenson and 

Agapiou, 2006) 
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Cermets were developed to have intermediate properties of both metals and ceramics, by 

having the toughness of metals and the hardness of ceramics. The toughness of cermet inserts 

was improved by the addition of tungsten carbide and tantalum carbide (Gruss and Friederich, 

1994). The metal binder in cermets is a ductile, tough phase. The ceramic part of the cermet 

composite serves as a resistance to abrasive wear while nickel and cobalt contribute to plastic 

deformation resistance (Gruss and Friederich, 1994; D‘ Errico et al., 1997). 

 

Cermet owes its high hothardness to the primary component of its hard particles-TiC. In 1973, 

Japanese manufacturers added TiN to the hard particle portion, and that provided a finer 

microstructure and improved high temperature strength and oxidation resistance. New cermets 

with improved binders provides better impact-resistant,making it more suitable for milling 

and interrupted turning.  

 

Compared to the conventional WC based hardmetals, Ti(C,N)-based cermets can provide 

smooth surface finish, excellent chip control and close tolerance, andoffer geometric accuracy 

in workpieces, variable speed range capability and low price (Gruss and Friederich, 

1994;Ettmayer et al., 1995;Jung and Kang, 2004; Zhang et al., 2009;Buchholz et al, 2012 

Peng et al., 2013). Because of these advantages, cermet cutting tools are replacing WC–Co 

hardmetals in applications such as high speed cutting and semi-finishing operations of both 

carbon and stainless steels (Ettmayer et al., 1995; Zhang et al., 2009).Generally,cermetsare 

less expensive compared to coated carbides,but they still lack the toughness of WC-Co based 

materials, making them unsuitable for roughing operations.  

 

Fundamentally, during finishing operations, oxidation resistance of cermetsreduces notching 

at the cutting edge of the tool, and this reduces damage to the machined part surface being 

produced (Ettmayer et al., 1995). 

 

Cermets are generally classified into two major categories, titanium nitride (TiN) and TiC-

based materials. Typical schematic representation of TiCN-based cermets cutting tool 

microstructure is shown in Figure 2–5. 
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Figure 2-5 Schematic representation of the microstructure of a TiCN-based cermets (Courtesy, Ahn and 

Kang, 2000) 

 

However, TiCN possesses the properties of both TiC and TiN, such as high hardness,excellent 

wear resistance, good corrosion resistance, good chemical stability, and high thermal 

andelectric conductivity (Liu et al., 2004). 

 

Compared with TiC-basedcermets, TiCN-based cermets have much higher transverse rupture 

strength, much higher thermal conductivity, higher high-temperaturehardness, and better 

resistance to oxidation. TiCN-based cermets have a better resistance to high-temperaturecreep 

deformation when compared to TiC-based cermets, owing to the muchfiner grains of the hard-

phase in these materials. The higher enthalpy in the formation of TiCN, as compared to that of 

TiC, makes it more difficult for the formation of scaling, oxidation layers, crescent depression 

and built-up edges during machining applications (Peng et al., 2013). 

 

TiCN-based cutting tools have become the better choice for cutting some materials with high 

hardness and highstrength that cannot be machined by TiC-based cuttingtools. The same tools 

are better at producing excellent surface finish and better dimensional deviation with the 

machined part. In industrial applications, the TiCN-based cutting tool is gradually replacing 

TiC-based cermets (Pastor, 1987; Peng et al., 2013) 
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Cermets have also been found to be suitable for continuous cutting of case-hardened 

materials.  

 

 

2.3.2 Carbides 

 

Cemented carbides tools have been the most used and popular cutting tool in the machine 

shop worldwide, accounting for up to 75% of indexable inserts (Hallberg, 2010; Noordin et 

al., 2012). Cemented carbide tools have undergone significant developments over the years by 

coating them to improve their hardness and toughness. Solid carbide tools with TiAlN and 

TiCN layer coatings are generally used as drills, mill cutters, and taps for machining hardened 

materials up to 65HRC.  

 

Tungsten carbides properties depend on the grain size, binder(cobalt) alloy content, and the 

addition of tantalum carbide, titanium and other alloying elements. Carbide tool materials 

with small grain size have better hardness and abrasive resistance, but they have lower 

resistance to thermal shock compared to larger grain sized carbides.To further prevent galling 

or hot welding, tantalum/niobium and titanium carbides are added to the binder system of the 

cutting tool.Coatings are normally applied on cutting tool materials to either improve the 

surface strength and/or reduce the friction at the chip–tool interface (Sales et al., 2009). 

 

Sales et al.(2009) investigated the performance of coated cemented carbide 

(TiN/Al2O3/Ti(C,N) coating,mixed ceramic (Al2O3+TiC) and PcBN-H (90% cBN) for 

machining W320 hardened steel. The authors found that the above cemented carbide cutting 

tool produced best tool wear resistance at low cutting speeds (60 and 90m/min) as a result of 

its good toughness and relatively good hardness, but, when used at higher cutting speeds (150 

and 200 m/min), the cemented carbide tool had a shorter tool life owing to the accelerated 

wear caused by decrease of hardness at the high temperature generated at the tool–chip 

interface. 

 

The wear mechanisms of the worn cemented carbide cutting tool as observed by the authors 

showed that chipping, abrasion and adhesion wear were most dominant. Crater and flank wear 

were dominant tool wear modes. Abrasion wear on the flank face is a result of hard carbides 

contents in the workpiece material, such as; SiC, Mo2C,Cr7C3, VC and Fe3C. The hard 
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particles were removed from the surface of the workpiece by chipping; theseparticles can be 

sandwiched between workpiece, the toolflank face and the chip-tool rake face, thus creating 

amedium three-body abrasion system. 

 

However, the removal of the coatings on the cutting tool occurred at high cutting speed; the 

mechanism of removal was micro-chipping and plastic deformation.Figure 2–6 shows the 

crater and flank face of worn cemented carbide. 

 

 

Figure 2-6Abrasion and chipping wear on worn cemented carbide cutting tool (Courtesy, Sales et al., 2009) 

 

Jiang et al. (2006)analysed machining of hardened AISI 4340 steel using WC-Co cutting tools 

coated with cBN–TiN.The wear mode observed was the crater and flank wear with the flank 

wear predominant; the abrasive wear pattern resulted from the rubbing of the tool cutting edge 

and flank against the workpiece material (martensite). The tool–workpiece interface did not 

experience significant heating during the machining process resulting from the low thermal 

conductivity of the cBN composites in the cBN–TiN coating, thus, the integrity of the TiN 

binding phases is retained. 

 

When compared to the commercially available PcBN cutting tool, cBN–TiN coated carbide 

insertsshowed less flank wear resistance but superior crater wear resistance, owing to good 

lubricity provided by the TiN capping layer.However, the surface roughness produced using 

the cBN–TiN was poor compared to the PcBN cutting tool. 
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Noordin et al. (2012) investigated the machining of martensitic stainless steel, AISI 420, 

using a carbide tool with TiAlN coating. The authors adopted empirical models to measure 

the tool‘s performance by quantifying the effect of the cutting parameters to the tool‘s life and 

the surface roughness of the machined workpiece. Under selected cutting parameters, the tool 

life was observed to beproportional to bothcutting speed and feed. In their investigation, the 

cutting speed was observed havingstronger influence on the tool life compared to other 

cutting parameters. However, thecutting force reduces with increasing cutting speed 

andincreases with increasing feedrate, while the surface roughnesswas directly proportional to 

feedrate and inversely proportional to cuttingspeed.  

 

2.3.3 Ceramics 

 

Ceramics used for hard turning are of different grades: aluminiumoxide-basedand 

siliconnitride-based grades, and mixed and reinforced grades. The characteristics that make 

ceramics suitable for machining of hard materials is the high wear resistance, good thermal 

stability and high hot hardness.Ceramics are replacing carbide tools in many machining 

applications because of their hardness and chemical stability. Ceramics have superior 

mechanical properties compared to carbides, most especially at a higher cutting temperature. 

Ceramics have the ability of retaining theirhardness and stiffness at temperatures up to 

1500˚C, and they are also chemically inert to many materials at such high temperaturesowing 

to theirstrong covalent and ionic chemical bonds (Smallman and Ngan, 2007; Walker et al., 

2011). However, ceramics have their own setbacks: low fracture toughness, tendency of 

failure by chipping, and poor resistance to mechanical and thermal shock (Stephenson and 

Agapiou, 2006). The physical and chemical properties of ceramics cutting toolsare shown in 

Table 2–1. 
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Table 2-1 Physical and mechanical properties of ceramics cutting tools (Whitney, 1994) 

Properties 

Oxide ceramic Al2O3 Whisker-
reinforced 

ceramic Al2O3 

 

+15 % ZrO2 

+20 % SiC 
Whisker 

Oxide ceramic Al2O3 Silicon nitride  
ceramic Si3N4 

 
 

+10% Y2O3 
+3.5 % 
ZrO2 

+15 % 
ZrO2 

+10 % ZrO2 
+5% TiC 
 

+30 % 
Ti 
(C,N) 
 

Density ρ g/cm
3
 4.0 4.2 3.7 4.1 4.3 3.3 

Vickers 
hardness 

- - 1730 1750 1900 1730 1930 3.3 

Bending 
strength 

σbB N/mm
2
 700 800 900 650 620 800 

Thermal 
expansion 

α 10
-6
K

-1
 8 8 - 8 8 3.4 

Thermal 
conductivity 

λ W/m.K 16.4 15 32 14.7 20  

Fracture 
toughness 

KIC N.m
1/2

/mm
2
 4.5 5.1 8.0 4.2 4.5 7.0 

Young 
modulus 

E 10
3
.N/mm

2
 380 410 390 390 400  

Compressive 
strength 

σdB N/mm
2
 5000 4700 - 4800 4800 - 

 

 

Ceramics cutting tools are usually made of Al2O3 and Si3N4 based materials. The commonly 

available ceramic grades are shown in Figure 2–7. The grades exist in two major categories, 

oxidic (cutting tool materials based on Al2O3) and non-oxidic ceramics (silicon nitride-based 

cutting tool material). 

 

Figure 2-7 Classification of ceramics cutting tool (Adapted from Klocke, 2011) 

 

CERAMICS

OXIDIC 
CERAMICS

OXIDE 
CERAMICS

Al2O3

Al2O3 +ZrO2

MIXED 
CERAMICS

Al2O3 +TiC

Al2O3 +ZrO2 +TiC

WHISKER 
REINFORCED 

CERAMICS

Al2O3 +SiC- whisker

NON-OXIDIC 
CERAMICS

SILICON 
NITRIDE 

CERAMICS

β-Si3N4

β-Si3N4+hard materials

α- Sialon
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Mixed type grade of ceramics with TiC content and micro grain structure is widely used 

forcontinuous or slightly interrupted hard machining of cast irons and steels. Ceramics are not 

often used for machining requiring an extreme high tolerance (not tighter than 0.025mm) as in 

the case of PcBN (Grzesik, 2008). 

 

2.3.3.1 Oxide Ceramics 

 

Oxide ceramics are normally made of a combination of aluminium oxide and finely 

distributed zirconium dioxide (about 3–15 %) added to enhance the toughness of the cutting 

insert. The phase transformation of zirconium dioxide (ZrO2) is responsible for the toughness 

enhancing effect of the dispersed zirconium dioxide particles in the aluminium oxide matrix.  

 

ZrO2 exists inthe form of a tetragonal lattice modification during sintering at a temperature 

range of 1400–1600°C, which transforms during cooling into monoclinic (low-

temperature)modification, followed by a volume expansion. The transformation temperatures 

are dependent on ZrO2 particle size. Lower transformation temperature is achieved with 

smaller particle size. During the transformation process, various specific mechanisms of 

actions are involved which ultimately absorb fracture energy.The speed of crack development 

is reduced by the stress-induced transformation of small ZrO2 particles; this gives rise to 

micro-cracking and crack branching, and as crack diversion. At a higher level of energy, 

critical cracks develop, thus leading to improved ductility and increased fracture resistance 

(Claussen et al., 1984). 

 

The application of oxide ceramics is mainly for roughing and finishing during turning 

operations and for grooving of grey cast iron and nodular cast iron with the absence of 

coolant. Oxide ceramics are normally not recommended for milling operations. The 

comprehensive selection for ceramics application by Sandvik is shown in Table 2–2 

(SandvikCoromant). 
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Table 2-2 Application of different types of ceramics (Sandvik Coromant) 

GRADE 
WORKPIECE 
MATERIALS 

CUTTING PARAMETERS CUTTING CONDITIONS 

Oxide ceramics 
Steels (below 35 HRC), 
cast iron hardened steels 

High speeds, light to 
medium feeds 

Finish turning, requires 
rigid setup, no coolant 

Mixed ceramic 
Hardened cast irons,  
high temperature alloys 

High speeds, low feeds 
Finish turning, light 
interrupted cut, milling, no 
coolant 

Whiskered reinforced 
Al2O3 

High temperature alloys, 
hardened steels, cast iron 

Medium to high speeds, 
light  to medium feeds 

Rough turning/milling, 
interrupted cutting 

Silicon nitride Cast iron 
Medium to high speeds, 
low to medium feeds 

Rough and semi-rough 
turning and milling, with 
or without coolant 

 

 

 

2.3.3.2 Mixed Ceramics 

 

Al2O3-based ceramics are considered to be suitable tool materials for machining hardened 

steels because of their high hardness, wear resistance, heat resistance and chemical stability 

(Kumar et al., 2003; Liu and Ai, 2005). However, the intrinsic drawbacks of Al2O3-based 

cutting tools, such as lower strength, lower fracture toughness and lower thermal shock 

resistance, usually make them more susceptible to excessive chipping or fracture when 

machining hardened materials. This is especially true at interrupted cutting; this regime leads 

to short tool life. Conventionally, Al2O3-based ceramic tool materials were strengthened and 

toughened by the addition of micro-sized particles like ZrO2, TiC, TiN, (W, Ti)C, Ti(C, N), 

TiB2, SiC, orSiC whiskers, to improve the mechanical properties. Thus the abrasive and 

erosive wear resistance increases with the improved hardness and toughness (Kumar et al., 

2006; Asian et al., 2007; Davim and Figueira, 2007; Grzesik and Zalisz, 2008). 

 

Mixed ceramics are produced by the combination of aluminium oxidewith other hard 

substances (in proportions between 30% and 40%) such as titanium carbide and/or titanium 

nitride or compounds. Higher hardness than that of oxide ceramics is obtained by embedding 

the hard particles into the aluminium oxide matrix. Mixed ceramics possess better thermal 

properties than oxide ceramics, but the tendency of TiC to oxidise limits the thermal loading 

capacity of the resulting composites. Newly developed mixed alumina grades consist of very 

fine grains extremely homogenously dispersed in the oxide matrix. This results in 

significantly higher hardness, heat resistance and fracture toughness compared to previously 
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manufactured mixed ceramics grades. Mixed ceramics were previously mainly used for 

finishing operation of hardened steel and chilled cast iron, at high cutting speeds (Schneider 

and Richter, 1999). 

 

The toughening or strengthening mechanisms of these ceramic composites are phase 

transformation toughening, whisker toughening and particle dispersion strengthening or 

toughening, as well as synergistic toughening by multiple agents or mechanisms, with the 

main toughening indicators being crack bridging, crack deflection, whisker pull-out, etc. 

However, these extrinsic effectsare limited in magnitude, especially in strengthening 

introduced by micro-sized secondary phase particles and whiskers. 

 

The research activity in ceramic nano-composites was pioneered by Niihara and Nakahira 

(1990), who first revealed that a dispersion of 5 vol.% of SiC nanoparticles into Al2O3 

increased the room-temperature strength from 350 MPa to1.0 GPa. An important indicator of 

the strength increase is the transition in fracture behaviour from intergranular to transgranular 

crack propagation, and the strengthening mechanism is believed to be chiefly owing to 

generation of thermal mismatch dislocations around the second phase particles (Pezzotti and 

Muller, 2002; Awaji et al., 2002). The author and co-researchers (Song et al., 2002) 

developed an Al2O3/TiCnano-composite ceramic tool material by adding TiCnano-particles 

into the Al2O3matrix, with remarkable increase in flexural strength yet slight increase in 

fracture toughness over that of the Al2O3/TiC micro-composite ceramic tool material. Similar 

phenomena have been found for Al2O3/SiCnano-composite ceramics by other researchers 

(Davidge et al., 1997; Derby, 1998). It seemed that the toughening effect of these secondary 

phase nano-particles was debatable for Al2O3-based ceramics. 

 

Research in recent years revealed that the addition of secondary phase particles with multi-

modal particle size distribution was an effective method for improving both the fracture 

toughness and flexural strength of Al2O3-based ceramics simultaneously. By adding micro-

sized TiC and nano-sized TiN particles into Al2O3matrix, Huang et al.(2007) developed multi-

scale Al2O3/TiC/TiNmicro-nano-composite ceramic tool materials with significantly 

improved flexural strength and fracture toughness relative to the Al2O3/TiC micro-composite 

ceramic material. Co-existence of both intergranular and transgranular fracture modes were 

observed on the fracture surface. 
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An understanding of the failure mechanisms in cutting processes is the prerequisite for not 

only the proper application but also the development of Al2O3-based ceramic tool materials. 

In continuous turning of steels, the typical wear types of ceramic tools are crater wear, flank 

wear and depth of cut notch wear, which are sometimes accompanied by chipping, even 

flaking, under hard turning conditions (Zhao et al., 2010). The total tool wear generally 

observed in any cutting tool can be divided into two main broad categories, the chemical wear 

(adhesion, dissolution or diffusion wear) and mechanical wear (abrasion and fracture wear) 

(Kumar et al., 2006). The wear mechanism usually varies accordingly with the location of the 

worn area (e.g. tool nose, rake face, flank face, etc.); furthermore, a change in cutting 

condition especially in cutting temperature would lead to the transition in the predominant 

wear mechanism. Built-up layer or transfer layer were often observed on the rake face; 

however, their formation mechanisms and the consequent influence on tool wear would be 

different (Grzesik and Zalisz, 2008). Additionally, it was concluded that notch wear mostly 

occurred in machining hard materials using ceramic tool materials with low toughness 

(Kumar et al., 2006). 

 

In intermittent turning, investigations of the cutting performance and failure mechanisms of 

Al2O3-based ceramic tools have been published (Zhao and Ai, 2006). 

 

2.3.3.3 Whisker-reinforced ceramics 

 

Whisker-reinforced ceramics consist mainly of aluminum oxide with about 20–40% silicon 

carbide whiskers. The toughness of the ceramic material is enhanced by the whisker-

reinforcement, owing to the high strength of SiC whiskers and a relatively weak bond 

between the SiC whiskers and the Al2O3 matrixachieved by incorporating whiskers into the 

oxidic ceramics matrix. The cutting tool is manufactured through hot pressing. Whisker-

reinforced ceramics have fracture toughness up to 60% higher than mixed ceramics.The 

whiskers bring about more rapid transport ofheat from the highly thermally loaded cutting 

areas owing to their high thermal conductivity as well as a more uniform distribution of 

mechanical loads in the cutting tool material; this results inimproved fatigue limits and 

thermal shock resistance. 
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Whiskered ceramics are far better suited for machining hard ferrous materials and nickel base 

alloys, but do not work satisfactorily on ferrous materials below 42HRC, because of a 

chemical reaction between the tool and the workpiece at the cutting edge. New whisker 

reinforced ceramic materials are being developed which are stronger and more chemically 

inert thus making it more compatible for machining a wider range of work materials including 

ferrous metals. 

 

A whisker-reinforced Al2O3 insert can turn 45-65 HRC hard materials up to about four times 

faster than coated carbides and eight times faster than uncoated tungsten carbides (Momper, 

1987). 

 

2.3.3.4 Non-oxidic ceramics 

 

Ceramics based on silicon nitride (Si3N4) are found to be more popular cutting tool materials 

among the non-oxidic ceramics materials: carbides, nitrides, borides and silicates. Properties 

such as increased toughness, improved thermal shock resistance, higher fracture resistance, 

higher hot hardness and high temperaturestrength make non-oxidic ceramics strong 

competitors to the oxidic ceramics. The significantly higher fracture resistance is based on the 

needle-like shape of the hexagonal β-Si3N4 crystals as opposedto the globular Al2O3grains 

when compared to oxide and mixed ceramics. The microstructure is made up of mechanically 

interlinked components as a result of the non-directional growth of the needle-shaped crystals, 

thus producing tool materials with excellent strength. The favourable thermal shock resistance 

as compared with the oxide and mixed ceramics results from the low thermal expansion of the 

silicon nitride ceramics (Trent and Wright, 2000; Klocke, 2011). 

 

Silicon nitride ceramics can be subdivided into three groups, based on their chemical 

compositions and crystallographic structure (Trent and Wright, 2000): 

 

 Group 1: β-Si3N4 + binder phase (Y2O3, MgO, Al2O3) 

 Group 2a: α sialon (α–Si3N4 + Al2O3 + AlN) + binder phase (Y2O3), Group 2b: (α + β) 

sialons (α Si3N4 + Al2O3 + AlN) + additive (e.g. ytterbium)+ binder phase (Y2O3) 

 Group 3: β silicon nitride + hard materials (e.g. TiN, ZrO2, SiC-whiskers) + binder 

phase 
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Mostof the commercially available Si3N4 cutting tool materials belong to Group 1, while 

Group 2 materials are usually designated as Sialons (Si-Al-On). Sialons are silicon nitride 

based cutting materials with oxygen and aluminum included as substitutional ions. Sialons are 

normally produced using similar processes for making cemented carbide. The starting 

material such as silicon nitride, alumina and aluminum nitride with alloying elements 

containing Y2O3 are milled together, dried, pressed and sintered at a temperature of about 

1800˚C. During sintering, the oxide Y2O3reacts to form silicate, in liquid form, whereby 

nearly full density is achieved. After sintering, the liquid solidifies during cooling as a glassy 

phase bonding together the silicon nitride-based crystals (Trent and Wright, 2000). 

 

The shapes of α-sialon mixed crystals are globular, while the β-sialonismixed crystals. In 

comparison to Group 1 materials, sialons are more chemically stable, harder, and have better 

resistance to oxidation.The main application of Si3N4 cutting tool materials is in machining of 

grey cast iron, with preference to the tougher silicon nitride ceramics of Group 1. 

 

High cutting speeds, feeds and large volume removal ratescan be realized when machining 

cast iron materials in smooth and interrupted cut owing to the high fracture toughness of the 

silicon nitride tools (Konig and Lauscher, 1986; Schneider and Richter, 1999). 

 

Sialons are mainly useful for roughing and finish turning of nickel-based alloys. They can be 

applied at much higher cutting speeds compared to carbide tools. However, sialons have 

lower wear resistance in comparison to oxide ceramics as a result of their strong affinity to 

iron and oxygen during machining conditions. Improvement of sialons properties is possible 

through applications of coatings such as: TiN, TiC, TiCN and Al2O3; these are applied in 

different layer thicknesses and combinations (Schneider and Richter, 1999).  

 

2.3.4 Polycrystalline diamond (PCD) 

 

Polycrystalline diamond (PCD) is a synthetic composite cutting tool material manufactured by 

the bonding of micron sized diamond  crystals during sintering under high pressure and 

temperature in the presence of a solvent/catalyst metal, usually cobalt or cobalt/nickel alloy 

(Philbin and Gordon, 2005; Hsu et al., 2013). 
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During the sintering process, the interstitial spaces in the PCD grains are predominantly filled 

with cobalt binder, which is used as a solvent catalyst in the synthesis process. The individual 

diamond grains bond to each other, resulting in tough, hard material with the ability of 

retaining its shape and strength if some of the metal phase is removed. This is unlike 

cemented carbide: when the binder phase is removed the PCD grains separate from each other 

and from the base material(Anthony, 1990; Philbin and Gordon, 2005). 

 

PCD is an excellent material for machining in situations in which high stress loads are 

generated. This is owing to the mechanical properties typical of diamond. The PCD crystals 

are randomly oriented to eliminate any direction for crackpropagation, resulting in extreme 

hardness of high transverse rupture strength, and thus great wear resistance. 

 

PCD tool materials typically have a higher thermal conductivity and abrasion resistance (up to 

500 times more) than those of tungsten carbide. PCD tools have replaced tungsten carbide, 

ceramics and natural diamond in high performance applications in turning, milling, slotting, 

boring and chamfering of materials such as high-silicon aluminium, metal matrix composites 

(MMC), ceramics, reinforced epoxies, plastics,engineered wood products,and carbon-fibre-

reinforced plastics (CFRP) (Astakhov and Davim, 2008). 

 

The selection of PCD grades for specific applications is generally dependent on the tool life 

expectations and surface finish requirements. Generally, fine grade PCD designed with small 

diamond particles exhibits greater abrasion resistance, thus better tool life when compared to 

larger diamond particle, but its use results in a smooth cutting edge, making it suitable for 

producing parts with superior surface finish. PCD normally has medium toughness but it is 

very hard and has good abrasion resistance.New prime grades of PCDs which rely on 

structural changes that enhance toughness are currently developed in order to further improve 

the fracture toughness of this material. 

 

Polycrystallinediamond tools are normally cheaper than the monocrystalline tools,especially 

if the tool bit is larger than 2 mm. Applications in the manufacturing industry where mirror 

polished surface is not required make use of polycrystalline diamond tools. Monocrystalline 

diamonds are used for all those applications where a mirror polished surface is necessary, 

which can only be achieved with a grainless diamond cutting edge (Weinz, 1980). 
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Today PCD is widely used for machining applications such as rock drilling (Okubo et al., 

1999; Clayton et al., 2005; Hamadeet al., 2010), machining of titanium alloys (Konig and 

Neises, 1993a; Ezugwu and Wang, 1997, Nurul Amin et al., 2007, Da Silver et al., 2013) and 

abrasive silicon–aluminium alloys when surface finish and accuracy are critical. PCD is not 

recommended for machining ferrous alloys owing to the poor chemical compatibility between 

the cutting tool and workpiece materials leading to high chemical wear. However, certain 

classes of cast iron can be machined using PCD with cutting speeds in the range of200–500 

m/min (Gimenezet al.,2007). 

 

Zhang et al. (2011) investigated the machining of a hardened stainless steel (Stavax) using 

commercial PCD tools under Ultrasonic elliptical vibration cutting (UEVC) technique. From 

the study, they concluded that the UEVC technique produces smaller cutting forces (or 

specific cutting energy) thus generating less heat in the tool andworkpiece interface, and 

achieving better surface roughness when compared to the conventional cutting techniques. 

 

2.3.5 Polycrystalline cubic boron nitride (PcBN) 

 

Boron nitride (BN) is a synthetic polymorph material.  According to Heath (1986), boron and 

nitrogen can be formed into a compound by the chemical reaction shown in Equation 2–1. 

 

BCl3+NH3 = BN+3HCl                                     ..............................................         (2-1) 

 

Boron nitride can be typically found in four crystalline forms, according to different pressure 

and temperature conditions. The forms are: cubic (cBN), hexagonal (hBN), rhombohedral 

(rBN), and wurtzitic (wBN). The denser ultra-hard forms of boron nitride are the cBN and 

wBN (Liu et al., 1995). 

 

Boron nitride (BN) is a soft, slippery, friable substance and exhibits a hexagonal structure. 

Under high temperature and pressures (temperatures in the range 1400–1750°C and pressure 

of the order of 5-8 GPa), hBN can be transformed into cBN as shown in Figure 2–8(Heath, 

1989). 
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Figure 2-8 Transformation of hexagonal boron nitride to cubic boron nitride (Adapted from Heath, 1989) 

 

Solvents or catalysts, mostly metals, are generally added to hBN in order to increase the 

transformation rate and also effectively reduce the required pressure and temperature to a 

more easily attainable level of about 6 GPa and 1,500°C, respectively. The cBN can be 

liberated and recovered for subsequent processing after the grains grow, by dissolving 

unwanted matrices (Heath, 1989; Lopez et al., 2011). 

 

cBN tool is a superabrasive material which is second in abrasive resistance and hardness only 

to diamond. cBN is produced under high temperatures and pressures. cBN tools also have an 

important advantage over diamond tools, namely chemical inertness with steel (Huang et al., 

2007).  

 

cBN has very good mechanical properties which are attributed to its crystalline structure and 

its covalent link (Lopez et al., 2011). The physical properties of cBN are as follows: density, 

3.48 g/cm
3
, thermal conductivity 13 W/cm°C at room temperature, hardness, 4,500 HV, 

Young‘s modulus, 71×10
3
N/mm

2
, and thermal expansion 4.7×10

-6
/°C from room temperature 

to 800°C. 

 

PcBN is a composite material consisting of cubic boron nitride (cBN) grains in a binder 

matrix. Commercially manufactured PcBN tool products are generally called CBN tools; they 

are available at variable cBN contents with some additives. PcBN materials are categorized 

into two, namely, high cBN content material or low cBN content. High cBNcontent grades 

contain the cBN grains with a metallic or ceramic binder(s) (such as cobalt, W-Co-Al, Ti-Al 

and Al ceramic) and have approximately 0.8–0.95 volume fraction of cBN grains. Low cBN 

content grades can contain from 0.4–0.7 volume fraction of cBN and have a ceramic based 

binder such as Titanium carbide (TiC), Titanium nitride (TiN) or AlN (Harris et al., 2004, 

Transformation 
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Lahiffet al., 2007, Huang et al., 2007, De GodoyandDiniz, 2011). High cBN content and Co 

matrix grade is recommended for interrupted cutting of iron castings, while for finishing 

operations, low cBN content and ceramic matrix are recommended. 

 

Research to date has found that low cBN content materials provide the best performance in 

hard turning in terms of tool life and surface finish (Lahiff et al., 2007) 

 

During the sintering of PcBN cutting tool materials, with more than 0.8 volume fraction cBN 

grain, cBN grains form a skeletal structure with considerable cBN phase contiguity. But, the 

contiguity of cBN is limited when the volume fraction of cBN grains is lower (0.4–0.6) (Can 

and Andersin, 2006).Ultrafine powders of a secondary hard phase are purposely incorporated 

in the binder phase as grain growth inhibitors, to prevent or reduce grain growth of the binder 

phase during the high temperature–ultra high pressure process when the volume fraction of 

the cBN grains in the PcBN cutting tool material is less than 0.7. 

 

For applications such as turning, milling and drilling of pearlitic iron castings, both grey and 

ductile, PcBN is normally recommended.  PcBN is not suitable for machining ferritic iron 

castings, because of its high reactivity of ferrite with cBN, which degrades the cBN owing to 

diffusion of boron within the ferritic matrix (Lopez et al., 2011). 

 

PcBN cutting tools are fabricated in the form of substrate backed or master blanks compact 

structures. The making of PcBN cutting tool material consists of sintering randomly 

orientated cBN grains, typically mixed with various binder phase precursors, as mentioned 

above. The latter is necessary because sintering of highly pure cBN compacts is generally 

difficult because of the predominant covalent atomic bonding of cBN, thus requiring high 

temperature and ultra-high pressure conditions for full densification (Can and Andersin, 

2006). To overcome this problem, binders are used as sintering aids for obtaining fully dense 

PcBN cutting tool materials (Heath, 1989). 

 

In the making of PcBN cutting tool materials, composites or compounds of Group 4, 5 or 6 

transition metals are most frequently used as binder phases. Among these particular 

compounds, TiC and TiN exhibit the highest chemical activity towards cBN material 

(Benkoet al., 1999; Benkoet al., 2001). Among binder phases that are often used in the 
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synthesis of PcBN cutting tool materials TiC with Al compounds, TiN with Al compounds, 

Al (AlB2, AlN, α AlB12), W–Co and Al compounds are commonly used (Harris et al., 2004). 

 

During this high temperature–ultra high pressure sintering, new phases are formed as a result 

of chemical reactions between cBN grains and the sintering binder. In selection of the 

appropriate binder phase, thefundamental understanding of their mechanisms of formation 

and prediction of these new phases is of critical importance (Benko et al., 1999). The 

performance of PcBN cutting tool materials is dependent upon the bulk mechanical properties 

and the interactions of microstructural constituents of the tool and the work material can be 

vital to cutting tool performance (Chou et al., 2003). 

 

Once PcBN is produced, the master blanks or substrate backed structures are cut into smaller 

blanks before being ground into shapes and sizes as tips for cutting tool inserts. PcBN cutting 

tools are available in either solid form or tips brazed to the solid blank (usually carbides) (Liu 

et al., 1995). The brazed tips result in a stronger cBN blank and allow more of the generated 

heat to be absorbed (Grzesik, 2009). 

 

PcBN is an ideal cutting tool material for machining iron-based workpiece materials, most 

especially hardened steels, where excellent surface finish is required, but the cost of the 

cutting tool is an important consideration in a production environment.   

 

In the literature, parameters such as the cutting edge geometry, cBN content, coating type, 

grain size of cBN, type of binder, use of coolingmethods and variation in cutting parameters 

have significant influence on cBN tool performance (Konig et al., 1990; Lin and Chen, 1995; 

Chou et al., 2003) as indicated in Figure 2–9. 
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Generally, PcBN is normally recommended for hardened materials with hardness up to 70 

HRC to generate surface finish down to Ra of 0.3 μm. Low content cBN is better suited for 

machining owing to better shock resistance, wear resistance and chemical stability, while high 

content cBN is more suitable for hard cast-iron and high-temperature alloys owing to its 

toughness. 

 

2.4 TOOL WEAR 

 

The most important consideration in testing and selection of any cutting tool is the tool life.  

This is widely studied in many cutting tool materials. Generally, the cutting tool fails from 

wear, fracture or plastic deformation. The type of tool wear according to the ISO standard is 

shown in Figure 2–10.  

Content and 

Binder 

Cutting Edge 

geometry 

Coating type 

Cooling 

method 
Workpiece 

Characteristics 

Cutting 

Parameters 

CBN TOOL 

PERFORMANCE Grain size 

Hot 

Machining 

Figure 2-9Factors affecting cBN tool performance (Adapted from Dogra et al., 2010) 
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Figure 2-10 Flank wear and crater wear according to ISO 3685 Standard (Adapted from ISO 3865 

standard) 

The dominant wear mechanisms with their corresponding cutting speeds and temperatures 

were illustrated by Opitz and Konig, (1967) and Hastings and Hastings and Oxleyn (1976). At 

low cutting speeds and temperatures, abrasion wear dominates, followed by adhesion at 

moderate speeds and temperatures and, at high speeds and temperatures, diffusion wear.  

 

The cutting edge of any cutting tool is subjected to a combination of high temperatures, high 

stresses, and in some cases chemical reactions which cause wear of the cutting tool as a result 

of one or several mechanisms. The mechanisms causing tool wear depend on the cutting 

geometry, tool and workpiece material combination, and the environment, as well as the 

thermal and mechanical loadings encountered. The main observed wear patterns common 

with tool wear are flank wear, crater wear, notch wear,chipping, thermal shock cracks, nose 

wear, tool breakage, and built-up edge (North, 1989; Klimenko et al., 1992; Lahiffet al., 

2007). 

 

The typical wear patterns generated in finish machining of metal cutting are illustrated in 

Figure 2–13 (Chou and Evans, 1997). 
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Figure 2-11 Typical wear patterns on a cutting finishing tool (Chou and Evans, 1997) 

 

In hard interrupted turning, the tool wear is a combination of both abrasive and adhesion wear 

owing to the tribological effect resulting from high temperature (Rech and Moisan, 2003). In 

hard turning, PcBNis still the most successful cutting tool. The use of Mono-crystalline 

Diamond (MCD) and Mono-crystalline Cubic Boron Nitride as cutting tools for ultra-

precision machining to achieve high accuracy had been investigated, but attempts to introduce 

them in this application have not been successful owing to the rapid wear rate of the cutting 

tool, and the difficulty associated with its production (Konig, 1993). 

 

The tool wear is generally classified either according to the region on the cutting tool affected 

or by the physical mechanisms producing it (Cook, 1973; Wright and Bagchi, 1981). The 

flank and crater wear are the most commonly produced wear on the tool face.  

 

Flank wear can be easily observed on the rake face of the cutting tool and it is produced 

during rubbing of the wear land against the machined surface, as a result of abrasion of the 

cutting edge. The flank wear is the most commonly observed for tool wear as a result of its 

occurrence in all machining operations. The flank wear increases over a period of time till the 

critical wear is reached (point where the tool edge is no longer useful owing to either 

excessive wear or poor surface quality of the machined part).Flank wear occurs mainly when 
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the flank face rubs against the spring-backed workpiece surface and it can be minimized by 

raising the tool hardness under elevated temperatures.  

 

Crater wear, measured by the crater depth (KT), is produced on the rake face of the cutting 

tool but normally does not have a serious effect on the tool life of the tool except when it is 

excessive, thus leading to deformation or fracture of the tool and weakening of the cutting 

edge. Crater wear is caused by chemical, physical, and/or thermo-mechanical interactions 

between hot metal chip removed during cutting action and the rake face of the cutting tool. A 

crater is caused as a result of one dissolution of the tool material into the chip, adhesion 

between the insert and the chip owing to micro-welds, abrasion of the cutting tool by 

free/embedded abrasive particles, and tribo-chemical reaction between the chip and cutting 

tool rake face (North, 1989). However, an increase in the crater wear reduces the cutting force 

and effective rake angle of the cutting tool (Stephenson and Agapiou, 2006). 

 

Other forms of the tool wear on the surface of the cutting tool are: notch wear, nose radius 

wear, thermal and mechanical cracking, edge built up, edge chipping, tool fracture and plastic 

deformation, as illustrated in Figure 2–11. 

 

Figure 2-12 Wear Forms on cutting tool (Courtesy, Klocke, 2011) 

 

The notch wear is common with parts made from work hardening materials, or with hard 

surface layer, as a result of abrasion between the cutting tool and the workpiece (Lee et al., 
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1979).Thermal and mechanical cracking results from cyclic loading of the cutting tool during 

machining of materials with high chip-tool temperatures or during interrupted cutting. The 

cracks lead to rapid chipping or tool fracture. They can be reduced by using a tool material 

grade with high thermal shock resistance or by reduction in the cutting speed (Wayne and 

Buljan, 1990).  

 

Edge chipping occurs as a result of one or combination of these factors: cutting work 

materials with hard or abrasive particles in the metal matrix, tool vibration owing to excessive 

cutting forces, low system stiffness, and cutting with brittle tool materials such as ceramics or 

PcBN. Poor surface finish is produced with chipped tools.  

 

Built-up edge mostly occurs when cutting soft materials and at low cutting speeds, since it 

depends on the ductility of the work material and the tool-chip friction (Trent and Wright, 

2000). The work material that is being cut adheres to the cutting edge. The effect of built up 

edge includes the following two results: reduction in machining accuracy as a result of 

changes in the feed rate, and poor quality of surface produced (periodical breaking and 

reform, creating irregularities on the work surface). Built up edge is undesirable during 

machining and can lead to increase in the effective rake angle of the cutting tool and the 

reduction of cutting forces.  

 

The basic mechanisms that dominate tool wear are as follows: 

 Diffusion wear – caused by chemical loading on the tool and cutting material; 

 Oxidation wear – causing gaps to occur in coated film and resulting in a loss of the 

coating at elevated temperature; 

 Fatigue wear – a thermo-mechanical effect and leads to the breakdown of the edges of 

the cutting tool; 

 Adhesive wear – occurs at low machining temperatures on the rake face of the tool 

and leads to the formation of a built up edge (BUE), and the continual break down of 

the tool edge itself; 

 Abrasive wear – affected by hardness of the work material and closely related to the 

distance of cut as well as hardness, shape and distribution density of 

theabrasives(Dolinsk and Koac, 2006; Arsencularatne, 2006).  
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2.4.1 Abrasive wear 

 

Abrasion wear is seen as grooves primarily on the flank face of the cutting tool. Abrasive 

wear is usually the form of wear that determines the tool life at low and medium cutting 

speeds and is the primary cause of flank, nose radius and notch wears in cutting tool.  

 

Abrasion wear occurs during the sliding movement of loose hard particles penetrating into the 

surface of the stressed cutting tool material, thus creating grooves and removing material from 

the surface of the cutting tool. The abrasive particles are usually found as iron carbides in cast 

iron. The abrasive particles are also found in the chip (oxides, carbides, nitrides), martensite, 

austensite, hard phases in the steel, and sands inclusions from sand cast parts in foundry 

(Bergman et al., 1994).The hard abrasive particles in the work material can play a significant 

role in the wear of the tools, under the conditions of sliding. 

 

The material damage process falls into three categories, micro-plowing, micro-cutting and 

micro-cracks. In ductile materials the micro-plowing and micro-cutting are thepredominant 

wear processes.The material is plastically deformed within the created groove and drawn 

towards the groove edges during micro-plowing (ZumGahr, 1987). 

Because of the hard workpiece material structure of the martensitic stainless steel, there is a 

rubbing action between the tool flank and the hard martensitic workpiece; the hard abrasive 

particles in the workpiece material can play a significant role in the wear of the tools by 

removing material in the flank side of the cutting tool. This is the main cause of the abrasive 

wear (Luo et al., 1999; Narutaki et al., 1979; Konig et al., 1984; Poulachon et al., 2004; Hasan 

and Thamizhmanii, 2010). 

 

2.4.2 Adhesive wear 

 

Adhesion involves the formation of micro-welds between two different bodies during friction 

(mechanical adhesion of workpiece material that is plastically deformed), with atomic 

interactions(thermally induced diffusion processes, electron exchange orelectric polarization). 

During adhesion, small particles removed from the cutting tool material welds to the cutting 

chips flowing over the face of the cutting tool (Cook, 1973). 
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The adhesion coefficient (strength of adhesion bond) is defined as the ‗quotient of the normal 

force FN with which two solid bodies inrelative motion are pressed against each other and the 

opposing force FA that mustbe applied to undo the bond formed by adhesion‘ (Habig, 1980). 

 

Significant adhesion is responsiblefor the formation and growth of BUE, in which material is 

transferredfrom the workpiece into the cutting tool (ZumGahr, 1987). Adhesive wear is 

usually seen as a smooth wear on the flank or crater face of any cutting tool. Adhesive wear 

can further lead to chipping of the cutting tool. Built-up edges are described as highly 

reinforced layers from the machined work material bonded on the cutting tool edge,which 

function as a new cutting edge. Steel materials such as ferritic and austenitic steel, have a 

great tendency of adhesion with cutting tool materials owing to its high ductility. 

 

2.4.3 Oxidation wear 

 

Oxidation wear occurs when there is a chemical reaction between the cuttingtool material and 

atmospheric oxygen. Oxidation wear changes the properties of the external boundary layer of 

the tool and occurs near the surface of the cutting tool, where a hot area of the cutting tool 

within the tool chip is exposed to the atmosphere. Oxidation wear is responsible for severe 

depth of cut notch usually, seen as discoloration in the wear area of the tool. 

Oxidation wear is common with cemented carbides and tungsten carbide tools resulting from 

high cutting temperature and atmospheric oxygen. However, this form of wear is not common 

for tool steels, aluminium oxide based ceramics and high speed steels since their heat 

resistance is exceeded before their surfaces can be strongly oxidized(Konig et al., 1984; 

König and Neises,1993b). 

 
 

2.4.4 Diffusion wear 

 

Diffusion wear is thermally activated wear whereby the elements of the cutting tool material 

diffuse or go into a solid solution with the work material, as a result of contact with the 

cutting chip leaving the cutting zone. Diffusion in the reverse direction is also possible. This 

wear leads to serious cratering of the cutting tool and tool surface weakness resulting from 

decrease in hardness and resistance to abrasion at the rake face of the cutting tool (Habig, 

1980).  
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The schematic diagram of diffusion wear occurring when machining with uncoated cemented 

carbide is shown in Figure 2–12 below, and the reactions are as follows;  

 

 diffusion of Fe into the binder phase Co 

 diffusion of Co into the steel, with the formation  of mixed crystals from Fe and Co 

 dissolution of tungsten carbide to form mixed and double carbides in the form of 

(FeW)6C,  Fe3W3C, and (FeW)23C6. 

 

In Figure 2–12, iron is seen to diffuse from the work material into the cutting tool, and carbon 

and cobalt into the work material. Since the carbon concentration in the workpiece material 

(steel) is lower than the one in the carbide tool, the carbon released during the dissolution of 

tungsten carbide migrates into it. The resultant iron diffusing from the work material into the 

tool forms iron mixed carbides (Klocke, F, 2011). 

 

 

Figure 2-13 Schematic diagram of diffusion in cemented carbide cutting tools (Klocke, 2011) 
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2.4.5 cBN and Ceramics wear 

2.4.5.1 cBN wear 

 

The main wear mechanisms in cBN turning hardened steels are generally considered to be a 

combination of abrasion, adhesion and diffusion, and the wear mechanism is dependent on the 

cutting conditions, tool geometry and material properties of the tool and the workpiece 

(Huang and Liang 2004a; Huang et al., 2007; Wang et al., 2008; Hasan and Thamizhmanii, 

2010). The predominant wear mechanism for PcBNtools is abrasion (Hasan and 

Thamizhmanii, 2010).Some studies on the use of PcBN cutting tools for machining hardened 

steels are presented below. 

 

In the study conducted by Thamizhmanii and Hassan (2008) on the use of cBN and PcBN 

cutting tools on surface roughness and flank wear during hard turning of martensitic AISI 440 

C stainless steel, they found that there was more flank wear on the cBN tool when compared 

to the PcBN cutting tool, which was owing to more abrasion and diffusion. The wear was 

mainly owing to abrasion by hard martensite particles in the work material. The flank wear 

was less in the PcBN tool at high speeds. They concluded that the effect of cutting 

temperature has significant influence on the tool wear. 

  

The cBN content and nature of the binder in use in PcBN significantly affect the wear rate of 

the cutting tool. PcBN with low cBN content and ceramic bonding phase has substantially 

better performance for finish hard turning than PcBN with high cBN content and PcBN with a 

cobalt bonding phase owing to its lower thermal conductivity (Konig et al., 1993). The lower 

cBN content permits longer machining time owing to its slow wear rate, thus hard turned 

parts have higher surface quality and better dimensional accuracy in comparison to parts 

machined with higher cBN content cutting tools (Konig et al., 1993). 

  

Many studies have been carried out in the intermittent (or interrupted) hard turning with cBN 

tools, with the concentration on the effects of cBN content, wear mechanisms, cutting speed 

and frequency of interruption on tool life (Chou and Evans, 1997; Ko and Kim, 2001).  The 

factor used for determining tool life was flank wear rather than tool fracture in these studies 

probably owing to the higher value of cutting length ratio (that is, the ratio of the cutting 

length to air-cutting length). 
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Liew et al. (2003), investigated the wear of different grades of PcBN cutting tools (BN 100, 

BN 250, BN 300 and BN 600 with volume of cBN of  85, 60, 60 and 90 vol. % respectively), 

during machining of modified AISI 420 stainless steel (hardness of 55HRC). They observed 

that the wear resistance of BN 100, BN 250 and BN 300 tool grades at the flank face were 

similar and lower compared to BN 600 grade. With the BN 250 and BN 300 grades, the 

authors found no fracture on the rake faces, and the increase in the size of the cavities (fine-

scale damage on the tool rake face) with cutting distance was also found to be significantly 

less than the ones found using BN 100 grades. They attributed this to the BN 250 and 300 

grades possessing greater bonding strength, smaller grain size and lower thermal conductivity. 

They concluded that porosity, bonding strength of the grains in the tool, ductility, and thermal 

conductivity had a significant effect on the fracture resistance of the cutting tool. 

Ko and Kim (2001) studied the surface integrity and machinability in intermittent hard turning 

of a ball bush made of AISI 52100. These authors observed that a low-content cBN tool is 

superior to one with highcBN content in terms of tool wear and surface integrity for 

intermittent hard turning. Also that the low-content cBN tool is superior to one with high cBN 

content at higher cutting speeds, while at low cutting speeds the reverse is found to apply. 

This is ascribed to the high thermal conductivity of the high cBN content cutting tool which 

helps reduce the effect of thermal shock. The vulnerability of cBN to chemical attack by 

ferrous alloys is another important factor in explaining these differences. 

2.4.5.2 Ceramics wear 

 

The most dominant tool wear associated with the use of ceramic tools (Al2O3) in hard part 

turning are the abrasion and adhesion wear (Caydas, 2009). Some studies on the wear of 

ceramics are presented below. 

 

Kumar et al. (2006) studied the tool wear of an alumina-based ceramic in comparison with a 

composite ceramic made of alumina mixed with zirconia, as well as alumina mixed with Ti 

[C, N], and SiCwhisker reinforced alumina on martensitic stainless steel SS 410 (60 HRC). 

They observed that alumina-based ceramic cutting tools are affected by flank wear at low 

cutting speed and crater/notch wear at higher cutting speeds. The alumina ceramic mixed with 

Ti [C, N], performed best owing to its ability to retain hardness at elevated temperatures. 
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In another study, Grzesik (2009) reported that TiC-reinforced alumina, (Al2O3+TiC) wears in 

a mode involving abrasion, plastic flow, adhesive fracture and tribological effects, which all 

depend on the mechanical and thermal conditions generated during the machining test. PcBN 

is found to have better tool wear resistance compared to ceramic cutting tools (Sales et al, 

2009). 

 

Zhao et al. (2010), investigated the cutting performance, failure modes and mechanisms of 

wear of Al2O3–WC–TiC ceramic tool(TiC 24%, WC 16%), Al2O3/(W, Ti)C ceramic tool and 

cemented carbide tool for  both continuous and intermittent turning of hardened AISI 1045 

steel (40 – 44 HRC).  They observed that under continuous turning conditions, the Al2O3–

WC–TiC ceramic tool had better wear resistance than the Al2O3/(W, Ti)C or the cemented 

carbide tool as a result of its high fracture toughness. The wear resistance was lower than that 

of the Al2O3/(W, Ti)C tool during interrupted cut at speed of 110 m/min. The authors 

attributed the longer tool life of the Al2O3–WC–TiC tool to its synergistic 

strengthening/toughening mechanisms induced by the WC micro–particles and TiCnano-

particles. This microstructure and composition resulted in, mixed modes of intergranular and 

transgranular fracture, matrix grain refining, dislocation pinning, crack deflection, crack 

bridging and crack branching. 

 

2.4.6 Influence of coatings and cutting conditions on surface integrity 

 

Research by Rech and Moisan (2003) on the effect of feed rate and TiN coatings when 

turning case hardened steels showed that feed rate is the major parameter influencing surface 

roughness. TheTiN coatings were found to improve the surface roughness of the produced 

surfaces. The surface roughness of any machined product is strongly influenced by cutting 

parameters such as speed, feed and depth of cut (Surjya and Chakraborty, 2005).  

 

Benga and Abrão (2003) investigated the effect of cutting speed and feed rate on surface 

roughness and tool life using three-level factorial design after machining hardened 100Cr6 

bearing steel (62–64 HRC) using ceramic and cBN tools. They found that feed rate was the 

most significant factor affecting surface finish while the cutting speed had little influence on 

surface finish. However, surface finishimproves with increase in cutting speed and decreases 
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with an increase in feed rates (Lima et al., 2005; Bouachaet al.,2010). Changes in depth of cut 

normallydo not show any significant effect on surface roughness (Bouachaet al.,2010). 

 

As observed by Thamizhmanii and Hasan (2008b), cBN tools produced low surface 

roughness at high cutting speeds with low feed rate, whereas the PcBN tools produced high 

surface roughness for the same operating parameters. The authors concluded that surface 

roughness is mostly dependent on formation of built up edge, temperatures at tool tip and 

flank wear of the tools investigated. 

 

Zhou et al. (2010) studied turning of hardened AISI 52100 (60–62 HRC) using PcBN cutting 

tools, under dry and flood cooling conditions. They observed that use of coolant improved the 

dimensional tolerance by keeping the temperature at the tool–chip interface low, thus 

minimising the thermal distortion of the work piece. The dimensional tolerance was also 

found to vary with the length of cut.  Zhou et al. (2004) observed that tool wear up to 0.2mm 

can lead to dimensional error of 25 µm on a comparative study between hard turning and 

grinding AISI 5115 (62-64 HRC). In addition they observed that the tool clamping system had 

significant effect on the dimensional tolerance, with the magnetic clamping system found to 

produce better dimensional accuracy compared to 3 and 6 jaws clamping systems. 

 

2.5 EFFECT OF VIBRATION AND TOOL GEOMETRY 

 

Workpiece and tool vibration can lead to irregularity of machined shape as well as surface 

damage of the machined workpiece. Vibrations can also lead to increased tool wear rate and 

tool breakage. In hard turning, when the requirements are high precision in dimensions and 

shape, self-exited vibration of the machining set-up can be a major factor affecting the level 

of accuracy of the part produced (Kopac et al., 2006).   

 

Konig et al. (1993) noted that hard finish comparable to grinding it is not always 

abletoachieve the high degree of geometric accuracy required owing to thermal effects and 

stiffness of the machine tool system; if these factors can be carefully controlled, it is possible 

to produce parts with high precision. 

 

Micro geometry of a cutting edge plays an important role on the workpiece surface properties 

and the performance of the cutting tool (Tonshoff et al., 1995). Generally, cutting tools such 
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as the ceramics and PcBN are designed with certain micro edge geometry with a process 

called edge preparation. It is known that sharp tools are not durable enough for most of the 

machining operations. Thus, different types of tool edge preparations such as chamfer, double 

chamfer, chamfer+hone, hone, and waterfall hone edge design have been introduced by 

manufacturers. In order to improve the overall quality of the finished component, tool edge 

geometry is carefully designed. Thedesign of the cutting edge may affect the chip formation 

mechanism and therefore help reduce cutting forces, thus increase the tool life (Arazzola and 

Ozel, 2007). 

 

When cutting hardened steels, the use of chamfered edges and negative rake and inclination 

angles help to increase the machining forces. In addition, the use of large nose radius together 

with low depths of cut leads to low side cutting edge angle values (irrespective of the selected 

tool holder geometry), thus resulting in high thrust forces.  

 

Diniz et al. (2009)also performed hard turning experiments using a high cBN content tool 

(cBN-H) and low cBN content tool(cBN-L) tool with chamfered and rounded edges on 

continuous, semi-interrupted and interrupted surfaces on one cutting speed. They observed 

that the chamfered geometry was the best choice for all kinds of surfaces, with the rounded 

geometry producing good results on interrupted surfaces. 

 

Large nose radius and cutting edge angle values may improve the surface finish of the 

machined part provided tool vibration can be avoided (Lima et al., 2005). The nose radius of 

PcBN inserts directly affects the tool life as well as the surface roughness of the product 

(Noordin et al., 2007). A larger nose radius produces a fine surface finish, but also increased 

specific cutting energy (Kopac et al., 2006).If the radius is too large, the contact area of the 

cutter would be too large, which may result in chatter, which is harmful to the turning process. 

The risk of microchipping is reduced by honing of the cutting edge (Yih-Fong, 2006). 

 

Tools with multi radii (wiper) geometry have been provided by tool manufacturers in order to 

improve productivity of hard turning. The wiper inserts combine the high feed capability and 

high quality surface finish produced by large round inserts. This tool geometry has wiper radii 

adjacent to the nose radius, and it has little or no clearance angle to improve finish by 

burnishing action by the flank face of the insert (Noordin et al., 2007). Recently, both cBN 

and mixed ceramic are offered in wiper configuration with special Xcel geometry or 
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smoothing micro-edges with the smaller approach angle resulting in a reduced chip thickness 

relative to the feed rate (Grzesik, 2009). 

 

Figure 2–14 shows a multi-radii cBN cutting tool corner containing,(a) a small smoothing part 

of the radius (rbo) parallel to the feed direction and (b) a more universal design of a wiper 

corner with both right handed and left-handed wiper segments.  

In this figure, rƐ1 and rƐ2are the radii of wiper curvature, Rzis valley-to-peak height, and rbo is 

the radius of smoothing part. 

 

 

Figure 2-14 PcBN wiper inserts (a) one-handed design, and (b) two-handed (Grzesik and Wanat, 2006) 

  

Figure 2–15 shows the new design of solid cBN inserts having a straight part of the cutting 

edge blending into a wiper. The cutting edge of the wiper insert has a smaller approach angle 

(Кr) compared to conventional cutting edge, thusreducing the depth of cut where constant 

chip thickness is achieved. Higher feedrates up to 0.4 mm/rev can be applied when using 

wiper inserts as a result of the smaller approach angle. 
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Figure 2-15 Comparison of chip thickness and Excel geometry for (a) wiper and (b) conventional corner 

(SandvikCoromant) 

 

Thiele and Melkote (1999) investigated the effect of cutting edge geometry and workpiece 

hardness on surface generation in finish hard turning. They found that increasing the edge 

hone radius tends to increase the average surface roughness. They attributed this to the 

increase in the ploughing component compared to the shearing component of deformation. 

The effect of edge hone on the surface roughness decreased with increasingworkpiece 

hardness.  

2.6 CUTTING FORCES 

 
Cutting forces are sometimes used for evaluating the performance of the cutting tool during 

finish hard turning of theworkpiece within the selected range of cutting parameters (Trent and 

Wright, 2000; Bartarya and Choudhury, 2012) 

 

The energy consumption, tool and workpiece deflections and power requirements of the 

machining process are determined by the cutting forces. The cutting forces are normally 

measured using the dynamometer. The most commonly available instrument for this purpose 

is the quartz dynamometers, with high stiffness, good thermal stability and high broad 

frequency range response, and which exhibit little static crosstalk between measurements in 

different directions (Stephenson and Agapiou, 2006). 

 

Figure 2–16 shows the schematic diagram of the component forces that can be easily 

measured acting on the tip of a single point cutting tool, where Fc is the cutting force and Ft 

thrust force. The analysis of the cutting force during orthogonal cutting is shown in Figure 2–
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17. The forces are perpendicular to one another, and combined they act on the tool as a 

resultant force. The component forces acting are the longitudinal feed or axial force,Fx, the 

cutting force (radial), Fy, and the tangential force,Fz. The radial and cutting force is 

proportional to the tangential cutting force; the proportionality factor is dependent on the lead 

angle and the depth of cut (Sobiyi, 2011). 

 

The cutting force is a product of the contact area (Ar) of the rake face of the cutting tool to the 

workpiece and the shear strength of the work material at the surface (Kr). It is given in 

Equation 2–2 (Trent and Wright, 2000).   

 

𝐹𝑦 = 𝐾𝑟𝐴𝑟 …….….. …………….    (2–2) 

 

For cases where the rake angle is 0° (during roughing operation), the cutting force Fy, is an 

indication of the drag created by the chip as it flows away from the rake face of the cutting 

tool. 

 

 

 

Figure 2-16Component forces acting on the single point cutting tool (Adapted from Sobiyi, 2011) 

 

During finishing operations, where the depth of cut is very small, the radial and axial cutting 

forces usually approach or even exceed the tangential force. Several factors affect the cutting 

forces during machining. For a given material, the tool forces are influenced by the tool 

geometry, with the rake angle the most important parameter. An increase in the rake angle 

reduces both the cutting force and the feed force, which eventually leads to fracture of the 

tool. The cutting force is also dependent on the width of the cut and the feed rate. The cutting 

force increases most especially with the feed rate (Stephenson and Agapiou, 2006). The forces 
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divided by the depth of cut is an important parameter determining breakage or chipping of the 

cutting tool and this is calculated from Equation 2–3 (Stephenson and Agapiou, 2006).   

 

𝐹 = 𝑑𝐶1𝑉
𝑎𝑎𝑏(1 − 𝑠𝑖𝑛 𝛼)𝑐                                          … . ..………………………… (2–3) 

 

where Fis the cutting forces normal or parallel to the tool rake face, V, the cutting speed, a, 

the uncut chip thickness, d, the width of cut, and𝛼 the normal rake angle. 

 

During hard turning with ceramics and PcBN, negative rake angles are normally used owing 

to their lack of toughness. During machining of slender shapes, higher cutting forces make 

negative rake angle unsuitable, thus leading to distortion as a result of the higher stresses 

experienced by the tool. As the tool wears, the cutting forces normally increase, thus the 

clearance angle is destroyed and the contact area between the tool and work material 

increases. 
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Figure 2-17 Force analysis during orthogonal cutting in the working plane (Courtesy, Klocke, 2011) 

 

Several studies on cutting forces have been conducted on the effect of cutting forces during 

machining of hardened steel. 

 

Generally in finish hard turning where depth of cut is normally smaller than the nose radius of 

the cutting tool, the cutting force (radial component) of tool force is found to be the most 

dominant (Konig et al., 1984; Zhou et al., 2004; Huang and Liang, 2005; Karpat and Ozel, 

2007; Fnideset al., 2008, 2011; Suresh et al., 2012). The radial component increases 

significantly with flank wear rate, and it is as a result of spring-back of the work material 

(Nakayama et al., 1988). Consequently, cutting speed does not have a significant influence on 

the cutting force (Lalwaniet al.,2008; Bouachaet al.,2010). 
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The primary cause for size error in hard machining is large thrust force. The radial and 

tangential components of the cutting force depend on the tool rake angle; these components 

do not increase with the hardness of the workpiece material when rake angle is zero, but with 

an angle of –20°, these components significantly reduce with hardness (Nakayama et al., 

1988). 

 

The cutting forces in hard turning are higher compared to conventional cutting, owing to the 

hardness of the workpiece; this results in reduction of the performance of the cutting tool 

(Suresh et al., 2012) 

 

Suresh et al. (2012) investigated the variations in cutting conditions on the cutting forces 

during finish hard turning AISI52100 grade steel. They observed the thrust force (radial 

component) as the dominant cutting force with interrupted turning. Variation in the feedrate 

and depth of cut do influence the cutting forces, with the depth of cut having significant 

effect. They concluded that the thrust force increases with an increase in the cutting length as 

the wear rate progresses, resulting from an increase in contact area between the land ofthe tool 

flank and the workpiece.  

 

Hard turning of martensitic AISI 440 C stainless steeland SCM 440 alloy steel using a cBN 

cutting tool was investigated by Thamizhmanii and Hasan (2008a). The authors found a direct 

relationship between the cutting force and flank wear. High cutting speed and feed rates, 

owing to softening of chips at the cutting zone, resulted in a lower cutting force, less 

distortion of workpiece and improved surface roughness while turning of AISI 440 C stainless 

steel. 

 

Luoet al. (1999) investigated the relationship between cutting forces and during hard turning 

AISI 4340 steel using mixed alumina tools. They observed that an increase in the workpiece 

hardness results in an increase in the cutting forces. Similar results were observed by 

Bouachaet al.(2010) during hard turning of AISI 52100 bearing steel using a cBN cutting tool. 

In conventional turning of the same material, an increase in hardness shows a decrease in the 

cutting forces. Figure 2–18, shows the effect of hardness and cutting speed on component 

forces acting on the cutting tool. 
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Figure 2-18 Effect of cutting speed and workpiece hardness on component forces of cBN cutting tool 

(Bouachaet al., 2010) 

 

Fnideset al. (2011) investigated the machining of hardened AISI H11, hot work tool steel 

using mixed alumina cutting tools. They found that in dry hard turning of this steel, the radial 

force is not always the predominant force as suggested by other authors. At axial depth of cuts 

between 0.3mm and 0.45 mm and feed of 0.16 mm/rev, the tangential force becomes 

dominant followed by the radial and axial forces respectively. The previous study on the same 

workpiece and cutting tool material showed that the increase in the feed rate increases the 

component cutting forces, with the tangential force showing the highest amount of increase 

(Fnidesetal., 2008). 

 

2.7 CUTTING CHIP 

 

During all machining operations, cutting chips are produced from the work material during 

shearing action by the cutting tool.  The chips are produced in different shapes and sizes as 

shown in Figure 2–19.  Chips are formed by shearing of the workpiece material from the 

region of the cutting tool edge to the top surface of the tool where the chip finally leaves the 

tool. During the same machining conditions, different types of chips can be formed. In many 

cases the change in the chip results from the wear progression of the cutting tool.  The chip 

formation is dependent on other conditions, such as material properties, cutting parameters 
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and the contact area between the rake face and chip. The best chip is described as favourable 

for the tool system, machined surface and machine tool. Chip forms can be improved by the 

use of chip breakers.   

 

 

 

 

 

 

Figure 2-19 Chip forms (Adapted from Klocke, 2011) 
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Figure 2-20 Chip types, a) continuous, b) discontinuous c) Lamellar and d) continuous with BUE 
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The cutting chips are categorised into four types as shown in Figure 2–20, according to Ernst 

(1938) and Merchant (1945) and other widely observed sources (Barry and Bryne, 2002; 

Stephenson and Agapiou, 2006).  

 

The continuous chips are the most desirable type of chips, formed when the material has 

sufficient deformabilityand also by uniform friction conditions between the tool and the chip 

resulting in an evenly deformed chipmaterial structure.  

 

The discontinuous chip is formed by fracture mechanism when brittle materials with uneven 

microstructure such as brass are machined at low cutting speeds by fracture mechanisms.  The 

chips formed are torn off from the surface. 

 

Lamellar chip formation is usually observed when machining titanium alloys, hardened 

materials and stainless steels at high cutting speeds. It is characterized by narrow bands of an 

unevenly deformed materialstructure alternating with larger regions of the under-deformed 

material. This particular chip is characterized by localized shear bands; the chip is formed 

when the yield strength of the workpiece material decreases with increasing temperature, thus 

the narrow bands in front of the tool are weaker than the surrounding material (Xie et al., 

1995). 

 

Continuous chips with built up edge consist of chip segments that are separated from the tool 

chip contact area in the shear plane and then welded together. They are mostly produced when 

machining soft ductile materials and also at extremely low cutting speeds. 

 

Most chips are rough on their free surface and smooth on the side in contact with the cutting 

tool. The grains in the chips normally deform in narrow bands and may change through the 

thickness of the chips, most especially when cutting at low cutting speeds.  The plastic 

deformation on the tool occurs in two regions, the primary zone and secondary zone. The 

primary zone stretches from the tip of the cutting tool to the free surface of the chip, while the 

secondary zone occurs at the tool chip interface (Stevenson, 1992). 

2.7.1 Chip formation 

 

The chip formation theory is derived from the shear plane theory, whereby the deformation 

takes place in the shear plane. The shear plane is inclined toward the cutting edge plane Ps by 
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the shear angle𝜙 (see Figure 2–21).  The chip formation is generally observed in detailed 

machining studies. In the chip formation, the mean chip thickness is the most important 

parameter. In orthogonal cutting, the chip thicknessis always thicker than the feed and equal 

to the undeformed chip thickness.  

 

The ratio of the undeformed chip thickness or depth of cut (t1) to the deformed chip thickness 

(t2) is given as the chip thickness ratior as shown in Equation 2–4. 

 

𝑟 = 𝑡1/𝑡2                                                                                                               ……………………………. (2–4) 

 

The chip thicknessratio is normally related to the tool rake angle 𝛼 and the shear angle 𝜙 as 

shown in Equation 2–5. 

 

tan 𝜙 =
𝑟𝑐𝑜𝑠𝛼

1−𝑟𝑠𝑖𝑛𝛼
……………………….. (2–5) 

 

The shear area A𝜙 in the shear plane can be calculated as shown in Equation2–6,where b is a 

constant. 

 

𝐴𝜙 = 𝑏.
𝑡1

𝑠𝑖𝑛𝜙
…..…………..………….. (2–6) 

 

 

 

Figure 2-21 Chip velocity plan in orthogonal cutting (Adapted from Merchant, 1945) 
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The shear plane angle is small if the chip thickness is small, thus the chip movement from the 

tool face is slow; however, with a large shear angle and a high velocity, a thin chip is 

produced. 

 

The relationship between the velocity of the chip flow𝑉𝑓  and shear angle 𝜙 is shown in 

Equation 2–7, with the schematic diagram of the chip velocity plan shown in Figure 2–21. 

 

𝑉𝑓 =
𝑆𝑖𝑛 𝜙. 𝑉𝑐

Cos(𝜙 − 𝛼)  ……..…………………….. (2–7) 

where 𝑉𝐶is the cutting velocity.  

 

Chip formation has been studied extensively during machining of hardened materials. The 

formation of segmented chips is one of the primary characteristics during hard turning (Rect, 

1964; Boothroyd and Knight, 1989; Shaw et al., 1998). 

 

During hard turning operations, high compressive stresses are experienced owing to the 

negative rake angles of the cutting tools. The compressive stress leads to the formation of 

cracks instead of plastic deformation owing to the brittleness of the hardened steel at the chip 

primary shear plane, whereby the crack initiates from the free surface of the chip and goes 

deeper towards the tool nose. At this stage, plastic deformation and simultaneous heating 

occur within the material and the cutting tool as well.  The process repeats itself in a cyclic 

manner after the chip segment has slipped, with another new crack initiated (Konig et al., 

1990; Dogra et al., 2010). 

 

For hardened material, there is a formation of saw-tooth chips as a result of the poor ductility 

of the work material, thus lower cutting forces are experienced,even though the material is of 

high strength.During saw-tooth chip formation,there exists a catastrophic failure within the 

primary shear zone of the hard materials,which is attributed either tocyclic crack initiation and 

propagation or to theoccurrence of a thermo-plastic instability (Barry and Byrne, 2002). 

 

The adiabatic shear theory for the chip segmentation processduring hard turning was 

introduced by Recht (1964). Many aspects of the cutting process are further determined by the 

process of plastic deformation in the cutting zone. The solution to some aspects of the cutting 
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process, such as heat generation, cutting forces and surface quality, depend critically on 

understanding the chip formation process (Cep et al., 2008). 

 

Lin et al. (2008) investigated the turning of AISI 4340 using a low content cBN tool.They 

observed continuous chip formation at low cutting speeds and saw-tooth formation at high 

cutting speeds. They concluded that transition of the chip type occurs between 80 and 130 

m/min, with the increase in the cutting speed being the significant factor for the increase in 

segmentation of the chips produced. The transition in the type of the cutting chips generated 

can also be attributed to the condition of the tool edge and the cutting forces generated, an 

increase in work hardness, undeformed chip thickness flank land width, and a decrease in chip 

tool angle (El-Wardany et al., 2000; Dogra et al., 2010). 

 

Nelslusan et al. (2012) investigated the chip analysis during turning of hardened (62 HRC) 

and annealed 100 Cr6 rolled bearing steel using mixed ceramic insert at a cutting speed of 100 

m/min and feed rates of 0.05–0.271 mm/rev. Theseauthorsfound that segmented chips (thin 

and long) were formed during the turning of hardened steel.The chip ratio was smaller than 1, 

whereas thick, short continuous chips with chip ratio more than 1 were formed with the 

annealed steel.  An increase in cutting speed results in more continuous chip. The chip form 

during hardened steel turning was attributed to low intensity of plastic deformation, though 

within localized areas of the segmented chip, the plastic deformation was extremely high. The 

chips formed also have a very high shear angle with cyclic frequency ranging between 14 and 

90 kHz. 

 

Similarly, saw-tooth chips were produced in orthogonal cutting of the 100Cr6 steel (hardness 

of HV730) by Poulachonet al. (2001).  During the turning of the same material, high 

mechanical and thermal stresses were experienced on the machined surface owing to direct 

stresses in the region of 4000 MPa. The tangential stress was caused by the friction coefficient 

between 0.2 and 0.3, with thermal stresses as a result of the friction between the workpiece 

and flank wear land (Konig et al., 1993) 

 

The characteristic phenomenon of material side flow generated during hardturning operations 

is attributedeither to the squeezing effect of the workpiece material between the machined 

surface and toolflank land or originating from the flow of plastically deformed material 

through the worn trailing edge to the side of the tool when the chip thickness is less than a 
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minimumvalue (Kishawy and Elbestawi, 1999). This effect results indeterioration of the 

surface finish because the squeezed, flake-like,hard and very abrasive material in the 

workpiece is loosely attached to the machined surface along the feed marks. This is normally 

significant with high cutting speed and large tool nose radius,and it becomes aggressive with 

increasing tool wear. 

 

2.8 SURFACE INTEGRITY 

 

The performance of the machining process in any machining operation can be described by 

the surface integrity of the resulting part.Surface integrity can be defined as the topological, 

chemical, mechanical and metallurgical condition of a manufactured surface with its 

relationship to its performance (Griffiths, 2001). 

 

Surface integrity investigations can be divided into two, namely: the external aspects 

(topography, texture, and surface finish) and the internal subsurface aspects (metallurgy, 

hardness and residual stress) (Griffiths, 2001). 
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Figure 2-22Factors that describe the surface integrity of a machined part (Adapted from ASM Handbook, 

1994) 
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The key factors, visual, dimensional, residual stress,tribological, metallurgical and others, 

describe the concept of the surface integrity of a finished material, and they are shown in 

Figure 2–22. 

 

The topography of the machined surface is shown in Figure 2–23. The topography of a 

surface is made up of a combination of three main features: surface roughness, surface 

waviness and surface form (ASM handbook, 1994; Griffiths, 2001). The features are 

explained below: 

 

 Surface roughness refers to the high frequency irregularities on the machined surface 

which are usually caused by the interaction of the cutting tool and material‘s 

microstructure. These interactions are functions of feed rate and particle size. 

 Surface waviness refers to the texture on the surface on which the surface roughness is 

superimposed. It is caused by a combination of one or more of the following: 

workpiece deflection, instability of the cutting tool and drive screw errors. 

  Surface form is the overall shape of the surface, neglecting both waviness and 

roughness, caused principally by thermal distortion or wear, or by both. 

 

The lay (L) is the direction of the dominating pattern of the machined method, while the flaws 

(F) include foreign material, scratches, inclusions,cracks, micro-holes and other defects on the 

machined surface. 

 

Figure 2-23 Typical surface produced after machining, showing its topography (F- flaws, L- lay, R- 

roughness and W- waviness) (Adapted from Griffiths, 2001) 
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The final surface roughness obtained after machining operation may be considered a sum 

oftheoreticaland natural components. The theoretical components influence the surface 

roughness resulting from the geometry of the tool, feedrate and cutting speed, whereas the 

natural component is affected by a couple of effects such as tool wear, built-up edge, chatter, 

inaccuracies in machine-tool movement, and so on.  

 

The effect of the tool geometry on the surface finish of a machined part is illustrated in Figure 

2–24.Better surface finish are generally produced using round inserts compared to the single 

point cutting tool resulting from the larger effective feed indicated in the figure as f. The 

cutting edge of the cutting tool has significant influence on the final part surface produced, 

where different shapes and sizes of feedmarks are produced by the cutting 

tool.a)  

 

 

       b)  

Figure 2-24 Typical feedmark produced by different cutting geometry (a) single point and (b) 

round(Adapted from Thomas, 1999) 
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The surfaces generated by hard turning are normally defined by the cutting tool geometry 

(feed rate and nose radius) unlike grinding, where surface finish is determined by the size, 

shape, hardness, and distribution of abrasive grains in the grinding wheel, and hardness 

(Dawson and Kurfess, 2000). 

 

Surface roughness is indicated by specific parameters, such as: arithmetical mean roughness 

(Ra), maximum height(Ry), ten-point mean roughness(Rz), mean spacing of profile 

irregularities(Sm), mean spacing of local peaks of the profile(S) and profile bearing length 

ratio(tp). The arithmetical mean centre-line average roughness value (Ra) as shown in Figure 

2–25, for a randomly sampled area, is mostly used as an indication of the surface roughness. 

This parameter can be calculated using Equation 2–8. For hard turning conditions, Equation 

2–9 is mostly appropriate (Dawson and Kurfess, 2000). 

 

 

 
Figure 2-25 Indication of surface roughness using arithmetic mean roughness value (Ra) 

 

𝑅𝑎 =
1

𝐿
  𝑦 𝑥 − 𝑦𝑎𝑣𝑔  𝑑𝑥

𝐿

0
 …………………………. (2–8) 

 

 

𝑅𝑎 =
𝑓2

18.√3.𝑟𝜀
                                                                   ………………………….  (2–9) 

 

 

wheref is the feed rate and𝑟𝜀 is the nose radius of the cutting tool.Equation 2–9 clearly shows 

that the surface roughness increases with increasing feed rate and a large tool nose radius 

reduces the surface roughness of the workpiece. The principal parameters affecting the 

surface finish of turned components that have been widely recognized are the feed rate and 

the nose radius (Abrãoet.al., 2011). 
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Several papers have been published on surface finish produced by hard turning. Some of these 

reviews are presented below. 

 

Rech and Moisan (2003)investigated the influence of feed rate and cutting speed on the 

surface finish of 27MnCr5 steel case hardened to 850 HV0.3 when turning with PcBNinserts. 

They observedplastic flow caused by high temperature and pressure on the freshly machined 

surface. When machining at low cutting speed and feed rate, compressive residual stresses 

were induced and low surface roughness Ra values below 0.2 µm were recorded on the 

machined surface. They concluded that feed rate isthe major parameter that influences the 

surface roughness,while cutting speed is the major parameterthat influences the residual stress 

level. Moderate surface roughness of Ra between 0.3 and 0.5 µm was reported by Lima et al. 

(2005) for low feed rateduring turning tests, using AISI D2 cold work tool steel (58 HRC) 

using mixed alumina inserts. 

 

Grzesik and Wanat (2006) assessed the surface finish produced during hard turning of AISI 

5140 (DIN 41Cr4) hardened to 60 HRC using mixed alumina cutting tool (conventional and 

wiper geometry) by comparing the roughness parameters produced. For conventional cutting 

tools with feeds between 0.04 and 0.4 mm/rev the values of Ra parameter changes from 0.24 

to 5.47 µm, whereas a lower measure of roughness value was recorded for the wiper insert. 

The comparison curve is shown in Figure 2–26.Consequently, a better surface finish was 

obtained with the wiper ceramic cutting tool during finish hard turning of AISI D2 cold-work 

die steel (60 HRC), using the mixed alumina cutting tool with conventional and wiper 

geometry (DavimandFigueira, 2007; Gaitondeet al., 2009) 

 

Similarly, the same cutting tool (mixed ceramics) was used for turning X38CrMoV5-1 steel 

hardened to 50 HRC (Fnideset al., 2008). They investigated the effect of feed, cutting speed, 

depth of cut and flank wear rate on the surface roughness produced. The authors observed an 

increase in surface roughness with increase in feed rate and flank wear, but there is no definite 

effect of depth of cut on the roughness, while the effect of increase in cutting speed only 

improved the surface roughness up to a certain point; the roughness value depreciated beyond 

this value owing to vibration of the tool. 

 

Abrãoet al. (2011) investigated the influence of cutting tool materials (mixed-alumina, TiN-

coated mixed-alumina tools) when turning case-hardened (66 HRC) DIN 19MnCr5 steel. 
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They noticed that the coated ceramic produced a better surface finish, probably owing to its 

superior wear resistance, which maintained the integrity of the cutting edge for a longer 

period. 

 

 
 

Figure 2-26Surface roughness produced by conventional (R) and wiper insert (W) (Adapted from Grzesik 

and Wanat, 2006) 

 

Abraoet al. (1995) investigated the influence of PcBN (high and low cBN content) and 

ceramics (mixed alumina, whisker-reinforced alumina and silicon-nitride based) tool 

materials, and cutting speed on the surface roughness during finish hard turning of AISI H13 

hot-work die steel withhardness of 52 HRC and AISI E52100 bearing steel (62 HRC). The 

authors found that the low cBNcontent and the mixed-alumina tools provided superior surface 

finish for both work materials with roughness value (Ra) as low as 0.14 μm. This value was 

however achieved at cutting speed of 200m/min in the case of the tool steel and at 70 m/min 

for the bearing steel. During the turning of hardened bainite steel using a PcBN cutting tool at 

different cutting speeds, the best surface finish (Ra = 1.7 μm) was achieved at a cutting speed 

of 170 m/min (Jacobson et al., 2002) 

 

Avila andAbrao, (2001) carried out a comparison between the performance of different 

cutting fluids when turning hardened AISI 4340 steel (49 HRC) with mixed-alumina tools. 

The authors observed that, at high cutting speeds, the use ofcutting fluids resulted in lower 

scatter in the roughness of the machined surface. They concluded that emulsion cutting fluid 

produced better surface finish compared with the synthetic cutting fluid but, occasionally, dry 

machining produced much better surface finish. 
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Coelhoet al.(2004) investigated the surface finish of Inconel 718 (44 HRC) using ceramic and 

PcBN inserts with various geometries (square, round and triangular) and two edge 

preparations (sharp edge with chamfer of 20° × 0.1 mm and honed edge with chamfer of 15° 

× 0.15 mm). The round insert produced the lowest surface roughness values owing to its small 

radius (6mm). Consequently, the surface finish Ra produced by mixed alumina was lower 

than that achieved with SiCreinforcedalumina and PcBN tools, as well as when honed edge 

was used. Similarly, lower surface roughness was obtained  by round inserts compared with 

square inserts, and inserts with honed edge in comparison with sharp and chamfered edges, 

during turning of the same material (at hardness of 35 HRC) (Arunachalamet al., 2004). The 

authors concluded that the poor surface finish obtained using chamfered tools was attributed 

to the higher cutting forces and, in the case of sharp tools, excessive chipping of the cutting 

edge. 

 

Thamizhmaniiet al., (2008), investigated the turning of AISI 440C material (hardness between 

45 and 55 HRC) using cBN tool. They deduced that the best cutting condition for producing 

surface roughness of 23 µm was a high cutting speed of 225 m/min with feed rate of 0.125 

mm/rev. 

 

Benga and Abrao (2003)adopted the surface response methodology in order to identify the 

optimal machining parameters that can produce lower surface roughness values when turning 

DIN 100Cr6 bearing steel(62 HRC) using mixed alumina, whisker-reinforced alumina and 

PcBN tools. They observed that the lowest feed rate resulted in lowest surface roughness, 

with roughness value (Ra ) of  0.25 μm. The optimum cutting speed ranging between Vc= 116 

and 130 m/min was obtained for the mixed-alumina and PcBNinserts.At cutting speeds above 

this range, vibrations were generated impairing surface finish. However, the whisker-

reinforcedalumina produced the lowest surface (cutting speed Vc= 100 m/min), probably 

owing to the high tool wear rates observed when cuttingspeed was elevated, leading to rapid 

deterioration of the cutting edge. 

 

The study of the influence of workpiece hardness on the surface finish on hardenedAISI 4340 

with hardness of 42 and 50 HRC, machined with coated carbide and PcBN inserts 

respectively, showed that a PcBN tool produced the lowest roughness despite higher toolwear 

rate. This is attributed to the nose radius (r∑= 1.6 mm) of the PcBN insert, which is larger than 
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that of the coated carbide (r∑= 0.8 mm) and also higher cutting forces recorded when turning 

thesofter material with PcBN (Davim and Figueira, 2007). 

 

Investigationson hardened materials on the surface roughness produced by milling 

(Elbestawiet al., 1997; Koshy et al., 2002) and drilling operations (Sharman et al.,2008) are 

also available in the literature. 

 

2.9 DIMENSIONAL DEVIATION 

 
In hard turning, high accuracy of the critical elements of the machine tool is of outmost 

importance in order to produce components parts with quality comparable to that obtained 

through grinding. 

 

Compared to grinding operations, turning and milling can offer much higher metal removal 

rates with similar surface roughness values. However, equivalent dimensional accuracy is not 

readily achievable owing to the fact that single point cutting requires a minimum depth of cut, 

possibly because of elastic deformations of the machine tool and workpiece as a result of high 

cutting forces (Tönshoffet al., 1986). Consequently, the high cutting forces normally result in 

machine and cutting tool vibrations, thus leading to dimensional and geometric alterations 

(Almeida and Abrao, 2002). 

 

It has also been reported that under favourable conditions PcBN and conventional ceramic 

cutting tools can achieve tolerances down to ±10 μm. Considering the maximum level of 

quality to be expected when using currently available lathes, geometric tolerances 

corresponding to ISO IT6 are normally achieved, and this tolerance level is considered 

insufficient to replace many grinding operations (Konig et al., 1993; Almeida and Abrao, 

2002). 

 

Some of the studies on the influence of cutting tool on dimensional tolerance during hard part 

turning are presented below. 

 

Almeida and Abrão, (2002) investigated the possibility of achieving high dimensional 

accuracy by turning tests of AISI 5115 steel subjected tocarbonitriding (in order to reach a 

surface hardness of 66HRC) by comparing mixed alumina, coated mixed alumina and PcBN 
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with grinding. They made comparison of the dimensional deviation of the parts produced.  In 

the study, the tolerance range of + 0.05mm was adopted. For all the cutting tools, the 

tolerances of the machined components remained within the recommended range as expected 

by the authors, with the results obtained in case of mixed alumina being better compared to 

those obtained with the coated mixed alumina tools. 

 

Regarding the dimensional tolerance produced after turning with PcBN and grinding with 

alumina wheels, a lower scatter was produced with the PcBN cutting tool but both processes 

produced deviation within the allowable range (see Figure  2–27). Regarding roundness and 

straightness deviations, tight tolerances where derived by both processes. The deviation 

values for turning against grinding operation are given as: 8μm against 18μm for roundness, 

and 4 μm against 11 μm for straightness. 

 

 

 
 

Figure 2-27 Dimensional deviation between PcBN turning and grinding (Adapted from Almeida and Abrão, 

2002) 

 

Matsumotoet al.(1999), compared hard turning with PcBN with grinding on the roundness 

deviation of bearing elements(58–62 HRC). They found that tighter tolerances were obtained 

with hard turning, owing to the accuracy of the machine toolsemployed, although the 

deviationsgenerated by both operations were within the component acceptable tolerance 

range. 
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Abrãoet al. (2011)investigated the influence of cutting tool wear on the geometric and 

dimensional deviation by conducting turning tests on case-hardened DIN 19MnCr5 steel 

using PcBN. The authors found that the dimensional deviation was within the acceptable 

tolerance level (IT5) at length of cut of 1600 mm but, after this point, the deviation increased 

drastically, as a result of the wear of the cutting tool. Regarding the geometric deviation, i.e. 

the roundness and concentricity, the tool wear had minimal effect on the roundness (minimum 

variation of 4 μm), while the effect was higher on the concentricity, thus increasing 

continuously with increasing cutting length. Figure 2–28 shows the effect of the cutting tool 

wear on the geometrical deviation.  

 

 
 

Figure 2-28 Effect of tool wear on the geometrical deviation using PcBN (Adapted from Abrao et al., 2011) 

 

 

2.10 STATISTICAL METHODS 

 

The Taguchi method is commonly used to optimise the cutting parameters in turning 

operations with surface roughness mostly used for investigating the effect of various process 

parameters on the product (Yih-Fong, 2006). Taguchi methods can be used for achieving high 

precision accuracy if process parameters are carefully controlled (Konig et al., 1993). 
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Yih-Fong (2006) studied the use of Taguchi on high dimensional precision cutting of 

hardened steels and reported that the most important control factors for dimensional precision 

of CNC turning process were: coatings, insert shape, and chip breaker geometry. 

 

Other statistical methods, such as ANOVA and MRA, have been used for accessing the 

predominant factors for the wear of cutting tools and surface integrity of the hard turned parts 

(Kumar et al., 2006; Gopalsamy et al, 2009). 

2.11 FIB-SEM 

2.11.1 FIB SEM Equipment 

 

The focused ion beam (FIB) instrument is becoming popular for specimen preparation in 

scientific and technological disciplines. FIB has simplified transmission electron microscopy 

(TEM) specimen preparation, with the huge potential in nanotechnology, micro-machining 

and tomographic characterization (Orloff, 2002; Giannuzzi and Stevie, 2005; Dacian and 

Pang, 2013). The easy preparation of site-specific cross-sections of any independent material 

is also possible with the FIB technique (Phaneuf, 1999; Jian, 2006). The semiconductor 

industry was first to apply the FIB technique (Wirth, 2009).  

 

Giannuzzi and Stevie (2005) described the different FIB techniques that can be applied in 

material science. The description includes the lift-out technique, which was considered for 

this study.  

 

Some major problems with conventional argon ion milling such as the poly-phase materials 

with different hardness, is overcome with FIB. TEM foil preparations are extremely 

challenging for inclusions in meteorites and the preparation of dust particles, but they are 

easily facilitated by the use of FIB (Lee et al., 2003; Graham et al., 2004). 

 

The FIB device operates on a basic principle where sputtering atoms bombard the target 

materials with accelerated heavy ions. A high current density FIB from a liquid metal source 

such as gallium is used for milling micron-sized structures from integrated circuits (Puretz et 

al., 1984).  Gallium has a low melting point of 29.8 °C.  Solid Gallium metal is heated to its 

melting point and the melted Ga wets the tungsten needle after flowing to the tip of the needle 

by surface tension. At the end of the tungsten tip, a strong electric field of about 108 V/cm is 

applied and this causes the liquid Ga to form a point source (2–5 nm diameter), which extracts 
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ions from the narrow tip. The basic requirement of the sputtering process is an indication of 

the continuous flow of liquid Ga to the tip, replacing the extracted Ga
+ 

ions and resulting in a 

constant ion current (Wirth, 2009). 

 

During bombardment of solid materials with gallium ions, the target material interacts with 

the ions, causing energy loss of the ions; there is momentum transfer from the incident ion to 

the target atoms as a result of elastic collision of the ions, which is called a sputtering process. 

During the sputtering process, there is an ion implantation caused by the incident Ga
+
 ions 

losing their kinetic energy through collision. X-rays, secondary electrons, plasmons and 

phonons are produced as a result of inelastic scattering of the incident Ga
+
 ions with the target 

material.  In single beam FIB instruments, secondary electrons are used for imaging by 

collecting them with a continuous dynode electron multiplier (CDEM) detector (Giannuzzi 

and Stevie, 2005; Wirth, 2009). 

 

2.11.2 FIB ex-situ lift-out of the TEM foil 

 

FIB technique can be used to prepare electron-transparent membranes suitable for further 

TEM investigations. Possible investigations using these membranes include the following: 

electron diffraction, EEL spectroscopy, conventional bright- and dark-filed imaging, 

analytical electron microscopy (AEM), high-angle annular darkfield electron microscopy 

(HAADF), and high-resolution transmission electron microscopy (HRTEM). The process of 

the lift-out procedure is explained below. 

 

It takes about 4hr to mill a standard TEM foil with typical dimensions of 15–20 µm× 10 µm× 

0.150 µm. A thickness of approximately 80 nm can be achieved (Angseryd et al., 

2009b).Before the milling process, a thin (1–2 µm) protection layer of platinum or tungsten 

metal is deposited onto the area of interest where the foil is to be cut. 

 

During the final stage of the preparation with the foil thickness of less than 500 nm, the layer 

of the platinum metal is important because it protects the foil from being sputtered by the Ga
+
 

ion beam (Lee et al., 2007). The milling process usually starts at the front of the Pt-strip and 

another similar cut is made at the back of the strip. 
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The Pt-strip is completely cut through at the end of the foil preparation process, and the foil is 

ready for lift-out. The sample is then removed from the FIB device, after completion of the 

milling process (Lee et al., 2007; Wirth, 2009). A special manipulator is used for picking the 

lift-out of the foil from the excavation site, where electrostatic forces will attach the foil to the 

tip of the manipulator. Finally, the foil is attached to the standard TEM copper grid for TEM 

investigation. 

 

2.12 TEM INVESTIGATION OF WORN cBN TOOL 

 

Several papers have been published using the TEM for investigation of PcBN cutting tools 

materials microstructure (Walmsley and Lang, 1987;Klimenko et al., 1992; Benko et al., 

2003;Rong and Yano, 2004;Weidow, 2005; Zhao and Wang, 2007; Gimenez et al., 2007; 

Flink et al, 2009;Angseryd et al., 2009b, Angseryd and Andren, 2011; Bushlya et al., 2013). 

Authors reported that the sample preparation for PcBN material for TEM is difficult owing to 

crack formation and uneven thinning caused by high hardness and built-in stresses. In order to 

successfully perform energy filtered TEM (EFTEM) and electron energy loss spectroscopy 

(EELS) studies, very thin samples are normally required (Angseryd et al., 2009a). 

 

Angseryd et al. (2009b) investigated the microstructure of the worn PcBN cutting tool after it 

was used for turning hardened steel (20NiMoCr65) using FIB combined with SEM and TEM.  

They observed a chemical reaction between the PcBN cutting tool and the work material, with 

an adherent layer from the work material on the PcBN.  Some small amount of Al, was found 

in the adherent layer close to the cutting tool, and in the interface between the cutting tool and 

the adhered layer. They suggested that the Al was probably from the cutting tool material. The 

authors also found traces of Mn and Si close to the interface between the PcBN and the 

adhered layer but did not find elements such as B,N or Ti in the adherent layer. 

 

The study by Flink et al. (2009), on worn (Ti0.83Si0.17) N coated sintered cBN insert after 

turning of case hardened steel, showed the presence of nitrogen from the cutting tool material 

in the adhered layer from the workpiece material, resulting from the chemical interactions 

between the coatings in the cutting tool and the workpiece. Formation of oxides on the rake 

face of the cutting tool result from the presence of oxygen picked up from the machining 

environment. 
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2.13 INDUSTRIAL APPLICATIONS OF CUTTING TOOLS 

 

In metal cutting, three basic types of production are common. The basic types include: 

production of many small parts using different materials (job shop production), production of 

complex parts in small volumes, and mass production of complex parts in large volumes. In 

job shop production, general purpose and CNC machines are commonly used, where 

traditionally, only small volumes of complex parts can be produced. Today, the CNC 

machines are becoming popular for mass production of identical parts, typically carried out 

using specially designed machine systems. Automotive engines, transmission components, 

and military and aerospace components can be manufactured easily using the numerically 

controlled parts. For reliable and efficient machining operations with good surface finish and 

accuracy, the selection of the right tool geometries, cutting speeds, feed rates and depths of 

cut are essential, coupled with good control and tool monitoring systems (Stephenson and 

Agapiou, 2006). 

 

2.13.1 Production machine tools 

 

Production machine tools are used to perform one or more sequence operations requiring high 

volume identical parts, usually in thousands. Series of simple machines and mechanisms are 

used in the production process of obtaining the identical parts. During production, parts are 

normally transferred between stations using two basic classes of machines, conventional 

(inline) transfer machines and the rotary transfer machines (Boothroyd and Knight, 1989).The 

rotary transfer machine uses the rotary indexing (parts mounted are transferred by rotation via 

machining stations) and centre column systems. The centre column machines are used for 

heavy parts with the rotary transfer for the small and light parts production (Boothroyd and 

Knight, 1989; Rao, 2013). 

 

The conventional transfer machines are designed to produce large volumes of single parts 

with long market cycle lives. These machines lack flexibility and in the event of breakdown 

of any of the stations, or tool changes, the entire system does not run (Stephenson and 

Agapiou, 2006, Rao, 2013). 
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2.13.2 CNC machine tools 

 

These are advanced and numerically controlled machine tools useful for the production of 

complex parts. Cutting tools can be used simultaneously in complicated paths, in multiple 

axes motions (linear and rotary motions can be precisely controlled). The CNC is an 

economical machine for medium volume productions with consistent quality which ensures 

very minimal tool change (Stephenson and Agapiou, 2006). The basic component of these 

machines includes machine control units, programs of instruction, feedback devices and servo 

drives for each axis of motions (Jones and Bryan, 1987).Very complex shapes can be easily 

machined with the CNC depending on the number of machining centre axes. The 

development of CNC machines with multi-axes and multi-process workstation configurations 

makes high-speed manufacturing of precision parts such as complex aerospace components 

possible (Newman et al., 2008). Spindle speeds up to 40,000 rpm are possible with high-speed 

machining centres. 

 

The CNC lathe has the ability to perform several machining operations, such as turning, 

facing, threading, cut-off, profiling and boring. Other operations, such as milling, drilling and 

tapping can also be achieved with the attachment of turrets equipped with additional powered 

spindles. Operations such as drilling, tapping and reaming can be performed using other 

machining centres (milling and boring machines) without the use of a CNC lathe. The 

performance of all the machining operations in a single step is now possible with hybrid 

machines which combine turning and other machining centres. Most conventional CNC 

machines have only three axes of motion, but higher axes machines (up to five axes) are also 

available. Some of the advantages of higher axes machines include maintaining high part 

precision, producing complex shapes and achieving higher productivity (Juneja et al., 2003; 

Bawa, 2004). 

 

Several parts are combined to make up the production machine tool as listed below 

(Stepehnson and Agapiou, 2006). 

 Machine tool structures 

 Slides and guide-ways 

 Spindles 

 Coolant systems 

 Tool changing systems (use of automate tool change systems). 
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2.14 ENABLING FACTORS IN THE MACHINE SHOP 

 

In mass production of  simple and complex components, the following factors are essential for 

good productivity and success in metal cutting: workpiece set-up, proper selection of cutting 

tools, effective coolants, machining condition optimizations (cutting speeds, feed and depth of 

cut), and tool changing sequences (Mookherjee and Bhattacharyya, 2001). 

Workpiece clamping systems is one of the vital aspects in machining processes. Good choice 

of jaw and force for work clamping helps in reducing the effects of vibrations, ensure 

dynamic stability, part accuracy and consistency in the parts produced even after hundreds of 

pieces are already machined (Shao et al., 2013). In addition to this, machine rigidity, work 

holding rigidity, good damping characteristics, rigid cutting tools, and component part rigidity 

are part of the ideal machine used for hard turning. 

The procedure for tool selection and optimization to ensure good productivity as designed by 

Kramer (1987) is shown in Figure 5–1. Selection decisions for cutting tool material are 

dependent on workpiece material, cutting tool characteristics, volumes of parts to be 

machined, types of production machines to be employed, surface integrity and the accuracy 

requirements of the final part (Mookherjee and Bhattacharyya, 2001). Carbide tools are 

mostly favoured in the machine shop for turning, milling, threading and boring using inserts 

owing to its numerous advantages, such as the low cost of inserts in comparison to some other 

tools, high transverse rupture strength, good hot hardness, and high fatigue and compression 

strength (Sales at al., 2009; Hallberg, 2010; Noordin et al., 2012). For high tolerance and 

surface finish, the work material is further subjected to grinding (Grzesik, 2008). 

Good tool selection sequence provides means of optimizing the machining time, and this can 

be achieved by the experience of the machinist and also the shape requirements of the 

manufactured part (Lin and Yang, 1994). An important task in achieving an optimal 

machining sequence is the determination of optimal sequence cutting tools on the turret 

magazine of a CNC machine tool (Dereli and Fliliz, 2000). In turning operations, roughing 

operations are usually carried out first, and then followed by finishing operations. 
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Figure 2-29 Tool selection procedure and optimization (Adapted from Kramer, 1987) 
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3 METHODOLOGY 

3.1 WORKPIECE PREPARATIONS 

 

The workpiece material was martensitic stainless steel AISI 440B (supplied by Bohler steel) 

widely used in engineering application, owing to its good mechanical properties as a result of 

its high chromium and carbon content. The carbon content is slightly lower compared to 440C 

stainless steel, in order to improve its toughness (Bramfitt, 2002). Its chemical composition in 

weight percentage is reported in Table 3–1. 

 

Table 3-1Chemical composition of the AISI 440 B stainless steel in weight % 

C Cr Mo V Si Mn Fe 

0.9 17.5 1.10 0.10 0.45 0.40 Balance 

 

The workpiece was through-hardened followed by tempering processes, which yielded a 

microstructure of tempered martensite to attain Rockwell hardness between 40 and 44 HRC. 

The workpiece was characterised for its microstructure and hardness. Its hardness was 

measured with a digital durometer (DM2-D 390). The properties of the martensitic stainless 

steel at 20°C are given in Table 3–2. 

 

Table 3-2 Physical properties of AISI 440B stainless steel (Courtesy, Bohler steel) 

PROPERTIES VALUES 

Density (Kg.dm
-3

) 7.70 

Specific heat (J.Kg
-1

.K
-1

) 430 

Thermal conductivity (W m
-1

 K
-1

) 15.0 

Electric resistivity (Ohm.mm
2
.m

-1
) 0.80 

Elastic Modulus (X 10
3
N.mm

-2
) 215 

 

For the microstructural investigation, conventional metallographic techniques were used for 

cutting, mounting(in Bakelite resin), grinding and polishing of the martensitic stainless steel 

samples. The stainless steel was ground with Silicon carbide paper (300–1200 grit, using 

water as lubricant, then polished using the finest particle size diamond paste and then etched 

using Villella's reagent (1 g picric acid, 4 mL HCl, 96 mL ethanol) to reveal its 

microstructure. 
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10 mm thickness from the workpiece material (300XØ50 mm) was cut for hardness testing, 

five different points were tested on the surface and the average was recorded for each test. 

The microstructure was first observed under the optical microscope (Olympus BX 

41M)followed by a more detailed examination using the scanning electron microscope (SEM, 

Joel JSM 7600F). 

 

3.2 EXPERIMENTAL PROCEDURES 

 

Dry finish turning tests were performed on the martensitic AISI 440B stainless steel using two 

different cutting tools. The tools tested were commercially available cutting tools, PcBN 

(CBN–100) and Ceramics (CC 650), supplied by Seco Tools Inc. and Sandvik Coromant. The 

composition of each cutting tool is in Table 3–3 below. The properties of the cutting tools are 

presented in Table 3–4. In the context of this study, the CBN–100 term will be used for PcBN 

and CC650 will be used for the mixed alumina.  

Table 3-3 Composition of cutting tools 

Cutting tool Supplier Composition 

PcBN 

(CBN-100) 

SECO Inc. cBN (50%)+TiC(40%)+WC(6%)+AlN,AlB2(4%) average grain size of 

cBN is 2µm 

Ceramics  

(CC 650) 

Sandvik, 

Coromant 

Al2O3(70%)+TiN(22.5%)+TiC (7.5%) average grain size of Ti(C,N)  is 

4µm 

 

 

Table 3-4 Cutting tools properties (Kumar et al., 2006; Bushlya et al., 2014; Secomax, PcBN Technical 

guide) 

Type of cutting tool Al2O3+Ti (C,N) cBN-100 

Density (gcm
-3

) 4.15 4.28 

Hardness (HV) 1800 3660 

Thermal conductivity (W m
-1

 K
-1

) 24 44 

Transverse rupture strength (MPa) 550 - 

Young Modulus (GPa) 440 587 

Fracture toughness (MPa-m
1/2

) 4.0 4.04 

Coefficient of thermal expansion (K
-1

X10
-6

) 8.6 4.7 
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The machine used to conduct the turning tests was a CNC Turn Master LA 200 L Liouy–

Hsing lathe, with a 14.72 kW power output, maximum speed of 4500 rpm and using a Fanuc 

Oi-TB CNC controller. This lathe consists of a 3-jaw hydraulic chuck, an 8-position hydraulic 

turret and a hydraulic tailstock.  

Cutting speeds selected for testing the cutting tools were in the range of 100 m/min to 600 

m/min depending on the type of parameter investigated.Two depths of cut were selected for 

the experiments,0.1 and 0.2 mm, and three feed rates, 0.05, 0.1 and 0.15 rev/min. 

The cutting conditions used for the experiments were appropriate for finish cutting and are 

given in Table 3–5. 

Table 3-5 Turning conditions 

Tool Mixed ceramic, PcBN 

Cutting speed, Vc (m/min) 100, 150, 200, 300, 600 

Feed, f (mm/rev) 0.05, 0.1, 0.15 

Depth of cut, d (mm) 0.1,0.2 

 

The cutting tool inserts were secured onto a tool holder as shown in Figure 3–1. The tool 

holder in the experiments was CSDNN 2525 P09, which matched the insert types used 

(SNGN 090308S - 01020). The geometry angles of the inserts  resulted in a rake angle of -6°, 

a back rake angle of -6°, a clearance angle of 6° and anapproach angle of 45°. The inserts 

were square shaped with 0.8 mm nose radius (honed, chamfer 0.1 mm x 20˚). 



 CHAPTER 3                                                                                                                       METHODOLOGY 

 

76 | P a g e  
 

 

Figure 3-1 Tool holder specification (Courtesy, Katuku, 2009) 

 

The diameter of the workpiece tested was 50 mm and the cutting length 200 mm. Before 

actual testing, the oxidized layer present on the workpiece surface was eliminated by 

removing a 1 mm thick layer of the material surface. Figure 3–2 shows the experimental set-

up.  

 

Figure 3-2 Machining experimental set-up 
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After turning over a certain cutting distance, the turning operation was stopped to allow the 

insert to be removed from the tool holder, and the flank and crater wear scars were observed 

under the optical microscope to measure the size of the flank wear scar; the average of three 

wear scar measurements was taken as the corresponding wear scar‘s width for that particular 

cutting length, time and speed. After the measurement, the insert was carefully replaced in the 

tool holder and the cutting operation resumed. This process was repeated till the tool wear 

criterion was reached. 

Each cutting length was performed at least twice in order to ensure reproducibility and 

consistency of the results. The wear on the ceramics cutting tools was plotted together with 

that of the PcBN cutting tools in order to compare the wear resistance of the two types of 

tools. 

Pass lengths were increased in steps and the cutting time corresponding with each pass length 

was calculated in order to plot graphs of flank wear against cutting time and flank wear 

against cuttingdistance for each cutting speed investigated. The cutting time tc was calculated 

using Equation 3–1.  

𝑡𝑐 =
0.06𝜋𝑑1𝑙

𝑉𝑠𝑓
……………………………………………………… 3 − 1  

where: tc refers to the cutting time in seconds, d1 refers to the diameter of the workpiece in 

mm at the start of the cut, f, feedrate, l refers to the pass length (mm) and Vs refersto the 

surface speed of the workpiece in m/min. The conversion factor of 0.06 allows for unit 

conversion to time in seconds by compensating for the set parameters with a different base 

unit, m/min, as opposed to mm per second.  

The cutting time t(s) corresponding to a complete experiment was the cumulative time 

calculated from the total number of cuts i after each pass using Equation 3−2. 

𝑡 =  𝑡𝑖 …………………………………………………… 3 − 2 

𝑖

 

The cutting length 𝒍𝒄 (mm) was calculated from the cutting speed V (m/min) and cumulative 

cutting time t (s) using Equation 3−3. 

𝑙𝑐 =
𝑉𝑡

60
……………… . …………………………… . .        (3 − 3) 
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The metal removal rate MRR (cm
3
/min) was calculated from the feed f (mm/rev), cutting 

speed V (m/min), and depth of cut d (mm) using Equation 3−4. 

 

𝑀𝑅𝑅 = 𝑉𝑓𝑑…………… . . ………………………………      (3 − 4) 

 

The volume of metal removed MR (cm
3
) was calculated from the cutting time t (s) and metal 

removal rate MRR (cm
3
/min) by using Equation 3−5. 

 

𝑀𝑅 =
𝑀𝑅𝑅. 𝑡

60
………… . . ………………………………………… .    (3 − 5) 

The tool wear was measured according to the ISO 3685:1993 standard,
1
 and subjected to 

average flank wear width (VBb) within the nose radius of the tool. The criterionfor cutting tool 

flank wear scar size states that a 300 µm wear scar is the point at which the cutting tool is no 

longer useful and cannot provide a good surface finish. However, for this study, the turning 

test was stopped when the flank wear scar size reached 200 µm. 

The tool wear was evaluated using an optical microscope (Olympus BX 41M coupled to an 

Olympus Camedia Camera and connected to a computer using image analysis software 

AnalySIS
®
). The wear scars were inspected and analysed using anultra-high resolution field 

emission scanning electron microscope (SEM), Joel JSM 7600F, in order to understand the 

wear modes and mechanisms that affected the tool‘s performance. The cutting condition 

assumed for the experiments was a finish cutting. EDX analysis was used to confirm plastic 

deformation and adhesion based on the build-up of material on the flank and rake face. The 

optical 3D image of the machined surfaces was taken using an Olympus LEXT OLS410 3D 

laser measuring microscope. 

 

 

 

                                                           
1
Tool life testing with single-point turning tools, ISO Standard 3685:1993(E), 1993 
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3.3 CUTTING FORCE MEASUREMENT 

 

The three components of the cutting forces, radial force (Fr), tangential force (Ft), and feed 

force (Ff), were recorded using a standard quartz 3-component dynamometer (Kistler 9257B) 

equipped with Dynoware software (type 2825A 1-2) allowing measurements from -5 to 5 KN. 

The dynamometer has sensitivities of - 7.955 pC/N, - 7.95 pC/N and - 3.715 pC/N 

respectively for the x-axis, y-axis, and z-axis in the calibrated range 0-500 N. The multi-

channel charge amplifier is shown in Figure 3−3. 

 

 

Figure 3-3 Kistler multi-channel charge amplifier 

Evaluation of the static and dynamic cutting forces corresponding to a specific time was 

obtained from the analyzed cutting force signals. The static cutting forces were estimated as 

the average of the signals,𝐹𝑟𝑖
,𝐹𝑡𝑖

 and 𝐹𝑓𝑖
as shown in Equations 3−6 to 3−8. 

 

𝐹 𝑟 =
1

𝑁
 𝐹𝑟𝑖 ………………………………………… .   (3 − 6)

𝑁

𝑖=1

 

𝐹 𝑡 =
1

𝑁
 𝐹𝑡𝑖 ………………………………………… .    (3 − 7)

𝑁

𝑖=1
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𝐹 𝑓 =
1

𝑁
 𝐹𝑓𝑖 ………………………………………… .   (3 − 8)

𝑁

𝑖=1

 

 

where N is the number of cutting force data as recorded. 

The dynamic cutting forces were estimated as the variation from the static cutting forces 

shown in Equations 3−9 to 3−11. 

𝐹 𝑟𝑑 =  
  𝐹𝑟𝑖 − 𝐹′𝑟𝑖 2𝑁

𝑖=1

𝑁
……………………………… . . (3 − 9) 

 

𝐹 𝑡𝑑 =  
  𝐹𝑡𝑖 − 𝐹′𝑡𝑖 2𝑁

𝑖=1

𝑁
……………………………… . . (3 − 10) 

 

𝐹 𝑓𝑑 =    𝐹𝑓𝑖 − 𝐹′𝑓𝑖 
2𝑁

𝑖=1

𝑁
……………………………… . . (3 − 11) 

 

The force signals were obtained over the period of time taken to cut one pass on the cutting 

length (200 mm) on the workpiece. The variations of the cutting forces associated with the 

tool wear on a single pass were recorded till end of the tool life of the cutting tool. The 

influence of adhesion of chips on the rake face, and chip segmentation on the cutting forces, 

were detected by analyzing the dynamic cutting forces. 

 

3.4 SURFACE ROUGHNESS MEASUREMENT 

 

Instantaneous roughness criteria measurements (arithmetic mean roughness, Ra), for each 

cutting condition, were obtained by means of a Bondetec roughness meter. The length 

examined was 3 mm with a basic span of 0.8 mm. Maximum measurable values for Ra and Rt 
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were 40 and 160 mm respectively. This roughness was directly measured on the workpiece 

held between the chuck and tailstock, along the length of the bar, without dismounting from 

the lathe, in order to reduce uncertainties owing to resumption operations. The measurements 

were repeated three times at three reference lines equally positioned at 120° from each other 

on the surface of the workpiece, and an average of these values was taken as the result. The 

optical 3D image of the OD was taken using an Olympus LEXT OLS410 3D laser measuring 

microscope. 

3.5 CHIPS 

3.5.1 Chip analysis 

 

Chip formation mechanism plays an important role in determining cutting forces, specific 

shearing energy consumed in the deformation process and the resulting surface generation 

mechanism. Figure 3−4 shows the systematic approach used to analyse the chips generated 

during the hard turning operation for this study. The chip morphology was observed using the 

optical microscope (Olympus BX41M), followed by an analysis of chip segmentation 

frequency and of the chip forms (revealing the presence of saw-tooth chips).  

 

 
 

 

 

The experimental output variables for this investigation are: chip dimensions, which include 

pitch of the chip outer surface profile (the maximum and minimum height), chip thickness 

ratio measurement and SEM morphology of the chips. Optical and SEM microscopy 

Cutting speed 
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Figure 3-4 Chip analysis 
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micrograph were used to analyse the variables. The obtained data were used for developing a 

chip formation modeland the determination of the chip segmentation frequency. The chip 

thickness ratio was determined from the measured chip thickness as well as the chip width 

using the optical microscope.  

 

Small straight segments (5 mm length) of the chips were cut from the ones produced during 

the turning tests and used as sample preparation to determine the chip segmentation related 

parameters. These chip segments obtained were embedded in a resin mouldin a hot mounting 

press. The chip samples were mounted so that the transverse section in the X-X direction 

(shown in Figure 3–5) was exposed for the measurement. The chip mounts were first ground 

manually with water using waterproof SiC papers(grit 320 to 1000), and later, cloth polishing 

of the mounted samples (using 1 µm diamond paste) was carried out to obtain a scratch-free 

surface. The chips were very thin; therefore the polishing was carefully done to reveal the 

chip cross-section of interest. For microstructural examination of the chips, the mounted and 

polished chip was etched with a Villella‘s reagent for 10 seconds. The etched chip samples 

were observed under the ultra-high resolution field emission scanning electron 

microscope (Joel JSM 7600F) also to reveal the details on a transverse facet of the chip 

morphology and microstructure.  

 

 
Figure 3-5 Schematic view of chip cross section 

 

The chip morphology was monitored to capture the range of cutting speed atwhich the 

transition from continuous to shear-localized chip formation occurred. The morphologyof the 

upper- and underside of chips was investigated without any preparation toassess qualitatively 

the tribology atthe tool–chip interface, particularly with regard to the temperature at this 

interface. 
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3.5.2 Characterization of chip formation 

 

The characterization of the continuous chip is expressed as the chip deformation (shear strain 

and the shear strain rate). The chip ratio (r) and other related parameters, namely deformation 

angle (𝜑), chip speed (𝑉𝑐), shear speed (𝑉𝑠 ) and shear strain (γ) can be calculated from the 

chip thickness (𝑡𝑐) (see Equation 3–7). 

𝑟 =
𝑡𝑐
𝑡

        ………………………………………………………………………… . (3 − 12) 

where t is the uncut chip thickness, given as 𝑓 sin 𝐾 𝑟(Astakhov., 2006), 𝐾𝑟  is the cutting edge 

angle.  

The shear angle 𝜑 can be derived from Equation 3-8. 

tan 𝜑 =
cos 𝛾𝑛

𝑟 − sin 𝛾𝑛
        …………………………………………………………… . (3 − 13) 

where𝛾𝑛  is the rake angle and 𝑉𝑐  the cutting speed.  The chip speed 𝑉𝑐  is given by Equations 

3–9, and shear speed by Equation 3–10. 

𝑉𝑐 = Vc

sin φ

cos(𝜑 − 𝛾𝑛)
        …………………………………………………………… . (3 − 14) 

 

𝑉𝑠 = Vc

cos γn

cos(𝜑 − 𝛾𝑛)
        …………………………………………………………… . (3 − 15) 

The shear strain γ and shear strain rate γ  and the thickness of the shear zone s are given in 

Equations 3–11, 3–12 and 3–13 respectively. 

γ =
cos γn

sin φ cos(𝜑 − 𝛾𝑛)
        ………………………………………………………… . (3 − 16) 

 

γ =
γVc sin φ

𝑠
        …………………………………………………………………… . (3 − 17) 

 

s =
h

5.9 sin 𝜑
        …………………………………………………………………… . (3 − 18) 

The characterization of the serrated chips is expressed as frequency of serration, deformation 

of serrated chip and degree of segmentation. The frequency of serration F, is given by 
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Equation 3–14 as the number of segments produced per unit time, where d is the pitch of 

serrated chip (see Figure 3–6). 

𝐹 =
𝑉 sin φ

𝑑
        …………………………………………………………………… . (3 − 19) 

The degree of segmentation G can be calculated from Equation 3–15. 

𝐺 =
(1 − 2)

1
        …………………………………………………………………… . (3 − 20) 

where 1 is the higher part of the chip and  2 the height of the continuous part of the serrated 

chip as shown in Figure 3–6. 

 

 

 

The degree of segmentation of the serrated chip is usually different from that of segmented 

chip when observed by metallurgical examination (He et al., 2002; Qibiao et al., 2012).  The 

serrated chip is therefore transformed from the continuous chip, and the model of serrated 

chip formation is shown in Figure 3–7. 

The serrated chip deformation in terms of the shear strain𝛾𝑠𝑒  and shear strain rate𝛾 𝑠𝑒  is given 

in Equation 3–13 and Equation 3–14 respectively. The chip length, measured from different 

points is shown in Figure 3–7. 

 

𝛾𝑠𝑒 =
2 𝑙𝐸𝐹 sin 𝜑 −  

𝑑(𝑙𝐸𝐹 + 𝑙𝐺𝐻)2𝑠𝑖𝑛2𝜑
       ………………………………………………………… . (3 − 21) 

 

𝛾 𝑠𝑒 =
42𝑉 𝑙𝐸𝐹 sin 𝜑 −  

𝑑2(𝑙𝐸𝐹 + 𝑙𝐺𝐻)2𝑠𝑖𝑛2𝜑
       ……………………………………………………… . (3 − 22) 
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h
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Figure 3-6 Serrated chip illustration 
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3.6 SAMPLE PREPARATION FOR TEM 

 

The preparation of thin foil specimens was done using a lift-out technique in the FIB-SEM. 

The instrument used for obtaining the lamella from the cutting tool rake face was a Carl Zeiss 

AURIGA
®
 cross-beamFused ion beam Scanning electron microscope (FIB-SEM) workstation 

with a GEMINI FE-SEM column (Carl Zeiss, Germany). The macro-manipulator used on the 

FIB-SEM was a Nano Control NC40 (Kleindiek Nanotechnik, Germany). 

 

Thin foils were obtained from the worn cutting tool samples and observed under the 

transmission electron microscope. 

Figure 3-7 Serrated chip model formation 
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The thin foil samples were taken fromacross the crater formed on the rake face close to the 

cutting edge of the worn PcBN tool. The difficulty associated with using conventional means 

of sample preparation methods, where cutting lubricants are applied during cutting and 

polishing, are easily overcome using the FIB-SEM, most especially in the area of this study 

where anadherent layer is formed on the cutting tool edge. It is possible to avoid bigger 

detrimental impact on the sensitive surface layers, resulting from the use of a spark cutter for 

cutting PCBN materials (Angseryd et al., 2009b). 

 

The cBN cutting tool samples were inserted in the FIB-SEM where the in-situ lift-out was 

performed. An electron assisted platinum deposition was done, followed by a thicker ion 

assisted Pt deposition, in order to protect the surface of the area of interest on the rake face of 

the tool,and to enable the welding of the lamellae on the microprobe. Pt deposition used as a 

protective layer is about 400 nm thick. 

 

Milling and polishing were carried out with gallium ions. Two trenches were milled on both 

sides of the Pt layer using a high current of Ga ions, then the material beneath and on the sides 

of the specimen was milled leaving the specimen hanging ontwo thin strips on the sides. The 

accelerating voltage used for milling was 30 kV and the milling currents were varied: 4nA for 

coarse milling and 600 pA for fine polishing. The sample was later transferred to a Cu-grid 

using a micromanipulator (Omniprobe
TM

) tool after milling and lift up from the cutting tool. 

The final step was thinning the specimen to electron transparency. Final polish was done with 

a 20 pA beam current. The high voltage used during milling causes some Ga ion implantation, 

re-deposition, and amorphous layer formation, which has a negative effect in the TEM 

analyses, especially at higher magnifications. The specimens were cleaned with Argon ion 

milling, using Gatan 691 Precision Ion Polisher System (PIPS) to reduce the problems on the 

surface. The SEM micrographs showing the lift-out procedure in steps are shown in Figure 3–

9. 
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Figure 3-9 The step-by-step procedureduring the lift-out of the lamellae in the FIB-SEM: (a) Pt deposition 

on the site of interest and then cutting the side trenches and preparing for lift-out, (b) lamellae attached to 

the micro manipulator partially attached to the cupper grid and then cut loose, (c) the final the sample is 

attached to a copper TEM grid. 

 

3.7 SCANNING ELECTRON MICROSCOPE (SEM) 

 

The microstructure of the cutting tools (CBN-100 and CC 650), workpiece, worn inserts and 

chips were studied using the ultra-high resolution field emission scanning electron microscope 

(SEM), Joel JSM 7600F, equipped with an EDAX energy dispersive spectroscope (EDS), and 

WDS and EBSD analyzersconnected to a computer. Energy-Dispersive X-ray (EDX) point 

analysis was conducted on all specimens while EDX mapping was conducted for the thin foils 

obtained during lift-out. The SEM used for evaluation is shown in Figure 3–10. 
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Figure 3-10 Scanning electron microscope 

 

3.8 TRANSMISSION ELECTRON MICROSCOPE (TEM) 

 

Information about chemical composition (analytical electron microscopy AEM) and structural 

information (crystal structure) of a solid sample material in a nano-meter scale can be 

investigated using the transmission electron microscopy (TEM).  

Three different techniques are used for obtaining the chemical information about the sample. 

They are energy dispersive X-ray analysis (EDX), high-angle annular darkfield imaging 

(HAADF), and electron energy-loss spectroscopy (EELS) (Williams and Carter, 1996). 

 

Utilizing the EDX system of the microscope, chemical information may be obtained from the 

excited characteristic X-rays of the specimen. Element mapping and line scans with very high 

spatial resolution (a few nanometres) can be generated from a thin, homogeneous foil.  

 

EELS is based on the acquisition of a spectrum of the inelastic scattered electrons and it is a 

complementary technique to EDX analysis (Williams and Carter, 1996; Brydson, 2001).  
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High angle annular darkfield (HAADF) detectors are used for imaging in the scanning 

transmission mode (STEM) of the microscope by collecting elastically and in-elastically 

scattered electrons. Images with very high resolution at atomic scale are generated using the 

high-resolution transmission electron microscopy (HRTEM).  

 

TEM investigations require electron-transparent specimens (about 200nm in thickness) 

depending on the acceleration voltage of the microscope.  

 

The lamella that was cut using the FIB-SEM was observed using a JEOL JEM 2100 High 

Resolution TEM, with a LaB6 cathode. TEM was operated at 200 kV to view the lamella. 

Images were captured using a Gatan Ultrascan camera and Digital Micrograph software. 

 

The TEM investigations involve: imaging, EDX, and Scanning TEM (STEM). The EDX was 

performed as EDX point analysis. 
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4 RESULTS AND DISCUSSION 

4.1 WORKPIECE MATERIAL 

 

Five different points were tested on the surface of the work material and the average was 

recorded for the hardness test. The results from the Vickers hardness test were converted to 

Rockwell using a conversion chart. 

 

The average hardness of the workpiece material obtained was 430.1+13HV ≈ 43+13 HRC 

 

The SEM micrograph of the microstructure of the etched hardened stainless steel is shown in 

Figure 4–1a, EDX spectra of the martensite and carbides in the workpiece are shown in 

Figures 4–1b&c, and the XRD pattern is shown in Figure 4–1d. From the SEM micrograph, 

the microstructure comprises carbide precipitates in the tempered martensite of the workpiece. 

The carbides are seen in the form of spheroidal and elliptical shapes, while the martensite 

grains are needle-like in shape. The work material had undergone tempering and hardening by 

the supplier at temperatures of 538 ˚C and 1038 ˚C respectively (Bohler steel). Generally, the 

microstructure of martensitic stainless steel contains carbides such as M7C3, M23C6 and M2C 

after tempering, where M represents Cr, Fe, Mo, V or other carbide-forming elements (Zheng-

Fei and Zen-Gou, 2003; Bhadeshia and Honeycombe, 2006; Verhoeven, 2007; Salleh et al., 

2009, Bushlya et al., 2014). The large complex primary carbide particles in the martensitic 

matrix of the AISI 440 B stainless steel were identified as M23C6 carbides based on the carbon 

chromium phase diagram and by EDS analysis of the carbides showing a high chromium 

carbide. The compositions of the carbides were analysed using EDS and they show a 

composition of 38at.% Cr, 24at.% Fe, 1.3at.% Mo, and fractional percentages of V and Ni. 

The complex cubic M23C6 carbides are the chromium rich carbides as confirmed by EDS 

results and as already reported in the literature (Salleh et al., 2009). The EDX shows the high 

peaks for Cr and Fe in the microstructure of the work material. The X-ray diffraction (XRD) 

used for identifying the phases in the workpiece microstructure is shown in Figure 4–1d. The 

result shows the FeCr Phase as  predominant phase in the material which was confirmed by 

the EDX report. 
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Figure 4-1 SEM, EDAX and XRD micrograph of etched martensitic stainless steel sample 
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4.2 CUTTING TOOL MATERIAL 

 

The SEM micrographs and EDS spectra of selected spots in these micrographs of the received 

CBN-100 and CC650 cutting tools are shown in Figures 4–2 and 4–3 respectively. The EDS 

spot analysis confirmed the composition of the cutting tool inserts as supplied by the 

manufacturers. The microstructure of CBN–100 cutting tool (Figure 4–2a) shows two major 

interpenetrating uniformly dispersed continuous phases, namely cBN and TiC. The cBN 

grains are the dark phase whereas the TiC is the light grey phase. Also WC grains are seen as 

bright grey grains and the TiB2 or Al-based phase appeared as dark grey grains in some areas 

within the microstructure. The EDS spot analysis confirmed the presence of these phases (see 

Figure 4–2b). The average cBN grain size was measured and found to be about 2 µm, which 

confirmed the information contained in the supplier‘s data sheet (SECOMAX). Similarly in 

Figure 4–3a the micrograph and EDS overall spectrum of CC650 cutting tool material is 

shown. In this, dispersed phases of Al2O3 and TiC/TiN are seen; the Al2O3 is seen as grey 

phase while TiC/TiN appears as a lighter one. Small traces of Tungsten carbide grains seen as 

bright grey phase were found in the microstructure of CC650 tool.  

 

 

 

Figure 4-2 SEM micrograph and overall EDS spectrum of received CBN-100 cutting tool insert from SECO 

Tools 
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Figure 4-3 SEM image and overall EDS spectrum of received ceramic insert with composition of Al2O3 and 

TiC 

 

4.3 MACHINING RESULTS 

4.3.1 Tool wear 

 

The turning tests carried out in this work are used for determining the evolution of different 

types of tool wear mechanisms operating at machining conditions that vary with respect to 

cutting speed, feedrate and depth of cut.  In high speed machining, wear at the rake face of the 

cutting tool is more predominant. Thus, the tool life is determined by flank wear. Figure 4–4 

shows the variation of the size of the flank wear scar (VB) with cutting time with cutting speed 

as the parameter (100, 150 and 200 m/min) for CBN–100 and CC650. The tests were 

conducted at the feed rate of 0.1 mm/rev and depth of cut of 0.1 mm. The experiments were 

repeated three times under identical machining conditions. Similarly, Figure 4–5 shows the 

flank wear as a function of cutting length. From Figure 4–4, the time taken for CC650 to 

reach allowable maximum flank wear was 56 minutes, compared to about 261 minutes with 

CBN–100 when cutting at 100 m/min. This is about 5 times longer cutting time. Similarly, at 

the same cutting speed about 5 times more material is removed using CBN–100 (see Figure 

4–5).  

 

The results show that the flank wear increases with increasing cutting speed for both cutting 

tools. Generally, the tool life of any cutting tool is greatly affected by the cutting speed, thus 

the most significant factor affecting the tool life during machining of hardened steel 

(Poulachon et al., 2004; De Godoy and Diniz, 2011).  CBN–100 however showed better wear 

resistance for all the cutting speeds; this is owing to its higher fracture toughness and the 
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ability to retain its hardness at elevated temperatures (higher hardness at both low and high 

temperatures), and thus it can withstand the high temperature generated at the tool–chip 

interface. For the ceramic cutting tool, at the tool–chip interface, the cutting temperature is 

very high resulting from the cutting speed, the layer on the tool face becomes soft with more 

accelerated wear, since the flank face can be easily abraded by the hard particles in the work 

material. 

 

 

Figure 4-4 Evolution of flank wear at cutting speeds of 100, 150 and 200 m/min in relationship to cutting 

time 

 

0

50

100

150

200

0 50 100 150 200 250 300

F
la

n
k

 w
ea

r 
V

B
 (

µ
m

)

Cutting time (mins)

cBN-100, 200 m/min CC650, 100 m/min
CC650, 150 m/min CC650, 200 m/min
cBN-100, 100 m/min cBN-100, 150 m/min



 CHAPTER 4                                                                                                  RESULTS AND DISCUSSION 

 

95 | P a g e  
 

 

Figure 4-5 Evolution of flank wear at 100, 150 and 200 m/min in relationship with cutting length 
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workpiece finally collapsed by rupturing of the cutting edge at a machining time of 2.62 

minutes as shown in Figure 4–6. In the case of CBN–100, there is excessive wear of the tool 

flank only towards the end of the tool life, though the cutting tool failure was also rapid as 

shown by severe chattering of the cutting edge. 
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Figure 4-6 Flank wear at cutting speed 600m/min, feed rate=0.1 rev/mm, DOC=0.1 mm 

 

The ratios of volume of metal removed per unit of flank wear for CBN–100 and CC650 are 

shown in Figure 4–7. The ratio of the volume of metal removed per unit of flank wear is 

assumed to be constant with time. This metric decreased rapidly with increasing cutting speed 

up to about 300 m/min, and more slowly at higher speeds. The amount of material removed 

by the cBN cutting tool is considerably higher than the CC650 cutting tool at speeds below 

300 m/min. At higher cutting speeds beyond 300 m/min, the volume of material removed by 

cBN is relatively close to that removed by CC650, and at 600 m/min the volume is lower. 

This is owing to the rapid tool wear of the cBN tool at this cutting speed, where it is not able 

to handle excessive vibration as a result of its lower fracture resistance compared to mixed 

alumina (See Table 3-4). The recommended speed range for a high ratio of metal removed per 

unit flank wear is speeds below 200 m/min. However, for good surface quality, higher cutting 

speeds are recommended, where the surface roughness obtained at higher cutting speeds were 

better than the ones obtained at lower speeds. 
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Figure 4-7 Effect of cutting speed on the ratio of volume removed per unit flank wear 
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speed was lower. A similar observation was made with the CC650 cutting tool. The CBN–100 

exhibit much longer tool lives than CC650 cutting tools, as expected. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 100 200 300 400 500 600 700

R
a

ti
o

 o
f 

m
et

a
l 

re
m

o
v

ed
 p

er
 u

n
it

 f
la

n
k

 w
ea

r 

(c
m

3
/µ

m
)

Cutting speed (m/min)

cBN-100 CC650



 CHAPTER 4                                                                                                  RESULTS AND DISCUSSION 

 

98 | P a g e  
 

 

Figure 4-8 Average tool lives for CBN-100and CC650 cutting tools 

 

Generally the feed rate has a direct influence on the productivity, quality and efficiency of 

machining. The increase in the feed rate normally increases the wear of any cutting tool, as 

long as the cutting speed and depth of cut are kept constant, thus having the effect on the 

parameters as listed earlier (Astakhov, 2006). Figures 4–9 and 4–10 show the flank wear as a 

function of cutting length for CBN–100 and CC650 respectively, with feed rate as the 

parameter. It is seen that the flank wear decreases with increasing feed rate for the CC650 

cutting tool.  When machining with CC650, there is a significant effect of feed rate increase 

on the wear rate, most especially with feed of 0.15 mm/rev. More material can easily be cut 

within the shortest time interval, while the wear rate improves. For the CBN–100 tool, the 

flank wear decreases initially with an increase in the feed from 0.05 to 0.1 mm/rev, and later 

increases with the feed of 0.15 mm/rev. The decrease in the tool wear is probably owing to the 

depth of the cold working material which is less than the uncut chip thickness, thus the tool 

wear rate decreases with the increase in the feed (Astakhov, 2006).The high tool wear 
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phenomenon is observed when using the CC650 cutting tool; this could be a result of the 

cutting speed used for machining (100 m/min), which is relatively low; the actual cutting 

temperature at the cutting zone is lower than the optimal cutting temperature of the cutting 

tool. 

 

Figure 4-9  Effect of feed rate on tool wear for CC650, speed, 100 m/min, DOC 0.1 mm 

 

 

Figure 4-10 Effect of feed rate on tool wear for CBN-100, speed, 100 m/min, DOC 0.1 mm 
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The effects of depth of cut on the flank wear as a function of the cutting time for CBN–100 

are shown in Figure 4–11. The flank wear increases with increase in the depth of cut, but the 

rate of increase is less significant when compared to the effect of increase in the cutting speed 

on tool wear rate. As seen in Figure 4–11, lower wear rate was recorded with depth of cuts of 

0.2 mm initially compared to depth of cut of 0.1 mm, but after certain cutting distance and 

time (20 minutes), the wear rate increased. 

 

 

Figure 4-11 Effect of depth of cut on tool wear for CBN-100, speed 200 m/min, feed 0.1 mm/rev 

 

In general, the CBN–100 cutting tool showed a better performance in all the cutting 

conditions investigated owing to its superior wear resistance and ability to retain its strength 

at higher cutting temperatures, but at low feeds the tool wear for PcBN is very high, probably 

as a result of its lower toughness. Therefore it cannot withstand high machine vibration with 

small feeds. However, for both cutting tools, the feed of 0.1 mm/rev recommended because of 

the moderate flank wear and better surface finish obtained at this feed by the cutting tools. 

There is a high impact loading on the tribological system, which is caused by micro and 

macro grooves on the workpiece surfaces, accompanied by a high temperature at the chip–

tool interface. The high cutting temperature generated at the chip–tool interface, resulting 

from high speeds and feeds, leads to the accelerated tool wear of the CC650 owing to the 
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decrease of its hardness, poor thermal shock resistance and low fracture toughness (Lo Castco 

et al., 1993). 

 

The results from the wear study clearly showed that the cutting speed had the most significant 

influence on the tool wear compared to the feed rate and depth of cut. The increase in the 

cutting speed for instance from 100 m/min to 150 m/min (See Figure 4–8), there is a drastic 

reduction in the tool life of the cutting tool, whereas, the increase in both feed and depth of 

cut shows slight influence in the tool wear for both mixed ceramics and cBN cutting tool.  

Based on the result of the tool wear study, the machining parameters recommended for 

machining hardened martensitic AISI 440 B is cutting speed of 100–150 m/min, depth of cut 

of 0.1 mm and feedrate of 0.1 mm/rev. 

 

4.3.2 Wear mechanism of cutting tool 

 

Figures 4–12 and 4–14 show the optical micrographs of CBN–100 and CC650 respectively. 

Figures 4–13 and 4–16 show the SEM micrographs of CBN–100, while Figures 4–15 and 4–

18 show the corresponding SEM micrographs for CC650. All of these figures refer to the 

worn surfaces of the two cutting tools tested in this work. The EDS information of the rake 

face is shown in Figure 4–16 for CBN–100 and Figure 4–18 for CC 650 tools respectively. 

The SEM figures show cutting tool flank face and rake face when machined at cutting speed 

of 100 m/min. The most dominant wear modes, in both cutting tools, easily seen on the SEM 

micrographs, are the flank and crater wear. Abrasive wear mechanism is more predominantly 

observed for both cutting tools on the flank face but is moderate at the chip–tool interface on 

the rake face. Other wear mechanisms such as chipping, adhesion and plastic deformation 

were also observed on the cutting tools.  

 

Figures 4–12 (a–f) clearly show smooth abrasive wear (marks parallel to the cutting direction) 

on the flank face. At the cutting speed of 200 m/min, the abrasive marks are coarse as a result 

of higher friction at the work material–cutting tool interface, compared to machining at the 

speed of 100 m/min.  The grooves formed on the flank face of the CBN–100 tool result from 

the detachment of cBN grains from the bond caused by the hard particles (M23C6) in the work 

material. Smooth wear is normally observed with this particular cutting tool when cutting 

hardened steel as a result of the small feeds. The rubbing between the contacting surfaces of 
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the cutting tool and the workpiece and the high temperature at the chip–tool interface, create 

the environment where diffusion can take place in the cutting tool; however, because of this 

mode of wear, there is a possibility of chemical interaction between the cutting tool and the 

workpiece material. This wear phenomenon is normally reported when machining hardened 

steels using PcBN (Chou and Evans, 1997; Hasan and Thamizhmanii, 2010; Lahiff et al., 

2007).  

 

There is evidence of grooves on the top surface of the flank face at a cutting speed of 100 

m/min at initial cuts, and this is later covered by adhered, plastically deformed material. The 

clearance face of the cutting tool at this speed shows brittle chipping. At feeds of 0.05 

mm/rev, evidence of chipping on the clearance face was clearly observed. When the feeds and 

speeds were further increased, the chipping was reduced. On the rake face, at the cutting 

speed of 100 m/min, there is evidence of built up edge, moderate abrasion (cratering), and 

adhesion with transferred layer as observed during machining with the CBN–100 cutting tool, 

shown in Figures 4–16b and c. The adhesion of the workpiece material on both the rake face 

and flank face of CBN-100 cutting tool at elevated temperature and stresses, causes adhesive 

wear of the tool, This form of wear is mostly common at medium cutting speeds. The EDS 

information of the rake face of CBN-100 tool in Figures 4–16d and 4–17 respectively, shows  

evidence of Cr and Fe of the work material adhering on the both rake and crater face of the 

cutting tool. The adhered material consists of the constituents from the workpiece material 

with elements such as, Fe, Si, Cr, Mn and oxygen introduced during oxidation. From Figure 

4–18c, there is evidence of grain pull-out from the cutting tool, which is carried away from 

the flank face. 

 

 

\ 
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Figure 4-12 Optical micrograph of the worn CBN-100 cutting tool at varying cutting speed showing the 

cutting lengths at feed rate of 0.1 mm/rev  a) 100 m/min; 25,125 m, b) 150 m/min; 18, 430 m,  c)200 m/min; 

10,829 m; varying feed rate at cutting speed of 100 m/mind) 0.05 mm/rev; 3,044 m, e) 0.1 mm/rev; 10, 920 m, 

f )0.15 mm/rev; 8,708 m 

 

 

Figure 4-13 SEM micrograph of flank face of failed CBN-100 magnification X150 cutting tool a) 100m/min; 

25, 125 m, b) 200m/min; 10,829 m 

 

Figures 4–14a–f and 4–15a and b show the optical and SEM micrographs, respectively, of the 

worn CC650 cutting tool. The flank face shows more chipping and tool fracture when the 

machining speed increases (200 m/min) as shown in Figure 4-15b and c. The main wear 

mechanism observed is abrasive wear with deeper grooves when compared with the parallel 

marks on the flank face of the CBN–100 cutting tool. This could be a result of possible 

combination of the disintegration of oxides and carbides from the material and the abraded 

action of hard debris from the workpiece, being dragged across the flank face, thus removing 
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the tool material. However, the deeper marks, on CC650 cutting tool is as a result of the 

bigger carbide grains in the CC650 cutting tool, compared to the ones found in the CBN–100 

tool.The higher chemical affinity of CBN–100 to the workpiece material makes it more 

susceptible to diffusion and chemical wear compared to CC650.On the rake face, there exist 

adhesion and crater wear, caused by rapid shearing of the successive layers of the cutting tool, 

thus forming deep craters. Usually, crater wear affects the cutting process resulting from the 

changing of the tool–chip interface geometry. Some of the factors that affect the crater wear 

are chemical affinity between the work material and the cutting tool, temperature at the tool–

chip interface, and similar factors affecting flank wear which is activated by high cutting 

speeds and temperatures. Notch wear is mostly observed while machining hard materials 

using ceramic tools, most especially with low toughness (Kumar et al., 2006); however, that 

wear type was not observed in the present study.  

 

 

 

Figure 4-14 Optical micrograph of the worn CC650 cutting tool at varying  cutting speed at cuttings lengths  

a) 100 m/min; 5,001 m, b) 150 m/min; 4, 203 m, c) 200 m/min; 2,589 m; varying feed rate d) 0.05 mm/rev; 

4,446 m, e) 0.1 mm/rev; 5,001 m, f ) 0.15 mm/rev; 8, 705 m 
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Figure 4-15 SEM micrograph of flank face of failed CC650 cutting tool A) 100m/min; 5,001 m,  B) 

200m/min; 2,589 m. 

 

 

 

Figure 4-16 SEM micrograph  and EDS of failed CBN–100 cutting tool, speed 100m/min, feed 0.1 mm/rev, 

DOC, 0.1 mm, Length, 25,125 m 
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Element Weight % Atomic % 

CK 8.93 14.59 

OK 43.28 53.07 

AlK 26.28 19.10 

TiK 17.55 7.19 

CrK 4.40 1.66 

FeK 12.49 4.39 

Totals 112.93  

 

 

Figure 4-17 EDS of Spot A of Figure 4-16 showing chemical affinity of work material on crater face 

 

 

 

 

 

Figure 4-18 SEM micrograph  and EDS pattern of failed CC650 cutting tool, speed 100m/min, feed 0.1 

mm/rev, DOC, 0.1 mm, Length, 5,001 m 

 

Small elements of the work material can be found on the crater face of CC 650 as confirmed 

by EDS pattern (Figure 4–18). However, the extent of chemical affinity of CC650 to the 

Element Weight 

% 

Atomic 

% 

CK 64.48 65.35 

OK 16.21 12.33 

AlK 4.05 1.83 

TiK 20.04 5.09 

CrK 8.95 2.09 

FeK 61.04 13.30 

Totals 174.76  
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stainless steel material is very small in comparison to CBN–100, judging from the fact that 

the peaks of Cr and Fe are quite small in the case of CC650 cutting tool and also that the 

composition of the elements by atomic percentage was more in the case of CBN–100 (see 

Figure 4–17).The main wear mechanisms observed in this study in the rake face of the 

ceramic tool is one, or a combination, of diffusion, adhesion and abrasion. 

 

The predominantly abrasive wear occurring on the flank face of both cutting tools is a result 

of the hard carbide particles within the martensitic matrix of the workpiece material, such as 

M23C (predominantly), SiC, Cr7C3, VC, Mo2C, M7C, M2C and Fe3C. This cause of wear is 

described by many authors as the significant major cause of wear during machining of 

hardened steels (Liew at al., 2003; Sales et al., 2009; Chou and Evans, 1997; Thamizhmanii 

and Hasan, 2008; Hasan and Thamizhmanii, 2010). 

 

At increasing cutting speeds (between 300 m/min and 600 m/min), the crater depth increases, 

as observed, and typical wear on the rake face can be seen in Figures 4–19 and 4–21 for 

CBN–100 and CC650 respectively. The tool wear on the rake face is formed at some distance 

from the cutting edge, within the conventional cutting speed range and adjacent to the cutting 

edge during high cutting speed. Deeper grooves and the depth of wear area can be seen on the 

cutting edge of both cutting tools showing excessive wear. Crater wear occurs mainly owing 

to high cutting temperatures on the rake face. On the crater face of CBN–100 cutting tool 

there is still present some form of adhesion of the work material on the crater surface but with 

very small thickness. Debris or micro particles of the chips formed at high cutting speeds 

were deposited on the craters (see Figure 4–20). Abrasive marks can be clearly seen on the 

rake surface of the CC650 cutting tool at cutting speeds of 300 m/min and 600 m/min. The 

abrasive wear on this surface is aggravated owing to the reduction in the hardness of the 

cutting tool resulting from high cutting temperatures (Liu et al., 2002). 
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Figure 4-19SEM micrograph of crater face (CBN-100, speed 300m/min, ap 0.1mm, feed 0.1 mm/rev) 

 

 

Figure 4-20 Crater face of failed CBN-100cutting insert (Speed 600 m/min, ap 0.1 mm, feed 0.1 mm/rev) 

 

 

Micro particles  
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a) b) 
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Figure 4-21 SEM micrograph of crater wear  of CC650 tool, a) 300m/min, b) 600 m/min,  ap 0.1mm, feed 0.1 

mm/rev 

 

 

Figure 4-22 Flank wear images of CBN-100insert a) 100m/min b) 300m/min c) 600m/min 

 

Figure 4-23 Optical micrograph images of flank wear of CC650 insert a) 300m/min b) 600m/min 

 

The optical micrographs of the cutting tools machined at 300 m/min and 600 m/min are 

presented in Figures 4–22 and 4–23 for CBN–100 and CC650 cutting tools respectively. 

During high speed cutting, small chips of the cutting tool break off from the cutting edge as a 

result of possible transient thermal stresses and mechanical shocks owing to cyclic heating 

and cooling as the cutting tool enters and exits the workpiece. 

 

It can be seen from Figure 4–23, the wear mechanism of the CC650 cutting insert is a 

combination of abrasive and chipping with abrasive wear more dominant, whereas for the 

cBN cutting tool, fracture is the dominant form of wear. The excessive chipping of the CC650 

cutting tool is caused by abrasive wear, thus leading to flank wear. 

 

b) a) 

b) a) 
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 The CBN–100 cutting tool failure is mainly by the maximum flank wear VBmax. The cutting 

edge of both cutting tools appeared jagged with depressions on the wear land. There exist 

small chips along the boundary of the minor and major flanks of the tools. The abrasive wear 

on the CC650 flank is more uniformly distributed when compared to that formed on the flank 

face of the CBN–100 tool. There, severe cracks, chattering and fracture are observed, most 

especially at cutting speeds of 600 m/min. Similar trends with PcBN were observed by Liu et 

al. (2002). 

 

Generally, tools that are prone to fracture have low fracture toughness and transverse rupture 

strength (Kopac et al., 2006); this phenomenon was observed with CBN–100. In the case of 

CBN–100, there is weak mechanical strength resulting from the ineffective cBN crystal to 

crystal bonding (Deming et al., 1994).  

The fracture toughness of both cutting tools is in the region of 4 MPa-m
1/2(see Table 3–

4),which makes the tools highly prone to fracture at the flank face. This properties can be 

enhanced to improved the tools resistance to this particular wear, thus increase in their tool 

life. 

 

The results in this study, based on the wear mechanism, CBN–100 or any PcBN with low 

cBN content are generally not recommended for machining martensitic stainless steels with 

hardness less than 45–50 HRC at high cutting speeds. 

4.3.3 Forces 

 

In turning operations, the cutting forces are critically important and sometimes used for 

evaluation of the performance of the machining process, because of their strong correlation 

with the  tool‘s wear, cutting temperature, surface accuracy, tool breakage, and self-excited 

and forced vibrations (Shaw, 1984; Lalwani et al., 2008;  Bartarya, and Choudhury , 2012) 

 

The three cutting forces, namely tangential force (Fc), radial force (Fr) and feed/axial force 

(Ff), were measured during hard turning experiments. In each experiment, a fresh cutting tool 

was used and the experiments were repeated twice at each cutting condition in order to keep 

experimental error to a minimum. The cutting force information was based on a single pass of 

the cutting tool over the workpiece within a cutting distance of200 mm. The cutting forces 

were only investigated using the CBN–100 cutting tool to understand the effect of cutting 
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parameters on the cutting force and also the relationship between the cutting forces and tool 

wear. 

 

As observed in the first test when cutting forces were varied with speed, the axial force was 

lower than both tangential and radial forces. The radial force (thrust force) is the highest 

(about twice the cutting force) observed in the experiment. This is in agreement with result 

obtained by Wuyi (2000); Ozel et al. (2005); Huang and Liang (2005); and Fnides et al.(2008) 

using PcBN for machining steel during finish hard turning. When machining within the limit 

of the nose radius, the thrust force was found to be the dominant force, followed closely by 

the tangential force (Nakayama et al., 1988; Fnides et al., 2008). Typical cutting forces 

obtained during the machining test are shown in Figure 4–24. 

 

 

Figure 4-24 Cutting force using CBN-100 during a single pass length of 200 mm, Speed 100m/min, DOC 

0.1mm, feed 0.1mm/rev 

 

The effect of increase in cutting speed on the resultant cutting forces is presented in Figure 4–

25. The cutting forces were obtained at constant feedrate of 0.1 mm/rev and depth of cut of 

0.1 mm. As observed, the increase in the cutting speed leads to a decrease in the cutting 

forces. The highest radial cutting force recorded was 78.125 N and the lowest recorded was 

46.367 N (at a speed of 400 m/min). The tangential and axial forces were in the range of 

68.359 N–34.174 N and 14.648 N–7.324 N respectively. There is a minimal effect of the 

cutting speed on the axial force as observed when the cutting speed increases from 100 m/min 
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to 400 m/min.  However, there is a decline in the cutting tangential and radial cutting forces 

with increasing cutting speed. Normally, it is expected that the cutting forces should reduce 

with increase in the cutting speed, since the temperature between the work and cutting tool 

increases and this leads to softening of the work material. The decrease in the cutting force at 

high cutting speed is essentially owed to the reduction of the rubbing between the chip and 

cutting tool, limited by the stabilization of the temperature at high cutting speeds. At high 

cutting speeds the degree of plastic deformation increases along with the cutting temperature, 

and the angle of shearing increases permitting the reduction of the area or section of shearing, 

and therefore of the cutting force (Kamruzzaman and Dhar, 2008). 

 

Figure 4-25 Cutting force variation at different speeds 
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Figure 4-26 Effect of depth of cut on cutting force, speed 100 m/min, feed 0.1 mm/rev 

 

The cutting forces increase with an increase in the depth of cut from 0.1 mm to 0.2 mm, as 

seen in Figure 4–26. The axial force remained lowest while the thrust force (radial force) was 

the highest. The tangential and thrust forces were found to increase by almost the same ratio 

as the depth of cut increases. This increase in the cutting force probably owes to the larger 

contact area of the cutting tool on the workpiece when the depth of cut is increased from 0.1 

to 0.2 mm.  

 

Figure 4–27 shows the cutting force as a function of the feed rate. The thrust (radial) force 

was recorded as the highest in the experiment, at about 119.6 N. Other cutting forces 

(tangential and axial) were lower than the cutting forces recorded at feedrate of 0.1 mm/rev. 

The thrust force reduces with an increase in the feed rate from 0.05 mm/rev to 0.15 mm/rev, 

but with the tangential and axial forces, this was not so as they increased when the feed was 

increased. 

 

The high value of the thrust force at feed rate of 0.05 mm/rev, compared to its value at higher 

feed rates, is probably a result of the vibrations experienced when cutting at this feed and at a 

low cutting speed. The high vibration when cutting at low feed rate had been ascribed earlier 

to the low fracture toughness of a CBN–100 tool.  
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It is expected for the cutting force to increase with increasing feed rate (Ozelet al., 2005; 

Kosaraju et al., 2011). This was observed at 0.1 mm/rev feed.  

 

Figure 4-27 Cutting forces as a function of feed rate at100 m/min and DOC 0.1 mm 

 

 

Figure 4-28 Forces and flank wear Vs cutting time for CBN-100 at 200 m/min cutting speed 
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Figure 4–28 shows the effect of machining time on the cutting forces in comparison to the 

flank wear scar size during machining of the work material using the CBN–100 cutting tool. 

The radial force (thrust force) is usually higher than the tangential cutting force (feed force) 

(typical observation during machining of hardened materials). The flank wear profile is 

similar to the cutting force profile. An increase in flank wear rate leads to a corresponding 

increase in the cutting forces. The mechanical loads (which are directly related to the cutting 

force) of the surface produced at the tool workpiece–interface are mainly affected by the flank 

wear, thus its effect on the cutting forces is significant (Dubec et al., 2013).  

4.3.4 Effect of machining parameters on the surface roughness 

 

Diameter error, geometric deviation and surface integrity are the key quality characteristics in 

a turning operation. Surface roughness in metal cutting is sometimes used for evaluating the 

cutting tool failure and it is also a good indication of the quality of the machined surface. The 

surface finish produced during hard turning while using the CBN–100 and CC650 were found 

to be generally satisfactory. The roughness value for the CBN–100cutting tool was similar at 

cutting speed of 100 and 150 m/min but it improved at 200 m/min. For the CC650 cutting 

tool, the Ra value was better at 100 m/min compared to higher cutting speeds. The minimum 

and maximum Ra values of 0.51 and 1.13 µm respectively were recorded for the CC650 tool, 

and 0.63 and 1.44 for the CBN–100tool. 

 

The surface finish produced when using CC650 is found to be better compared to that 

obtained with the PcBN cutting tool at all the cutting speeds investigated (100, 150 and 200 

m/min).  Figures 4–29, 4–30 and 4–31 show the surface roughness variation with cutting 

length at different cutting speeds. At 100m/min the surface roughness produced by CBN–100 

deteriorated rapidly from the first cut as the machining test progressed, while CC650 gave a 

fairly uniform Ra value over the cutting distance investigated. CC650 showed a much better 

surface roughness value at cutting speed of 100 m/min than CBN–100. At much higher 

cutting speeds (200 m/min), the Ra produced by both cutting tools were similar though the Ra 

produced by CC650 was slightly better than CBN–100 (see Figure 4-31). CC650 produced Ra 

of 0.5 µm in the initial cuts and later the surface started deteriorating as the flank wear 

increased at a cutting speed of 200 m/min.  
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Figure 4-29 Surface roughness (Ra) produced at 100 m/min cutting speed, feed 0.1 mm/rev, DOC 0.1 mm 

 

 

Figure 4-30 Surface roughness (Ra) produced at 150 m/min cutting speed, feed 0.1 mm/rev, DOC 0.1 mm 
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Figure 4-31 Surface roughness (Ra) produced at 200 m/min cutting speed, feed 0.1 mm/rev, DOC 0.1 mm 

 

The typical Ra and Rz produced by CBN–100 at cutting speed of 160 m/min are shown in 

Figure 4–32. The arithmetic mean value Ra (arithmetic average roughness) was about 2.8 

times lower than the Rz (maximum height of roughness profile) value. This shows that Rz is 

more sensitive than Ra to the changes in surface finish because maximum profile heights. 

 

 

Figure 4-32 Typical Ra and Rz produced by CBN-100, speed 160 m/min, feed 0.1 mm/rev, DOC, 0.1 mm 
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The increase in the cutting speed resulted in an improvement in the surface finish produced by 

the CBN–100 cutting tool, whereas for CC650, the surface finish was moderate at the initial 

cuts, but increased with cutting speed as the tool was worn out, resulting in chatter marks and 

debris on the machined surfaces, as shown in Figures 4–33b and 4–34b. As reported by 

Stephenson and Agapiou (2006), cutting speed, feed rate and depth of cut have significant 

effects on the surface finish of the machined component. Based on Equation 2–9 (theoretical 

expression of surface roughness), the feed rate found to be the major parameter that 

influencing the surface roughness. 

 

Figure 4–33 and 4–34 show the typical surface produced on the workpiece after machining 

using CBN–100 and CC650. Generally, machined surface topography consists of straight 

grooves in parallel direction to the cutting velocity; this was observed on all surfaces 

produced. Observed in Figure 4–33a and 4–34 are deeper feed marks on the surface with 

cBN–100. This is the reason for the higher surface roughness obtained with the cBN 

compared to the CC650 cutting tool. However, the work material surface micrographs 

obtained withCC650show more defects compared to the ones obtained using CBN–100. The 

number of defects increases with increasing cutting speed. Layers of debris that have 

undergone severe deformation are observed on the machined surface. Such features are 

similar to the ones observed by Liew et al (2003).  These defects may be a result of unstable 

built-up edge adhering unto the machined workpiece surface. The instability would be caused 

probably as a result of the high temperatures at the cutting tool–workpiece interface. 
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Figure 4-33 Machined surfaces  a) CBN-100, 2D optical micrograph,  b) CC650, 2D optical micrograph, c) 

CBN-100, 3D Optical micrograph, d) CC650, 3D  optical micrograph,  at cutting speed of 100 m/min, feed 

0.1 mm/rev, DOC 0.1 mm 
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Feed direction 
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Figure 4-34 Machined surfaces  a) CBN-100, 2D optical micrograph,  b) CC650, 2D optical micrograph, c) 

CBN-100, 3D Optical micrograph, at cutting speed of 200 m/min, feed 0.15 mm/rev, DOC, 0.1 mm 

 

4.3.5 Dimensional deviation 

 

The difference between the measured diameter and the designed diameter, where a positive 

error indicates undercutting of a cylindrical work-piece, is known as the diameter error. For 

turned component parts, especially where cylindrical fits are involved, the dimensional error 

is an important quality characteristic (Rafair and Islam, 2009).The average diameter of the 

workpiece was checked for dimensional deviation after it was subjected to turning using the 

CBN–100 and CC650 cutting inserts. The result could be used for determining the most 

appropriate time for the tool to be discarded when considering the tolerance. Figure 4–35 

shows the increase in the geometrical deviation (concentricity) of the workpiece as cutting 

progresses with the flank wear (measured in terms of length of cut). At the first pass, there 

was no deviation in the diameter of the workpiece machined using CBN–100 tool main while, 

at this pass, the workpiece increased slightly by 1 µm when CC650 tool was used. The 

a) b) 

Feed direction 

c) 
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dimensional deviation of the workpiece increased rapidly at the third pass for the CBN–100 

tool and second pass for the CC650 cutting tool. This rapid increase can be correlated to the 

rapid tool wear of both cutting tools at this point where the sharp edges of the tool breaks and 

a new cutting geometry is developed. This geometry produced a new nose radius with a 

decrease in the cutting edge effective height (h) (see Figure 2-24). At the end of nine passes, 

the dimensions of the final piece compared to the expected dimensions showed an increase by 

about 15 µm for CBN–100 and 32 µm for the CC650 cutting tool. This is as a result of the 

wear of the cutting tool. At the end of the nine passes the average tool wear for the CBN–100 

cutting tool was 76µm and 165µm for CC650. The results obtained show clearly that cutting 

tool wear affects the geometrical deviation. As the tool becomes worn, the tool tip geometry 

changes. There is a loss of effective depth of cut resulting from the wear of the tool tip on the 

clearance side, leading to change of alignment between the cutting tool and the workpiece as 

dimensional and form errors are introduced. CBN–100 produces better dimensional accuracy 

due to its better wear resistance compared to the mixed ceramics. 

 

 

Figure 4-35 Dimensional deviation during hard turning using CBN-100and CC650 cutting tool at 200m/min 

 

 

4.3.6 Waviness/Out of roundness 
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Roundness contributes to function and performance in many ways. It plays a significant role 

in the way parts are fitted together and where most especially lubrication film is to be 

maintained between mating components. The tool used to test out of roundness of the 

machining set-up (see Figure 4–36) consists basically of a dial gauge attached to a magnetic 

chuck. The initial results before the start of the machining process machining obtained from 

the CNC lathe shows insignificant waviness which represents relative rigidity of the lathe. 

Subsequently, after each turning using CBN–100 tool, the out of roundness was also tested. 

The minimum and maximum values recorded were 3.8 µm and 7.4µm respectively. This 

method to correlate the effect of the changes in the cutting tool as machining progresses 

resulting from the machining parameters for example, forces, wear, speed, feeds, on the 

machine rigidity. 

 

Because of the brittleness of CBN–100 cutting tool (see Table 3–4), the tool is prone to 

chipping; thus,  specific machine tool requirements, such as; rigidity, high power, and high 

precision, are important when using these tools for turning hardened steels. Furthermore, in 

achieving good surface part quality, a system with high rigidity clamping machine tools are 

required. 

 

 

Figure 4-36 Tool set up to investigate the out of roundness produced on the cylindrical bar 



 CHAPTER 4                                                                                                  RESULTS AND DISCUSSION 

 

123 | P a g e  
 

 

Figure 4-37 Waviness of tool set up at surface speed of 160 m/min 

 

4.4 CHIP ANALYSIS 

 

Figure 4–38 shows the optical micrograph of the chips produced by the cutting tools 

investigated at cutting speed of 100 m/min. Chips are formed by the shearing action at the 

shear plane. During the shearing action, many aspects of the cutting process are affected by 

the process of plastic deformation in the cutting zone, such as: surface finish, dimensional 

accuracy, cutting forces, temperature and tool life (Cep et al., 2008). The chip produced by 

the CBN–100 tool at a speed of 100 m/minis light brown in colour while the chip produced by 

CC650 is darker. The change in the colour of the chips produced is an indication of the heat 

caused by the intense temperature at the cutting zone. The CBN–100 tool has a higher thermal 

conductivity when compared to the CC650 cutting tool. This property enables it to conduct 

more heat away from the cutting zone; less heat is transmitted into the chips produced, thus 

the chips formed are lighter in colour. 

 

Continuously cut chips, which entangle the tool holders, were produced at the cutting speed of 

100 m/min by both cutting tools (see Figure 4–38). At the cutting speed of 150 m/min, 

continuous chip with darker colour was produced by the CBN–100 cutting tool, while the 

chips produced by CC650 were serrated. The formation of serrated chips was only observed 

with the CBN–100 cutting tool at cutting speeds above 200 m/min. The chips formed by 

CBN–100were slightly thinner compared to the ones formed using the CC650 cutting tool for 

all cutting speeds investigated. At high cutting speeds, above 200 m/min, segmented (saw-

tooth) cutting chips were formed by both cutting tools. The formation of a saw-tooth 
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chip(shear localised, adiabatic shear and catastrophic shear) is normally observed when 

machining hardened materials with geometrically defined cutting tools (Nakayama et al., 

1988; Poulachon and Moisan, 2000; Dogra et al., 2010; Grzesik, 2011). 

 

Figure 4-38 Typical chips formed by a) CBN-100, b) CC650, speed 100m/min, DOC, 0.1mm, feed, 0.1 

mm/rev 

 

 

 

 

Figure 4-39 Optical micrograph of cutting chip  at the free workpiece surface by a) CC650,  b) CBN-100and 

SEM imaging c) CC650, d) CBN-100 at speed 100 m/min, feed 0.1 mm/rev, DOC 0.1mm 

a) b) 

a) b) a) 

10 µm 10 µm 

c) d) 
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Figures 4–39c and d show the upper surface (free workpiece surface) of the chips, which is 

observed as jagged, with minute corrugations due to shear. Chips with slanting corrugations 

with lots of aperiodical cracks and outer edge breakages (into series of segments) were 

produced by the CC650 tool, very few outer edge breakages cab be observed with the CBN–

100 tool. The upper side of the chips produced at cutting speed of 600 m/min are shown in 

Figures 4–40a (CC650) and b (CBN–100). The figure depicts a fully segmented chip where 

there is a more pronounced corrugation. At this cutting speed, the segment spacing becomes 

more periodic. The aperiodic variations in the segment spacing are as a result of thermal and 

elastic interaction between one and the next shear zones (Davies et al., 1997). 

 

 

4-40 SEM micrograph of cutting chip by a) CC650 and b) CBN-100at 600 m/min, feed 0.1 mm/rev, DOC 

0.1mm 

 

The underside of the cutting chips produced by CBN–100 and CC650 cutting tools at the 

cutting speed of 100 m/min is shown in Figures 4–41and 4–42 respectively. The underside of 

chips produced by the CC650 tool (Figure 4–42) shows evidence of feed marks, debris 

(consisting mainly of  broken pieces of the work material from the transferred layer) and 

small pits. Some of the chip removed is attached to the surface of the cutting tool by adhesion 

during the shearing process, while the chip undergoes plastic deformation. Similar trends 

were observed with the CBN–100 cutting tool as shown in Figure 4–41, except that the feed-

marks were not pronounced. The EDS information of the chip produced by CBN–100 (Figure 

4–41) shows an oxidation predominantly of elements in the work material and small traces of 

the cutting tool material with new compound such as SiO and AlO3 formed. A similar result 

was obtained with the EDS information of the chip produced by CC650 depicting smearing 

mechanism of transfer film formation on the underside of the chip formed. 

100 µm 100 µm 

a) b) 
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Figure 4-41 Underside SEM micrograph and EDAX pattern of cutting chips produced by CBN-100 at 

cutting speed 100 m/min 
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Figure 4-42 Underside SEM micrograph and EDAX pattern of cutting chips produced by CC650 at cutting 

speed of 100 m/min 

 

The underside of the chip produced at cutting speed 600 m/min is shown in Figures 4–43a and 

b. White layer and debris were clearly observed in the underside of the chip. The intensity of 

the white layer and debris increased with increasing cutting speed resulting from excessive 

cutting tool wear and elevated cutting temperature at the cutting zone. During the machining 

of hardened steel parts, reports have shown appearance of white layers at the surfaces of both 

the workpiece and the underside of the chips (Chou and Evans, 1999; Poulachon et al., 

2004).The formation of white layer is owing to microstructural changes in the chip, caused by 

the cutting tool, resulting from high mechanical energy and intense heat at the cutting zone 

(Salem, 2012).The white layer usually has high hardness (above 1000 HV) and is very brittle 

(Wang et al., 1999). The deep feed marks and white lines formed by the CC650 cutting tool 

are more pronounced owing to its rapid tool wear and abrasive marks on its flank face. 

 

100µm 10µm 

Feed marks Micro pores 
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Figure 4-43 SEM micrograph of the chip underside a) CC650, b) CBN-100, at speed 600 m/min, feed 0.1 

mm/rev and DOC 0.1 mm 

 

Figures 4–44 and 4–45 present the optical micrographs of the main chip types observed at 

cutting speeds of 100 and 300 m/min respectively. At cutting the speed of 100 m/min, 

continuous chips were produced by CBN–100 and CC650 cutting tools, and they are 

characterized as non-oscillatory material flow. Slip band formation can be easily observed on 

the chips (see Figure 4–44b). Figures 4–45a and b show serrated or shear localized chips 

produced at the cutting speed of 300 m/min, and these chips are characterized as oscillatory 

material flow. The higher the cutting speed, the more the mean spacing of segmentation of the 

saw tooth (increased shearing bands) with considerable reduction in the width of the contact 

between each segments. 

 

 

Figure 4-44Continuous chip produced by a) CC650 and b) CBN-100at 100 m/min 

 

100 µm 100 µm 

a) b) 

a) b) 
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Figure 4-45 Serrated chip produced by a) CC650 and b) CBN-100 at 300 m/min 

 

In hard turning, there are factors that favour the transition from continuous to saw-tooth chip 

formation; these include: increases in workpiece hardness, cutting speed, undeformed chip 

thickness, and flank land width with a decrease in tool rake angle. There is a gradual decrease 

in the average chip thickness during the transition from continuous to saw-tooth chip 

formation (Dogra et al., 2010). 

 

Figures 4-46a–c show the SEM micrograph of the etched chip formed by the CBN–100 

cutting tool at cutting speeds of 100 and 600 m/min, revealing the microstructure of the chip. 

The microstructure shows the distinct carbide grain in the martensitic matrix of the work 

material. The appearance of localized deformation of the primary deformation zone starts at 

low cutting speeds (Figure 4–46a) and becomes more visible at higher cutting speeds (Figure 

4–46b).  The parameters that mainly influence the chip morphology observed in this study are 

the cutting speed and the hardness of the material. In hard turning operations, high 

compression stresses occur on the work material and cutting tool (Dogra et al., 2010), because 

of the use of negative rake angle tools. Cracks instead of plastic deformation, was observed 

formed close to the chip primary shear zone as a result of the high compression stresses. 

The intense shear localization in the primary deformation zone is as a result of the rise in the 

cutting temperature, which is a major contributing factor (Ezugwu and Tang, 1995; Salem et 

al., 2012). The primary shear zone and secondary shear zone are indicated in Figure 4–46b, 

with magnified view of these zones shown in Figures 4–47 and 4–48 respectively. 

 

a) b) 
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Figure 4-46 SEM image of etched chips formed by CBN-100 tool a) 100 m/min b) 600 m/min, feed 0.1 

mm/rev, DOC 0.1 mm 

 

The flow of plastically deformed tempered martensite lath (needle like structure) in the work 

material can be seen around the primary carbide in the primary and secondary shear zone in 

the microstructure of the cutting chips. The direction of the flow of the martensitic matrix is in 

the direction of the angle of shearing in the primary shear zone and horizontally in the 

secondary shear zone. For fully segmented chip (Figure 4–47 and 4–48), the mechanical 

properties of the material decreases during shearing in the primary and secondary shear zones, 

thus, possessing lower resistance to plastic deformation. The tempered martensite matrix is 

normally softer than the carbides, so they deform easily while the hardened carbide remained 

undeformed. 

 

 

Figure 4-47 Enlarge view of primary shear zone (Magnification X 9,250) 
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Figure 4-48 Enlarged view of secondary shear zone (Magnification X 22,000) 

 

Cracks in the secondary shear zone were not observed in the chip sample investigated but 

evidence of clearly defined thin white layer was observed. Generally, white layer formation in 

the chip is common during hard turning and experimental investigations have been carried out 

to understand the properties and formation mechanisms of this white layer (Chou and Evans, 

1999; Barry and Byrne, 2002; Morehead and Huang, 2007). 

 

White layer is rapid microstructural transformation of the martensitic structure formed as a 

result of rapid heating from intensive heat sources localised in the field of cutting and 

quenching coupled with severe plastic deformation in the chip (Chou and Evans, 1999; Barry 

and Bryne, 2002; Salem et al., 2012). 

 

The formation of white layer were also observed to be found on the machined surfaces of the 

workpiece investigated as a result of the combination of the factors such as the CBN–l00 tool 

with low thermal conductivity of the CBN–l00cutting tool and the rapid tool wear caused bu 

the high cutting speed. 

 

Machining of the hardened stainless steel causes deformation with a decrease in the chip 

thickness as the cutting speed increases. The decrease in the thickness of the chips occurs 

during formation of segments. 
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Only the chip produced by the CBN–100 cutting tool was analysed statistically and the results 

are presented in this study. The relationship between the chip ratio (determined using 

Equation 3–7) and the cutting speed formed is shown in Figure 4–49. From the results, the 

chip thickness ratio observed is lower than 1 for both continuous and segmented chips.  

 

 

Figure 4-49 Evolution of cutting speed on chip ratio 

 

Figure 4–50 shows the influence of the cutting speed on the shear strain (determined using 

Equation 3–11). As observed, the cutting speed shows greater influence in the shear strain and 

shear strain rate during segmented chip formation compared to its influence during the 

continuous chip formation. The plastic deformation within the localised areas of the 

segmented chip is quite high, which contributes to the rapid increase in the shear strain 

rate(determined using Equation 3–12) (see Figure 4–51). As deformation increases, there is an 

increase in the temperature in the shear zone, thus the shear strain hardening and the shear 

strain rate hardening increase the flow stress of the workpiece material in the shear zone 

(Qibiao et al., 2012). As observed, the intensity of plastic deformation significantly changes 

with increase in the cutting speed. 
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Figure 4-50 Influence of cutting speed on strain rate 

 

 

Figure 4-51 Influence of cutting speed on shear strain rate 

 

The degree of segmentation is observed to increase as the cutting speed increases as a result 

of softening of the workpiece material, which leads to more adiabatic shearing in the primary 

zone of the chip formed, as seen with the chip formed at 600 m/min (See Figure 4–46 ) and 

this is confirmed in Figure 4–52.  
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Figure 4-52 Degree of segmentation as a function of cutting speed for tool rake angle of -6º 

 

4.5 MICROSTRUCTURAL CHARACTERISATION OF WORN CUTTING TOOL 

USING HRTEM 

 

Two different samples from worn CBN–100 tool were selected for examination with an ultra-

high resolution field emission scanning electron microscope (SEM), and transmission electron 

microscope (TEM), in order to understand the wear behaviour of the cutting tool through 

microstructural characterisation at submicron scale. Sample 1 was machined at cutting speed 

of 100 m/min, while sample 2 machined at 600 m/min. The choice of samples was to study 

the influence of the extreme cutting speed range on the degraded microstructure of the cBN 

cutting tool and observe possible chemical interactions between the cutting tool and the 

workpiece.  The sample preparation procedures had been explained in Chapter 3.  

 

4.5.1 SEM study (SAMPLE 1) 

 

The SEM micrograph of the crater developed by sample 1 where a thin lamella was lifted out 

is shown in Figure 4–53 a. The thin lamella was taken out from an area close to the cutting 

edge of the cutting tool corresponding to an area where the temperature is expected to be the 
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highest. The chip flow direction, on the crater face of the cBN tool is indicated in Figure 4–53 

a. From the figure, it is evident that there is a form of adhesion of the workpiece material on 

the crater of the cutting tool.  The boundary layer between the adhered layer and the cBN tool 

is indicated in Figure 4–53b. The adhered layer is in full contact with the grains within the 

cBN tool. The adhered layer in the thin lift-out samples is in full contact with the grains 

within the cBN tool and is found to be in a stable condition, despite the sample preparation 

processing and handling of the samples. There is an indication of strong bond between the 

cutting tool and work material with no serious porosity or damaging in the boundary layer 

region between the tool and work material. 

 

 

Figure 4-53 SEM micrograph of the specimen a) before lift out b) after lift out showing the adhered layer on 

cBN tool 
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Figure 4-54 SEM micrograph and EDS mapping of specimen prepared by FIB-SEM 
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Figure 4–54 shows the SEM micrograph of the thin lift out specimen and the corresponding 

EDS elemental maps. The adhered layer thickness on the surface is about 1 µm in some areas 

and less than this in other areas resulting from the built up on the crater face of the cutting 

tool. 

 

 

Figure 4-55 EDS analysis of work material 

 

The elemental maps on the sample shown in Figure 4–54, confirm the presence of show the 

presence of Ti and B, in the cutting tool with Fe and Cr from the workpiece in the adhered 

layer; B is found to be in both the adhered layer and the cBN tool.  The EDS point analysis of 

the adhered layer is shown inFigure 4–55, the adhered layer consist majorly of the work 

material that was transferred onto the surface of the cutting tool. Small traces (Ti) of the 

cutting tool identified the adhered layer. Most of the areas examined in the adhered layer 

consist of oxidised Fe.  The predominant constituents of the work material in the boundary 

area to the cutting tool are Fe and Cr (Fe and Cr rich areas).  These elements were also found 

in very small traces within the PcBN material but concentrated around the boundary between 

the adhered layer and the PcBN tool.  Cr is found to be distributed in similar areas where Fe 

was found, but higher concentrations of Cr were found around the BN grains. There is also 

strong presence of oxygen in some other regions, most especially at the outer surface of the 

specimen.  Similarly, some small traces of elements of the PcBN material were observed in 

the adhered layer, with large constituents of B and Al in the adhered layer. However, it is 

difficult to conclude the presence of chemical interaction of these elements from the work 
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material into the PcBN and vice versa with the SEM/EDX method due to the large probe 

diameter and also small amounts of elements (below 0.1 at %) are often difficult to detect. 

 

 

 

Figure 4-56 SEM Line scan diagram and EDAX analysis of sample 1 

 

The SEM/ EDS line scan across the surface of the specimen in Figure 4–56. The figure shows 

the presence of Fe and Cr throughout the adhered layer and PcBN tool, with both elements 

decreasing after travelling for about 0.2 µm into the cBN tool.  Fe concentration is found to be 

higher than the Cr in thecBN tool; which is attributed to its higher affinity to the PcBN 

material. Small traces of Ti were found more within the adhered layer, indicating some form 

of diffusion of Ti out of the cBN tool into the chip. 

 

4.5.2 TEM study (SAMPLE 1) 

 

Figure 4-57 shows the thin lamella cross-sectional STEM micrograph of the work material 

adhering on the PcBN cutting tool. The top surface contains the protective Pt layer, applied 

during FIB-SEM, followed by the adhered layer the cBN.  

 

The EDS spot analysis of the lift-out specimen as indicated using A-F in Figure 4–58a and b 

shows presence of B, N, Ti, C, Al, O, Fe, Cr, Si, S, Mo. Table 4–1 shows the relationship 

between the constituents of work and cutting tool materials and the areas where they are 
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dominant. The small elements that were difficult to trace in using SEM were detected with the 

HRTEM. The Fe-rich areas were found in areas of TiC and AlB grains, with TiC having 

greater affinity for Fe in the work material as seen in Figure 4–59 b. The Fe in the work 

material had been shown to form Fe–Fe2B eutectics with cBN (Klimenko et al., 1992), 

whereas, with its interaction with TiC binder, Fe–C pearlite-like structures were formed 

(Gimenez et al., 2007). According to Figure 4–59 b, the presence of high concentrations of Fe 

and oxygen in the microstructure, results to the possible formation of iron oxides.  Si rich area 

was found in small quantities, most especially around the cBN grain boundary (Figure 4–59a). 

Si was not found in any other grain. There is tendency of Si being oxidised to be found as 

SiO2 in the cBN grain areas. Similar observation was made by Chou et al., (2003) and 

Angseryd and Andren, (2011), where the formation of SiO2 and oxidised Fe was suggested 

during their investigation of adherent layer with XPS on the flank face.  No traces of Fe or Cr 

were found in the vicinity of the cBN grain.  The mobility of the Si and N in the work 

material may be a result of the effect of local thermal and pressure spikes during the turning 

operation. Oxidation of the elements was common in all the areas where the EDS spot 

analysis was conducted. O found in spot B shows that Fe-rich areas are oxidised in the 

surface. The oxidation is the sign of interaction of the Fe rich areas with the atmosphere 

during the turning operation. 
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Figure 4-57 STEM micrograph of Sample 1 

 

Figure 4-58 STEM micrograph of Sample 1 showing the EDS spot analysis 
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Table 4-1 EDS spot identification of most abundant elements in the sample 

Spot  Area Most abundant 

element 

Remarks 

A cBN grain B,N, Si, Ti Si- rich area 

B TiC binder Ti, Fe, O,C, Si, S Fe-rich area  

C AlB Al, Fe, Ti, O, C, B,N High oxidation forming Al oxide, 

Fe rich 

D Adhered 

material 

Fe, Cr, Si, Mo, C, O  

E Adhered 

material 

Fe, Si, Cr,  No traces of PcBN in work 

material 

F TiC binder + 

AlB 

Ti, Al, Cr, Fe,C,  Cr-rich area 

 

 

 

Figure 4-59 EDS Spot analysis of sample 1 lift-out specimen a) spot A, b) Spot B, c) spot F and d) spot D 

 

a) b) 

c) d) 
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No traces of B, N, Ti, Al at detectable levels were found in the adhered layer at areas close to 

the boundary area, with the PcBN cutting tool, though Zimmernamm et al. (1997) suggested 

the possibility of dissolution of BN into the flowing chip during tribochemical wear.  

 

The SEM and TEM study clearly, confirm the strong chemical affinity of the work piece 

material with the CBN–100 cutting tool material even at low cutting speed where the cutting 

temperature at the chip–tool interface were expected to be much lower than when machined at 

high cutting speed.  

 

The diffusion of elements (with formation of Fe–Fe2B eutectics and  Fe–C pearlite) in the 

work material into the PcBN tool most especially around its grain boundary could be 

responsible for the weakening of the grains and thus promoting grain pull out from the CBN–

100 cutting tool during machining of the martensitic AISI 440 B stainless steel. The grain pull 

outs reduces the wear resistance properties of the cutting tool. 

4.5.3 SEM study (SAMPLE 2) 

 

The SEM micrograph of Sample 2 before lift out is shown in Figure 4-60. The adherent layer 

in Sample 2 is very thin (between 100–600 nm) compared to the ones found in Sample 1. 

When machining at much higher cutting speeds, there is a lot of crater wear on surface of the 

cutting tool. The elemental maps show the presence of Si, O, N, C, B, W, Cr, Fe, Ti and Al.  

The EDAX mapping analysis identified some traces of Fe and Cr in the adhered layer within 

PcBN tool from the workpiece material. Similarly, traces of Si can be found in the PcBN tool 

but cannot be fully established since it overlaps with other elements in the PcBN material. 

Presence of oxidation can be seen within the specimen, where both adhered layer and TiC 

grains exist (Figure 4–61).  

 

In Sample 2, the cBN tool shows greater chemical affinity to the work material which was 

similarly observed by Angseryd et al., (2011) when machining at much higher cutting speed. 

This is a result of higher cutting temperatures between the tool chip interface when machining 

at high cutting speed, the elements in the work material have greater tendency of penetration 

into the cBN tool at elevated temperatures. From Figure 4–61, the SEM micrograph shows 

deeper penetration of Cr and Fe into the cBN tool which was not easily detected when 

machining at cutting speed of 100 m/min. 
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Figure 4-60 SEM micrograph of Sample 2 

 

 

 

 

 

 

 

 

 

 

 

 

In the study by Barry and Byrne (2001), chemical wear was found to be the dominant wear 

mechanism with elements such as, Mn, Si, Al, O and S, in the adherent layer originating from 

the workpiece material. Consequently, inclusions such as, MnS, (Ca, Al) O and (Mn, Fe, 

1 µm 

Figure 4-61 SEM micrograph and EDS elemental maps of sample 2 
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Ca)S, Si, were found in the adherent layer, which were not present in the steel workpiece 

material. 

 

In this study, when machining using PcBN tool at high cutting speed, the dominant wear is 

found to be chemical wear; the wear is preceded by a chemical reaction in the contact zone, 

with some of the elements from the cutting tool detached and then removed by the chips 

flowing over the cutting edge.  This phenomenon leads to rapid tool wear when machined at 

very high cutting speed and thus leading to rapid tool failure. 
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5 INDUSTRIAL APPLICATION 

5.1 APPLICATION OF CBN TOOL FOR SPECIALISED FINISHING 

 

For the purpose of industrial practice and comparison of the machining method, CBN-100 

cutting tool performance was investigated as a finishing step during turning of hardened 

martensitic stainless steel.  

5.1.1 Experimental Procedure 

 

Hard turning experiments were carried out on martensitic AISI 440 B stainless steel with 

chemical composition as given in Table 3–1. The shape of cast before machining is given in 

Figure 5–1, while the machined final dimensions are given in Figure 5–2. The work material 

was cast close to the final dimensions, thus only a small volume of material needed to be 

removed by the turning process. The material was heat treated by quenching and tempering to 

achieve an average hardness of 44+ 1.6 HRC. Machining trials were performed using a 

Hitachi Seiki – Hitech turn 23R III CNC lathe. Three different turning operations were 

selected for the machining of the part, the outer diameter (OD) turning, boring and grooving. 

To ensure good rigidity of the workpiece during machining, a clamping system was specially 

prepared by machining it to the shape of the workpiece, with small clearance to allow the 

workpiece to be easily inserted and removed.  

 

 

Figure 5-1Workpieces before machining 
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Inserts with three different shapes were used for the turning test.  The inserts tool geometry 

and tool holders for roughing and finishing operations are given in Table 5–1. Rough turning 

was performed on the workpiece in the presence of coolant using an uncoated tungsten 

carbide cutting tool (IC 9250). The finishing was performed in dry cutting conditions using a 

CBN-10 cutting tool. The CBN-10 has the same material and properties as the CBN-100, but 

the material was brazed on a substrate. The three machining operations were outer diameter 

(OD) turning, facing boring, and grooving. All the inserts and tool holders were mounted in 

the turret before the commencement of the machining process so that the machining process 

was completed after a single cycle. 

 

The machining process was performed at high speed, with the assumption that the parts would 

be mass produced. The machining conditions for roughing and finishing are given in Table 5-

2. The depth of cut was kept constant at 2 mm for roughing and 0.3 mm for finishing. The 

sequence of the machining was facing, followed by OD turning, then boring and lastly 

grooving. The machining operations were repeated for the production of six identical parts.  

 

After the end of the turning test, component surface finish was measured using a diamond 

stylus contact profilometers, in a two-dimensional (2D) and three-dimensional (3D) 

arrangements. The3D topographic maps of the machined surfaces were produced using 

scanning technique and the 3D measurements were determined over a scanned area of 10 mm 

× 0.5 mm by the means of a profilometer.A set of the 2D roughness parameters was 

determined by simple roughness measurements using a shop floor T8000 (Hommel Tester) 

instrument using probe TKU 300. Moreover, 3D measurements were carried out on the 

scanned area of 10 mm X 0.5 mm (OD) and 1.5 mm X 0.5 mm (groove) by means of the 

profilometer. The optical 3D image of the OD was taken using an Olympus LEXT OLS410 

3D laser measuring microscope. 

 

Table 5-1Insert geometry and tool holder with designated ISO code 

OPERATIONS INSERT GEOMETRY TOOL HOLDER 

Boring WNGA 080408S A25R PWLNR08 

Facing and OD turning WNGA 080408S PWLNR 2020 KO8 

Grooving (External) LCMF 160304-0300E-LF  CFIR 2020 K03 

Grooving (Internal) LCGN 130304.0300S-LF  A20R-CGFR 1303 
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Table 5-2 Machining conditions 

 Roughing Finishing 

Facing OD 

turning 

Boring Grooving Facing OD 

turning 

Boring Grooving 

Speed 

(m/min) 

150 150 200 300 350 350 500 400 

Feed 

(mm/rev) 

0.35  0.35 0.15 0.1 0.1 0.1 0.1 0.1 

 

 

5.1.2 Results and discussion 

 

The final part machining sizing requirements with their tolerances are given in Figure 5–2. 

The image of the part after machining is shown in Figure 5–3.The surface roughness of the 

machined parts was measured in areas as indicated in Figure 5–3, with an average of five 

different points recorded. The average surface finish Ra of the outer diameter corresponds to 

0.545+ 0.003 µm and the groove of the part 0.37 + 0.002 µm. A lower value of surface 

roughness (about 32 % lower) was recorded for the bore of the component due to the 

machining process that was applied. The feed of the tool is only applied in the horizontal 

direction The surface roughness corresponds to the N6 and N5; ISO 1302: 1992 code (ISO 

CODE) which is applicable for bearing surfaces produced by grinding.   
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Figure 5-2 Detailed dimensions of final component, showing the part dimensions and tolerances 

 

An measured 2D profiles and 3D topographies of the surfaces OD and bore are presented in 

Figures 5– 4 and 5–5 respectively. The measured 2D parameters (average of the parts 

machined) are presented in Table 5–3. 
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The ratio of Rt to Rz for the OD and groove of the machined components were about 1.466 

and 1.083 respectively.The surface roughness peak height parameter Rp, showed a correlation 

with the maximum contact deformations, which are normally obtained during machining of 

rough surfaces. Thus, theratio Rp/Rt and Rv/Rt relatesthe surface profile resistance to abrasive 

wear and deformation between the contacting surfaces (Grzesik and Wanat, 2006). 

 

Figure 5-3 Points on machined components indicating areas where surface roughness were measured 

 

 

 

OD 

Groove 
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Figure 5-4 2D profiles and 3D topographies of OD Surface 

 

 

 

5-5 2D profiles and 3D topographies of the groove 
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Table 5-3 2D Parameters of Surfaces OD and bore 

Parameters Surface OD (µm) Surface groove(µm) 

Rt 3.49 2.73 

Rz 2.38 2.52 

Rp 0.838 1.54 

Rv 1.55 0.975 

Ra 0.545 0.370 

Rq 0.644 0.472 

 

 

 

Figure 5-6Component after machining 

 

This result showed that a good surface finish can be produced using the cBN cutting tool in 

industrial machining conditions. The hard turning operations using cBN can be used for 

substituting traditional machining operations that involve the use of a grinding process after 

the turning operation is carried out. Consequently, the roughness falls within the high 

precision hard turning as required by the component after it would have been subjected to 

both turning and grinding, thus eliminating the grinding step necessary to manufacture this 

component. 

 

The dimensional and geometrical accuracy of some selected areas of the machined component 

were measured after machining five identical parts, to observe deviation of the actual 

machined values from the dimensional requirements stipulated in the component design. The 
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dimensional deviation of the measured parts of the component in relationship to the length, 

diameter and concentricity are given in Table 5–4. The concentricity shows a maximum 

deviation of about 1 µm from the required deviation, the deviation in the straightness or 

length was between 14 and 18 µm, and the geometric deviation was between 0.135 and 0.21 

µm. The results obtained confirmed an achievable and acceptable tolerance range of IT 5 

within the machine tool shop during mass production of similar components. 

 

Table 5-4 Dimensional deviation from specified 

 

 

 

 

 

 

 

The tight tolerance is as a result of the high stiffness and accuracy of the CNC machine 

coupled with the excellent properties of the cBN cutting tool, such as high abrasion and 

thermal shock resistance (Matsumoto et al., 1999; Bryne, 2003).   

 

The overall surface finish and dimensional accuracy generated during the application of CBN-

10 for machining the specified shape shows a component acceptable tolerance range with 

good surface finish similar to that of a grinding operation. 

Characteristics Size (mm) Error (mm) 

Length  31.75 + 0.1 0.018 

Diameter 52 + 0.05 0.014 

Length 11 + 0.05 0.0135 

Concentricity 0.005 A‖ 0.001 

Diameter 45.1+ 0.03 0.016 

Diameter 41.6+ 0.05 0.0206 
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6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 CONCLUSIONS 

 

In the manufacturing industry, components with high surface finish and precision are often 

required. In ensuring accurate reliability and lifetime during functionality of these parts, the 

surfaces are generally hardened. Hard turning provides the means for finish production of 

steels for achieving good geometrical machined part accuracy and surface finish using 

tougher tools (ceramics and PcBN) with high abrasion resistance and high heat conductivity.  

The clearly unsatisfactory level of acceptance, by industry, of hard machining technology can 

be attributed partly to insufficient knowledge of tool wear, the component behaviour of hard 

machined surfaces, and the uncertainty about the attainable accuracies-to-size of parts 

machined. Little research has been done to explain the wear mechanisms of mixed alumina 

and PcBN cutting tools during hard turning of AISI 440 B stainless steel. 

In the research reported here, the wear mechanism, cutting forces, surface roughness, and chip 

formationmechanism during hard-turning of martensitic AISI 440B stainless steel, using both  

mixed ceramic and cBN cutting tools,  were studied. Investigation of the microstructure and 

chemical properties of the worn cutting cBN tool after machining is also presented in this 

study. The following conclusions can be drawn. 

The cutting speed has the more significant effect on the flank wear than the depth of cut and 

the feed rate, where significant wear was observed with an increase/decrease in the cutting 

speed. Observing Figure 4–9 for CC650 cutting tool, for a given cutting length, flank wear 

appears to decrease as the feed rate increases. In the case of CBN–100 (Figure 4–10), flank 

wear initially decreases as feed rate increases from 0.05 to 0.1 mm/rev, and then increases as 

the feed rate is increases to 0.15 mm/rev.  The high tool wear observed with low feed rate was 

attributed to the severe tool vibration experienced while machining at this feed.  Feed rate of 

0.1 mm/rev is however, recommended for finish turning owing to its moderate tool wear. 

The ratio of the metal removed per unit flank wear is higher for the cBN tool at all cutting 

speeds. This is as a result of its better wear resistance, because of its high hot hardness and 

ability to retain its strength at higher cutting speeds and feed rates. The existence of adhesion 

and crater wear was found in the rake face of the cBN cutting tool, hence the investigation to 
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establish chemical interaction between the work material and the cutting tool at all the cutting 

speeds tested. 

Tool wear is terminated by the wear on the flank face. The failure of mixed ceramic is 

predominantly by abrasive wear and cratering, while cBN fails by abrasive, adhesive and 

diffusionwear.  The abrasive wear is caused by hard carbides particleswithin the martensitic 

matrixof the work material and pulled-out grains from the tool material. 

The radial cutting force was found to be the highest as observed in the experiments which is 

typically observed during hard turning. Increase in the cutting speed leads to a decrease in the 

cutting forces caused by increase in the temperature at the cutting zone, thus leading to 

softening of the work material.  

Better surface roughness Ra is produced by the mixed alumina tool but this material yields 

poorer surface quality with inclusions and debris on the machined surface, when compared to 

the surface produced by the PcBN cutting tool. The minimum and maximum values of the 

surface roughness values (Ra) of 0.51 and 1.13 µm and 0.63 and 1.44 µm were recorded for 

the mixed alumina and PcBN cutting tools respectively.  

A simple method for determining the out of roundness and dimensional accuracy of the 

workpiece was developed. The dimensional accuracy of the machined part was correlated 

with the cutting tool wear to establish the effect tool wear on dimensional accuracy. Better 

dimensional accuracy of the machined part was obtained with the PcBN cutting tool 

compared with the one obtained by mixed alumina tool. This is a result of the better wear 

resistance of the PcBN cutting tool, since tool wear directly affect the geometrical deviation 

of any machined component. 

The cutting chips produced are long, continuous and serrated at low cutting speeds for both 

the tools, but serrated and segmented as the cutting speed increased beyond 150 m/min. 

However, the chips formedwith the mixed ceramic tool showed a darker surface, resulting 

from oxidation caused by the higher temperatures generated during the machining process. 

The chip formation mechanism for the work material (AISI 440B stainless steel) was 

developed with focus on the serrated chip model. The study observed the influence of the 

cutting speed on the chip ratio, shear strain, shear train rate and degree of segmentation of the 

chips formed.  Microstructural analysis of the shear localized band during serrated chip 
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formation, governed by high speed and high temperature during the cutting process was 

investigatedto reveal deep understanding of the mechanism of the chip formation. 

There was a gradual and continuous decrease in the average chip thickness during the 

transition from continuous to saw-tooth chip formation. 

 The appearance of localized deformation of the primary deformation zone started at low 

cutting speeds and became more visible at higher cutting speeds.  

The flow of plastically deformed tempered martensite lath (needle like structure) in the work 

material could be seen around the primary carbide in the primary and secondary shear zone of 

the cutting chips. The direction of the flow of the martensitic lath was in the direction of the 

angle of shearing in the primary shear zone and horizontally in the secondary shear zone. The 

tempered martensite lath is normally softer than the carbides, so they deform easily with the 

hardened carbide remaining undeformed.   

 

Cracks in the secondary shear zone were not observed in the chip sample investigated but 

evidence of clearly defined thin white layer was observed.  

 

During machining of the work material, there was a decrease in the chip thickness as the 

cutting speed increased. The decrease in the thickness of the chips occurred during formation 

of segments; the chip ratio was lower than 1 for both continuous and segmented chips. 

The degree of segmentation increased as the cutting speed increased as a result of softening of 

the workpiece material, which lead to more adiabatic shearing in the primary zone of the chip 

formed.  Long and thin chips were formed with lower equivalent shear strain as opposed to 

turning soft steel. 

From the SEM study, the elemental maps showed the presence of Ti, B, from the cBN tool 

and Cr, Fe, from the workpiece in the adhered layer.  The EDAX point analysis identified the 

adhered layer consisting majorly from the workpiece material. Most of the areas in the 

adhered layer consisted of oxidised Fe. The predominant constituents of the work material in 

the boundary area to the cutting tool are Fe and Cr.  These elements were also found in very 

small traces within the PcBN material but concentrated around the boundary between the 

adhered layer and the PcBN tool.  Cr is found to be distributed in similar areas where Fe was 

found, but higher concentrations of Cr were found around the BN grains.  Similarly, some 
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small traces of elements of the PcBN material were observed in the adhered layer, with 

constituents of B in the adhered layer. However, it is difficult to conclude the presence of 

chemical interaction of these elements from the work material into the PcBN and vice versa 

with the SEM/EDX method due to the large probe diameter and also small amounts of 

elements (below 0.1 at %) are often difficult to detect. 

 

The SEM/ EDS line scan across the surface of the specimen showed the presence of Fe and 

Cr,in both the adhered layer and cBN tool; with Fe higher than Cr in the cBN tool. Small 

traces of Ti were found within the adhered layer indicating possible diffusion of Ti out from 

the cBN to the chip. 

The small elements that were difficult to trace in using SEM were detected with the HRTEM. 

The TEM micrograph of the cross-sectional thin lamella showed that the boundary layer had a 

smooth profile with no sharp edges. The EDS spot analysis of the boundary layer in both 

adhered layer and the PcBN tool showed the presence of B, N, Ti, C, Al, O, Fe, Cr, Si, S and 

Mo. The Fe-rich areas were found in the vicinity of TiC and AlB grains, with TiC having 

greater affinity for Fe in the work material. Si-rich areas were also, though in small quantity, 

especially around the grain boundary.  

 The EDS maps of the sample obtained from the worn PcBN cutting tool used for machining 

at cutting speed of 600 m/min showed greater penetration of elements such as Fe and Cr into 

the work material compared to the sample obtained after machining at cutting speed of 100 

m/min. 

The diffusion of elements (with formation of Fe–Fe2B eutectics and  Fe–C pearlite) in the 

work material into the PcBN tool most especially around its grain boundary could be 

responsible for the weakening of the grains and thus promoting grain pull out from the CBN–

100 cutting tool during machining of the martensitic AISI 440 B stainless steel. The grain pull 

outs reduces the wear resistance properties of the cutting tool, thus promoting rapid tool wear 

most especially at high cutting speeds. 

 

This work clearly demonstrated that the PcBN cutting tool can be applied successfully for 

mass production of component in the manufacturing industry, where acceptable dimensional 

tolerance and surface finish can be obtained. The grinding process required for producing the 
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component investigated was completely eliminated with the use of the cBN tool applied, 

when machined at optimised machining parameters and rigid machine tool set-up.  

The  knowledge  generated  in  this  work  should  contribute  towards  improved  design  and  

processing of cutting tools, especially mixed alumina and PcBN for use in the machining of 

hardened stainless steel. 

 

 

 

6.2 RECOMMENDATIONS 

 

Future research is required to address the gaps and limitations presented in this work. The 

suggested recommendations are presented below. 

The application of other cutting tools such as carbides and modified cutting tool can be 

applied in future study to understand its applicability during hard turning of martensitic AISI 

440 B stainless steel. 

 An in-depth vibration analysis study should be performed on the machining set-up to 

understand its influence on the cutting tool wear and cutting forces at different machining 

conditions. This study will clearly identify the rapid tool failure through chipping of the 

cutting tool when machining at low feed rates and high cutting speeds. 

During machining experimentation, the temperature at the cutting tool interface, was not 

investigated.  Temperature measurements will provide betterinformation on the temperature 

when diffusion/ chemical wear occurs between the PcBN cutting tool and the workpiece by 

varying the cutting speed between the extremely low to extremely high limits.  

The transitioning of the chip formation from continuous to serrated can also be correlated 

with the temperature measurements at the chip tool interface, to provide better understanding 

of the chip formation mechanism 

The enhancement of both cBN and mixed ceramic cutting tool can be developed to increase 

its resistance to the forms of wear mechanisms as identified in this project. 
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Finally, the TEM study of the chemical interaction between the cBN and the workpiece at 

extreme high cutting speeds can be explored to further establish the effect of temperature 

during machining on diffusion and chemical wear of PcBN. The thermodynamic analysis of 

the chemical interaction is worth presenting in the future work. 
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APPENDIX C: CNC MACHINING CODE 

1. WITS TRIALS 

/ G 28 U0; 

/ G 28 W0; 

G 50 S 3000; 

G0  X 250. Z  100. T01 01; 

G96 S150 M04; 

G00 X170. Z3.; 

X145.;  

G1 Z-134. F0.1; 

G0 X170.; 

X250. Z100. T0300; 

M30; 

% 

 

2. INDUSTRIAL APPLICATION  TRIALS 

N3 G0 T300; 

G50 S800; 

G96 S150 M3; 

G0 X56. Z.5; 

G1 X35. F.35; 

G0 X88. W.5; 

Z -24.6; 

G1 X57. F.25; 

G0 X88. W.5; 

Z – 25.3; 

G1 X57. F .35; 

G0 Z2.; 

X 52.5; 

G1 Z-23.1; 

G2 44.4 Z-25.3 R2.2; 

G0 X82.4 W.5; 

G1 Z -25.3 F.35; 

X 83.5 W -2.6 F.25; 

Z -31.3; 

X 150. F.25; 

G0 X150. Z100.; 

M1; 

; 

  



                                                                                                                                                             APENDIX 

 

198 | P a g e  
 

APPENDIX D: cBN AND MIXED CERAMICS GRAIN SIZE 

MEASUREMENT 

 

PcBN: cBN grain size measurement 

 

Mixed Ceramics: TiC grains size measurement 


