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ABSTRACT 

The work presented in thi s thesis is concerned with turning chrom ium carbide based 

hardfacings using PCBN tools. The chip form ation and tool wear process was studied 

by quick-stop and machining tests. Cutting temperature was investi ga ted by means of 

a remote thermocoupl e and the chip-tool interface temperature was simulated by an 

ANSYS Finite Element Analys is model. Cutting performance of P BN tools from 

different suppliers was compared in field cutting tests. Hardness, microstructure and 

the adhesion between the workpiece and cutting tool material were assessed. 

ln the turning process, saw-tooth chips were form ed, with a short chip :too l contac t 

length. Quick-stop tests revealed that the machining process invo lved fracture of 

large carbides ahead of the cutting edge in the primary zone. Temperature 

measurements showed that the cutting temperature for the hard fac ing material was 

lower than that with titanium alloy but much hi gher than that with machining mild 

steel. The cutting temperature predicted at the tool chip interface was in the ra nge of 

600-700°C when cutt ing hardfac ing. 

The tool wear process was found to involve three main progres ·ive stages - from 

small scale edge chipping to large scale fl ak ing and fracture. Four types of wear were 

identified: flank wear, microchipping, fl aking of the rake face and delamination of 

the fl ank face. Abrasion appears to be the principal fl ank wear mechani sm and it 

showed a minimum value for different speeds but increased with feedrate. The main 

mechani sm fo r microchipping involved fai lur through the CBN particle boundaries. 

Flaking of the rake face occurred in the later stages and transgranular fracture was the 

main mechanism. 

In fi eld tests, PCBN material fro m various sources achieved different cutting 

performance, whi ch refl ected the structural differences in the P BN materials. A 

dense structure with strong particle binding is essential fo r sati sfactory performa nce 

of PCBN in thi s application . 
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CHAPTER 1 INTRODUCTION 

1.1 INTRODUCTION 

Tn 1966 a government enquiry chaired by Professor Jost estimated that each year 

British industry lost in excess of £500M through worn engineering components and 

their subsequent effects. Hi s estimation has highlighted the problem of wear and, 

after that, efforts have been made to identify the problem and looking for means to 

solve the problem. According to a later estimation in 1980's by Peate and Gregory 

( 1980), a potential saving around £ 1500M could be anticipated if the problem of 

wear can be solved or controlled effectively. To date, due to the increasing demand 

for protection of the environment, better use of resources and more fi erce 

competition, techniques to deal with this problem are of growing importance. Hard 

surfacing techniques have great potential to help to reduce the enormous losses that 

industry incurs each year through wear. 

Basica lly, a hardfacing process is the application of a hard, wear resistant material to 

a surface by welding, sprayi ng, or allied processes to decrease deterioration of the 

surface under different service conditions. 1 he coating can be in the form of a single 

layer or multiple layers. The coating or cladd ing of a substrate can help to reduce 

wear or loss of material by abrasion, impact, erosion, galling or cavitat ion and by 

combinations of these facto rs and high temperatures. In addition, res istance to 

corrosion can be obtained by depositing alloy, which do not come under the heading 

of hardfacing alloys, e.g. the many types of stainless stee l. Hard facing alloys vary in 

hardness from 250 to over l 800HV compared with about l S0HV for normal 

constructional steels, and thi s fact alone makes most of the hard fac ing material s more 

wear-res istant. Due to the difference in their microstructures, for the same level of 

bulk hardness, a hardfacing alloy will have a much longer li fe than a conventional 

material s like mild stee l. Tn a manufacturing process using hardfac ing, a low cost 

substrate material can be used, thus reducing the cost of the whole component. 

Nonnally, a material with opt imum wear resistance for the work ing surface would 

probably be too brittle t withstand the effects of impact loading. onsequently, the 



design has to be a compromise between wear res istance and the required bul k 

toughness. Components made by hard fac ing can have optimum bulk and surface 

properties by properl y choosing the substrate, the coating materials and the 

application techniques. 

The hardfacing industry has matured substantially since its inception in the earl y 

1920s. Numerous welding techniques have been developed and fi eld proven. Among 

the li st of the welding techniques currently employed in hard fac ing industry (Table 

1.1 ), the most widely used are arc welding, oxyfuel gas and thermal sprayi ng. 

Table 1.1 Compari son of hardfac ing processes (Department of Trade and Industry, 

1985). 

Method Form of fill er Approx. Usual mode of depos ition* 
depos it applica ti on ra te 
thickness 
(mm) (kg/h) 

Oxy-acetylene, with Bare wire, rod or tub 0.5 Manual 1/2 to 3 

we lding rods 

Oxy-acetylene with Powder 0.08 Manual 1/2 to 7 

powders 

Tungsten-insert gas Bare rod, wire or tu be Manual 1/2 to 2 

(T IG) 

Plasma transferred Powder 0.25 Fully automatic I /2 to 7 

arc 

Shielded metal arc Flu x coated wire, rod or 2 Manual I to 3 

tube, flux cored wire Semi-automatic 2 to 10 

Open arc Tubular wire, which may 2 Sem i-automatic 2 to 10 

be flu x-cored 

Meta l insert gas (MI G) Bare wi re or tube 2 Semi-automatic 2 to 10 

Subm erged arc Bare wire, tube or strip 2 Fully automatic 2 to 70 

Electros lag Bare rod or tube 20 Fully automatic 50 to 350 

* Overa ll or effecti ve rate, tak ing into account any necessary breaks in the depos ition process (such as 

changing electrodes). The gross deposition rate in arc hardfacing is depen dent on the welding current. 
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1.2 MATERIALS FOR HARDFACING 

1.2.l WEAR CONDITIONS 

The choice of an alloy system depends to a great degree on the nature of the wear 

process encountered. The possible wear condi tions are outlined below (Menon, 

1995): 

1) Low-Stress Abrasion. In thi s type of wear (a lso known as sliding abrasion), the 

abrading particles essentially remove layers of the substrate as they slide on the 

surface . The stresses are low enough to prevent the abradant fro m crushing. 

2) High-Stress Abrasion. In this condition, the abradant particles are crushed in the 

operati on. This condition can be accompanied by impact. 

3) Impact. In thi s mode of wear, sudden and severe application of high loads results 

in frac ture and spalling. 

4) Adhesive Wear. In this condition, contacting metal surfaces undergo locali sed 

bonding resulting in material transfer and loss. 

5) Erosion. In this condition, surface damage is caused by high-velocity liquids and 

gases that may contain solid particles. The damage is accelerated by heat and 

corrosion. This problem is particularl y evident in utility boiler operation. 

6) Cavitation Erosion. Thi s fo rm of erosion results from the collapse of vapour 

bubbles during the transport of water and other liquids. Thi s leads to roughening 

and pitting on the surface. This type of wear is seen most often in hydrot:urbine 

machinery such as runners and pump impellers. avitation erosion is also 

observed on the propeller blades of water transport vehicles. 

3 



1.2.2 CLASSIFICATION OF HARDF ACING ALLOYS 

Hardfacing alloys can be generally class ified by dividing them into fou r Groups 

(Table 1.2): 

Table 1.2 Classification of hard facing al Joys (Menon, 1995). 

HARDFAClNG 

Group I Group II Group Ill Group IV 

Iron-based, Iron-based, Non-ferrous Tungsten carbide 

containing less than containing more (Cobalt- or nickel- based 

20% alloy additions than 20% alloy based alloys) 

additions 

250-6501-IV 600-700HV 300-7201-IY 900-18001-IV 

Table l.3 Typical lron-based hardfacing alloys (Menon, 1995). 

Nominal Composition Typica l Hardness (HRC) M icrostructure, arbide 

0.2- 1.5 Mn-0.7Cr 28 Ferrite-Ba inite 

0.3 C-5Cr- I W 50 Martensite- Retain ed Austensite 

I .0C- 14Mn-4Cr-3.5Ni As-welded: 20; Austenite 

Work hardened: 35 

3C-25Cr 47 Austenite/Chromium Carbide 

5C-25Cr 47 Austenite/Chromium Carbide 

2C-7Cr-6Ti 53 Martensite/Titan ium Carbide 

6C-28Cr 59 Austenite/Chromium Carbide 

6 - I 9Cr-5Mo-5Cb-2W-2V 60 Austensite/Chromium 

Carbide/Complex Cb, W, 

Carbides 

4 
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Iron-based alloys are the most popular gro up of alloys for hardfac ing primaril y 

because of their relati ve ly low cost and ease of appli cation. The separati on of the 

iron-based hardfacings into two group is mainly due to economical considerati ons. 

Examples of typical iron-based alloys are shown in Table 1.3. The low-a ll oy 

materials are used for applications where worn areas on components are bui lt up to 

near orig inal dimensions before they are clad with the surfacing material. The 

martensitic alloys are used primarily fo r wear applications that involve metal to meta l 

wear as we ll as sliding and impact loading. With adeq uate pre- and post-weld 

precautions, these alloys can be applied crack-free. The austenitic manganese steels 

are used in conditions where impact is the primary mode of wear. The abras ion 

resistance of iron-based alloys, which is typica lly needed in many applications, is 

increased by the incorporation of various types of carbides, in vary ing vo lume 

fractions, into their microstructure. The most popular of these carbides is chromium 

carbide. Chromium carbide is a relative ly large microconstituent and has a significant 

area exposed to contact with the abradant. This structure provides exce llent wear 

res i.stance in low stress abrasion. ln hi gh-stress conditions, alloys with the addition of 

other carbides (referred usually to as secondary carbides) have to be used in order to 

obtain sati sfactory wear res istance. 

Some companies have set up their own classification and standards in order to use 

hardfac ing techniques more effectively. For example, a Hardfacing Working Party 

within British Steel Corporation (BSC) has set up a four-part series of standards 

under general heading 'Applied Surfaces for Wear protection·'(Gregory, 1980). The 

consumable classification .involves: group and type of hardfacing, composition, 

deposited hardness, characteristics applicable to deposit and typical applications. The 

document is intended to fac ilitate the control of subcontracted work and work 

undertaken withi n BSC's own workshops. It provides and describes procedures for 

the manufacture of new components specially designed for hardfacing, giving advice 

on the most economic combination of substrate and surface coating materials. 

5 



1.3 APPLICATION OF HARDF AC ING ALLOYS IN INDUSTRY 

In genera l, hardfac ing has been being used in industry in two ways. Initiall y, 

hardfac ing techniques were used to restore some worn or damaged components, 

which would otherwise be scrapped. ln many instances, no attempt was made to 

improve the service performance of the component, but simply restore it to the 

original dimensions with a compatible sur fac ing material. Thi s may be a deli berate 

policy on the engineer's part to overcome some short-term di ffic ulty, or an expedient 

because of inability to obtain a new replacement within a sati sfactory period. 

Reclamation of components is still the greatest use of weld surfac ing at present. With 

the development of welding techniques and welding materials, it is now possible to 

reclaim a component quickly and economica lly, producing a component that is 

superior to the original. 

The other application of hardfac ing is to manufacture duplex components, whi ch 

have much better service performance and are more cost effective. This change of 

concept has brought about bi g developments in hardfacing technology and has 

widened its appli cation to a large extent. Today, hardfacing has become an important 

consideration at the des ign stage fo r many engineering projects. Design is essentially 

a process to satisfy a variety of in terconnected requirements, which include 

maintainability, quality, and above all reliability and fitness for purpose. Jn general, 

wear resistance increases at the expense of toughness and this means, for example, 

that a component which must withstand shock loading and hi gh wear at the working 

surface cannot usually be made from an ideal monolith ic material. A material with 

optimum wear resistance fo r the working surface would probably be too brittl e to 

withstand the shock load. Consequently, the designer must compromise on wear 

res istance to achieve the required the bulk toughness. Weld surfacing can be used to 

exploit the potential of both the bul k mechani cal properties and the wear res istance 

properties of the working surface. Therefore, to make the most effecti ve use of weld 

surfac ing it is necessary to think in total li fe cycle terms and begin at the beginning 

with des ign. 
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In terms of industrial areas, the application of weld sur faci ng has extended from the 

initi al use by heavy industries to many more areas. Typi cal areas now include the 

mining industry, iron and steel plants, power plants, chemica l pl ants and some li ght 

industries, such as food process ing, paper manufacturing, etc. Today, many welding 

maintenance companies specialise in hardfacing and can provide a wide range of 

services. 

A good example of the use of hardfacing in food-re lated industry is in the screw 

presses for extraction of edibl e oils, an example of which is shown .in Figure I .1. 

Screw presses are commonly used in processes of mechanical extraction of vegetable 

oi l or breaking down animal by-products. The screw press operates under extreme 

conditions where abrasion on the vital components is a predominant problem. Thi s is 

mainly caused by the passage of abrasive material attached to the oil seeds. Over a 

period of weeks or months the main components, which are the worms and the lining 

bars, lose their performance through abrasion . Breakdown of production and high 

frequency routine maintenance can be very expensive for the press users. Thus, long 

service li fe presents a bi g challenge to screwpress manufacturers wishing to retain 

and increase their markets. It has been shown that hardfacing techniques can very 

effectively extend the service life of a screwpress thus minimise the downtime and 

maintenance. The worms and the lining bars are first machined from mild steel and 

then coated with a hardfacing material. All the working surfaces are subsequently 

machined by milling or grinding to produce the necessary dimensional accuracy and 

surface fini sh. 

l.4 MACHINING OF TRON-BASED HARDFAClNG - A CHALLENGE 

TO HARDFACING TECHNIQUES 

The wear performance of a hardfacing material basically depends upon both hardness 

and carbide content. The structure of hardfacing material s, by their natu re, makes 

machining very difficult. Apart from the problems incurred from the microstructure, 

the nature of welding process itself makes machining more difficult, because of 

surface irregurlarities, structural inhomogeneity, welding defects, etc .. The three 

7 



most common machining processes used are grinding, milling and turning. Most of 

the iron-based hardfac ing materials can be machined by grinding but, the grinding 

process usuall y means a very low material removal rate making the processes very 

time-consuming and expensive. Turning and milling were mainl y restricted to low 

alloy or low hardness facing material s before new, harder and tougher tool materials 

appeared, such as reinforced ceramic and polycrystalline cubi c boron nitride. 

Although, some developments have been made with these new tool materials, the 

machining of hardfacing materials is still a problem for industry. 

Based on industrial investigations, problems with machining hardfacing alloys, 

especiall y some hi gh-hardness hardfacing- alloys (HRCSS-65) can be summarised as 

following: 

• li mited tool material s and tool geometry ava ilab le 

• low material removal rate 

• short tool life and low reliability 

• hi gh cost as a percentage of the whol e cost for a dupl ex part 

• high requirement on the machine and holding systems due to hi gh cutting forces 

and vibrations 

1 .5 08.JECTJVE OF THE PRO.JECT 

Iron-based hardfacing materials are widely used in industry but the machining, 

especially turning and milling of these material s is one of the most important factors 

when considering their application . Lack of detailed knowledge of these processes is 

a problem and the present work is intended to provide information for both the users 

and the manufacturers of hardfacing materials and the cutting tool insert s. 

8 



CHAPTER 2 LITERATURE REVIEW 

2.1 MET AL CUTTING PROCESS 

Metal cutting involves a process of removing a thin layer of material fro m the surface 

of a workpiece by driving a harder wedge shaped tool symmetrically into the 

workpiece. The thin layer, known as a chip or swarf, is deformed throughout its 

volume and impinges upon the rake-face of the tool, moving over it in a direction 

away from the direction of the motion of the workpiece. The variety of metal cutting 

processes is very large and includes turning, milling, boring, drilling, fo rming, 

shaping and planing. Of these, turning is mostl y often empl oyed in fundamental 

studies of metal cutting. 

2.1.1 CHIP FORMATION PROCESS 

Genera lly, metal cutting is a process of chip fo rmation and the mode of chip 

form ati on is perhaps the most important aspect of the cutting operati on. The 

formation of chips involves the deformation of the workpiece materi al in the region 

of a plane (the shear plane) extending fro m the tool cutting edge to a pos iti on where 

the upper surface of the chip joins the workpiece surface. Different type of chips may 

be fo rmed depending on the workpiece material and the cutting conditions as shown 

in FigUJe 2. l (Trent, 1991, Stephenson and Agapiou, l 996). The consumption of 

energy in a cutting process occurs mainly in the formation and movement of the chip. 

For this reason, the main economic and practical problems concerned with the rate of 

removal and tool perfo rmance can be understood only by studying the behaviour of 

work materi al as it formed into a chip and moved over the too l. Many aspects of the 

cutting process, such as tool forces and temperatures, tool wear, and workpiece 

surface fini sh are assoc iated with the chip fo rmation proce s (Nabhani , 199 1 ). In 

addition, the size, shape and continuity of chips are very important considera tions in 

automated manufacturing, e.g. co llection and disposal. 

9 . 



Workpiece 

a) 

Workpiece 

b) 

c) 
Workpiece 

Workpi ece 

d) 

Fi gure 2 . 1 Four basic types of chips: a) discon tinuous, b) conti nuous without 
built-up edge, c) co ntinuous w i th built-up edge, ct) shear I ca lize (S tephenson, 
1996) . 



A number of techniques have been developed to study the ch ip formation process 

experimentally. In the earl y stages, high speed cine-photography at relati ve ly low 

magnification was used to study the changes in external shape during chip formation 

but the effectiveness of this method was limited because it could not detect the 

internal changes. An improved method used by Tonshoff et al (1979) involved a 

transparent silica plate to observe the role of different phases in the work material 

during the cutting and, in further research, the movement of the chip across the rake 

face was studied by using a transparent sapphire tool material. Some success was 

achieved with these techniques but, the results were far from sati sfactory (Trent, 

1991 ). With the development of monitoring techniques, much more information on 

cutting could be detected and recorded. Back et al (1994) reported the application of 

hi gh speed videographs in a study of the orthogonal machining of aluminium . In thi s 

work, a high speed video camera system with high magnification (1 OOO x) and 

recording rate (1000 frames/sec) was used to observe the metal cutting process. By 

thi s means, the actual plastic deformation and the origin of the shear fronts that 

compri se the shear plane were revealed for the first time. 

Chip formation can also be observed in detail using special devices inside a scanning 

electron microscope (SEM). Afaghani et al (1996) investigated the deformation of a 

SiC whisker-reinforced plastic using such a device. The cutting took place inside the 

SEM chamber to allow observation of the process. The machining behaviour of the 

whiskers with different orientation was successfull y captured and, based on this, 

cutting models were generated. One disadvantage of this method was that it was 

limited to relatively soft metals (Stephenson, 1996). 

The most effective procedure so far involves the so ca lled quick-stop device 

(Trent, 199 I, Stephenson, 1996) by which the cutting was stopped suddenly and 

detail s of the chip formation process were kept undisturbed with the chip attached to 

the workpiece. The 'frozen chip' can then be separated from th parent workpiece, 

moulded into plastic, ground and poli shed for examination in a microscope or for 

other tests (e.g. micro hardness measurement) (Vorm, 1976). The quick-stop method 

can sati sfactoril y arrest the cutting process such that small scale phenomena can be 
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studied, which would be impossibl e by stopping the cutting process in the normal 

way. The quick-stop method was first developed for turning opera tions, but it has 

been extended to other cutting conditions, e.g. , milling (Wager, 1980, Kovac and 

Sidj an in, 1997), and dril ling (Hosoi et al 1980, Griffths, 1986). 

Many types of quick stop device have been developed since the ea rl y 70's (Brown, 

I 974, Vorm, I 976, Nabhani 199 1, Yeo et al, 1992). Genera lly, two mechani sms have 

been employed in these devices to stop the cutti ng quickly. One is to reduce the 

velocity of the cutting tool relative to the workpiece to zero by removing the tool 

(Yeo et al, I 992) or the workpiece (Vonn, 1976) from the cutting zone using an 

impact bar or a hammer; while the other mechani sm uses an external power source, 

i.e. the pressure generated by explosives (Brown, 1974) to remove the tool from the 

cutting zone. Thi s latter method app lies extremely hi gh pressure to the tool, breaks 

the supporting pin and accelerates away from the cutting action. 

Yeo et al (I 992) repo11ed a quick-stop device for orthogonal machining using the 

hammer and pin method (Figure 2.2). At a pre-determined cutting position, that is, at 

about the mid-point of the workpiece, the tool-ho lder was di sengaged by breaking the 

two pins via the impact of a hammer. One improvement to the device was its use 

with a CNC lathe with a modified turret for a dynamometer system, to all ow 

monitoring of the cutting forces during the cutting process. 

In research into machining metal matrix composites, a quick stop faci lity, based on a 

modified impact strength tester, has been success full y developed to study the tool 

wear mechani sms in intermittent cutting (Bergman et al, 1994). By mounting an 

extra head on the pendulum, trailing the cutting edge, the workpiece will be suddenly 

knocked out of its holder and the cutting action stopped. Similarly, Quigley et: al 

(1994) reported a quick-stop device used to study the machining mechani sms of 

AI/SiC metal matrix composite and thi s device was mounted on a shaping ma hin . 

Recently, Byrne et al (1997) reported a newly-developed quick-stop method in 

studying the machining of aluminium alloys. In the test, the workpiece was bolted to 
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a large fl ywheel which was held in the chuck of a manuall y-opera ted lathe. Once the 

spindle has accelerated to a predefined position, the contact between the cutting tool 

and the workpiece occurs. As the cutting forces increases with cutting distance, the 

notched area supporting the cutting zone wi ll eventually fracture, causing the relati ve 

motion between the tool and the workpiece to become zero, i.e. cutting stops. 

Quick-stop methods are easier to use in machining relatively ductile materials due to 

the fact that harder materials (e.g. hardened steel, etc.) are brittl e and the chip is 

thinner and more irregular. lt is therefore difficult to get good quick-stop samples. 

However, accord ing to a recent report, the technique has been successfull y used to 

study the chip formation process of the hardened I 00Cr6 steel (Poulachon et al, 

1998). The test results provided very valuable evidence in understanding the cutting 

mechanism, especially the role of shear and cracking in the chip fo rmation process. 

A lot of work has been done to study cutting process theoretica ll y. Among these 

approaches, finite element analysi s (FEA) is the most prominent and successful. [n 

the earl y work, research concentrated mainly on some single aspects, such as 

temperature di str ibutions and stress di tributions. However, with the development of 

the modelling technique and data sources, the application of FEA has spread into 

many more comprehensive aspects of metal cutting, such as fl ank wear and sti cking 

behaviour on the chip-tool interface (Zone, et al 1995), plastic fl ow of the workpiece 

material and friction at the tool-workpiece interface and wear of the tool 

(Komvopoul os et al, 199 1 ), deformation temperature distribution (Stephenson, 

199 1 ), etc .. 

In research at Concordia University, the cutting mechanics or graphite fibre 

reinforced pre- impregnated composite and the effec t of tool geometry on the cutting 

qua li ty and fibre defl ection were investigated. This work dealt with the theoretical 

and experimental analysis of cutting unidirectional , cross-ply and woven composite 

prepregs. Results showed that the cutting mechanism of prepreg was essentially a 

material fa ilure due to bending-induced fracture and also due to shearing and 

compressive stresses in which the prepreg res in was pl oughed and the reinforced 

fibres of prepreg were cracked (Wang, 1995). 
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2. 1 .2 CHIP TYPES 

Generally, chips can be di vided into four basic groups: di scontinuous, continuous, 

continuous with buil t-up edge and shear loca lised (Figure 2. I). The first three types 

have long been identifi ed while the fourth has been considered as a separnte type 

only in the recent years (Stephenson and Agapiou, 1996). 

When brittle materi als like cast iron or bronze is cut, it is broken along the shear 

plane and form s segmented chips (Figure 2. l a), these di scontinuous chi ps of 

appreciable size were formed by a fracture mechanism. During cutting, a very large 

amount of strain takes place in the primary deformati on region in a very short time 

and a brittl e material like cast iron or bronze can not withstand thi s strn in without 

fracture (Trent, 199 1). In addition, a secondary phase (e.g. graphite fl akes) may make 

the chip easier to fracture (Hooper and Brookes, 1984). At very low speeds, the chi ps 

of more ductile materials may also be produced in this fo rm . 

Under the majority of cutting conditions, ductile metals and alloys do not frac ture on 

the shear pl ane and a continuous chip is produced. Such chips could be formed 

without a built-up edge (Figure 2. 1 b) or with a built-up edge on the tool (Figure 

2. 1 c). 

Built up edge (BUE), or built up nose, is an important fea ture of metal cutting under 

seizure conditions. It adheres around the cutting edge and the rake face of the too l, 

displacing the chip from direct contact with the too l. lts xistence mainl y depends on 

the cutting condition, the work material being cut and the tool material used. 

Favourable conditions for BUE formation include intermed iate cutting speed and 

workpiece materials with more than one phase in their structure. At hi gher cutting 

speed, as temperature increases, the form of the BUE changes, decreasing in size or 

forming a built up layer. Bui .It up edge is one of the principle fac tors affecting surface 

fini sh and can have a considerable influence on the cutting-tool wear. However, 

certain benefits can be derived, for exampl e, under certain conditi ons a small stable 

BUE may be maintained, which can protect the tool without producing an 
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unacceptably poor surface fini sh. Another positive effect is that the effecti ve rake 

angle becomes quite large with a BU E and the energy consumption drops. 

The four th type of chip (Figure 2. 1 cl) was only widely observed as cutting speeds 

increased and new work materials were introduced. It was macroscopica lly 

cont inuous, consisting of narrow bands of heavil y deformed material alternating with 

larger regions of relative ly undeformed material. This type of chip was obtained 

when machining hardened steel, stainl ess steel, titanium alloys at hi gh speed, and 

nickel based super alloys (Shaw and Vyas, 1998). The fundamental mechani sm for 

the segment formation is still not well understood (Davies et al, 1997). Some 

researchers (Komancluri and Schroeder, 1986, Hou, et al , 1995) attributed the chip 

formation to catastrophic thermoplastic instability on the shear plane, where the flow 

stress clue to thermal softening associated with an increase in strain more than offsets 

the associated strain hardening. Others have suggested that the crack is initiated at 

the free surface and runs toward the tool tip (Shaw and Vyas, 1998). 

2.1.3 THE CHIP-TOOL INTERFACE 

The movement of the chip and the work material across the faces and around the 

edges of the tool is of great importance in a cutting process. Initially , it was trea ted 

as a classical friction process. However, detailed studies of the tool/work surface 

have shown that this approach was inappropriate for most cutting conditions. Much 

research has been undertaken using different techniques to study the interface under 

different cutting conditions (Trent, 199 1 ). The most important conclusion from these 

observations was that the contact between tool and work surfaces was so nearl y 

complete over a large part of the total area of the interface that sliding at the interface 

is impossible under most cutting conditions. lt has been observed that seizure occurs 

on the flank surface under some conditions, particularl y close to the edge. liding 

occurs under certain cutting conditions and at a certain position on the tool surface as 

shown in Figure 2.3. 
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Tn metal cutting relati ve movement continues under conditions of se izure and this is 

poss ibl e because the area of seizure is small and suffic ient fo rce is applied lo shear 

the work material near the seized interface. Too l material s must have hi gh yield 

stress to avoid destruction under the very severe stresses which seizure conditions 

impose. Relative motion under seizure involves shearing in the weaker of the two 

bodies and in metal cutting this is the work material. The shear strain is not 

uniformly distributed across the chip as the bulk of the chip fo rmed by shear along 

the shear plane is not fu11her deformed but moves as a rigid body across the contact 

area along the tool rake face. The shear resulting from seizure is confined to a thin 

region whi ch may lie immediately adjacent to the interface or at some di stance from 

it. 

In sections through chips and in quick-stop sections, zones of intense shear stra in 

near the interface were normally observed, except under conditi ons where sliding 

took place. There is a fl ow zone near the interface where the behaviour of the work 

material is in many ways more like that of viscous fiuid than solid metal. Hence there 

is no sharp line separating the fl ow zone from the body of the chip but a grad ual 

blending in . There is, in fac t, a pattern of flow in the work material around the cutting 

edge and across the tool face, which is characteri stic of the metal or alloy being cut 

and the conditions of cutting. Therefore, a pattern of fl ow and ve locity gradient 

within the work materi al, with velocity approaching zero at the tool/work interface, is 

the basis of a model for relati ve movement under seizure, to replace the classical 

fr iction model of sliding conditions. 
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2.2 SURFACE QUALITY 

Machining aims to create a part of given geometry, spec ified dimensions and 

dimensional tolerance. Beyond geometrical considerations, it is also im portant that 

the surface produced should be free of defects such as cracks, have no harm ful 

residual stresses, and not to be subjected to undes irable metallurgica l changes (Trent, 

199 1 ). Error of form and waviness are two other characteri sti cs of the sur face 

geometry. A turned surface usually shows a uni fo rm roughness distribution without 

significant waviness (Stephenson and Agapiou, 1996) and, therefore, surface quality 

should be measured in terms of surface roughness and surface integrity. 

2.2.t SURFACE ROUGHNESS 

The contact between the fl ank face and the new workpiece is responsible for the 

sur face roughness. There were two components to the machined sur foce : the 

geometry fini sh and the natural surface (S tephenson and Agapiou, 1996). The 

concept of geometry fini sh refers to the ideal sur face roughness related to tool no. e 

radius, tool angle and feed ra te. A smoother surface could be generated by using a 

lower feedrate, a larger nose radius and a lower lead angle. The natural part of the 

ro ughness results fro m tool wear, errors in the machine motion, inconsistencies in the 

workpiece material, discontinuous chip formation, errors in the machine motion, and 

machining system vibrations. Damage to the cutting edge resu lts in a replication of 

this in the newly fo rmed surface but the effect can be mod ified by further contact 

with the unworn fl ank face of the too l. 

There are many methods used for the measurement of the surface roughness. These 

include; the use of a mechanical stylus, microscopy, refl ecti vity measurements and 

even some manual methods (Shaw, 1984). Two common parameters used in 

measuring surface fini sh are the Centre Line Average (Ra) and the Root Menn 

Square (RMS) va lues (Stephen on and Agapiou 1996). 
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The Rank Taylor Hobson Talysurf is a typica l stylus instrument, which provides a 

selection of roughness and waviness parameters, together with profile graphs. The 

measurement data are obtained via the movement of a stylus, at constant ve loci ty, 

across the surface of the specimen. Thi s movement is amplified electron ica lly and the 

data automatica lly analysed. The parameter values are then selectabl e at wi ll from the 

stored information. 

2.2.2 SURF ACE INTEGRITY 

Surface integri ty has been introduced to indi cate the absence of undesirable features 

in the surface as well as in the subsurface region of the workpiece. It usually 

includes: strain hardening of a surface layer, cracking, phase transformations and 

residual stresses (Neai lley, 1988). Some of these characteristi cs may be benefici al 

while most of them are harmful. Some aspects of surface integrity can be evaluated 

only by destructive techniques (metallography) whereas others can be expl ored 

under the microscope, particularly, the SEM. On the bas is of such tests, cutting 

conditions that ensure good surface integrity ca n be specified (Trent, 199 1, 

Stephenson and Agapiou, 1996). For the most critical applications, non-destructi ve 

test (NDT) techniques including x-ray analys is for res idual stress have been 

employed (Brinksmeier et al, 1982). 

Abrao et al (1996) found that, when machining hardenable alloy steels, two main 

types of microstructu ral change might occur, depending on the maximum 

temperature reached at the workpiece surface and subsurface. lf the temperature 

exceeds the austenitation limit, austenite wi ll transform to produce an untempered 

martensitic structure after quenching, wh ich is very hard and brittle, and generall y 

referred to as a white layer. An ove1iempered martensitic structure is observed 

underneath thi s white layer when the temperature in the region exceeds the original 

tempering temperature. Such a region is usually dark in co lour and possess low 

hardness and wear res istance. 

Both tool materials and workpi ece materials may influence the subsurface structure. 

In fini shing AJSI HI 3 steel, the depth of the white layer appeared sli ghtl y larger for 
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samples cut with DBC50 than those cut with ceramic tool s, but there was no obvious 

overtempered martensitic layer. However, in fini shing and roughing AIST E52 100 

steel, a dark overtempered martensitic layer could be seen in all the specimens 

(Abrao et al 1996). lt has also been reported that the thickness of the white layer is 

related to the size of the cutting tool wear flat and with wear flats up to 0.06 mm no 

white layer could be observed (Konig et al , 1994). Recently, in machining EN24 

steel, Barry and Byrne () 998) found that no white layer was observed in specimens 

machined with new tool s (Alumina, PCBN), whi le white layers with a maximum 

depth of 6 ~tm were formed using worn tools. 

It is known that surface sensitive mechanical properties such as creep and fatigue are 

greatl y influenced by the stress condition of the machined surface. Abrao et al (1996) 

compared the residual stress variations of hardened bearing steels, after turning with 

both new and worn PCBN cutting tools and grinding. It was found that compressive 

stresses induced in each specimen and the depth of the compressive res idual stresses 

zone was much shallower with a new insert. With turned samples the highest stress 

value was obtained at approximately 5-20 ~un below the machined surface. In 

contrast, the highest stress value given by the ground specimen was measured on the 

surface. Fleming et al (1998) reported similar results when machining forged QS32 

steel (simi lar to EN3 l ) using DBC50 tool s. 
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2.3 FORCES IN METAL CUTTING AND STRESSES ON THE TOOL 

The forces acting on the tool are important aspects of machining. For those 

concerned with the manufacture of machine tools, a knowledge of these fo rces is 

needed for estimation of power requirement and for design of structures adequately 

ri gid and free from vibration. The cutting forces vary with the tool angles, and 

accurate measurement of forces is help fu l in optimising tool design (Trent, 199 1 ). In 

addition, cutting forces are also an indicator of the machinability of the workpiece 

material. Lower cutting forces genera lly imply lower tool wear rates, better 

dimensional accuracy and increased machine tool li fe (Stephenson and Agapiou, 

1996). 

For a semi-orthogonal cutt ing operat ion in lathe turning, the force components can be 

measured in three directions (Figure 2.4) and the force relationships are relative ly 

simple. The component of the force acti ng on the rake face of the tool normal to the 

cutting edge, in the direction OY is called here the "cutting force", Fe. This force, 

which tries to bend the tool , is u ually the largest of the three force com ponents, and 

ac ts in the direction opposite to the workpi ece rotation . The force component acting 

on the tool in the direction OX, which opposes the feed, is referred as the " feed 

force" Fr. The third component, acting in the direction OZ, which tri es to press the 

tool backwards, is called the "radia l force", Fr. This is the smallest of the force 

components in semi-orthogonal cutting and, for purposes oC analysis of cutting forces 

in simple turning, it is usually ignored and often not even measured. 

The magnitude of these forces depends primaril y on the cutting parameter (feedrat , 

speed and depth of cut), cutting rake angle, workpiece materi al and tool material. 

The forces increase in direct proportion to increments in the feed and the depth of cut 

and an increase in rake angle gives ri se to a decrease in both the cutting and the feed 

forces. However, increase in the rake angle will weaken the tool edge whi ch may 

we ll lead to its premature fa ilure. 
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The stress distribution on the tool in the chip formation process is of great 

importance in the tool wear process. Much research work has been done to 

in vestigate the stress di stributions at the tool :work interface (Trent, 199 I). A 

commonly accepted model is shown in Figure 2.5 . The essential fea ture is the 

gradient of compressive stress, with the maximum at the cutting edge, falling to zero 

where the chip breaks contact with the tool. Th shear stress shows a lower 

max imum and a more uniform distribution acros the surface. 

On the clearance face of a tool , both compressive and shear stresses act on this 

surface. Although the contact area on the flank is sometimes clearly defined, it is 

very difficult to arrive at values for the forces acting on it, and there are no reliable 

estimates for the stress on the worn flank surface (Trent, 1991 ). 
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2.4 THERMAL EFFECTS IN MET AL CUTTING 

2.4.1 HEAT GENERATION IN METAL CUTTlNG PROCl!..SSES 

During cutting by shearing, heat is generated in the primary and secondary shear 

zones due to plastic deformation of the workpiece material and also at the tool/chip 

interface (rake and fl ank faces) due to fri ction (F igure 2.6). Most of the heat 

generated is ca rri ed away by the chip while the rest is conducted th rough the tool and 

the workpiece. 

The power consumed in metal cutting is largely converted into heat near the cutting 

edge of the tool and many of the economic and techni ca l problems of machining are 

caused directl y or indirectl y by this heating action . The cost of machining is very 

much dependent on the rate of material removal and may be reduced by increasing 

the cutting speed and/or the feed rate. However, these fac tors are strongly constra ined 

by the effects of high temperature associated with the increase of these parameters. lt 

was noted as earl y as 1907 by F.W. Tay lor that increased cutting speeds resulted in 

increased tool temperature and, hence, lower tool life. When machining fe rrous 

alloys at moderately high cutting speeds, high temperatures are generated and too l 

wear is activated by mechanisms such as diffusion and dissolution. Deformati on due 

to compressive stresses also plays a part when machining using conventional tool 

materials. Excessive heat generation and high temperature gradients may also reduce 

the integrity of the fini shed surface. However, a lower limit of cutting speed and feed 

is also required when cutting some very hard materials, in order to genera te suffic ient 

heat to soften the work material (Heath, 1986). 

The temperature generated during a machining operation 1s influenced by the 

properties of the work materials to be cut and the machining parameters used. Higher 

temperatures are to be expected in cutting stronger materi als at hi gher speeds, 

especially when the workpiece material is a poor heat conductor, of low density, and 

low specific heat. This is one of the reasons why materi als such as titanium and 
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supera lloys are difficult to machine, whereas aluminium and magnesium are easy 

(Trent, 1991 , Shaw, 1984). 

2.4.2 TEMPERATURE MEASUREMENT 

Thermo-e.m.f (thermocouples) and Radiation (pyrometry, infra- red photography, 

etc.) are the two main methods commonly used to measure cutting temperatures. 

Other methods include Thermo-chemical reactions (thermo-co lours) and 

metallurgical methods, which have been often used in tool material s li ke high speed 

steel and cemented carbide. 

Tool: work iccc thcrmocou lie method 

Th is method uses the tool and workpiece as elements of the thermocoupl e ( • igure 

2.7). The hot junction is the interface between the tool and the workpiece, the cold 

junction is formed by a remote section of the tool and workpiece, which must 

connected electrically and held at a constant reference temperature (Stephenson and 

Agapiou, 1996). Due to the fact that the e.m.f. generated is the um of the individual 

e.m.f.'s which are generated at all the contacting points between chip and to I, the 

measured temperature is th average of the temperature lield which acts over the 

whole chip-tool contact zone (Barrow, 1973). Thi s method can onl y be used when 

the tool and the workpiece are electrica l conductors and thus cannot be used with 

many ceramic cutti ng tools. The main advantages of this method include: rep atablc 

results, good correlation with tool wear, quick time response, etc .. 

Embedded thcrmocou le 

This method is also known as the conventional thermoc uple method (Stephenson 

and Apegiou, 1996) or implanted or remote thermocouple method (Abrao et al, 

1996). In this method, one or more conventional thermocouples are embedded in the 

tool or workpiece to measure the temperature very n ar the cutting zone. Figure 2.8 

shows schematically a typical set-up for measuring the cutting of PCBN and ceramic 

tools in machining of AISI 52 100 bearing stee l. The K-typc (nickel­

chromium/nickel-aluminium) thermocouple is the most popularl y used detector. Jt 
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has an operating temperature range between -200°C to 1100°C and has an almost 

linear e.m.f. response to temperature ri se, as well as good resistance to oxidation 

(Michalski et al, I 991 ). 

The thermocouple can also be positioned at the back of the cutting tool insert. Thi s 

method is much easier to operate and avoids the difficulty of producing the holes in 

the tool materials. The temperature of the real cutting edge can be deduced based on 

theoretical temperature fi elds (Lipman et al, 1967). This method is not as accurate as 

the other method when the thermocouple is much closer to the cutting zone. 

However, the required thermocouples can be built into the tool holder, making the 

method attractive for routine measurements and process monitoring. 

Radiation (pyrometry, infra-red photography, etc.) 

In this method, a pyrometer, also called an infrared thermometer, is used to measure 

the temperature of a body based on its emitted thermal radi ation. As shown in Figure 

2.9, this method is limited to exposed surfaces and cannot be used to directl y 

measure temperatures in the interior of the chip. Fut1hermore it is not poss ible to 

measure the interface temperatures where the actual tool /workpiece cutting zone is 

obscured. However, one advantage offered by this method is that it is a non-contact 

technique and therefore there is no di sturbimce of the temperature fi eld. With the 

development and application of ultrahard tool material s, this method is more likely to 

be chosen due to the fact that these tool materials are extremely difficult to machine 

(e.g. drilling a hole for a thermocouple). For example, it has been used to measure the 

cutting temperature in the machining of Ni-hard castings with PCBN tools (Crooks et 

al, 1988) 

Abrao et al ( I 996) compared the temperature measured by three methods: tool /chip 

thermocouple, implanted thermocouple and intra.red radiation technique when 

machining hardened hot work di e steel with PCBN tools. They found that the first 

method yielded the highest temperature result whil st the last method give the lowest 

value. In addition, the three techniques showed different sensitivity to the change of 

cutting parameters, i.e. cutting speed, feed rate and depth of cut (Table 2.1) 
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Table 2.1 Significance of the effect of cutting parameters on the temperature 

measured using different techniques (Abrao et al , 1996) 

T~ters ec n1que 

Infrared radiation 

Implanted thermocouple 

Tool/chip thermocouple 

* * * : Most significant 
* : Least significant 

Cutting speed 

*** 

* 

*** 
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Feed rate Depth of cut 

** * 

*** ** 

* ** 



2.5 CUTTING TOOL MATERIALS 

2.5.0 DEVELOPMENT OF CUTTING MATERIALS 

The continual developments in metal cutting tool materi als have played a signifi cant 

role in advancing machining technology. The improved performance and increased 

tool life made possible by such new materials have been instrumental in achievi ng 

the strict dimensional tolerances and surface fini shes required to ensure 

interchangeability of mass-produced components (Bossom and Hoffmann, 1993). As 

shown in Figure 2.10, advanced tool materials have made it possible to cut at much 

higher speeds. In another respect, new material s are expected to replace some readily 

-machinable materials in many areas of the automoti ve industry and in most cases 

these new difficult-to-machine materials will require harder and stronger tool 

material s. 

Cutting tool materials can be classified in to five groups (Roebuck, 1995 , Stephenson 

and Agapiou, 1996) 

•Carbon Tool Steel / HSS 

•Sintered Tungsten Carbide (WC) 

•Cermets 

•Ceramics 

•Superhard PCBN and PCD 

Cutting processes are very complicated, and no single material exhibits all the 

desirable properti es for a cutting tool (Stephenson and Agapiou, l 996). However, 

some important considerations must be taken into account when assessing a tool 

material. These include: l) High temperature physical and chemi cal stability; 2) 

Resistance to fracture ; 3) Abrasive wear res istance (Edwards, 1993). 

High temperature stability could be represented in terms of hot hardness, thermal 

shock resistance and adhesion and di ffusion resistance at elevated temperatures. It 

has been shown that, at hi gh temperatures developed in cutting hard materials at high 



speed, the hardness of almost all the cutting tool materials decreases to some extent. 

However, some materials (e.g. PCBN) can retain their hardness to a very hi gh 

temperature. Thermal shock resistance is determined by the coeffic ient of thermal 

expansion and thermal conductivity of the too l materi al and is of particular 

importance for alumina-based material s. Adhesion and diffusion resistance is 

difficult to assess, but, some techniques have been successfully applied to study 

these prope11ies of tool materials.( Nabhani , 199 1, Konig et al, 1993). 

The most important property to resist brittle fracture is toughness. Two commonly 

used items to represent the toughness of a materi al are Fracture Toughness (K1c) and 

Transverse Rupture Strength (Nmm·2) (Clark et al, 1993). Figure 2. 11 shows the 

hardness and toughness of the tool materi als and developing trends. This shows the 

complex ity in selecting a too l material, e.g. very hard materi als tend to be brittle and 

thus have poor fracture toughness. The best tool materi al for a given application 

depends on not only the tool itself but also on other fac tors, such as the workpiece, 

the machine and the tool holder etc .. 

The hardness of a tool material has a signifi cant effect on its abrasion res istance. Tt 

had been thought that abrasion resistance was not a problem with ultrahard too ls 

materials but thi s has had to be reconsidered in the li ght of advanced workpiece 

materi als such as fibre and particle-reinforced composites. 

2.5.1 HIGH SPEED STEEL (HSS) AND RELATED MATERIALS 

High speed steels (HSS) are self- hardening steels alloyed with W, Mo,Co,V and r. 

They exhibit "red hardness" which permits tools to cut at dull red heat without loss 

of hardness or rapid blunting of the cutting edge. H has a hardness range from 

HR 60-65, however, this decreases rapidly at temperatures above 540 to 600° 

(Shaw, 1984). In addition, HSS's have limited wear resistance and chemica l stability 

and greater tendency to fi rm a built-up-edge than other too l materi als. Therefore they 

are only suitabl e at relatively low speeds (>50 m/min) (S tephenson and Agapiou, 
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1996). HSS's are inexpensive, easy to shape or resharpen, and have excellent fracture 

toughness and fatigue and shock resistance. Thus they are still commonly used, 

especially in interrupted cutting conditions (e.g. drilling, end-milling). 

2.5.2 SINTERED TUNGSTEN CARBIDE (WC) 

Hardmetal s are particulate composites based on WC and Co. Two fundamental types 

are commercia lly used - Plain WC/CO and WC/cubic carbide (TiC or TaC )/Co. 

For plain WC/Co, cobalt is the most common type of binder phase. In some cases, 

other materials such as Cr, Ni , Mo were used to obtain better corrosion and oxidation 

resistance. For the latter type (WC/cubic carbide), chemical (diffusion) wea r 

resistance has been improved. Grades can contain 4-16% TiC (typically) and are used 

for machining ferritic steels and in milling applications for better thermal crack 

resistance. TiC and TaC also improve the creep strength in substrates for coated 

hardmetal s (Roebuck, 1995). 

In cutting tool markets hardmetals, either coated or uncoated, are the technological 

work-horses, but they are being edged out in a number of applications by ceramics, 

superhards and Ti(C,N). The main drawba k of hardmetals .include lower hot 

hardness and low stability at high temperatures. However, in milling and drilling, 

where toughness is required, the WC-Co alloy is generally used. Another advantage 

of hard metals is its low price compared with ceramic and superhard tools. 

2.5.3 CERMETS 

Cermets are TiC-, TiN- or TiCN-based hardmetals, consist of hard particles (TiC or 

TiN) sintered with a refractory metallic binder (e.g. Ni, o, W, Ta, or Mo). Cermets 

have better diffusion wear resistance, but lower resistance to fracture and higher 

thermal expansion coefficient than sintered tungsten carbide materials. Cermets are 

generally used in semi-fini shing to fini shing applications and are especial.l y suitabl e 

for high speed fini shing applications. The speed range is 200m/min to 400 m/min, 

i. e. higher than that of WC but lower than that of ceramics. ermets perform well 
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when machining most superalloys, malleabl e irons, carbon and all oy steels, hardened 

steels, stainless steels and non-ferrous alloys, e.g. brass, zinc and copper (Stephenson 

and Agapiou, 1996). 

2.5.4 CERAMICS 

Ceramic cutting tool materials, made by sintering, offer great res istance to wear and 

show little tendency towards diffusion. However, their brittl eness and low thermal 

shock resistance lead to fracture, which often ends tool life prematurely. Thi s has 

limited the application of ceramic tools in some condi tions and they are not usually 

recommended for interrupted cutting (Trent, 1991 ). Sufficient rigidity of the 

machine, workpiece and the tool, together with high machine power and a suitable 

arrangement of the cut- in and cut-out conditions are all pre-conditions for econom ic 

use of these tools. 

There are three main types of ceramic tool s (Roebuck, 1995): -

a) Al2O3 based - including monolithic A12O3• and those with either whisker additions 

for increased toughness or particulate add itions for increased strength. Siew. TiC and 

ZrO2 are three commonl y used additions. 

b) Si3N4 based - including monolithic Si3N4, Sialons, and Si3N4 reinforced by 

whiskers of Si Cw or TiC particulates. 

c) SiC based - thi s type is more fo r wearing parts than cutting applications. 

Cast iron and superalloys account for half of all material s machined by ceramics. In 

the automotive sector, ceramic tools are used to machine grey cast-iron brake drums, 

discs and cylinder blocks (Roebuck, 1995). They were used for fini shing operations 

and produced surfaces similar to those produced by grinding when cutting cast irons. 

When machining nickel-based alloys, the ri sk of premature tool failure, and the 

possibility of subsequent component fa ilure, restricted the app li cation of ceramic 

tools to intermediate/semi-finishing operations (Richard and Aspinwall , 1989). 

Application to machining steels was mainly limited to mild steel in the earl y stages, 
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but more recently their application has been extended to hardened alloy steels 

(Mehrotra, 1998). 

Alumina tools can be used to cut steel at speeds much hi gher than can be used with 

conventional cemented carbides. Negative rake throw-away tool tips are nea rl y 

always used and it is not difficult to demonstrate that cutting speeds of 

600-700111/min can be sustained at a feed of 0.25mm/rev for Jong periods without 

excessive flank and crater wear (Brandt, 1986). Gradual failure was observed 

involving flaking of thin fragments fro m the rake or clearance faces. It seems to be an 

advantage of alumina tools that such fracture does not always lead to sudden and 

massive fa ilure of the whole tool edge wi th ma_i or damage to the work-piece, such as 

would occur after the fracture of the edge of carbide tools. However, unpredictab le 

and variable tool life is still a major problem when using ceramic tool s. Ceramic 

tools are generally recommended for use at hi gh speed only since at lower speeds 

such tool s tend to fai l because of their poor toughness and transverse rupture strength 

(King et al, 1984). However, according to some researchers (Chattopadhyay et al, 

1983), when cutting C- 15 steel with a series ceramic cutting tools, grooving wear 

was almost absent at low speed (75m 111111·
1
) which suggested that modern ceran1 ic 

tool s also can be used at lower speeds ifrequired. 

The recent developments in ceramic too l material s have focused on improving 

fracture resistance so they can be used in a tougher conditions (Mehrotra, 1998). 

With the development of reinforced materials, the application of ceramic tools has 

been increased. Composite ceramics such as 30% TiC-Al2O3, can be used for 

uninterrupted cuts on hardened steels, chiUed cast irons and cast irons with hard 

scales. SiCw- Al2O3 ceramics have better hot edge toughness, hot hardness and 

thermal shock resistance than conventional ceramics. They can therefore withstand 

the high stresses incuned when cutting high temperature aerospace alloy turbine 

parts . Al2O3-SiC reinforced cutting tools are in general the best tool for cutting 

Nimonic and other aerospace materi als at hi gh cutting speeds where the high 

temperatures tolerated by the too l allows the workpiece to be softened and cut more 
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easil y. Si is attacked by iron at 1200°C to fo rm iron silicide, so these too ls cannot 

be used to machine low/medium strength steels (B illman et al, 1988) 

Sialons (Si3N4 + Al20 3 + sintering aids) are mainly used in rough machining of 

superalloys and cast iron (Edwards, 1993). The most important property of Sialons is 

their low coefficient of thermal expansion and high thermal conductivity, so that the 

stresses between hot and cool parts of a cutting tool insert are minimised, giving 

good thermal shock resistance. Other benefi cial properti es also include high 

hardness, high bend strength and hi gh toughness. Sialons cannot be used for genera l 

steel machining because they are not chemi ca ll y stable in contact with Fe and suffer 

ra pid di ffusion wear (Reobuck, 1995). 

2.5.5 POLYCRYSTALLINE CUBIC BORON NITRIDE 

Polycrystalline Cubic Boron Nitride (PCBN) cutting tools were developed in the 

I 970 's and have gained an important position in the cutting tool industry because of 

their excellent performance. PCBN has high hardness an I fracture toughne s 

compared with ceramic too ls and good thermal stability and better chemical tab ility 

with fe rrous elements than diamond . 

P BN tools compete with ceramic tools, espec iall y with SiCw-A l20 3 tools 

(Roebuck, 1995). No apparent advantage of P BN over hard metal has been found at 

medium speed. The superior performance of PCBN tool material in terms of higher 

material removal rat has b en shown in many ar as. Material suitable fi r 

machining with PCBN tools include hardened alloy steel, cobalt-base alloys, ni ckel­

base alloys and tool steels. ln addition, cast irons and nickel/chromium cast iron ca n 

be machined at very high speeds. 

2.5.6 POLYCRYSTALLINE DIAMOND (P D) 

Diamond .i s the hardest material known and has long b en employed as a cutting too l 

although its high cost has restricted its use to opera tions where other too l materi als 
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cannot perfo rm effecti ve ly. There are two groups in terms of their composition: type 

a) contai ns cobalt metal binder and type b) contains a ceramic binder, based on Si . 

P D is made by a two step process in high pressure (6-7GPa)-high temperature 

(1500 °C) equipment (Nabhani , 199 1 ). In the first stage, graphite is transform ed to 

diamond powder. In the second stage, thi s powder is compacted and grown together 

with a binder (Wentorf et al, 1980). 

PCD has a number of superior phys ical and mechanica l properties compared with 

other tool materials. 

l ) Hi gh hardness 

The hardness of both single crystal diamond and P D decreases as the temperature 

incr ases as with other tool materials. Brookes and Lambert (1982) have shown that 

the high temperature hardness of diamond is still much hi gher than that of other tool 

materials. 

2) Thermal Conductivity 

P D has a comparati vely high thermal conducti vi ty of about 560 W/m0 
. 1 his is 

slightly lower than that of natural diamond (66.5 W/m0 
) 

3) Abras ion Resistance 

P D tooling has high r abrasion resistance than natura l diamond. The hi gh abrasion 

res istance of PCD with its high res istance to loading enables it to be u ed for 

effective machining of non-ferrous materials. 

The polycrystalline diamond tool.s are aggregates of randomly orientated d.i amond 

pa,iicles, which behav as an isotropic material in many applications. The main 

advantages of sintered polycrystalline tools over natura l single crystal tools ar b tt r 

control over amounts of inclusions and imperfi ction , high r quality, greater 

toughnes and wear res istance r suiting from the ra ndom orientation of diamond 

grains and the corresponding lack of simple cleavage planes. In cutting opcrati ns, 

their wear behaviour demonstrates that the edges are less sensitive to accidental 
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damage, while maintaining exceptional resistance to wear. Therefore, PCD tool s can 

maintain an accurate cutting edge for very long periods of time and thi s has made 

them successful competitors in specific areas of machining. 

The use of PCD in commercial quantities started in the early l 970s. PCD tools 

commercially available as Compax tools were produced by the Genera l Electric 

company, USA, and Syndite produced by De Beers. Composite too ls can be clamped 

or brazed, ground, lapped and polished. Worn composite tools can be reground but 

the grinding taking longer than for carbide tools (Nabhan i, 1991 ). 

In the early years, PCD was introduced very much on a one-off basis, usually only in 

operations which caused particular problems for conventional carbide tooling. 

However, thi s situation has changed with the widespread demand for high 

productivity in industry. Now, PCD tools are being used in a much wider field of 

app lication, especially in automotive industry. The di stinct advantages offered by 

PCD tooling compared to carbide include superior tool life and surface fini sh, hi gher 

cutting speeds, reduced cycle times and minimal machine down time (Roebuck, 

1995). 

Diamond tool s are not suitable for cutting ferrous workpieces due the their reactivity 

with these workpieces. The tool are smoothly worn by a mechanism which appears to 

involve transformation of diamond to a graphitic form and/or interaction between 

diamond and iron at the atmosphere. Diamond is not a stable form of carbon at 

atmospheric pressure, but does not revert to the graphitic form in the absence of air at 

temperatures below 1500°C. In contact with iron, however, graphitisation begins just 

over 730°C (Hitchener et al, 1981) and oxygen begins to etch a diamond surface at 

about 830°C. Diamond tool s are rapidly worn when cutti ng nickel also and genera ll y 

they have not been recommended for machining high melting point metals and alloys 

where high temperatures are generated at the interface. 

They are therefore better suited to cutting non-ferrous (Al, Cu, Brass, Bronze) alloys, 

abrasive advanced composite material s including graphite, carbon/carbon, carbon-
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phenolics, fibre glass, marble, granite and other stone products (Roebuck, 1995). 

Gradually, its application is extending to other areas, such as rough machining of Al 

alloys, dissimilar metal milling, machining cells with high speed machines, etc .. PCD 

tools are also suitable for machining some of latest generation of hard, abrasive and 

wear-resistant materials - high silicon-aluminium alloys, reinforced plastics and 

metal matrix composites (MMCs). 
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2.6 CUTTING TOOL WEAR 

2.6.1 TOOL WEAR FORMS 

In terms of the position of wear on the tool or the shape of the wear, tool wear can 

take the following forms: 

Flank wear 

Intense rubbing of the flank of the tool over the freshly formed surface of the 

workpiece results in the formation of a wear land. The rate of wear can be measured 

by intetTupting the cut and measuring the average width of the wear land VB. After 

rapid wear during the first few seconds, wear settles down to a steady-state rate only 

to accelerate again toward the end of tool life (Figure 2. 12). Flank wear is due 

usually to both abrasive and adhesive mechanisms and is generally undesirable 

because dimensional control lost, surface finish deteriorates and heat generation 

mcreases. 

Flank wear can be measured in terms of the time to reach a certain amount of flank 

wear (VB). Another way to assess flank wear as to measure the width of the wear 

land within a certain period of time. Scanning electronic microscopy is commonly 

used to measure flank wear and it also can be readily determined by means of a tool­

maker's microscope. Other methods, such as profile projection, have also been used 

by some researchers. (Lin et al , 1995). 

Crater wear 

Crater wear or rake face wear produces a damage some distance away from the tool 

edge on the tool face (Figure 2.1 2). The high temperatures generated on the rake face 

combine with shear stresses to create a crater. Moderate crater wear usually does not 

limit tool life. In fact , crater formation increases the effective rake angle of the tool 

and thus may reduce cutting force (Stephenson and Agapiou, 1996). Under very hi gh 

speed cutting conditions crater wear is often the factor that determines the life of the 

cutting tool , since the cratering becomes so severe that the tool edge is weakened and 
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eventually fractures. rater wear progresses linearl y under th influence of abrasion, 

adhesion, followed by dragging out of tool materials, diffusion, or thermal so ftening 

and plastic deformation . Crater wear can be minimised by increasing the chemica l 

stabi lity of the tool material or by decreas ing the tool's chemical solubility in the 

chip, e.g. applying coating on the tool surface. Crater wear is usually quantifi ed by 

measuring the depth KT, the cross-section area of the cra ter perpendicular to the 

cutting edge (KB) or the di stance between the major cutting edge and crat r centre 

(KM) (Figure 2.1 2). 

Notch wear 

A notch or groove often form at the depth-of-cut line wher the tool rubs aga inst the 

shoulder of the workpiece or fre edge of the chip (Figure 2. 12). It is especially 

common when cutting parts with a hard surface layer or scale, or work hardening 

materials which produce an abrasive chip (e.g. stainless steels and nickel-based 

superalloys). Notching mainly results from abrasion and thi s process .i s often 

accelerated by oxidation or other chemical reactions (Tr nt, 1991 ). Sev re notch 

wear makes resharpening the too.I di fficult and can lead to tool fracture, especia ll y 

with ceramic tools (Stephenson and Agapiou, 1996). 

Ed c roundin 

The major edge may become rounded when wear has occurred on the trailing edge 

near the end of the relief face. It r sembles a combined form of fl ank and notch wear 

and results primarily from abrasion, con-osion or oxidation (Stephenson and 

Agapiou, 1996). Cutting then proceeds with an incr as ingly negati ve rake angl 

toward the root of the cut. evere edge rounding degrades the machined fini sh. 

Edge chipping or frittering 

This usually occurs with brittle tool materials (e.g. carbide, ceramic tool s) when 

cutting hard materials (e.g. harden d steel) or materials ith hard spots (e.g. met.al 

matrix composite). Interrupt d cuts also increase the possibility of edg chipping. 

Th is form may occur on a sma ll scale (e.g. a few particles) or on a larg sca le (e.g. a 

segment of the cutting dge). In addition, periodic break-off of the BUE may also 
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cause edge chipping (Trent, 199 1). Chipping results in poor surface fini h an I can 

lead to tool breakage. 

When a tool was is subjected to cyclic mechanical loading (e.g. interrupted cutting) 

or thermal loading (e.g. when cutting with coolant), cracking of the cutting edge may 

occur. The crack may be parallel or perpendicular to the cutting edge of too ls (comb 

cracks). The former type re ults from the mechanical I ad ing while the latter type 

results from thermal loading. This cracking leads to rapid tool fracture or chipping. 

Catastro hie fa ilure 

Tool made of brittle materials are subj ect to sudden failure (breakage). This is a 

problem with all brittle material such as ceramic and cement d carbides, especially 

with interrupted cuts. The likelihood of cutting tool fracturing under exit conditions 

are much hi gher than under steady cutting or entry conditions based on tests using 

tungsten carbide too ls (W +6%Co) (Lee et al, 1984). Improved tool manufacturing 

proces es, zero or negative rake, and selection of the proper machining conditions all 

help in the avoidance of catastrophic failure. 

2.6.2 Tool wear mechanisms 

The most common wear mechani sms encountered 111 metal cutting arc described 

below. 

Abrasive wear 

This type of wear occurs when hard particles abrade and r move material from the 

cutting tool. There are machining operations in which the work-piece material 

contains hard particles such as non-metallic inclusions (e.g. carbides) or adhering 

sand in sand-cast parts. Particles pulled out from the cutting tool material itself may 

also abrade the tool surface and result in so-called s lf-abrasi wear (Nabhani , 199 1, 

Ch n 1993) ._Jn addition, the hard particles may also result from the chip or from a 
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chemical reaction between the chips and cutting fluid , as in the case of sintered stee l 

(Stephenson and Agapiou, 1996). Abrasive wear by hard parti cles entrained in the 

cutting fluid is sometimes called erosive wear. Abrasive wear is usuall y the primary 

cause of flank wear, notch wear and edge rounding. As such, it is the often the fo rm 

of wear which controls tool life, especially at low cutting speeds. 

Adhesive wear 

When surfaces rub together, particularly in the absence of lubricant film s, some 

adhesion occurs at the points of rubbing contact. The friction force is primaril y the 

force required to shear the junctions so formed. The adhesion junctions will be 

subsequently broken and a relatively large fragments may be removed from the tool 

by fracture. One example of thi s is the interaction between a soft metal like copper 

and a hard brittle material like sapphire. Buckley (1967) has shown that under 

conditions of strong adhesion the copper can pluck pieces of sapphire out of the 

harder surface. 

Adhesive wear rates are usually low, so that this form of wear is not usually 

significant. However, significant adhesive wear may occur with built-up edge 

formation , since the BUE can result in chipping of the tool. 

Attrition wear 

Attrition describes a wear process in which the tool shape is changed by the periodic 

removal of di stinct small fragments of the tool material. These fragments are usual.l y 

a few microns in size, or possibly just less than a micron. In certain cutting 

conditions, the high contact stresses and the high temperatures generated together 

with some other favourable conditions make it difficu lt to prevent se izure between 

tool and work materials at the interface (Trent, 1991 ). In many operations, conditions 

are such that the two surfaces are not completely bonded together for the whole 

cutting time, but are periodically separated over part of the interface. Thi s is 

particularly true if the tool is ploughing in and out of the workpiece material if a 
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built-up edge .is formed on the tool and is periodica lly broken away, or if the mach ine 

tool lacks rigidity so that vibration occurs. Under these conditions, small fragments 

are frequently removed from the tool surface as work material bonded to it is pu lled 

away or flows unevenly across the tool. This is most li kely to occur at relatively low 

speeds and it subj ects very small local areas of the tool to tensile stresses. High speed 

steel tool s are found to be resistant attrition wear better than carbide tools in many 

conditions (Trent, 199 1 ). 

Diffusion wear or solution wear 

In thi s type of wear, a constituent of tool material (e.g. metal or carbon atoms) 

diffuses into or forms a solid solution with the chip material. This weakens the tool 

surface and contributes to the formation of a crater on the rake face of the tool. 

The rate of diffusion wear depends on temperature and also on the rate of solution of 

the tool in work material. Thi s is particularly important for cemented carbide tools. 

Tungsten carbide (WC) is di ssolved eas ily in hot steel and for this reason WC-Co 

tools fail as a result of rapid crater wear when cutting steel at high speeds. TiC and 

TaC are much less readily dissolved and the rate of crater wear of cemented carbides 

based on these two materials is much lower (Trent, 1991). 

Diffusion wear is most clearly demonstrated in relation to cratering at the hottest part 

of the tool. It is also a major factor in flank wear during the high speed cutting of cast 

iron and steel. As the cutting speed is raised, the rate of flank wear increases. The 

rate of fl ank wear also can be reduced by addition of TiC and TaC to WC-Co alloy 

tools. Where tool li fe depends on diffusion wear, the chemical composition of the 

tool material .is of more importance in relation to wear res istance than mechani ca l 

prope11ies such as hardness. 
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Plastic deformation 

Plastic deformation is class ified as a permanent change in shape or size of a solid 

body without fracture. This process is a direct result of the applicati on of sustained 

stress beyond the elastic limit. It differs from tool wear in that no tool material is 

actually removed . Plasti c deformation occurs when there is a hi gh concentration of 

compressive stress at the tool rake face ( close to the cutting edge ) making the tool 

edge deform downwards and causing an acceleration of va rious wear processes 

which ultimately reduce the li fe of the tool. 

Chemical wear 

In contrast to the wear processes contro lled by the mechanical behav iour of 

materials, cutting tools can wear by the chemical dissociation of hard materia ls and 

the chemical dissolution of the di ssociated materials in the workpiece. Chemica l 

effects may contribute to both fl ank wear and cra ter wear and the wear scars are 

smooth compared to wear scars produced by other mechanisms. This typ • of wear is 

commonly observed when machining highly reacti ve materials (e.g. titani um alloys) 

(Hartung and Kramer, 1982). 
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2.7 MANUFACTURING PROCESS OF PCBN MATERIALS 

2.7.l FORMATION AND PROPERTIES OF CUBIC BORON NITRIDE 

Cubic boron nitride is transformed from hexagonal boron nitride (HBN) at high 

temperature and high pressure (Wentorf et al, 1980). With boron and nitrogen, the 

two elements on either side of carbon in the Periodic Table, HBN could be formed 

using the reaction (Heath, 1986) : 

BCl3 + NH3 ➔ BN + 3HCI 

HBN is a slippery, friable substance with a hexagonal, graphite- like structure with 

approximately equal numbers of boron and nitrogen atoms arranged alternati vely. It 

has good chemical inertness, excellent electrical insulating properties and also a low 

coefficient of friction (Gardini er, 1988) 

In the synthesis of CBN, hexagonal boron nitride is di ssolved into the 

solvent/catalyst within the hi gh temperature and hi gh pressure region (F igure 2.13), 

CBN then begins to nucleate and grow. Control of the nuclea tion and growth 

processes in the system is used to vary the phys ica l properties of the BN. The 

solvents used are metals (Mg) or metal nitride (A IN) and by enhancing the rate at 

which transformation occurs, they effective ly reduce the pressure and temperatures 

required for synthesis to more easily attainab le levels of about 60 kilobar and 1500 

°C (Wentorf, 1980). CBN can readily be synthesised by the direct convers ion of 

HBN to CBN in high-pressure equipment. By di sso lving the unwanted matri x, the 

crystals of CBN can be liberated and recovered for subsequent processing. 

CBN is made up of two inter-penetrating face-centred-cubic latti ces, one of boron 

atoms and the other of nitrogen atoms. The structure of CBN is very ri gid although 

not all the bonds between neighbouring atoms are covalent, about twenty five per 

cent of the bonding is ionic (Brookes and Lambert, 1982) . This makes CBN the nex t 

hardest substance to diamond. The cleavage plane was suggested to be { 11 0} whil e 

possi ble active slip system to { 111 }<l -1 0>. The Knoop hard ness of CBN crysta l, 

with a load of 500g, has been reported as 43. 12GPa(00l.)[ 100], 29 .89GPa(001)[1 I0] , 
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41. 50GPa( I 11)(11-2] and 39.45GPa( I 11 )( 1-10_] (Brookes, 1995). The physical 

properties are summari sed in Table 2.2. 

Table 2.2 Physical properties of CBN (Al-Watban, 1996) 

Property CBN Property CBN 

Crystal structure Zincbl ende Young's modulus (GPa) 730 

Lattice constant 3.6 15 Bulk modulus (GPa) 290 

Ion di stance 1.57 Shear modulus (GPa) 332 

Density (gm/cm3
) 3.45 Slip system { I 11 } < I -1 0> 

Melting point (K) 3500 Cleavage plane {0 11 } 

Poi son's ratio 0.1 Knoop hardness (GPa) HK30-45 

2.7.2 MANUFACTURE OF PCBN TOOLS 

Polycrystalline cubic boron nitride is formed by sintering the cubic boron nitride 

parti cles together at hi gh temperature and high pr ssure with addition of a solven t 

(Figure 2. 14) and, in this process, the whole mass must be maintained in the cubic 

region to prevent the reverse transformation to hexagonal boron nitride (J,igure 2. I 3) 

(Gardinier, 1988). The sintering process is resisted by the limited plas ti city of CBN, 

whi ch prevents the achievement of the applied pressure over whole gra in surface 

(Pullman and Lewis, 1990). It was found that, in general, thi s type of ceramic has a 

di-phas ic microstructure, whereby the individual gra ins are held within a secondary 

binder (or matrix) phase. Typically the secondary phase found in industrial boron 

nitride tool materials is from the incomplete reaction of aluminium with individual 

cubic boron nitride grains and it is generally accepted that all nitride and boride 

forming metals react with cubi c boron nitride (Walmsley and Lang, 1987). 

The sintered products then can be processed into the fo llowing types of tool blanks/ 

inserts : solid inserts, full -face inserts and brazed inserts by laser cutting or EDM 

cutting (Figure 2. 15). 
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2.8 STRUCTURE AND PROPERTIES OF PCBN MATERIALS 

Table 2.3 Main Polycrystalline Cubic Boron Nitride (PCBN) Products 

Company Trade nam e Type, Composition and structure 

Genera l BZN-6000, Carbide backed, 90-95%CBN, Metallic binder 
Electric 

BZN-8000 Approx. 50% CBN, Ceramic binder 
(USA) 

BZN-8 100 Medium CBN content, Ceramic binder 

De Beers Amborite Solid, 90% CBN, Ceramic binder (AlN) 

(South Africa) DBC50, 50% CBN, TiC+WC+Al+AIB2 binder 
DBC80 80% CBN, Ti-Al binder 

BNl00, Carbide backed, 85% CBN, TiN binder 
BN200, Carbide backed, 60% CBN, TiN binder 
BN25 0, Carbide backed, Ceramic binder 

Sumitomo BN300, Carbide backed, TiN binder 
Electric BN520, Carbide backed, TiC binder 

(Japan) BN550; Carbide backed, TiC binder 
BNX4, Carbide backed, 70% CBN, TiC binder 
GZB34 Carbide backed, 85% CBN, TiC binder 
BN600 

CBN10 Solid , high CBN content 

Seco Tools CBN20 Carbide backed, medium carbide content 
Ltd 

CBN30 Carbide backed, lower carbide content 
(Sweden) 

CBN300 Solid, CBN content over 90%, AIN binder 

Since it first appeared in the early l 970's (Hibbs, 1974), a large variety of PCBN 

material s have been developed . Most commercial products are synthesised with 

various catalyst material s. Table 2.3 li sts the characteri sti cs of the main PCBN 

products from different companies. The concentration of CBN grit ranges from 30% 

up to 95%. (Aspinwall , 1984). The grain size of individual crystal s varies from less 

than 1 µrn to 20~Lm. Some products contain wurtzite BN (WBN) (F igure 2. 13) in 

addition to CBN and the binder and this results in tougher compact tools at the 

expense of hardness and thermal stability (Momper, 1988). 

Generally, PCBN products can be classified into two types (Stephenson and 

Agapiou, 1996); one type has relatively low CBN content ( < 60%) and vari able 

42 



binder phase and they are commonly used in smooth or fini sh cutting; The other type 

has higher CBN contents with either a ceramic binder (e.g. AlN) or a metalli c bi nder 

(e.g. cobalt) . Products of this type have high hardness, toughness and thermal 

conductivity and are used in rough cutting conditions or for some extremely diffi cult­

to-machine materials, e.g. Ni-hard, hardmetals and some engineering cerami cs. 

For a cutting application, the most important property of PCBN is its hot hardness 

(Figure 2. 16). The hardness of PCBN (BZN) at 750°C is approximately equal to that 

of oxide ceramics and tungsten carbide at room temperature. The lattice structure of 

CBN does not revert to the hexagonal form at temperature below 1200°C under 

atmospheric pressure and it can withstand edge temperatures up to I 300°C (WentorC 

1980). In addition to its hardness, PCBN also has very good fracture toughness 

compared with other tool material s as shown in Figure 2.17. It is clear that PCBN is 

very tough. Its fracture toughness (K1c) approaches that of tungsten carbide, is four 

times greater than that of Al20 3 ceramics and twice that of the Sialon-type material. 

This good combination of hardness and toughness provides PCBN with unique 

properties as a cutting tool material. It can be used at hi gh speed or in very tough 

conditions, effectively increasing producti vity. In some cases .(e.g. machining 

hardened steel) it can replace the grinding process. 

PCBN too ls have excellent thermal stabi lity and this has made it poss ible to cut hard 

ferrous materials at very high speed. It is superior to Polycrystalline Diamond too ls, 

which are known to react readi ly with elemental carbide formers such as Fe, Co, Ni, 

Al, Ta and B at about 1000°C (Gardini er, 1988). PCBN materi als also have very 

good thermal conducti vity compared with ceramic tool.s as shown in Figure 2. 18. 

This maintains the temperature of the too l at a lower level while the workpiece is 

thermally softened (Narutaki et al, 1979). 
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Figure 2. 16 
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2.9 APPLICATION OF PCBN TOOLS 

2.9.1 MACHINING OF HARDENED STEELS 

The largest application field of PCBN tools is the fini sh machining of hardened steel 

parts. It has been shown that in many applications components could be machined by 

conventional processes (e.g. turning, milling etc.) using PCBN tool s with sati sfactory 

accuracy and fini sh instead of a grinding process (Heath, 1986). Ordinartsev (1984) 

summarised the benefits of "Cutting Instead of Grinding of Hardened Steel" as 

including: saving of machining time and the investment in equipment, highly 

automated and fl exible production, environmentally fri endly, etc .. 

A large range of hardened steels are capable of being machined with PCBN, e.g. 

bearing steel , tool steels, case hardened steels, etc .. Machining operations include 

turning, fac ing, boring, milling and threading. 

In fini sh machining bearing steels, Konig and Wand (1987) reported that so lid P BN 

tool s performed much better than carbide-backed P BN inserts, providing lower 

flank wear and better fini sh. In machining hardened 100 Cr6, Momper ( 1988) found 

that both PCBN and WBN (CBN+WBN+Binder) could be used successfu lly for 

interrupted cutting. Abrao et al (] 995) systematically studied, the cutting 

performance of PCBN material s in machining hardened AJSI52 100 bearing steel 

(HRC62). According to the test results (Figure 2. 19), Amborite offered better cutting 

performance at high speeds in rough cutting, wh ile DBC50 outperformed it at lower 

speeds. In fini sh cutting, DBC50 was superior to AMBORITE and mixed ceramic 

(Al20 3 +TiC), which agreed well with some previous research (Konig and Wand, 

1987) 

Case hardened steels can be cut effectively by PCBN compacts. ln genera] , titanium 

carbide bonded PCBN (e.g. BN200) outperformed a metal-bonded PCBN due to its 

abi lity to maintain a higher hardness at elevated temperature (Abrao et al, 199"). 

PCBN tool s can also be used successfull y in the interrupted machining of case 
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hardened steels at high cutting speeds (Shintani et al 1989, Abrao et al, 1993). 

Shintani et al ( 1989) reported that a proper negati ve land on the tool insert could 

effectively increase the cutting tool life both in cont inuous and interrupted cutting. 

Tool steels represent a large range of workpiece materials for PCBN tools. In thi s 

fi eld , alumina tools can also been used in continuous machining but they are not 

suitable for interrupted cutting (Aspinwall et al, 199 1 ). Based on a review of several 

research results on the tool wear, Abrao et al (I 993), suggested that when machining 

hardened cold work tool steels, negative land PCBN inserts were necessary for 

acceptable cutting performance. In a test of continuous turning die steel SKD 11 , 

Koh.no et al (1986) found that tools with low CBN content performed much better 

than high concentration PCBN tools, due to the strong binder of low concentration 

tool s. Simi larly, when PCBN tools were used in mi lling of Hl3 , Dewes et al (1997) 

found that the lower concentration PCBN materials showed optimum performance at 

comparatively low cutting speeds. In a recent test of machining hardened tool steels, 

Chou and Evans (1997) found that, PCBN tools with small er grain size had the best 

. performance. 

In machining plain or al loyed steels, PCBN tools are facing even stronger 

competition from alumina-based tools, especially in turning processes. Chen (1993) 

compared the cutting performance of PCBN and ceramic tools in machining carbon 

steel (BS 070M55) hardened to HRC45-55. In most of the cases, mixed alumina 

tool s performed better tl1an the PCBN tools used. Recentl y, Barry and Byrne (1998) 

studied the fin ish cutti ng performance of PCBN and Alumina-based tools in 

machining EN24 ( 4340, alloyed steel). They found that the relative performance of 

the tools was strongly dependent on the cutting speed. For cutting speeds grea ter than 

250m/min, the Alumina-based tools exhibited better performance than the PCBN 

tools. 

2.9.2 MACHINING OF CAST IRONS 

High speed machining of cast iron using cubic boron nitride .in industry started in the 

1980s. The machinabili ty of cast iron mainly depends on its structure rather than its 
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hardness. Two important criteria have been indicated by Heath ( 1986): 1) the 

microstructure must contain little, if any, ferrite i.e . be fu lly pearli tic; and 2) cutting 

speeds should be excess of 500 m/min, if machine capability permits. Ferrite is 

highly reactive and produces rapid wear on CBN tools, as a consequence, an 

uneconomical tool life. Research has shown that at lower cutting speeds, the 

performance of ceramic tools is superior to PCBN tools; while at higher cutting 

speeds, the tool li fe of PCBN is approximately twenty times that of the ceramics 

(Heath, 1986). In similar research (Kohno et al, 1986), it was found that two PCBN 

tool s (CBN+ TiN) with CBN concentration of 60% and 85% respecti vely showed 

similar cutting performance, whi le another one (CBN+TiC) performed much better. 

They also found that 400 -500m/min were the best cutting speed range for the too ls. 

Haldin et al (1993) found that DBC80 showed better cutting performance than 

DBC50, during long cuts in machining grey cast iron . The surface finish achieved 

with DBC80 over its total li fe was 1.6~Lm, and the required diameter tolerance was 

maintained. Deming et al (1993) pointed out that among BZN products, BZN 6000 is 

the most suitable tool for cast iron due to its high abrasion resistance. In add ition, as 

li sted in Table 2.4, they also recommended the optimum tool geometry including: 

lead angle, rake angle and edge preparation of the inserts. 

Table 2.4 Optimum geometry for BZN6000 in machining cast irons (Deming et al, 

1993) 

Material Lead angle Rake angle Edge preparation 

Grey cast iron 15-45 negative 5-7 20° X 0.008" 20° X 0.004" 

degrees degrees (Roughing) (Finishing) 

Hyatt (1997) reported the application of PCBN tools in dry milling of cast iron. 

They found that the solid PCBN tools performed better than brazed-on inserts and 

PCBN tools showed much more advantage over carbide and ceramics tools, with 

longer tool li fe and less inserts needed. 
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Nickel/chromium white cast iron is produced by chill ing during casting. This 

martensitic iron is much harder ( 45 to 65 HRC), more brittle and wear resistant than 

grey iron because of the presence of carbides instead of graphite. PCBN tools have 

been used successfull y in both rough and fini sh cutting of thi s material showing great 

improvement over carbide and ceramic tools. Mansfeld et al (1982) reported 

application of PCBN tool s in machining chill cast ro ll s. They found that Amborite 

enabled more than a hundred times as much chi ll ed iron to be machined as that with 

carbide form tools. Notter and Heath (1980) found that Amborite could be used with 

much hi gher speeds and feedrates than cerami c tools. At 60m/min and 0.16 mm/rev, 

the tool life of ceramic material was only 0.6 minutes against an extrapolated tool life 

of 200 minutes for Amborite. 

It has been shown that Ni-Hard is one of the most difficult-to-machine materi als 

(BS4844, 1972). Its microstructure consists of a white, discontinuous, carbide 

((CrFe)7C3) phase in martensitic matrix. This microstructure makes Ni-Hard an 

ideal, abras ive-resistant material for ore- and coal-crushing equipment. In many 

cases, the design of the components required interrupted cutting in the manufacturing 

process. Conventional tool materials, such as ceramics, tend to have insufficient 

toughness, whilst carbide tool s can only be used at slow cutting speeds because of 

their inadequate hardness at high cutting temperatures (Heath, 1986). PCBN tools 

with high CBN concentration had been successfully app lied in this field. Fillmore 

and Ladd (1981 ) reported the application of BZN in machining Type 4 Ni-Hard 

PUMP components. The insert used consisted of a layer of polycrystalline Borazon 

CBN on a cemented tungsten carbide substrate. By changing from grinding to a 

turning process, the manufacturing time was reduced by 60%. Amborite ompacts 

have also been reported as being successful in machining different kinds of Ni-Hard 

components, e.g. augers (Nicolis 1984), crushing rings (Muller and Steinmetz, 1983) 

and pump sleeves (S ilveri, 1985). In most of the cases, round inserts were used 

because of their higher strength. Typical operating cond itions were cutting speeds 

from 66 to 80 m/min at a feed rate of 0.25 mm/rev and depth of cut 1.5-3 mm . 

47 



2.9.3 MACHINING OF COBALT AND NICKEL BASE D SUPER ALLOYS 

Cobalt and nickel based super alloys with hardness above HRC 35 are difficult to 

machine because they maintain a major part of their strength during cutting and work 

harden during machining. They are usually machined with tungsten carbide tools at 

low cutting speeds(< 30m/min). PCBN tools can be used with these alloys at much 

hi gher speeds. Richard and Aspinwall (1989) reviewed all the practica l problems 

when machining these super alloys, and indicated that the cutting speed should be 

high enough to soften the workpiece but not the PCBN tool. They also found that 

some superalloys can be machined effecti vely with PCBN tool s with fl ood coolant. 

The effect of CBN content of the tool has been studied by Takatsu et al (1983) and 

Kono et al (1980). They found that PCBN tools with a volume fraction between 

CBN55%-60 % gave the best cutting performance. 

2.9.4 MACHINING OF l:lARDF ACING MATERIALS 

Hard facing all oys are designed to be applied as a welded surface layer .to improve 

the wear resistance of a component and normally contain large quantities of carbide 

in a softer matrix. The nature of their mi crostructure makes them difficult to 

machine. In addition, the surface of the welded layer is often very rough and irregular 

and hence present more difficulties in the cutting process. 

It has been found that PCBN is a suitable tool material for machining hardfacing 

material s, and, in some cases, the productivity can be increased dramatica ll y. 

Klimenko (1992) reported that when machining fl ame-sprayed alloys ( olmony 

No.43), a PCBN tool could finish 3,000 pieces while a cemented carbide tool could 

only finish 9 pieces. 

For nickel-based and cobalt-based hardfacing alloys, speed is the key to a successful 

machining and some guidelines are listed in Table 2.5 . It is genera lly recommended 

that speeds in range 200-250 m/min be used and, because of the work hardening 

nature of these alloys, feed rates should be not less than 0.2 mm/rev. Round, 
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chamfered inserts should be used wherever possible and the depth of cut should be 

sufficient to penetrate into the solid underlying mate rial to avo id the abrasiveness of 

the as-cast or as-deposited alloy skin. 

Table 2.5 Guidelines for the turning and milling of hard facing alloys (Heath et al, 

1986) 

MATERIAL PARAMETERS EXAMPLES 

Nickel Based v=80-l 20m/min Colmonoy 5,6,75 
(turning and milling) a=1.0mm 

s=0.2-0.3mm/rev 
Cobalt Based v=200-250m/min Stellite No.4, 6, 12, 20, 21 
(turning on ly) a= l .5mm 

s=0.2-0.Jmm/rev 

The application of PCBN tools in machining iron-based hardfacing alloys are very 

limited. Some appl ications have been reported but many tool companies claim that 

their products are not suitable for all kind of hardfacings. Bossom and Hoffmann 

(1993) suggested that PCBN too.l s were suitable for machining some iron-based 

hardfacings with a hardness over HRC35, operating in the speed range 60- 120 

m/min. 

2.9.5 MACHINING OF OTHER DIFFICULT -TO-MACHINE 

WORKPIECE MATERJALS 

In addition to the mater.ials mentioned above, PCBN tools have also been used to 

machine some other difficult-to-machine materials including sintered HSS, tungsten 

carbide and new engineering materials (e .g. Si3N4) (Kitagawa and Maekawa, 1990, 

Wang, 1996,). According to Zhou et al (l 997), powder metallurgy high speed steel 

could be machined using PCBN tool s, and showed better machinability than the 

conventionally-produced steels with simi lar composition. When machining tungsten 

carbide, the cutting was usually at low speed (about 30m/min) and using tools with 

high CBN concentration (Abrao et al, 1993). 

49 



The application of PC N tools in machining ceramics is still at the research slagi.: . 

Turning or milling have only limited application to advanced ceramics in their full y 

sintered state because of high rates of tool wear (Wang et al, 1996). Many efforts have 

been made to heat the workpiece material ahead of the insert by an external heating 

source like a laser or gas torch (Kitagawa and Maekawa, 1990), while others have 

tried to cool the cutting zone (Wang et al, 1996). In many of these tests, PCBN was 

used as the tool material due to its high toughness and hardness. 

50 



2.10 CUTTING FORCES AND TEMPERATURES OF PCBN TOOLS 

2.10.1 CUTTING FORCES 

Cutting parameters have a great influence on cutting forces in hard machining. Konig 

and Wand (1987), when machining hardened bearing stee l using PCBN tools, found 

that the cutting forces decreased with increasing cutting speed up to 200m/min, then 

remained constant. In a machining tests with hardened AlSJ E52 100 (HRC62), Abrao 

et al (1995) found cutting forces increased linearly with increasing feed rate and 

depth of cut, with the tangential forces having the largest gradient. They also found 

that the cutting forces in a rough cutting conditions was much hi gher than that in 

finish cutting, as shown in Figure 2.20. The thrust forces (radi al forces) were greater 

than the tangential forces with light cutting while the tangential forces were greater 

than the radial forces in heavy cutting, which showed good agreement wi th the work 

by Lin et al (1995). 

Cutting forces are affected by the tool material and geometry. When machining a 

hardened high speed steel, Bossom (1991) found that .low CBN content tool 

produced lower cutting forces and, similarly, Abrao and Aspinwa ll ( I 995) found that 

the cutting forces produced using Amborite was higher that that when using DBC50 

and CC650 (Figure 2.20). When machining a hardened steel (HRC 45-55), it was 

found that the cutting forces with a chamfered round insert were higher than those of 

an insert without a chamfer, especially the radial thrust forces (Chen, 1993). 

Tool wear also affects the cutting forces in both roughing and fini shing cuttings 

when using PCBN tool s. With longer cutting times, as the tool wear increased, so did 

the cutting forces. It was also found that tool wear had greater effect on feed force 

than the other two forces (Abrao et al , 1995). Chipping of the cutting edge also 

resulted in higher cutting forces. In research into continuous turning of carburized 

steel using PCBN tool s, Shintani et al (1989) found that a step-wise increase in the 

cutting force occurred as a result of chipping. 
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ln machining welded Co-based alloys with PCBN tools (Weinert, 1994), it was fo und 

that the radial fo rce (Fr) was more than twice as hi gh than the usually-dominant 

cutting force (Fe). They also fo und that minima fo r both tool wear and cutting fo rce 

occurred at the same speed. 

2.10.2 CUTTING TEMPERA TURES 

Thermal properties, especially the thermal conducti vity of PCBN, have grea t 

influence over the temperature of the cutting edge. The hi gher thermal conducti vity 

of PCBN tools means the temperature of the cutting tool edge is relati vely low 

compared with other tool materials (e.g. carbide, ceramics) under similar cutting 

conditions. In the earl y work of Narutaki et al (1979), various heat-treated tool steels 

(SK 3) and high speed steel, with hardnesses in the range of HRC 20-65, were 

machined using PCBN tools. Tt was found that the average cutting temperature of 

PCBN tool was lower than that of carbide tools and the difference increased when 

machining harder materi als. 

Cutting temperatures of PCBN tools when machining hardened stee ls ha been 

investigated by many researchers. Bhattacharyya et al (1978) reported that the 

temperature in the cutting zone was in the region of 1275- l 300°C when machining 

AISI DJ cold worked die steel at 60m/min, 0.12 mm/rev feedrate and 2 mm depth of 

cut. Chen (1 993) studied the cutting temperature of PCBN tools in machining 

hardened steel using an implanted thermocouple. The temperature increased from 

300°C to above 800 ° , when the cutting speed was increased from 60 m/min to 

l 50m/min and, to a Jes er extent, the cutting temperature increased with increased 

feedrate and depth of cut. ln the same test it was found that chamfered inserts 

generated lower cutting temperatures than unchamfered inserts at low speed, whil e at 

higher speed the situation was reversed. Similarl y in later work when machining 

bearing steel (Abrao and spinwa ll , 1997), cutting temperature was fo und to increase 

with cutting speed (Figure 2.21 ). Amborite gave the lowest temperature than other 

tools due to its high thermal conductivity but cutting temperatures increased greatl y 

with tool wear after longer cutting times (F igure 2.22). 
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The cutting temperature when machining grey cast iron was fo und to be lower than 

that when cutting hardened steel under similar conditions. The average cutting tool 

temperature could reach 750°C at high cutting speed (3 00m/min, F0.05mm/rev, DOC 

0.2 mm) (Stephenson and Agapiou, 1996). In machining Incoloy 90 I, Bhattacharyya 

and Aspinwall (1 980) estimated the temperature of the tool/work interface at high 

metal removal rate was of the order of I 000°C, a red/ye llow glow being visible 

through the coolant. 

Crooks et al (1988) studied the PCBN tool tip temperature when machining Ni -Hard 

using a thermogram technique, in which an image is deri ved from an infra-red 

sensitive video camera. The maximum temperature fo und ranged from 745 to 817 °C 

when the surface speed increased fro m 200 to 300 m/min at feedrate of 0.5- 1.0 

mm/rev and depth of cut 1.0 mm. 



2.11 FAILURE MODES OF PCBN TOOLS 

Figure 2.23 (Seco, 1996) shows the fai lure modes of P BN commonly encountered 

in machining, including excessive :flank wear, excessive crater wear, notching, edge 

chipping, cutting edge breakage, rake face flaking and insert breakage. 

Flank wear is the most common tool life limit for all types of inserts, especially 

under fini sh cutting conditions. Excessive fl ank wear leads to hi gh cutting loads and 

temperatures and therefore deterioration in the surface fini sh and the subsurrace 

structure. 

Crater wear is another wear type of PCBN tools commonly found in fini sh cutting 

(Kohno et al, 1986, Xiao, 1990). Xiao (1990) fou nd that, in machining hardened 

alloy steel, PCBN tool s show more distinctive and deeper crater wear than ceramic 

tools, and the fai lure of BZN was caused by heavy cratering which led to a very 

sharp edge and, hence, fracture. In the work on milling welded 56NiCrMoV lie 

steel, Bieker (1995) found that crater was the main fai lure mode at lower speeds (20-

J0m/min) whi le chipping occurred on the lip of the crater at higher speeds (over 

400m/min) due to the excessive stress on the tool material. 

It has been repo11ed (Notter and Heath, 1980) that when machining M2 steel using 

AMBORITE a notch often developed on the leading edge of the inse1t. Notching is 

more commonly found in machining super alloys due to the high degree of w rk 

hardening and large cutting forces. Severe notching could develop ah ad of the fl ank 

wear and determine the tool li fe (Bhattacharyya et al, 1980, Richard and Aspinwall , 

1989). 

Edge chipping is more commonly found in machining workpieces with high 

hardness, in rough cutting or in interrupted cutting (Xiao 1990, tephenson and 

Agapiou, 1996). Bhattacharyya et al (1980) reported that micro-chipping was one of 

the fai lure modes of a PCBN tool in machining hardened SUJ2 steel (HRC65). Xiao 

(1990) found that in machining hardened AISI .HI 3 steel(HR 43-48) Amborite 
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failed by edge chipping. Fillmore (1981) found that chipping on the lower edge of 

the chamfer was the predominant mode of the tool wear of BZN in machining Ni­

Hard. Dewes et al ( l 997) reported that, in milling hardened steel (HRCS 1-54) using 

PCBN tool s with different CBN content (vol 50-90%), chipping of the insert 

occurred in the latter stage of the cutting process and it was thi s, rather than fl ank 

wear, that exceeded the 0.2mm tool life criterion. 

Cutting edge breakage is connected with excessive cutting edge load. lt can be 

avoided by reducing the depth of cut and/or feed rate, by using inserts with a larger 

corner radius, or by using round insert. Reducing cutting speed may also help. 

Flaking of inserts can occur in both continuous and interrupted cuts. Some means to 

help prevent thi s type of failure have been suggested, such as reducing the feedrate , 

easing the tool entry and exi t, using chamfered inserts, etc.. ft has also been 

recommended in some cases, to increase the cutting speed to soften the workpiece 

material and thereby, reduce the loading on the cutting edge. 

Insert breakage normally occurs in rough cutting or interrupted cutting and is thought 

to be connected with the assembly of the insert in the tool holder, e.g. worn anvil s, 

clamps. 
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2.12 WEAR MECHANISMS OF PCBN TOOLS 

The wear mechanisms of PCBN materials have long been the subj ect of concern and 

research attention. Extensive cutting tests, either in industri al fi elds or in the 

laboratory, have been performed to investi gate the operating mechanisms resulting in 

tool wear under different cutting conditions. In addition, many techniques, e.g. hi gh 

temperature wear testing, adhesion tests etc. (Hooper and Brookes 1984, Brookes et 

al, 1992, Konig and Nei ses, ] 993), have been jointly used for looking into the 

fundamental aspects of the tool wear. 

2.12.1 WEAR MECHAN.ISMS OF PCBN IN MACHINING STEELS 

In machining tests of case hardened steel SCM2 1 (HRC65) and die steel 

SKDI I (HRC63), Kono et al (1980) found that CBN1 (60% BN + TiN) showed less 

flank wear than the other two materials CBN2 (85% CBN + TiN) and CBN3 (~ 80% 

CBN +Co). SEM examination revealed many micro-cracks and stri at ions on the 

fl ank wear land of the tool s. They suggested that the micro-cracks and striations were 

due to removed CBN grains rnbbing on the flank surface. Based on this suggestion, 

they attributed the better performance of CBN I to the fact that the CBN grains were 

firmly held by the matri x and therefore more difficult to pul.l out. Thi s so ca lled self­

wearing of tool s has also been reported by other researchers (Klimenko et al, 1992). 

In diffusion experiments with PCBN tools (Narutaki et al, 1979), it was found that 

CBN grains are stable with Fe at temperatures up to 1200°C but when they are 

sintered, boron (B) and cobalt (Co), contained in the sintered material, tend to 

diffuse into Fe. Eda et al (1980) found that the wear of PCBN tools increase when the 

hardness of the workpiece material is low, and at around HRC 60, the wear on a BZN 

tool became markedly greater than on a BN200 tool. They identified the operating 

mechanism as attrition, accompanied by plastic deformation. 

Hooper and Brookes ( 1984) studied the fundamental wear mechan ism of PCBN tool s 

when cutting a cold-worked steel. In this work, a wear process was identifi ed 
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involving the rapid chemica l attack of those highly di slocated areas developed close 

to the cutting edge and their subsequent removal as an oxide. 

Xiao ( 1990) found that the crater surfaces of BZN and AMBORJTE were smooth and 

polished with fine scratches in the direction of flow of the chip. Thi s showed that 

diffusion wear was the operative mechani sm. He also fou nd that voids fo rmed on the 

edge and flank face of the tool insert as the result of particles being plucked out. The 

significant particle loss was possibly due to the brittleness of the ceramic binding 

phase. In similar research (Chen, 1993), it was found that CBN6000 tools were 

susceptible to abrasive wear at low cutting speeds due to loss of CBN crystals and 

chemical wear at high cutting speed. 

Klimenko et al (] 992) studied the possible chemical wear mechani sms in PCBN 

tools when machining hardened TIIX15 bearing steel (60-621-IRC). Based on detai led 

composition and phase identification analysis of the coating formed on the cutting 

tool face, they suggested that new chemical compounds were formed (e.g. Fe2B) at 

the tool-workpiece interface. The new compounds are of lower melting point than the 

material s in contact and poss ibly in liquid form at the high cutting temperatures. This 

was continuously being removed from the tool surface by the chips and therefore 

contributing to the tool wear process. 

Konig and Neises (1993) invest igated the basic wear mechanisms of P BN by 

di ffusion and abrasion tests. Particular attention was paid to the effect of the 

di ffusion mechanism on the abrasion resistance of PCBN during cutting processes. It 

was found that the PCBN samples, exposed to di ffusion with steel at temperatures up 

to 950 °C, suffered significant changes in the structure of the binder. It was also 

suggested that this could be one of the reasons for the reduction of the abras ive wear 

resistance of the tool materi als at high temperatures. 

Recently, Chou and Evans ( 1997) studied the wear mechanism of PCBN too ls in 

machining AJSI M50 manufactured by different processes, including conventional 

ingot, vacuum induction n1elting and vacuum arc re-melting (VIMVAR) and powder 

metallurgy (PM). The three PCBN tools used were of grain size 3.0µm , I .0µm and 
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0.5~m1, respectively. They found an adherent layer appeared on the tool Oank in 

machining conventional and VIMV AR and this layer was repeatedly built-up and 

broken off during cutting, which therefore resulted in delaminated fracture of the 

flank face. 

In most of the cases, PCBN tools exhibit normal wear modes. However, severe 

damage may occur even in continuous cutting conditions. Takatsu et al (1 983) found 

that in turning hardened high speed steel and die steel, fl ake- like chipping was 

generated on the face when the CBN content of the tool was low. The chipping 

occurs after a short cutting time and it determines the tool life. They suggested that 

the chipping was due to mechanical loading (e.g. cutting forces). Therefore the 

inherent wear and fracture resistance will be an important feature of the tool. 

Billman et al (1988) reported that, in machining hardened D3 steel, PCBN tools with 

metallic binder suffered from premature fracture, while other tools with a relatively 

large volume of ceramic binder showed normal wear modes and higher resistance to 

fracture. This again suggested · that over-loading of the cutting edge was the main 

reason for chipping or breakage of PCBN tools. 

In the research on optimum tool geometry of PCBN tools for continuous turning of 

carburized steel (Shintani et al, 1989), it was found that in the earlier stages, frequent 

chipping occurred caused by high stresses generated on the tool edge. In the later 

stages, a type of adhesive wear was involved in the development of the chipping 

process, as shown in Figure 2.24. As a result of chipping, a step-wise increase in the 

cutting force occurred. Another result observed in their experiment was grooving 

wear of the side cutting edge due to oxidation when using natTOW negative land tools. 
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2.12.2 WEAR MECHANISMS OF PCBN TOOLS IN MACHINING CAST 

IRON, SUPER ALLOYS AND TITANIUM ALLOYS 

When cutting grey cast iron FC25 (C% =3.3) with PCBN tools (CBN-TiN 

composite, 60% cBN), Kohno et al (1986) found that, at 1 00m/min, crater wear 

developed on the rake face and small grooves were found on the fl ank face. J\t 

400m/min, the crater was scarcely observed while the fl ank wear was getting 

smoother. Similar results were found in the milling process. From this, they proposed 

that the abrasion process was dominant in the lower speed range, while the thermal 

wear process was dominant in the higher speed range. 

Deming et al (1993) studied the effect of feedrate on the operating mechani sms of 

PCBN tools in machining cast irons. They found that the tool wear transition from 

chemical wear to abrasive wear could occur with increased feedrate at a speed about 

850 m/min, which could increase the tool life and productivity. However, when the 

feedrate was increased, surface fini sh on the workpiece deteriorated dramatically. 

In machining of Ni-Hard (Fillmore and Ladd, 198 1 ), a crater type wear occurred very 

close to the cutting edge. However, this form of wear tends to make the tool self­

sharpening. Another type of the tool wear was edge chipping, especially when taking 

interrupted cuts, which makes the tool life unpredictab le. Thi s chipping was probably 

due to the cyclic high loading of the cutting edge. The solution to this problem 

proved to be a chamfered and honed cutting edge to eliminate the previous sharp 

corner, which was vulnerable to the chipping damage. 

In machining IN CO LOY 90 I (Kono et al, 1980), a notch was form ed on both the 

flank and the rake faces. At speeds of 122 - I 53 111/min, the rate of notch growth 

exceeded that of the flank wear, and coincident with notch growth they found that 

burr formed on the leadi11g edge of the workpiece. Lee (1979) observed boron and 

nitrogen on the serrated underside of an Inconel 718 chip after machining with a 

cubic boron nitride (CBN) tool. This supported a mechanism that chip-tool welding 
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and subsequent tool material pullout resulted in the formation o f' the groove. Some 

others suggested the notch was formed by the uneven tearing action of the serrated 

edge of the chip against the top edge of the tool at depth of cut line (Richard and 

Aspinwall , 1989). 

Much research has been unde11aken to exploit the possibility of using PCBN tools to 

machine titanium alloys. Hartung et al (l 982) identified a mechani sm by which rapid 

wear can occur in one region of the crater while essentially no wear developed in an 

adjacent region. They explained that a dead layer formed quickly, due to the adhesion 

between the tool and the workpiece material , and this layer could limit the mass 

transport of constituents from the tool surface. When machining aerospace alloy 

TA48 using AMBORJTE (Nabhani, I 991), a similar wear process was found and in a 

quasi-static adhesion test, it was found that strong adhesion between the tool and a 

workpiece material occurred at temperatures above 900°C. 

2.12.3 WEAR MECHANISMS OF PCBN TOOLS IN MACHINING 

HARDFACJNG MATERIALS 

In reported investigations (Klimenko et al, 1992) of machining sprayed and 

overlayered coatings a CBN blade cutting too l was introduced. It was found that, 

with Amborite cutting tool in combination with preliminary plasma heating of the 

cutting layer, the cutting time cou ld be reduced 5-6 times in com parison with hard­

alloy cutting tools. 

Wl1en turning weld-deposited cobalt-based alloys with P BN tools, flank wear was 

found the main wear mode and there was an optimum of cutting speed (70-80 m/min) 

to minimise the tool wear (Weinert, 1994). At lower speeds, notches occurred at the 

end and beginning of the working cutting edge. Two reasons were proposed for the 

notch formation including high mechanical loading due to the largest undeformed 

chip thickness and the high gradient of mechanical load and temperature at these two 

locations. The tool s showed si milar wear patterns when rough machining the welded 

skin but the optimum cutting speed was lower ( 40111/min). In order to study the 
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innuence of interruption of the cut, preturned shafts with Co-based alloy deposited 

layers were produced with three slots milled para llel to the turning ax is. An optimum 

cutting speed of 330 m/min was found . When cutting at lower speeds the tool wear 

was uneven and chipping at the cutting edge occurred. With an increase of cutting 

speed, the wear became progressively smoother. 

Iron-based hardfacing is more difficult to machine for the fo ll owing reasons. Firstly, 

the structure of the alloy, i.e. shrinkage, inhomogeneous parts of the welding, or the 

presence of large carbides, which increase the danger of tool fracture with the 

increases in cutting speed. Secondly, the problems associated with diffusion of iron . 

There is a high tendency for reaction between PCBN, and other loo! materi als, with 

the soft (non-martensitic) phases of iron at the hi gh temperatures developed under 

cutting conditions (Heath, 1986). 

A recent successful application of PCBN (Bieker, 1995) in cutting welded die 

material has suggested the possibility of development of cutting techniques for iron 

based hardfacing materi als. A weld alloy F4 1 ( 56 NiCrMoV ) was used s a wear 

res istant hardfacing. The layer has a very irregular surface, in the form of paral lel 

ridges. The resulting variation in depth of cut, the structural differences in the edge 

zone and the associated variations in hardness all make substantial demands in terms 

of toughness and wear res istance of cutting tool s. Testing carried out with a variety 

of carbide and PCBN grades showed that the PCBN materials DBC80 and 

AMBORITE offered considerable benefi ts. A trongly negativ cutting dge 

geometry results in high cutting forces which must be absorbed by the milling 

machine. So, statically and dynamically stable machining conditions are essential. 

These conditions were achieved by using a cutter specially adapted for use with 

PCBN and a cutter anangement which ensures consistent cutting conditions. 
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CHAPTER 3 EXPERIMENT AL WORI( 

3.1 INTRODUCTION 

In the current work, the process of turning chromium carbide based harcl facings using 

PCBN tools is studied, including chip formation , tool wear and cutting temperatures. 

Cutti ng performance of PCBN tool s from different suppliers were compared in field 

cutting tests; hardness, microstructure and the adhesion of the workpiece materi al are 

examined in relation to the cutting performance of these too l materials. 

A quick stop technique was employed to investi ga te the chip format ion process, with 

particular attention to the deformation of the carbides within the hardfacing materi al 

and their interaction with the cutting edge. In addition, chip morphology was also 

studied. 

Controlled cutting tests were conducted in the laboratory to study the fa ilure process 

of the PCBN tools and the wear mechanisms involved in the earl y stages of cutting. 

Field cutting tests with PCBN tool inserts from different suppliers were also 

performed in an industrial workshop to compare their cutting performance and the 

failure mechani sms of the inserts after longer cutting periods. 

In the laboratory cutting tests, cutting temperature was monitored by means of a 

thermocouple located between the tool insert and its supporting shim . As a 

comparison, the temperatures when machining of mild steel and titanium alloy were 

also measured by the same technique. Based on the measured temperature, A 

ANSYS Finite Element Analysis (FEA) model was generated to simulate the 

temperature at the chip-tool interface and the temperature di stribution within the tool 

material. 

Detailed hardness tests were performed to compare the hardness of the PCBN 

materials at different loads, and microstructure of the P BN materials was 

investiga ted by an etching technique. Finally, a quasi-static adhesion t st technique 
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was used to investigate the adhesion between the hardfaci ng workpiece mate ri al and 

different PCBN tool materials. 

3.2 EXPERIMENT AL EQUIPMENT AND SETUP 

3.2.1 MACHINING EQUIPMENT 

The machining tests in the laboratory were conducted using a Churchill 'Compturn' 

290 CNC lathe, with a left-hand tool holder mounted in the rear tool turret. The lathe 

spindle was driven by a I 6 kw DC motor via a separate gearbox and had an operating 

speed range of 20 - 2000 rev/min . The carriage and cross slide were located in front 

of the spindle with the carriage above the cross slide. The lathe was equipped with an 

hydraulically indexing tool post with double tool holding fi xtures and each unit 

accommodated eight tools. 

Industrial fi eld tests were conducted on a Universal-3 15 CNC machining centre with 

a 12 tool stations tool turret. The machine was driven by a 44 kw DC .Motor, and 

could operate between 33-2000 rev/min. The machine could perform turning and 

fac.ing at one set-up. The cutting process wa. contro lled by a computer program but 

the operator cou ld alter the process via a pendant control panel. The infinitely 

variable manual feedrate override is 0-120% and the infinitely variable spindle speed 

override is 50-120%. 

3.2.2 QUICK STOP DEVICE 

The quick-stop facility was mounted i.n place of the front tool post of the Churchill 

'Compturn' 290 CNC lathe used for the cutting tests. It uti li ses a humane killer gun to 

rapidly disengage and remove the tool from the cutting position so that the chip 

remains attached to the workpiece, i. e. the cutting action is effectively frozen. Rapid 

acceleration of the tool away from the workpiece is achieved when an explosive 

charge is fired. According to Wi ll iams et al (1970), the mean acceleration of the tool 

from the chip bottom could reach over 32.5E7 mm/sec. Hence, for the cutting speed 
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used in this test, the removal of the tool no longer affec ts the chip fl ow after a very 

short distance from the tool root (Nabhani , 199 1 ). 

Figure 3. 1 shows, schematicall y, the quick stop system. The humane killer gun was 

positioned above the tool holder supported by a notched brass shear pin. The tool 

holder was manufactured to reproduce the tool geometry in normal cutt ing 

conditions. In a quick stop test, once the gun is fired , the solid captive bolt is 

projected at hi gh speed to strike against the tool holder, breaking the shear pin and 

the tool accelerates rapidly away from the cutting position. The too l holder allows the 

tool to clear the workpiece at an angle of 8° as it moves downwards. This avo ids any 

contact between the tool and workpiece once the pin is broken. The plasticine packed 

in the hollow quick-stop block traps the broken shear pin pieces and arrests the tool 

holder to prevent it from rebounding back into the workpi ece. The sample, in the 

form of the chip and the adj acent part of the workpiece, is removed from the 

workpiece using an Electro-discharge Machine (EDM). 

3.2.3 QUASI-STATIC ADHESION EXPERIMENTS 

The ad hesion between the workpiece and the tool materia l was assessed by press ing a 

workpiece cone at high temperature (Figure 3.2a) onto the rake face of a tool insert 

enclosed within a vacuum chamber. The cone was machined from a thick layer of 

bardfacing deposited on a mild steel substrate, with an included angle of 120° at the 

hardfacing end. The set-up of the equipment is shown in Figure 3 .2b. It consists of a 

vacuum system, a heating and cooling system and a loading system. The tool insert 

was positioned on a graphite suscepter, whi ch was directly heated by a rad io 

frequency coil within the chamber. Due to the differ nee between atmospheric 

pressure and the vacuum, a loads of 1 15N could be transmitted to the tool via the 

cone at the working vacuum pressure of approx imately 10 ·5 mbar (Nabhani , 199 l ). 

Naturally, during the application of the load, the cone fl attens to form a contact area 

sufficient to support the applied load. Subsequently, after measuring the area or the 
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Fgure 3. 1 The quick stop device utilising a humane killer to disengage the tool 
from the wo:-kpiece rapidly leavin g t~.e flo w of the mecal in the chip undisturbec. 
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fl attened tip the nominal contact pressure was ca lculated. The time of contact was 30 

minutes in all cases and a new cone was used fo r each experiment. 

Once the juncti on has fo rmed, it was separated under conditions of room temperature 

and pressure. The fracture surfaces were observed with an SEM to establi sh the 

failure mode of the materials. Some of the sampl e in form of the cone and the 

attached tool materi al, were mounted in Araldite and sectioned by grinding to 

investi ga te the nature of the interface. 

3.2.4 TEMPERATURE MEASUREMENT 

Figure 3.3 shows the set-up of the temperature measurement system. A thin 

thermocouple (~0.5 mm) was mounted in a shallow groove on the sil ver steel shim, so 

it could detect the average temperature developed at the interface of the tool in ert 

and the shim . The K-type thermocouple used was a base metal system using ni ckel 

alloys, with a pos itive arm of Nickel/Chromium rmd a negati ve arm of 

nickel/a lumium. The junction was insulated by magnesium ox ide (MgO) with a 

sheath of 310 stainless steel. 

The output of the system was the absolute thermocouple e. m.f., in microvolts, and 

was converted into temperature according to a conversion table (T Ltd). Before 

each test, the system was calibrated in the laboratory. 

3.2.5 TESTING AND ANALYTICAL INSTRUMENTS 

i) Scanning Electron Microscope (SEM) 

A Cambridge Instruments Model 200 SEM was used to study the wear of the tool 

and the mi crostructure of the workpiece and tool materials. ~ lemental analys.is was 

carried out on a QX200 X-Ray Microanalysis System ([ ink SYSTEMS Ltd .) 

integra ted with the SEM machine. Due to the limi ted lectrica l conductivity of the 

P BN materials, some of the sampl es were coated with go ld before being examined 

with the EM. 
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ii) Optical microscope 

Most of the observations were made on a Nikon Optiphot-2 Microscope equipped 

with a Nikon FX-35WA camera. For study at low magnifica tion, e.g. lhe general 

form of the chips, a Nikon Stereoscopic Microscope SMZ-2T was used. 

iii) Hardness test 

Micro hardness tests were performed on a Leitz MINILOAD 2 Micro I lardnes 

Tester with standard loads from 50g to 2000g. 

iv) Surface measurement 

The workpiece surface roughness achieved by different PCBN materials in the 

industrial tests was measured by a Model 3 Rank Taylor Hobson 'Ta lysurr . The 

measured re ult was Roughness Average (Ra) which is the centre line average (CLA) 

height of all irregularities within a standard length of surface. 

3.3 WORKPIECE MATERIAL 

A chromium cai·bide based hardfacing layer, nominally 6mm thick, had been 

deposited on a mild steel bar using a flux cored arc welding (FCA W) machine. The 

mild steel bar was preheated to about 400°C before being coated with the hardfacing 

and the component was cooled down slowly after the deposition to avoid cracking. 

Samples were pre-turned to remove the rough wel led skin before the quick-stop and 

cutting tests in the laboratory (Figure 3.4). 

The hardfacing materials used in these test belong to the Fe- r- composition 

system. The solidification begins with the form ation of primary (Cr, Fe)7 3 carbides, 

the residual liquid decomposing eventually by a ternary eutectic reaction into a 

mi xture of austen ite and more (Cr, Fe)7C3 (Atamert et al, 1990). Normal ly, the 

primary carbides are much larger than the carbides in the eutectic reaction . As shown 

in Figure 3.5, hardfacing with two types of microstructure were used as the 

workpiece materials in the current work, .Hardfacing A a11d Hardfacing B. They were 

deposited from a similar raw material but under di ffe rent welding process condition · 
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to achieve different dilution rates, and therefore exhibit different microstructures 

(Atamert et al, 1990). 

As shown in Figure 3.5a, Hardfacing A is characteri sed by a relatively fine structure. 

The needle-like bright image and the tangled structure is the eutectic of fine carbides 

(] -3 µm in diameter) in an austenite matrix. The much larger grains are the primary 

carbides (8- 15 µm in diameter). 

Hardfacing B, is characteri sed by a very coarse structure (Figure 3.5b). A large 

portion of primary carbides has formed with the remaining part transformed into 

mixture of austeni te and fine carbides. The primary carbides are much bi gger than 

those in Hardfacing A, up to 20-35 ~Lm in cross-section. In the solidification process, 

the primary carbides have exhib ited co lumnar growth with an hexagonal cross­

section (Lee et al, 1996), so the carbide shows different sections depending on the 

sampling plane. As shown in the microstructure, there is a carbide-free region around 

the large carbides due to a chromi um depletion process (Lee et al, 1996). It also 

should be noted that, the hexagonal cross-sec tion shows that the carbide is not 

perfec tl y dense in the centre, i.e. some defects exist within the carbide and thi s could 

reduce their fracture toughness (Lee et al, 1996). 

Table 3.1 Bulk hardness of the hard facing materials and the carbides (Load = 200g) 

~ Hardfac ing A Hardfacing B Carbides 
s 

Knoop hardness (GPa) 6.69 7.12 14.57 

Table 3.1 li sts the bulk hardness of the two hardfac ing materials, together with the 

hardness of the individual carbides. Knoop hardness of the hardfac ings is quoted, so 

it can be easily referred to the hardness of the carbide and, later to the tool material. 

The Rockwell hardnesses of the two hardfacings are approximately 57 HRC and 59 

HRC for Hardfac ing A and B respectively. Both hardfacings have high bulk 

hardness due to the high volume fraction of discrete carbides. 
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igure 3.5 Microstructures of the hardfacing workpiece materials. 



Both structures should provide excellent abrasion resistance and are widely used in 

industry under a variety of service conditions. However, more atten tion was paid to 

the machining of hardfacing with finer structure (Hardfacing A) in this work, and 

Hardfacing B was specially designed to study the effect of the very large carbide 

grains in the chip formation process and wear of the tools. 

In the industrial cutting tests, hardfaced components were machined under normal 

production conditions. All the components were round parts, and some were tapered. 

The size of the components was larger than the workpieces used in the laboratory 

tests and some were as large as 200 mm in diameter. The basic microstructure of the 

hardfacings, turned in the industrial tests, was similar to the microstructurc of 

Hardfacing A. 

3.4 TOOL MATERIALS AND TOOL GEOMETRY 

Generally, PCBN products can be sorted into two types (Stephenson et al , 1996); one 

type has relative ly low cBN content ( <60%) and various binder phases and is 

commonly used in smooth or fini sh cutting; The other type has a higher cBN content 

and with either a ceramic binder (e.g. AIN) or a meta llic binder (e.g. coba lt) . 

Products of thi s type have high hardness, toughness and thermal conductivity and are 

used in rough cutting conditions or for some extremely difficult-to-machine material s 

e.g. Ni-hard, hardmetal s and some engineering ceramics. 

In thi s work, three PCBN materials (CBN 1- 6) designed for rough cutting conditions 

were used for turning the hardfacings. All of them belong to the second group wi th 

the higher cBN volume fraction and with hi gh hardness. The materi als are al.I 

commercially available but from different suppli ers. Detailed investigation of their 

microstructures has been carried out in the current work and the results wi ll be 

presented in Chapter 4. 

As listed in Table 3 .2, most of the inserts used in thi s work were solid because of the 

arduous nature of the task. The inserts of BN6 were si ngle-sided, but the insert size 

68 



(cp IO mm) is larger than the other inserts (cp 7 mm/9mm). Thi s may increase the 

strength of the cutting edge. Edge preparation is also very important fo r a successfu l 

application and a proper chamfer may well increase the strength of the cutt ing edge 

(Stephenson, 1996). The size and edge preparation of the inserts used in these tests 

were commercially available and no special designs have been used. The too l holder, 

25 x 25 mm in section, was also commercially ava il able and had a screw top clamp. 

It was available in both left or right hand orientation to meet the requirements of the 

machining conditions. 

Table 3.2 Tools used in the test. 

~ Jnse11 type Geometry* Chamfer Tool holder 
a 

CBNI Solid RNGN070300 O.lmm x l0° RSNL2525 

CBN2 Solid RNMN090400 0.15mm x ]0° CRSNL2525 

CBNJ Solid RNGN070300 O.lmm x l0° RSNL2525 

CBN4 Solid RNMN070300 0.15mm x l0° RSNL2525 

CBN5 Solid RNMN070300 0.15mm x20° CRSNL2525 

CBN6 Sided RNMN100300 - CRSNL2525 

* R: Round insert, N: Clearance angle = 0°, G/M: Tolerance, N: Solid insert. 
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CHAPTER4 MICROSTRUCTURE AND FUNCTIONAL 

CHARACTERISTICS OF TOOL MA TE RIALS 

4.l MICROSTRUCTURE AND HARDNESS OF THE TOOL 

MATERIALS 

The six PCBN tool materials were mounted, ground and polished using standard 

metallographic techniques to reveal their structure. The process was difficult due to 

the high hardness of the material and the difference between the hardness of the BN 

particles and the binding phases. The polished samples were examined on the Optical 

Microscope and S M. ome general information on the materials, including particle 

size, vo lume fraction is summarised in Table 4. 1. lementary analys is revealed that 

BNI , CBN2, CBN3 and BN4 are based on ceramic binders, while BN5 and 

BN6 were manufactured with metallic binders. 

Table 4.1 Microstructural factors of the six PCBN tool material s. 

~ s 
Grain size Volume fraction Binder 

I 

CBN I 5-8µm >95% /\ IN 

CBN2 l5-20µm >90% AIN 

CBN3 8-I0µm >90% AlN 

CBN4 2-5~Ll11 >90% AIN 

BN5 10 ~un >90% 0 

CBN6 I 0-1 Sµm >90% o, Ni , Zn 

P BN is formed by sintering cubic boron nitride particles together at hi gh 

temperature and high pressure with the addition of a solvent or binder. As shown in 
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Figure 4.1, the microstructure of poli shed secti ons could be clea rl y distingui shed 

with an optical microscope. The binding phase produces a bright image, whil e the 

bulk of the image comprises the cBN particles sintered together. 

The difference in the six materials under microscopy are refl ection of di fferences in 

the constituents and the manufacturing process, e.g. sintering temperature and 

pressure. CBN1 exhibits a dense structure with very little . binding phase. The 

structure of CBN2 and CBN3 is similar, however, less binding phase was apparent in 

CBN2. CBN4 consists of a very fine structure with small particle size but the large 

agglomerates of binder are obvious signs of structural inhomogeneity. CBN5 has a 

metalli c binding phase and, in the polishing process, this phase was readily torn out 

by the abrasive. This gave rise to the black areas seen under the microscope (Figure 

4. le). CBN6 was manufactured using a multiphase binding system and shows a 

certain degree of structural inhomogeneity. 

ln the synthesis of PCBN at high temperature and high pressure, the cBN particles 

maybe sintered together to form a particle network (Hooper and Brookes, 1984). -The 

way the particles have been sintered together to form the PCBN sketch will have 

great influence on the mechanical properties of the material. In this work, boil.ing 

hydrochloride solution was used to remove the binding phase (AIN) to revea l the 

structure for CBNI-CBN4. Thi s method was not appli cable to CBN5 and CBN6, but 

examination with the SEM could still reveal much more useful mi crostructural 

information. 

Figure 4.2 shows the SEM photos of the PCBN materials. It is clearly shown, after 

leaching off the binding phase, that network of cBN particles have formed within the 

microstructure of the materials. This continuous ske.l etal structure of CBN particle 

inevitably will provide resistance to the deformati on of this material under 

mechanical loading conditions and the random orientation of strong particles make 

the polycrystalline materials very tough and much stronger than sing.le crystals 

(Heath , 1986). 
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Figure 4.1 Microstructure of the PCBN tool materials . 
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b) CBN2 (leached) 
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Figure 4.2 SEM photos showing the CBN network of the tool materials ( ontinued) 



d) CBN4 (leached) 

f) CBN5 

g) BN6 

Figure 4.2 S .. M photos showing BN network of the tool materi als 



As shown in Figure 4.2a, CBN 1 is very dense with regular-sized parti cles strongly 

sintered together. Figure 4.3 shows the microstructure of the material at hi gher 

magnification. It suggests that plastic deformation or the particles has occurred to 

some extent in the sintering process, which helped to form thi s very dense structure. 

The gaps between the particles (fi lled with the binding phase before leaching) are 

typical of pores in conventional sintering processes. 

CBN2 has the large-size particles, and these are closely bonded but internal pores 

could be observed in some particles. The size of the external pores is largely due lo 

the packing influence of the larger particles during the ceramic powder compacti on. 

The particles are of regular size but the shape or the particles varies sli ghtly. Some 

small er particles filled in the gaps between the main particles, thus making the 

particle network more continuous. 

CBN3 has the most homogeneous structure under the optical m1 cr scope 

(hgure 4.1 c) . SEM observation of the materials, after leaching out the binders 

revea led that the cBN particle are regular both in shape and size (Figure 4.2c). This 

will inevitab ly improve the structure in terms of homogeneity and probably will 

increase the reliability of the product. Some particles of smaller size have fill ed in the 

gaps between the CBN particles, thereby improving the sintering process. The 

particle size of PCBN4 is much more smaller than that of the other tool materials and 

the particles were closely bonded together (Figure 4.2d). 

Figure 4.2 e-f shows the SEM photos of BN5 and BN6, v ithout leaching the 

binding phases. CBN 5 has medium particle size and the particles have been closely 

sintered together. The damage that occurred to the binder in the polishing process can 

again be seen. CBN6 consists of very large CBN particles with a multiphase binding 

system. The main particles appear to be more loosely packed than the other P BN 

materials and many interna l defects could be observed. 

The difference between the microstructures and poss ible di fferences b tween the 

intrinsic hardness of the raw materials resulted in different hardness va lues of the 
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Figure 4.3 Close-up view of Figure 4.2a showing the detail ofCBNI 
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Figure 4.4 Knoop hardness of the tool materials (load = 2000 g) 



materials, as shown in Figure 4.4. All the materials have hi gh hardness va lues due to 

their high volume fraction and strong bonding between particles. Thi s is an important 

characteri stic of PCBN materials for thei r app li cation in hard machining. Among 

these materials, CBN 1 has the hi ghest hardness while the other CBN material s all 

have similar hardness values. 
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4.2 ADHESION TEST RESULTS 

The adhesion tests were carri ed out in an enclosed chamber, evacuated to a pressure 

of approximately I o·5mbar at temperatures representative of the temperatures 

generated during cutting. The lowest temperature at which adhesion occurred was 

determined by increasing the test temperature in increments of 50°C from an initial 

temperature of 800°C. The separation of the junction was carried out at room 

temperature in normal atmosphere. 

Normally, during the application of the load, the tip of the cone fl attened by pl astic 

flow to form a contact area sufficient to support the applied load (Nabhani , I 99 I). 

The contact pressure was obtained by dividing the load by the measured contac t area. 

With increased the temperature, the area of the contact surface increased and 

consequently, the contact pressure decreased. 

Table 4.2 Summary of the interaction between the cone and tool surfaces at di ffercnt 

temperature 

800 - 850 °C 900 - I 000 °C 1050 °C 

CBNI X X X 

CBN2 X Strong adhes ive junction 

CBN3 X X Particles pu lled out 

x: no ad hesion occurred 

Table 4.2 summarises interaction between the cone and the workpiece at different 

temperatures. At temperatures of 800°C and 850° , no adhesion occurred between 

the cone and any of the three CBN materials. In each case, the contact rac of the 

cone and the CBN was smooth and clean. 

74 



At 900°C and a mean contact pressure of 0.23 GPa, strong adhesion occurred 

between the workpiece cone and CBN2 material, the juncti on hav ing suffic ient 

strength to lift the tool insert up from the recess of the susceptor when removing the 

load. The subsequent separation of the cone and the CBN2 material resulted in 

fracture within the CBN, over the whole contact area. Figure 4.5 shows the result of 

separation of the junction formed between the hardfacing and the tool material. A 

hemispherical fragment has been transferred to the cone (Figure 4.5a), and a crater 

has been left in the original surface the CBN2 (Figure 4.5b). SEM observation of the 

crater surface has shown that the basic fracture mode was transgranular, which 

agreed well with the observations by Hooper and Brookes (1984). Their fractography 

studies showed that fracture occurs through the primary partic les and across the inter­

particle bridges in a number of aggregates of cubic boron nitride and of diamond. 

Further increases in experimental temperature, up to 1050°C, were insufficient to 

fo rm a strong welded junction with either CBN I or CBN3. However, a number of 

particles of the hard phase i.e. cubic boron nitride, were pulled out fro m the tool 

material at the temperature. 

75 



a) CBN2 tool material adhering to the workpiece cone 

b) Crater formed in CBN2 material 

Figure 4.5 An adhesive junction between the workpiece cone and CBN2 at 900°C 
(separated at room temperature). 



CHAPTERS QUICK STOP TEST RESULTS 

5.1 INTRODUCTION 

The cutti ng cond itions 111 the quick stop tests were set as: S65-?Om/min , 

F0.25mm/rev and depth of cut 0.5 -0.7 mm to simulate the conditions used in the 

cutting tests. The RNGN070400 insert of CBN l was held in the quick stop tool 

holder with a negative rake of 6°. All the cutting was performed without using a 

coolant or lubricant and a tailstock was used in all the tests in order to make the 

system sufficiently ri gid. 

In a quick stop test, once steady-state cutting had been establi shed, the cutting action 

was suddenly stopped by firing the gun. Figure 5. 1 shows schematica lly the chip 

attached to the workpiece after a quick stop test. It is difficult to produce good 

quick-stop chips with these hardfac ing materials due to the nature of the chip 

formation process and the presence of carbide particles within the materi al, which 

may lead to microscopic cracking. 

In the sampling process, a quick-setting epoxy res in (Araldite) was poured into a 

plasticine mould around the chip to embed it and protect it from poss ible damage in 

the sample preparation process. The sample, in the form of the chip and the adj acent 

part of the workpiece covered by the res in , was separated from the parent bar on an 

Electro Discharge Machine (EDM). The sample was then re-mounted in Araldite and 

sectioned about half way through its width, to reach the whole longitudina l section of 

the chip, by grinding away the excessive Aradite and the workpiece material. After 

fine grinding and poli shing the specimen was etched in Marble's reagent (1 0g 

uSO4 , 50 ml HCI , 50ml H2O) tor veal the microstructure. 

Tn a machining process, the chip is separated from the workpiece on the transient, 

newly formed , surface (Figure 5. 1 ), which is under direct contact with the utting 

edge and the flank face of the insert. Therefore, the subsurface structure of the 

transient surface may well refl ect the deformation behaviour of the constituents of 
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Figure 5.1 
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Schematic to show the chip attached to the parent workpiece after the 



the workpiece, especiall y the carbides, which is of great importance in understanding 

the wear of tool inserts in the cutting process. The sample was obtained by sectioning 

the transient surface, as shown in the Figure 5.1. After grinding and polishing, the 

sample was etched to reveal the subsurface structure. In addition, micro-hardness 

profiles beneath the transient surface were measured to reveal the hardness changes 

due to the mechanical or thermal effects of the cutting process. 

5.2 DEFORMATION OF THE HARDFACING MATERIAL IN THE 

CUTTING PROCESS 

A typical metallographic section through a quick-stop specimen of Hardfacing A is 

shown in Figure 5.2. The deformation of the constituents of workpiece, i.e. the large 

carbide, the fine carbide and the matrix in the three deformation zones, have been 

captured successf-till y. In the primary deformation zone, there is an apparent line 

separating the deformed and undeformed zones. The eutec tic matrix wi th the fine 

carbides has been sheared off, while the large primary carbides have been separated 

from the matrix. Observation at high magnification (Figure 5.2b) showed that the 

root of the ch ip region has been severely deformed and cracked, which indicates hi gh 

loading in this region in the cutting proces~. 

During the cutting, most of the primary carbides appear to move into the chip 

segment without contacting the tool but those under direct contact with the tool 

material become fractured. The large carbide (Figure 5.26) right ahead of the cutting 

has cracked under the very hi.gh loading in advance of the tool , which indicates the 

high stress generated around the cutting edge. Detailed observation showed that the 

cracking started from the centre of the carbide due to its inherent structural defi cts. 

Figure 5.3a shows a typical quick-stop sampl e of Hard facing B. On the orthogonal 

plane, the primary carbides shows different section shapes in relation to their 

orientation to the cutting edge. The columnar gra ins (A) are carbides roughly 

perpendicular to the cutting edge, whi le the hexagonal grai ns (B) are representati ve 

of those roughly parall el to the cutting dge. In the workpi ce, most of the primary 
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a) General view 

b) Enlarged view of the bas of the the hip 

Figure 5.2 Metallographic section through a quick-stop specimen of Hard facing 

A (fine structure, S65m/min., 0.25mm/rev, DOC0.65mm) 



a) General view 

b) En larged view showing cracking of primary carbides around the cutting edge. 

Figure 5.3 Meta llographic sections through a quick-stop specimen of Hardfacing 

B (coarse structure, S65m/min, F0.25mm/rev, DOC0.65mm). 



carbides were columnar, due to the preferenti al cooling from the mild steel sub tra te 

in the welding process. As shown in the mi crostructure, the cross sections of the 

large carbides were not regular and exhibited signifi cant structural defects. 

Figure 5.3b shows a close-up view of the deformation of the large carbides around 

the cutting edge. Some large columnar, primary carbides have cracked ahead of the 

cutting edge and cleavage is the main fracture mode. In addition, separation of the 

carbide and matrix has occurred along the boundary of the carbide and the 

chromium-depleted zone. After fracture, frag ments of the carbides have moved into 

the chip in the subsequent chip formati on process but no obvious movement (e.g. 

rotation) of these large fractured carbide segments was observed. The utecti c 

structure (fine carbide in matrix) has severely deformed in this process but no 

cracking of the eutectic matrix was observed. The frac tur toughness of the fi ne 

structure is much greater than that of the brittle carbide (Lee et al, 1996). 

In machining some soft materials, e.g. mild steel, the high compressive stresses on 

the clean material at hi gh temperatures can produce fri cti on welding of the chi p to 

the too l. A fl ow zone could fo rm with a steep velocity gradient away fro m a zero 

va lue at the rake face (Trent, 199 1 ). However in th machining of both Hardfa ings 

A and B, the underside of the chip was free from welding to the to I face. N 

apparent flow zone could be observed in the quick top samples. Thi s is poss ibl y due 

to the poor pl asti city of the workpiece and lack of adhesion between the workpiece 

material and the tool material. 

5.3 CHIP MORPHOLOGY 

In the cutting process, similar form s of chip have been produced for th two 

hardfacing materials (Figure 5.4a and Figur 5.5a). The ba ic form of the chips is 

semi -circular with the sid near the minor cutting cdg evercly segregated. Th chip 

fo r Hard fac ing A was a go lden colour while the chip of Hard fac ing B was a similar 

co lour but brighter. The chips of Hardfac ing B, generated under similar ·utting 

conditi ons, were much more regul ar than those of Hardfa ing A. The genera l r rm of 
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a) General chip form 

b) Longitudinal sec ti on or the chip 

Figure 5.4 Typical chips of Hardfacing A (fine structure, S65 ,n/min , 

F0.25mm/rcv, DO 0.65mm). 



a) General chip form 

b) longituclinul s cli n of the chip 

Figure 5.5 Typical chips or Harclfa ing B ( oarse structur , S65m/min, 
F0.25mm/rev,DO 0.65mm). 



the chips did not vary significantly with changes of cutting speed or feeclrate. 

However, the colour of the chips changed from brighter to darker with increased 

cutting speed. This refl ected the cutting temperature increase with cutting speed and 

the consequent higher oxidation tendency of the chip. 

Figure 5.4b and Figure 5.5b show a typical views of the longitudinal cross sections of 

the chips. Both hardfacings produced typical saw-tooth chips, which have been 

found in other engineering materials e.g. Hardened steel, titanium all oys, etc. at 

certain cutting conditions (S tephenson and Agapiou, l 996). The angle of the primary 

deformation plane with respect to the cutting directi on for the two workpiece 

materials is similar at about 45° and this angle has kept roughly constant irrespecti ve 

of the variations in the size of chip segments. 

The tool face side of the chips is regular and, as in the case of the quick-stop samples, 

no apparent flow of the workpiece has occurred. However, observation at high 

magnification revealed severe deformation at the base of the chip; cracking or 

fracture of the fine carbide could be observed at the base of the chip of 

Hard fac ing A. 

For both of the two materials, much less deformation ha occurred in the bulk of the 

chip segment than in primary and secondary deformation zones. The large quantity of 

fine carbides and the primary carbides or the fragments f the carbides will inhibit 

further deformation within the chip segment. Hence, the shearing and cracki ng 

process to form the chip segment was limited to a narrow region extending from the 

tool edge to the free surface of the workpiece. In addition, the larg carbid s have 

strongly controlled the chip formation process as shown in Figure 5.56. A carbide, 

which is large enough cover the one or more chip segments, has kept its original 

form, thus restraining the ability of the materi al to deform. According to Stephenson 

and Agapiou (1996), thi loca li ed chip formation characteri stic will .ine itably 

increase th cutting forces. 
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Apparently, the cutting edge will suffer from very high load ing due to the 

deformation character of the workpiece materi al in the cutting and result in high too l 

wear rates. In addition, it should be noted, compared with the fine carbide in some 

other engineering materials like steel, the carbide ize in the hardfac ing materi als is 

much larger. As a consequence more severe damage to the tool materi al will occur in 

the cutting process. As shown in the cross-sections of the chips, the matrix of the 

workpiece material is not continuous enough to avo id the direct contact b tween the 

carbides and the tool surface. When large carbide fragments are encountered, the 

carbide may impact on the CBN particle when the chip is moving over the tool 

surface, thus increasing the wear of the tool. 

5.4 HARDNESS PROFILE AND SUBSURFA E STRUCTURE OF THE 

TRAN IENT SURF ACE 

Hardness samples were sectioned from different locations of the transient sur face and 

the measurements were made without etching the samples. A re.lati ve ly hi gh load 

(200g) was used to reduce the ffect of individual particles. Each resu lt was the 

average value of at least fi ve readings. 

Figure 5.6 plots the subsurface hardness profile of the two hardfacing materi als. lt is 

clearly shown that, there is a soft layer about 30-40~Lm deep right beneath the 

transient surface of the workpieces. The fi gure also shows that the hardness decreases 

more towards the transient urface in Hardfac ing B than in Hardfacing A. 

Figure 5.7 shows the structure of the cross-s ction of Hardfacing A. In the r gi n 

beneath the transient surface (arrowed), a di sturbed microstructure exists. The fine 

carbides have been bent sli ghtly in the cutting direction by the action of the tool. ln 

addition, the carbid s had been fragmented at the surface region. The mechanica lly­

disturbed layer is much shallower than the region with lower hardness, as shown in 

Figure 5.6. This demonstra tes that the thermal effects involved in the cutting process 

have determined the depth of the affected lay r. Observation of the larger carbides at 
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Figure 5.6 Hardness profile beneath the transient surface (load = 200g). 



the transient surface shows that they have cracked or fractured, whi ch is consisten t 

with the quick stop result shown in Figure 5.2b. 

In Hard facing B, damage of the subsurface is much more significant than in the case 

of Hardfacing A due to the greater volume of large carbides in the former. As shown 

in Figure 5.8a, the carbides have been severely defl ected and cracking of the carbides 

near the transient surface region could be observed at higher magnification. ln some 

regions, the carbides were severely bent and cracked, as shown in Figure 5.8b. Most 

of the cracks are parallel to the cutting direction and extend about half way th rough 

the carbides. Also, as clearly shown in the photo, plastic deformation of the carbides 

has occurred, which indicates that very high temperatures have been generated in the 

thi s region (i.e. >0.3 melting point of the chromium carbide, 1800° ). 

The carbides which are parallel to the cutt ing edge (hexagonal cross-section) have 

undergone more severe interaction with the tool in the material removal process. 

These carbides have either fractured or cracked and thi s damage would have been 

initiated at the centre of the carbide due to the existence of defec ts. The grea er 

microstructural disturbance in Hardfacing B suggests that the fl ank of the tool insert 

has suffered much less abrasion in machining Hardfacing A than in machining 

Hardfacing B. 
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CHAPTER6 CUTTING TESTS RESULTS 

6.0 INTRODUCTION 

Thi s chapter contains the results of cutting tests both in the laboratory and in 

industry. In the laboratory tests, tool wear processes and the effect of cutting time, 

cutting speed and the feedrate was studied. In the fi eld cutting tests, the cutting 

performance of six PCBN products from different suppliers was assessed, and the 

fai lure modes and wear mechanisms of different PCBN materials were examined. 

6.l LA BORA TORY CUTTING TESTS 

6.1.1 INTRODUCTION 

Machining tests were conducted on the CNC lathe with a left-hand tool holder 

mounted in the rear tool turret. Table 6.1 li sts the cutting conditions for the tests. 

Depth of cut was kept constant in order to minimise the effects of the microstructure 

inhomogeneity. The used tool inserts were obser eel on a scanning electron 

microscope (SEM) after cleaning in 50%-50% hydrochloride solution . Some samples 

were observed without cleaning in order to investigate the interaction between the 

cutting tool and the workpiece. Contact length , width of the flank wear land and 

chipping dimension of the engaged edge were measured and compared between the 

tools under different cutting conditions. 

Table 6.1 Conditions for the laboratory cutting tests. 

Cutting speed (m/min) 32, 45 , 65 , 85 

Feed rate (mm/rev) 0.15, 0.25, 0.35 

Depth of cut (mm) 0. 65 

Cutting time (mins) 0-8 

Tool material BNl 
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xtensive cutting tests were undertaken using Tlardfaci ng A to investigate the tool 

wear process and the effects of the cutting time and cutting parameters. Limited 

cutting tests have been undertaken with Hard fac ing B to study the effect or the large 

carbides in the workpiece material on too l wear mode and rate. 

6.1.2 MACHINING OF HARDFACING A (FINE TRUCTURE) 

6.1.2.J Chip-tool contact in the cutting process 

Figure 6. 1 a shows a typical view of the tool face in which the main contac t area can 

be clea rly distingui shed. The main cutting force in ol ed in the chip formation 

process was app lied on this region. The contact length varied with the undeformed 

chip thickness along the cutt ing edge. The average contact length, after 1 min . cutting 

in machining of workpiece A under different cutting conditions, arc li sted in Table 

6.2. It is clear that with increased feed rate, the contact length has signifi cantl y 

increased and on the other hand, contact lengths have slightly r duccd at hi gh r 

cutting speed. Within the cutting times in thi s test, no large variations in ontact 

length were found with diffi rent cutting duration, which was agrees ell with earl y 

work (Ba lazinski , 1993). 

Table 6.2 Contact length (mm) at different cutting conditions. 

~e d F0. 15 mm/re F0.25 mm/rev F0. 5 mm/rev 

40 m/min 0.14 0.245 0.30 

60 m/min 0.13 0.23 0.29 

80 m/min 0.125 0.19 -

Figure 6.1 b shows a close-up iew of the main contact region. In the utting pro s , 

the adhes ion between the chip and tool rake face is very limited. No sign of a built-up 

layer or edge has been observed for inserts und r different cutting c nditions. X-ray 

ana lys is showed very limite I signs of the workpiece clements (Fe, Cr, ) on the 

83 



' .. ~ ., ' 
"• :. ·_L. _,. 

Figure 6. la Chip-tool contact area in the culling process . 

' I • 

. .. 

Figur 6. lh Enlarged view or a) show ing the clctilil or the main conta ·t area on the 
too l rake face. 



contact surface. The binding phase has been eroded away at some loca tions, but no 

grooving or cratering is apparent. 

6.1.2.2 TOOL WEAR PROCESSES 

Tool wear vs. cutting time 

Figure 6.2 shows, schematica ll y, typi cal wear on the edge and the fl ank face of a tool 

insert. In addition to VB and VBmax (the average and maximum width of the nank 

wear land), the average and maximum width of the chipping, de ignated CH and 

CHmax. respectively, have also been monitored. As shown in the model, l-1 and 

CHmax represent the decrease of the engaged cutting edge and, roughly, refl ect the lost 

volume of the cutting edge. According to Wright and Bagchi (1981) and Shintan i et 

al ( 1989), the decrease of the cutting edge is an important additional too l wear 

parameter. 

Figure 6.3 is a plot of tool wear as a function of cutting time at fi xed feed ra te 

(F0.25mm/rev) and depth of cut (0.65mm). The fl ank wear land width has increased 

steadily with the cutting time. The consistency of VB and VB111 ax indicates that the 

tool fl ank face has experi enced a regular wear process. In the later stage, the gap 

between the VB and VB111 ax has increased, which indicates that the contact between 

the tool fl ank and the workpiece has formed in such a way that the tool wear has 

developed preferentially in some locations. This also indicates that the cutting 

process may have become I ss stabl e. 

Chipping of the cutting edge occurred at an early stage but on a limited sca le, making 

measurement difficult. The consistency of CH and CH11 rnx indicated a stable chipping 

process, in which th chipping was on a small scale and damage to the cutting edge 

progr ssive. 

Figure 6.4 shows the chipping and fl ank wear of the insert after 1 and 8 minutes 

cutting. Chipping has started at the lower edge of the chamfe r and developed on th 
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I◄ igurc 6.4a hipping and !lank wear of tool inse rt art er I minut e cutting 
(S65 m/min , F0. 25 111111/rcv, DO 0.65mm). 

Figure 6.4h Chipping and flank wear of the insert .1ftcr 8 minut es cutting 
(S65 111/rnin , F0.25 mm/rcv, DO 0.65mm). 



flank face of the insert. In the later stage, it developed further along the cutting edge 

in addition to developing further down the tool fl ank, lead ing to large porti on of the 

cutting edge being lost. 

Initiation of chipping after short time cutting 

A series of short cutting tests (<I minute) were performed to study the initiation of 

tool wear, especially in terms of the chipping of the cutting edge. The results in the 

form of a tool wear curve is plotted in Figure 6.5. The chipping process started after 

cutting for about IO secs, and was limited to very small scale, i.e. a few CBN 

particl es. As shown in the curve, there is an incubation period (about 5 sec.), during 

which no chipping seems to have occurred. Thi s indica tes that the chipping process is 

time-dependent, and there is accumulation of damage in the tool before materi al is 

finally removed from the cutting edge. 

Tool wear vs. S eed 

Figure 6.6 compares the fl ank wear and chipping of CBN tools at three cutting 

speeds (cutting for I minute). Cutting speed appears to affect fl ank wear and 

chipping in different ways. At higher and lower cutting speeds, the tool has suffe red 

higher fl ank wear. In other words, there appears to be an optimum speed in terms of 

the flank wear. This agrees with many results when machining hard materials, e.g. 

hardened steel, cobalt-based hardfacing materials, with PCBN tools. Thi s 

phenomenon is connected with the opposite effect of cutting speeds over fac tors 

enhancing wear e.g. increased temperature, and those reducing wear, e.g. decrease of 

the strength of the workpiece material (Weinert, 1994) . Thi s will be di scussed in 

detail later. 

Chipping of the cutting edge increased with cutting speed. This suggests that the 

mechani sm of chipping process is different from that involved in fl ank wear. 

Possibly, the interaction between the carbides and indi vidual CBN particles within 

the tool material has played an important role the chipping process. In all the tests, 
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the chipping was on a small sca le and no gross fracture of the cutting edge occurred. 

Thi s demonstrates the high integrity o f PCBN materials. 

Tool wear vs. Feed rate 

Figure 6.7 shows the effect on tool wear of increased feedrate (cutting for 1 minute). 

Both flank wear and chipping have increased with the feedrate. However, the 

feedrate has affected the chipping of tool edge more significantly than the fl ank wear. 

Thi s is not surpri sing because tool forces increase much more significantl y with 

feedrate than with speed. 

6.1.2.3 TOOL WEAR MODES 

Figure 6.8 shows the edge of a tool after cutting fo r 5 secs. At thi s very early stage, 

only minor damage to the tool has occurred. The cutting edge is clean and no fl ank 

wear land is apparent. Observation at high magnification showed no cracking of the 

CBN network or of individual parti cles. 

After a longer cutting time, obvious chipping developed on the lower edge of the 

chamfer. Figure 6.9 shows a general view of the cutting edge after cutting for 20 

seconds. The chips formed at thi s stage are .isolated from each other and di stributed 

evenly over the lower edge of the chamfer. The chipping represents the loss of on ly a 

few CBN particles. Figure 6.10 shows a close-up view of a chip, which shows a 

rough surface typical of a.n intergranular failure mode, i.e. through the parti cle 

boundary. 

Detailed observation has been made to study the condition of the cutting edge before 

the chipping occurs to determine the fund amental fa i.lure process of the edg · or the 

CBN particles. Figure 6. 11 shows the detai l of part of the lower edge of the tool 

chamfer before chipping occurs. Severe cracking has developed on the cutting edg 

and most of the cracking was through the bridging part of the partic.l es, however, 
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Figure 6.9 

I• igure 6. IO 

Chipping of the cutting edge after a cutting time of 20 sec (S65m/min , 
F0.25 mm/rev, DO 0.65 . 

I se-up view to show the detail of the chipping in Figure 6.9. 



Figure 6.11 Cracking on the lower edg' of the too l chamfer before the edge 
chipping . 
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Figure 6.12 General view of the cutting e jge showing chipping d 'Vclop dove r the 
cutting edge ( I minute , S65rn/min , F0.25 mm/rev , DO 0 .65 mm) . 



some cracks have gone through the whole particle. In addition, some shallow rubbing 

marks or grooves have appeared on the CBN particles. 

Later in the cutting process, chipping has developed on the cutti ng edge and 

individua l chips have joined up to give more intensive damage. In other words, the 

chipping has developed laterally (Figure 6.12). However, the chipping was still 

concentrated on the lower edge of the chamfer. In addition, a wear land has formed 

below the chipping on the flank face of the tool. 

Figure 6.13a shows the chamfer of a cutting edge after I minute cutting. The 

chipping has spread along the lower edge of the chamfer and developed onto the 

chamfer itself. However, the chamfer has still kept its geometry at this stage. The 

chipped location is rough and shows individual particle loss. Hi gh magnification 

observation (Figure 6.13b) showed that transgranular fracture had also been involved 

in the chipping process at some locations. As shown in the picture, the base of the 

chipping is flat which indicates that the crack has gone through the CBN particles 

and the binding phase. 

After longer cutting times, both chipping and fl ank wear has developed on the cutting 

edge and the flank land as shown in Figure 6. 14a. It shows clearly that the flank wear 

land has developed ahead of chipping of the cutti ng edge. At higher magnification, 

observation of the flank wear land revealed a ridged surface (Figure 6.14b ). 

As shown in Figure 6.14a, delamination failure of the flank face has also occurred at 

this stage. The accumulation of chipping has caused the cutting edge to lose its 

geometry and thus a higher cutting force wiJI be generated. This, tog ther with shear 

stresses acting on the flank surface (Trent, 199 l) may have contributed to the 

delamination process. Study of the surface after delamination showed no obvious 

sign of transgranular fracture, which suggests that a progress ive process has been 

involved in the subsurface crack propagation. This eventually causes the layer to 

separate from the tool when it is not strong enough to support the load. It should be 

noted that no de lamination has developed out of the flank wear region. 
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Figure 6.Ba hipping developed on the lower edge of the chamfer. 

Figure 6.13h Enl arged view of one chipped locati on in a) show ing transgranular 
fra turc involved in the chipping process. 
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Figure 6.J4a Genera l view of the cutt ing edge after cutting for 4 minutes 

(S65111/min, F0.25mm/rev, DOC0.65mm). 

Figure 6.14b nlargcd view of a) show ing the ridged surfa ' of the nank 
wear land . 



Figure 6. 15a shows the cutting edge after 6 minutes cutt ing and chi pping has 

developed onto the whole chamfer. The chipped surface, as shown in Figure 6.15b, is 

rough and shows individual CBN particles lost due to hi gh mechanical loading in the 

cutting process and the action of abrasive particles in the workpiece. 

In the later stages, accumulation of chipping has damaged the geometry of the cutting 

edge to an extent that the movement of the chip wi ll exert hi gher mechanical forces 

on the edge of undamaged region resulting in further loss of the chamfer (Figure 

6.15c). lt is clearly shown that particle loss is the main mode for development of 

chipping damage at thi s location. 

6.1.3 MACHINING OF HARDFACJNG ll (COARSE CARBIDES) 

As shown in quick stop study, the large carbides of Hardfacing 8 have greatly 

affected the cutting process. This has resulted in a different tool wear mode and wear 

rate. 

Figure 6.16 plots the wear of the tool s at different cutting speeds (cutting for 1 

minute). As was the case for Hardfacing A, the ch ipping has increased with cutting 

speed while flank wear was lowest at 45 m/sec. Compared with Figure 6.6, the rate 

of both the fl ank wear and edge chipping of the edge is much higher when machining 

Hardfacing 8 . 

Figure 6. 17 shows the tool wear after cutting for 2 mins at 45 m/min . Both flank 

wear and edge-chipping has occurred . The shape of the fl ank wear land is regul ar, the 

insert has locally lost the chamfer due to chipping but the rake face is relatively 

damage-free. 

Figure 6. 18 shows the cutti ng edge after cutting at 65 m/min (cutting for 2 minutes). 

Severe damage has occurred on the cutting edge, which has lost its original g ometry 

and has been lowered by the chipping process. The chipped surface is much rougher 
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Figure 6.15a Wear or the cutting edge showing chipping has deve loped over the 
whole ham fer (6 minutes, S65m/min , F0.25 mm/rev , DO 0.65mm ) 

Figure 6.15b ~nJn rged view of a) show ing indi vidual BN particles lost on th 
chipped surface. 



Figure 6.15c En larged view or a) showing the d ·vclopmcnt or chipping into tl1c 

undamaged region . 
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Figure 6.16 Tool wear vs. utting speed when ma hining Hardfacing B 
(F0.25rnm/rev, DOC0.65rnm). 

Figure 6.17 Tool wear mode when machining Hardfa ing B at a ·utting speed of 
45rn/min ( 0.25mm/rev, 0.65mm). 



and, in addition to losses of individual parti cles, fragmentati on of the tool materi al 

has occurred, leading to an increased rate of material loss fro m the cutting edge. The 

fl ank wear land, although enl arged, has stil l kept a relative ly regular shape. Intensive 

grooving was observed on the wear land . In addition, fl aking damage has occurred on 

the cutting edge, but only on a small scale. 

Further increases in the cutting speed did not result in any significant di ffe rences in 

terms of perceived cutting load or vibration of the lathe. However, the insert suffered 

from much more severe damage. Figure 6.19 shows a cutting edge after cutting at 85 

rn/rnin for I minute. The fl ank wear land was significantly larger than that developed 

at lower speeds (Figure 6.17 and Figure 6.18). As shown in Figure 6.20, particle loss 

has occurred in the fl ank wear region in addition to the grooving. Thi s suggests a 

much higher contact loading from .the large carbides and at thi s speed the 

abras iveness of the carbides is probably the main cause of the fl ank wear. 
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Figure 6.18 Too.I wear when machini ng Hardfac ing B at 65 m/min (F0.25mm/rev, 
DO 0.65mm). 

\ I I f ~ : 

200UM-

l •. 
;r""' <i,.;. . , ... 

-· 
, . 

~ .. 
·-

. < . 
-:~~ 

11; ,x, ,.-i 
1t i ,, ( 

I 

Figure 6.19 Tool wear when machining Hardfac ing B at hi gher speed (85 m/min. ) 
show in g severe damage of the cutting edge and the nank of the tool 
(F0.25 mm/rev, DO 0.65mm ). 



Figure 6.20 Ridged surface on the flank of the tool when machining Hardfacing B 

showing abrasive wear process. 



6.2 INDUSTRIAL CUTTING TEST RESULTS 

6.2.l INTRODUCTION 

Table 6.3 Cutting conditions for the industrial tests. 

Tools CBNl, CBN2, CBNJ, CBN4, CBN5, CBN6 

Tool holder CRSNL2525 

Cutting Rough cutting: S50-75m/min, F0.15-0.25mm/rev, DOC 0.5-0.75 mm 

condition Smooth cutting: 65-1 00m/min, F0.25 mm/rev, DOC 0. 75-1.0 mm 

Finish cutting: 80-1 00m/min, F0. l mm/rev, DOC 0.1 mm 

In these tests, inserts were used for rough cutting, smooth cutting and fini sh cutting 

as listed in Table 6.3 . In rough cutting, the rough weld skin was removed and, as a 

consequence, the cutting was rough and intermittent and lower cutting speeds were 

used. In smooth cutting, a thick layer of workpiece material was removed to meet the 

required geometry. In these two processes, the insert li fe was determined empirically 

by the observation of the operator, e.g. the portion of the lost cutting edge, the 

vibration and loading condition, etc .. 

In order to explore the possible potential of each material, the cutting was stopped 

whenever the insert appeared to have lost its cutting capability. This was emp.irically 

determined by sensing the cutting force and vibration of the machine. Some fi xed 

time cuttings was undertaken with CBNl in order to investigate the tool fa ilure 

process. The cutting life of each insert was recorded and the average value was used 

to represent the tool life. Some of the used cutting tool inserts were thoroughly 

cleaned and coated with gold before being examined in the SEM. In addition , the 

performance of various tool materia ls under finish cutting conditions was assessed in 

terms of the average surface fini sh they achieved. 
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6.2.2 CUTTING PERFORMANCE OF PCBN MATERIALS 

Tool life 

Figure 6.21 shows the average cutting tool life of various CBN inserts. CBN I 

achieved the longest tool li fe but about 5% of these inserts suffered from premature 

failure (fai led within I minute). CBN2 achieved reasonahle tool life and showed 

much better performance in the smooth cutting or smaller components than in rough 

cutting or large components. In addition, the CBN2 tools demonstrated very 

consistent performance, i. e. good reliabi lity. CBN3, and CBN5 on ly lasted a few 

minutes and therefore could not meet the required standard fo r production 

machining. CBN4 lasted only a very short time and suffered from gr ss fracture. 

CBN6 achieved a similar tool life to CBN2 but some inserts suffered from premature 

fa ilure. 

Figure 6.22a shows a typical used CBNI showing the decrease in the cutting edge. 

The extent of the deer ase of the cutting edge was measured and the average va lu , 

for each material is presented in Figure 6.22b. This rough ly reflects the lost vo lume 

of the tool edge. BNJ has much lower edge decrease than other tools, while BN2, 

CBN3 and CBN5 showed similar edge decrease. BN4 fractured totally, so no 

measurement was made. 

In the cutting process, the temperature of the cutting zone is very high. Glowing of 

the cutting tip and red-hot chips were observed even when a new insert was use I. 

With increased cutting time, as tool wear increases, the temperature gets higher. An 

on-site measurement using an infrared pyrometer showed that local temperatures in 

the region of 750-800° were developed during the cutting process when using 

BN I and BN2, irrespecti ve of the tool material 
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Figure 6.21 Average cutting tool li fe of the CBN inserts. 

Figure 6.22a A typical used insert showing the decrease of the cutting edge. 
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Cutting forces were not measured but it was apparent that these fo rces were 

comparable using different tool s under similar conditions. The cutting fo rces and the 

vibration of the machine were much higher in rough cutting than in finish cutting. 

When cutting at hi gher speed, feedrate or depth of cut, both cutting fo rces and 

vibration appeared to increase. 

Surface finish 

The hardfaced parts are normally used in environments where they are exposed to the 

abrasive wear and the surface requirement is 2.5-3 .2 ~LmRa. This range of sur face 

fini sh could be checked visual ly by the operator. However, the surface finish 

achieved with some CBN inserts was measured using a portable Rank Taylor hobson 

'Talysurf and the results are shown in Figure 6.23. Under .li ght cutting, the surface 

fini sh achieved by the four inserts met the engineering requirements but CBN l 

produced the roughest fini sh. 

6.2.3 TOOL FAILURE MODE 

CBNl 

In rough cutting because the process is rough and intermittent, the cutting speed and 

feed are normally reduced. Figure 6.24 shows a cutting edge after cutting for a very 

short time (about 40 seconds). Chipping has clearly initi ated at the lower edge of the 

chamfer, which is similar to the wear mode observed in the laboratory cutting tests. 

The chipped surface is rough, showing that loss of CBN particles is the predominant 

damage at thi s stage. 

Figure 6.25a shows the edge of a tool insert 15 minutes cutting. Despite significant 

fl aking of the rake face and some damage to the edge of the tool, it was still sharp 

enough to cut effectively. Detai led examination of the flaked face damage revealed 

transgranular cracking had occurred (Figure 6.256) and cleavage steps can be 
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Figure 6.25a Genera l view of CBNI insert showing flaking of the rake face. 

Figure 6.25 b Details of the flaking surface showing trans granu lar fracture. 

Figure 6.25c lose-up view of the near edge region of Figure 6.25a showing 
intergranular failure. 



observed. Damage to the flank , however, (Figure 6.25c) is typ ica l of intcrgranular 

fracture and the whole particle has been removed. 

After longer cutting time, the effect of higher cutting forces and temperatures could 

be observed and the failure of the cutting edge became much more unpred ictable and 

irregular. As shown before in Figure 6.22a, larger portions of the cutting edge were 

removed by chipping and fracture until it lost the ability to cut effectively. 

CBN2 

Figure 6.26a shows the cutting edge of a CBN2 insert after controlled cutting for 8 

minutes. Flaking has occurred on a much larger scale compared to CBN I (Figure 

6.25a). As shown in the photo, patches of the workpiece have adhered to the 

fractured surface. This agreed well with the quasi-static adhesion test results, in 

which a strong adhesive junction formed between the workpiece cone and BN2. 

Other tool materials showed very limited adhesion to the workpiece. 

Figure 6.266 shows a close up view of the adhered workpiece material and local 

cracking of the tool can be clearly seen as indicated by the arrow. lt is also possible 

that, once strong adhesion has occu1Ted, the tool material may be torn away when the 

adhered material is removed by the moving chip. 

Figure 6.27a shows a typ ical failed cutting edge of a BN2 insert. A much larger 

portion of the edge has been lost which indicates that latera l fracture of the cutti ng 

edge has occurred. Figures 6.27 b and c show the near-edge region and the flaked 

surface. The flaked surface is flat indi cating tansgranular fracture, whil in the near 

edge region, a lot of loose CBN pa11icles could be observed due to particle bonding 

failure. 
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Figure 6.26a General view of CBN2 insert showing flaking of the rake face and 
adhered workpiece material. 

Figure 6.26b Close-up view of a) showing workpiece material adhering to the tool 
surface. The arrow indicates crack development into the tool material. 
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Figure 6.27a A typica l cutting edge of a used CBN2 too l. 

Figure 6.27 b Detail of the flaking surface. 

Figure 6.27c Close-up view of the near edge region of Figure 6.25a showing the 
loose particles due to intergranular fai lure. 



CBN3 

In the cutting process, BN3 inserts lasted only a very sho1i time. The fa ilure mode 

of the insert, as shown in Figure 6.28a, is clearly fl ak ing of the rake face. The flaked 

surface is very flat with very limited crack defl ection as shown in Figure 6.28b. 

Figure 6.28c shows the detail of the near-edge region, where fa ilure along the partic le 

boundary appears to have been the main fai lure mode. In addition, it is al o clear that 

the binding phase has been eroded away, which will leave the BN parti cles 

unsupported and therefore easier to be removed from the tool surface. 

CBN4 

The two CBN4 inserts tested both fractured under the clamp after a short time cutting 

(Figure 6.29a). The inserts fractured into large fragments with irregular shape and the 

curved fracture path is typical of fa ilure of an aggregate e.g. rock (Figure 6.29b) . 

Detailed observation revealed that the cracks have preferentiall y gone through 

particular orientations of particles instead of evenl y through the particles and the 

binding phase, as in the fl aking process (Figure 6.29c). 

BNS 

Figure 6.3 0a shows a general view of cutting edge of a BN5 insert. As was the case 

with BN I- BN3, fl aking and chipping of the cutting edge are the main wear 

modes. f n addition, obvious delamination of the fl ank face has occurred. rigur 

6.30b shows a close-up view of the delamination . The surface is fl at and indi ates a 

fas t fracture process. Cracking (arrowed) has occurred some distance from the cutting 

edge and goes parallel to the rake face, which will poss ibly cause fl aking of the rake 

face later in the cutting process. Figure 6.30c shows the detail of the fl ak ing on the 

rak face. The bas ic fai lure mode is transgranular fracture but much more crack 

deflection has occurred as it goes through individual particl s. 
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Figure 6.28a Failure mode of CBN3. 

Figure 6.28b Detail of the flaked surface. 

Figure 6.28c Close-up view of the near edge region showing the loose BN 
particle and the binder phase being eroded away. 



Figure 6.29a Fragments of the CBN4 tools fractured underneath the clamp. 

Figure 6.29 b Enlarged view of the fragment surface 

Figure 6.29c lose-up view of b) showing the fracture of the BN particles. 
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Figure 6.30a General view of a failed cutting edge ofCBN5 showing :flaking of the 

rake face and the de lamination of the flank face 
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Figure 6.30b Detail of the delaminated surface and cracking of the cutting edge 

Figure 6.30 c Detail of the flaking surface 



CBN6 

CBN6 lasted a relative ly long time and give sati sfactory performance. /\. typica l 

fai led cutting edge is shown in Figure 6.31 a. Flaking on the rake face is agai n the 

main wear mode and Figure 6.31 b shows the detail of the fl aked surface. The surface 

is flat with limited crack deflection. The flaking surface also shows that porosity 

existed both within the particles and the boundary regions. 

Another characteristic of CBN6 is the delamination of the flank face and it has 

extended down to the tungsten carbide substrate. Figure 6.32c shows a close-up view 

of the flank face near the cutting edge. The delaminated surface is nat indicating 

transgranular fracture. It can also be seen that severe cracking has developed over the 

cutting edge, which would probably cause flaking of the rake face later in the cutting 

process. In addition, not many loose particles could be observed in the near-edge 

region, which suggests strong bonding between the particles and the binder. 
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Figure 6.31a A general view of a failed cutting edge of CBN6 showi ng flaking of 

the rake face and the delamination fracture of the flank face extending 

down to the substrate. 

Figure 6.31b Detail of the flaked surface. 

Figure 6.31c Close-up view of the cutting edge showing cracking. 



CHAPTER 7 TEMPERATURE MEASUREMENTS AND 

NUMERICAL SIMULATION RESULTS 

7.0 INTRODUCTION 

This chapter contains the temperature measurement results using the set-up described 

in Chapter 3. The remote thermocouple method is not as sensitive as when the 

thermocouple is put closer to the cutting zone. However, it is more fl exible and 

yields more consistent results (Chow and Wri ght, 1988). In add ition, both the tool 

material and the workpiece material in these tests are very difficult to machine e.g. 

drilling a hole for an embedded thermocouple. The temperature when machining 

hardfacing has rarely been assessed before, so the temperatures generated when 

machining titanium alloy and mild steel were also measured under similar cutting 

conditions as a basis for comparison. 

The heat transfer process involved in the cutting operation has been analysed by 

means of the finite element method, using ANSYS so ftware, which is abl e to take 

into account the dependence of temperature on the thermal conductivity coefficients 

of the tool material s. The temperature - time distribution at any location in the tool 

for a given tool-chip interface temperature cou ld be determined. Therefore the 

average tool-chip interface temperature could be predicted using the measured tool ­

shim temperatures. 

7.1 THE MEASURED TOOL-SHIM INTERFACE TEMPERATURE 

Figure 7.1 shows the increase of the measured temperature at the tool- him interface 

with cutting time, when cutting at a speed of 65m/min and a feedrate of 0.25mm/rev. 

When the cutting started, the temperature at the tool -shim interface increased very 

quickly. After 15 - 20 seconds the temperature increased more graduall y. The 
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temperature when machining the four workpiece materials all showed the same trend, 

with similar periods of rapid increase before reaching a stab le stage. 

Different temperatures were generated at the tool-shim interface fo r each of the 

workpiece materi als. The measured temperature when machining titanium all oy was 

the hi ghest, over 350 °C after cutting for 60 seconds. Thi s is mainly due to the hi gh 

strength and the low thermal conductivity of the titanium alloy (S tephenson and 

Agapiou, 1996). The measured temperature when machining the Hard fac ing A (fine 

structure), was also at a high level, about 40 °C lower than that of the titanium alloy. 

It should be noted that the temperature of Hardfac ing A is obviously higher than that 

when machining Hardfac ing B, which suggests that the mi crostructure of hardfac ing 

material has great influence over the cutting temperatures. This is poss ibly due to that 

Hardfacing A has a more ductile matrix, which can absorb more energy through 

pl astic deformation. Mild steel has a much lower strength than the other three 

workpiece materials, so the measured temperature was the lowest one, as shown in 

Figure 7.1. 

Average measured temperatures between 30 - 60 seconds have been calculated to 

represent the temperature reached under different cutting parameters. Figure 7.2 

shows the measured temperatures at di ffe rent cutting spe ds. Five speeds have been 

used (35, 45, 65,85 and 125 m/min) to as ess the effect of the cutting speed on the 

tool-shim temperature. When machining the hard fac ing materials at the hi ghest speed 

( 125 m/min), the machining process was extremely unstable due to very hi gh cutting 

fo rces and no stable result was obtained. 

As shown in the curves (Figure 7.2), the measured temperatures increased with the 

cutting speeds in all cases. The temperature achieved when machining titanium alloy 

and mild steel were more stable increase than those of the hardfac ings. When 

machining Hardfac ing A, a significant temperature increas was observed when the 

speed increased from 45 m/min to 65 m/min . 
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Figure 7.3 shows the temperatures measured at different feed ra tes. All the measured 

temperatures increased smoothly with feed rate. The temperature when machining 

titanium alloy has showed the most significant increase and at a feedrate of 0.35 

mm/rev, reached over 400 °C. The two hardfacing materials exhibited similar trends, 

but the hi gher rate of increase was found when machining Hard facing A. 

7.2 FINITE ELEMENT SIMULATION RESULTS 

7.2.1 THE FEA MODEL 

In the cutting process, once the workpiece engages with the tool tip, a hi gh 

temperature will be generated in the face of the tool -chip contact region . Thi s heat 

wi ll transfer to the tool insert and further into the supporting shim, top clamp, the 

tool holding system of the turret. This process was simulated using an FEA model, 

including the temperature increase with cutting time and the temperature distribution 

within the system. 

In this work, a two-dimensional heat transfer simulati on model was used as shown in 

Figure 7.4. The set-up of the simulation model includes the tool insert, the supporting 

shim, the top clamp, the tool holder, and clamping block on the tool turret. The 

remaining parts of the turret and the lathe were not included because thermocouple 

measurements demonstrated that within the shank there were very low temperature 

variations with respect to room temperature (Casto et al, 1994). 

Before running the simulation, the whole model had to undergo finite element 

discreti sation. The model was meshed with 1030 elements. The element type used 

was Plane 77, which is a 2-D quadrilateral element with eight nodes (ANSYS 

Version 5.4). The parts far from the cutting edge were meshed by coarse elements 

whi le the mesh became finer as it approached the cutting zone (Figure 7.5). The 

reason for this is that the closer to the cutting zone, the more intense will be the heat 

exchange between the elements, and the finer mesh is needed to increase the 

accuracy. For the tool holder and the clamping block of the tL11Tet, the heat exchange 
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will not as significant as in the parts near the insert and therefore a coarser mesh was 

app lied to reduce processing time and increase effic iency. 

7.2.2 BOUNDARY CONDITIONS AND MATERIAL PROPERTIES 

In the initial stage, i.e. at time zero, the who le system was assumed at a constant 

ambient temperature 293 K (20°C). In the early stages (within 1 minute) the heat 

generated over the flank face of the tool was very limited (Younis, 1992), so the 

temperature ri se of the system was mainly due to the heat generated over the too l­

ch ip contact length. This input was simulated in the model by applying therma l 

loading onto the contact region (Figure 7.5). 

The system is surrounded by air and some of the heat wi ll lost by radiation, 

conduction and convection. However, since air is very good heat insulator, this part 

of heat loss will be very small compared to that through the tool , therefore, it could 

be neglected (Lipman et al, 1967, Tieu et al, I 998). 

Three materials properties need to be specified for the model; density (p), thermal 

conductivity (k) and specific heat (Cp ). Density is assumed to be constant, whi le the 

other two properties are temperature dependent, especially for the tool materi al. For 

the tool steel, constant thermal conductivity and specific heat were used since they 

would not vary significantly within the temperature range encountered in the tests. 

Table 7.1 & Table 7.2 li sts these parameters for PCBN materials and the steel for the 

tool holding system. 
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Table 7.1 Properties of P BN at different temperatures (De Vries, 1972) 

k(W/mm K) p (J/kg K) p (kg/mm-1 ) 

293 .1 5 K (20 °C) I 00e-3 1000 

373.15K (] 00 °C) 1 00e-3 1045 

573 .15 K (300 °C) I !Oe-3 1496 3. 12 e-6 

773.15 K (500 °C) 120e-3 1618 

973.15 K (700 °C) 125e-3 1914 

1173.15 (900 °C) 130e-3 1966 

Table 7.2 Properties oftoolholder steel (Younis, 1992) 

k (Wlmm K) Cp (J/kg K) p (kg/mnf 1
) 

Tool steel 47 e-3 486 7.8e-6 

7.2.3 SIMULATED TEMPERATURE DISTRIBUTIONS AND TOOL - CHIP 

TEMPERATURE 

In the simulation process, the temp rature of the tool inse rt and its holding sy. tern 

increases v ith cutting time. For an input av rage t mperature on the contact length , 

the temperature distribution of the system at any time could be determined. Figure 

7.6 shows a typical temperature distribution for the system (at time = 30 se onds). 

The temperature contours are represented by different colours, which allow the 

temperature regions to be clearly distinguished. [t hould be noted howcv r that the 

r gions with si milar colour ar not necessarily all at the same temperature b ause 

explicit values of the temperature of each node or element could be read out by the 

program. 

As shown in the Figure 7.6, igniticant temperatur ri se has occurred in th tool and 

the supporting shim (red, yellow and green in c lour). The temperature of top clamp 

and a small part of the tool holder has also incr a cd (Light blue). How r, the tool 

holder and the turret clamp are basically still in their original temperature (dark blue). 
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Figure 7.6 Temperature distribution of the system (K). 
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This shows that the original assumption to model this sub-system instead of the 

whole machine as a heat sink was valid. 

Figure 7.7 shows the temperature distribution of the tool tip. The high temperature 

was concentrated on a small portion of the tip (red in colour). The temperature 

dropped quickly from the tool surface into the bulk of the tool insert. Figure 7.8 

highlights the temperature distribution of the tool-shim interface region. The 

temperature reached at the tool-shim interface was significantly lower and the 

temperature gradient was not as high as in the region near the cutting zone. The node 

temperature at the thermocouple location could be easily read and recorded. For each 

tool-chip interface temperature, there will be a corresponding tool-shim temperature 

value at this location. 

Table 7.4 lists all the measured insert temperatures and the predicted average tool­

chip interface temperatures. The predicted average tool-chip temperature when 

machining titanium alloy was much higher than that of the two Hardfacings. The 

some reported average tool-chip interface temperatures, 700-900°C, at similar 

conditions (Hartung et al, 1982). The simulated tool-chip temperature when 

machining Hardfacing A is ranged between 600-700 °C, while the temperature for 

Hardfacing Bis lower (600°C). 
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Figure 7.7 
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Table 7.5 Simulated tool-chip interface temperatures 

Cutting parameters Measured Predicted 

(rn/min, mm/rev) T,ool-shim K (°C) T,ool-chip K (°C) 

S65, F0.15 571 .3 (298.15) 880 (606.85) 

S65, F0.25, 629.9 (356.75) 991 (717 .85) 

Titanium S65, F0.35, 695.9 (422.75) 1130 (856.85) 

S85, F0.25 637.9 (364.75) 10 12 (738.85) 

S125, F0.25 679.4 (406.25) 1097 (823.85) 

S65, F0.25 589. 1 (3 15.85) 915 (641.85) 

HF-A 
S65, F0.35 633.4 (360.25) 998.4 (724.85) 

S85, F0.25 611.9 (338.75) 960 (686.85) 

HF-B 
S65 , F0.25 568.6 (295.45) 874 (600.85) 

S65, F0.25 517.7 (244.55) 773 (499.85) 

Mild steel 
S65, F0.35 529.8 (256.65) 797.4 (524.25) 

S85, F0.25 529.4 (254.25) 797 (523.85) 

Sl25, F0.25 587.8 (314.65) 912 (638.85) 
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CHAPTER 8 DISCUSSIONS 

8.1 CHIP FORMATION OF THE HARDFACING MATERIALS 

As shown in the quick-stop and chip samples, saw tooth chips formed with the 

hardfacing material s. It is clear that the separation of the chip segment from the 

workpiece was limited to a nan-ow region. This type of saw tooth, or cyc li c chip, has 

been found with some workpieces such as titanium alloys, hardened 4340 steel, case 

carburi zed steel and Jnconel 718 (Shaw and Vyas, 1998, Stephenson and Agapiou, 

1996). 

This type of chip formation depends on the thermal and physical properties and the 

metallurgical state of the workpiece materi al, as we ll as on the dynamics of the 

machine structure and cutting process (Stephenson and Agapiou, 1996). Thus, hi gh 

hardness, hexagonal close-packed structure and a low thermal conducti vity are 

determining factors as in the case of titanium alloys. The overall effect of these 

thermomechanical-metallurgical characteristics of the work materi al is to concentrate 

deformation in a narrow region and resi st deformation in the bulk of the segment 

(Komanduri and Schroeder, 1986). In addition, inhomogeneity of the workpiece 

microstructure and low rigidity of the tool or workpiece will also encourage the 

formation of thi s type of chip. For the hardfacing materials in thi s work, the 

microstructure contains large quantity of ca rbides, whi ch inhibit deformation within 

the chip segment. Thus the shearing or cracking process to form the chip segment 

was limited to a narrow region extending from the tool edge to the free surface of the 

workpiece. In addition , the carbides retain their hard ness at high temperatures and 

thi s w ill decrease the tendency to bulk deformation of the chip segment. 

Figure 8.1 shows, schematically, the chip fo rmation mechanism for a hardfaci ng 

materi al, which consists of two stages. In the first, crack initiation occurs at the free 

surface of the workpiece and proceeds downwards along the shear plane towards the 

tool tip . In the second stage, the segment is di splaced and separated from the 

workpiece material. 
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As a result of lower level of compressive stress and , at the same time, hi gh shear 

stresses, a crack is fo rmed in the surface of the workpiece at the point where the 

critical shear stress is first exceeded (Konig et al, 1994, Shaw and Vyas, 1998). For a 

homogenous workpiece material , e.g. titanium alloy, cracks was regularly formed on 

the surface in front of the cutting tool thereby resulting in regular-segmented saw­

tooth chips (Shaw and Vyas, 1998). However, for the hardfacing materials in thi s 

work, the microstructure is extremely heterogeneous and this will alter the stress 

di stribution and lead to variations in the chip segment size, as shown in Figure 5.4 

and Figure 5.5. 

In the second stage of chip formation, the material between the segment and the 

parent workpiece is confined in a narrow region, shown in Figure 8.1. One 

significant characteristic of the hard facing materi als is the fracture of the carbides in 

thi s stage. This agrees with the model of Shaw and Vyas (1998) where fracture plays 

the main role in the chip formation for a hard material. 

8.2 DEFORMATION OF CARBIDES AND THEIR rNTERACTION WITH 

THE TOOL 

Cutting energy consumption is bas ically connected with what happens during the 

chip-formation process. For the hardfacing material s, the deformation of the carbides, 

especially the large primary carbides, plays a cri ti cal role in the chip formation 

process. In addition, their interaction with the tool in the cutting process is also 

critical to an understanding of the tool wear process. 

Figure 8.2 schematically shows the deformation zone involved in the cutting of the 

hardfac ing materials. Besides the normal three deformation zones for homogeneous 

material s (Shaw, 1984, Trent, 1991 ,), a large deformation zone exists, ahead of the 

cutting edge, deep into the workpiece when large carbides are present. 

In the primary deformation region, carbide fracture was identified in the quick-stop 

samples. The fine carbides were fractured and moved into the base of the chip. When 
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large primary carbides were encountered, they cleaved ahead of the cutting edge and 

the subsequent chip formation process actually progressed within the eutectic matri x 

and these carbide segments. 

Two possible processes may have contributed to frac ture of the large carbides. In 

cutting, there is a steep stress gradient in front of the tool and a strong stress 

concentration in the form of the relative sharp cutting edge. When the matrix is not 

tough enough to absorb the energy, the bending moment resulting from the cutting 

force could be suffic ient to cause cracking of the large carbides. Another possibl e 

energy source to cause carbide cracking derives from the action of the tool chamfer 

on the matrix. When the tool is forced into the workpiece, a stress pattern is 

generated around the edge region with the maximum stress at the chamfer (Koni g et 

al, 1994). The hardfacing matrix within the edge region will be hi ghl y strained due to 

its high workhardening ability and energy is transferred to the carbides, which are of 

lower fracture toughness compared with the eutectic matrix (Lee et al, 1996). 

As revealed by the microscopy of the chip (Figure 5.4 & 5.5), in the secondary 

deformation zone, the base of the chip has undergone very limited plastic 

deformation and the matrix of the hardfac ing was not continuous enough to prevent 

the direct interaction between the carbides and the tool surface. Thi s wi .11 exert high 

mechanical and thermal load ing on the rake face. 

Jn hard machining, a welded layer of workpi ece material on the tool surface protects 

the cutting edge from severe abrasive wear (Takatsu et al, 1983 , Oishi et al, 1992, 

Chen, 1993). [n the test with CBN l , observation of the cutting edge indicated no 

significant adhesion between the workpiece and the tool material, as shown in Figure 

6. 1. Thus, the potential protective effect fro m a built-up layer is very limi ted . This 

agrees well with the quasi-static adhesion test results, in which it was found that no 

adhesion formed between the too l material and the cone of chromium-carbide-based 

materials at temperatures up to I 050°C. The reason for this is poss ibly the very high 

carbide content of the workpiece and the high CBN content of the too l material 

(Takatsu et al, 1983). 
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Another characteristic connected to the secondary deformation zone is the short chip 

contact length with the hardfacing materials. Comparing the measured contact length 

in thi s work with published results involving machining other engineering materials 

(Trent, 1991 , Balazinski, 1993), the deformation characteri sti cs of the hard fac ing 

material resulted in relative ly short contact length between the chip and the tool. 

Thus, for a given cutting force, higher unit stress will be involved on the too l face, 

especially in the chamfer region (Takatsu et al, 1983). 

In the tertiary deformation zone, interaction of the fractured carbides and the fl ank 

face of the tool insert occurred, as shown in the qui ck-stop pictures and the 

subsurface study. The deformation of the carbides indicates that high mechanical and 

thermal loading occurs in thi s region. The hardness profile under the transient surface 

showed that a high temperature region existed and the way the carbides have been 

deformed suggests that, possibly, the temperature has exceeded the brittl e/duct ile 

transition temperature (BDT) of the carbide at around 600°C i.e. 0.3 Tm, about 

1800 °C for chromium carbide crystals (Kosolapova et al, 197 l ). 

8.3 CUTTING FORCES AND TEMPERATURES 

8.3.1 CUTTING FORCES AND STRESSES ON THE TOOL 

No direct measurements of cutting forces were made in thi s work but the spindle 

power required when machining hardfacing materials was monitored and compared 

with that for case hardened steels. In machining process, on the same machine and at 

similar cutting conditions, the cutting energy required was much higher when 

machining hardfacing materials than when machining the hardened steel. 

The spindle power Ps is 

ps ~ Q • µs, 

where 'Q' is the material removal rate per unit time and is given by the product of the 

feed rate, cutting speed, and depth of cut (Q = V • f • d). \ls' is the power r quired to 

cut a unit volume of workpiece material. Among many eng.ineering materials, 
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hardened steel has the highest unit power requirement (S tephenson and Agapiou, 

1996). Therefore, it suggests that hardfac ing material s have even higher unit power 

requirements. 

A major reason for the high cutting forces is related to the high strength of the 

carbides. According to Weinert (1994), the hardness of the carbides will sli ghtly 

decrease at 600°C and decrease rapidly above 900° . However the average cutting 

temperatures as li sted in Table 7.5 were lower than this leve l. In other w rds, the 

cutting temperatures were not high to significantly soften the carbides. As discussed 

above, the deformation of the carbides plays a dominant part in the chip formation 

process and their retained high strength at the cutting temperature will result in 

higher cutting forces. 

The hi gh cutting forces, app lied via a short contac t length , wi ll result in high stress at 

the tool tip. In addition, according to Davies et al (1997), discontinuou chip 

formation is inherently unsteady and produces periodic cutting forces. At IO\ cutting 

speeds, the amplitude of the force variations is large, especially with nega ti ve rake 

tool geometry. As a consequence, the c tting edge is under cycli c loading and this is 

damaging to the tool especially in the near edg regions. 

8.3.2 CUTTING TEMPERATURE AND ITS EFFECT ON THE CUTTING 

PROCESS 

As shown in Figure 7.1-7.3 the temperatures generated in cutting hardfacings are 

higher than when machining mild stee.1 under similar cutting conditions but lower 

than those with titanium alloy. Jt was al so clearl y shown that the temperature when 

cutting Hardfacing A was much higher than with Jfardfacing B (which contained 

coasse carbides). This .i probably due to that more matrix being in olved in the 

sh aring process during chip formation . 

utting temperatures may ha e affected the cutting process in two re p cts: the 

deformation of the workpiece material and the wear of the too l. ln the chip formation 
' 
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process, a higher temperature will usually softens the work piece and thus eas ing the 

cutting process, i. e. reducing the strength of the workpiece and hence the cutting 

forces. In the machining of the hardfacing in this work, even though the cutting 

temperature will not significantly so ften the carbide it wi ll soften the matri x and 

reduce its ability to hold the carbides. 

On the other hand, high cutting temperatures will also raise the temperature of the 

tool but the range of the tool :chip temperatures achieved will not significantly affect 

the strength of PCBN material s (Figure 2. 16). This demonstrates the superiority of 

PCBN tool s in hot machining because the temperatures reached will so ften the 

workpiece but will be below that required for rapid wear for PCBN tools. 

8.4 TOOL FAIL URE PROCESS 

From the laboratory cutting tests and the fi eld cutting tests, the tool failure process 

was seen to be progressive and staiiing from micro-chipping which eventuall y led to 

large scale fracture. Figure 8.3 schematica lly shows the main stages invo lved in the 

process. 

In the earl y stages (Figure 8.3a), tool wear was concentrated on the lower edge of the 

chamfer and the main failure mode was clearly micro-chipping, as shown eari er in 

Figure 6.9 - 6.12. This type of chipping wa on a very small scale and started at 

isolated locations and e entually spread over the whole low r edge of the tool 

chamfer. By the end of thi s stage, the lower edge of the chamfer had become 

chipped. This type of chipping has been reported in machining some other difficult 

work- piece material s e.g. machining Ni-Hard with BZN tools (Fillmore and Ladd, 

1981 ). It was also found that chipping on the lower edge of the chamfer was the 

predominant mode of tool wear. 

The mam reason for thi s is probably cutting tip overstress. The tool chamfer is 

incorporated to protect the cutting edge from gross fracture but there is a steep stress 

gradient in advance of the tool and a high stre s concentration at the relatively sharp 
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cutting edge (S tephenson and Agapi ou, 1996). The lower edge of the chamfer is 

subjected to the highest loading condition and thi s probably leaves it vulnerable to 

chipping damage. 

[n the second stage of damage (Figure 8.3 b), the chipping has further developed both 

on the chamfer and futther down to the fl ank land and has resulted in the loss of the 

chamfer and blunting of the cutting edge. In thi s process, the most signi fica nt wear 

mode is particle loss and small fragment fa ilure. After the lower edge the chamfe r 

has lost its original geometry, the interaction between the under side of the chip and 

the chamfer surface become more significant. 

In th final stage (Figure 8.3c), the cutting edge has lost it original hape, especially 

the chamfer and a much higher feed force will be applied to the cutting edge which 

leads to further fl aking. Accumulation of the e fracture processes eventually destroys 

the cutting edge and causes the tool to lose its cutting ability. 

8.5 WEAR MECHANISMS OF THE PCBN MATERI ALS 

The three main wear form s identified in the cutting te ts were fl ank wear, hipping 

and fracture of the tool materials. In these processes, different mechani sms hav been 

involved and are di scussed below. 

8.5. l MECHANISM OF FLANK WEAR 

As shown in Figure 6.14b and Figure 6.20, grooving was the most significant feature 

of the fl ank wear land for both workpiece mat ri als. Jt has b en well established that 

mechanical loading, thermal loading and chemi ca l effects may all contribute to the 

wear of CBN tools in machining hard ferr us materials (Klimenko et al, 1992, hen 

1993, Konig et al, 1993 ,). Due to the high arbide content in the microstructur of the 

hard fac ing material high mechanical loads may have played more acti ve ro le · than 

with more homogeneous workpieces. Alth ugh, the c nstituents of the tool mat ri als 

( BN and AIN) are harder than the carbides and the matrix of the workpiece 
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material, it is still possible that the tool wi ll suffer 'soft' abrasive wear (Chou and 

Evans, 1997). 

As shown in Figure 6.6, flank wear was at a minimum level at a surface speed or 65 

m/min. At speeds higher or lower than thi s, the wear rate increased. This is due 

todifferent influences of cutting speed on the flank wear. At lower speeds, the 

temperature of the workpiece is relatively low and this results in increased 

mechanical loading and rapid flank wear. At hi gher speeds, thermally- induced 

softening of the workpiece is not suffici ent to offset the effect of speed-related 

mechanical wear. 

8.5.2 MECHANISM OF THE CHIPPING PROCESS 

Both .intergranular and transgranular fracture have been involved in the chipping 

damage to the cutting tool s. However, the two mechani sms have played different 

roles at particular stages of the damage process. 

CBN crystals are made up of two interpenetrating face-centred cubic latti ces, one of 

boron atoms and the other of nitrogen atoms and they show a tendency to cleave on 

the { 11 0} plane. Transgranular fracture was observed, but only during the initi al 

stages of tool wear. The predicted tool:chip temperatures in machining the hard 

facing material were well below 900°C, however, the brittle:ductile threshold 

temperature, above which the dislocation volume rapidly expands, is 900° (Brookes 

and Lambert, 1982). Therefore dislocation movement is extremely limited below 

900°C. When the applied stress, resolved onto the cleavage plane, exceeds the 

fracture stress and cause crack of CBN particles as shown in Figure 6.1 1 and 

illustrated schematica lly in Figure 8.4. 

As revealed by the SEM study (Figures 6.10, 6.11, 6.15b and 6. 15c), intergranular 

fai lure was the predominant fai lure mode in the chipping process and it can be seen 

that thi s involves the initiation and propagation of cracks at the boundaries between 

the CBN particles (Figure 8.4). This type of failure r suits from the mi cro-structural 
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characteri stics of PCBN material s. ln the sintering process, PCBN materials form a 

very strong network giving a combination of high hardness and toughness. [t has 

been reported that there is limited bonding between CBN particles as a result of 

direct contact sintering, with additional bridging following the growth of the 

secondary phases (Walmsley and Lang, 1987). These authors also showed that AIN 

formed a continuous rind around CBN grain surfaces and that AIB2 fo rmed a 

continuous network between the individual CBN gra ins. However, the bonding 

products are not as strong or tough as the bulk material and are therefore susceptible 

to craclcing during the cutting process. ln addi tion, when large carbide particles in the 

work-piece are encountered, individual CBN grains can be di slodged. 

As shown in Figure 6.5 , there is a incubation period before chipping occurs. Thi s 

suggests that the failure process of these tool materials involves the fa ilure of 

individual connections between the particles. This eventually causes the fai lure of the 

tool material when the remaining connections are not strong enough to withstand the 

cutting load . As discussed before, the saw-tooth type of chip is associated with 

variation of cutting forces, which will encourage thi s type of fa ilure m chanism. In 

addition, when large carbides are encountered, they may impact on the particles and, 

eventually, tear them out. 

As shown in Figure 6.6 the scale of chipping has conti nuous ly increased with cutting 

speed. Cutting speed may enhance the chipping process in two ways. Firstly, 

increases the velocity of the workpiece (V,) (Figure 8.4) increase the cutting load 

Secondly, it increases the energy of the carbides before they impact on the BN 

particles, thereby increasing the tool wear rat . These two effects have offset the 

beneficial of increased speed on the cutt ing process by softening of the workpiece 

material. In other words, ' hot' machining cannot achieve is full potential when 

machining chromium-carbide based hardfacing material s. 

8.5.3 MECHANISM OF FRACTURE OF PCBN MATERIALS 

ln the later stages of damage, fl aking occurred in all the CBN materials us ·d. As has 

been shown in Figure 6.25-6.3 1 b, the frac ture has progressed evenl y through the 
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CBN particles and the binder, i. e. transgranular frac ture. This suggests that the 

fl aking process occurred at a rapid rate. Jn a study of the frac ture mechanisms of 

PCBN materials (Hooper and Brookes, I 984), a single impact test was used to 

fracture diamond and cubic boron nitride aggregates. Micro-fractography studies 

showed that, in all cases, the fracture propagated in a transgranular fashion with very 

little fracture of the interparticle bridges other than in the direction of cracking. 

However, it should be noted that the fracture surface of CBN4 showed much more 

crack defl ection than the other CBN materials, as shown in Figure 6.29c. The crack 

has clearl y gone towards a preferential orientation. This orientation is probably on 

the cleavage plane ofCBN single crystals, i.e. (110). 

8.6 REQUIREMENTS OF THE TOOL MATERIALS 

The requirements of the tool materials are determined by many fac tors, such as the 

workpiece material, the interaction between the tool material and the workpiece 

material, requirements of the machined surface fini sh etc. (Tonshoff et al, 1986). As 

shown in the cutting test results and in the earlier di scussion, the deformation 

behaviour of the hardfac ing materials and the wear of the tools suggests that for this 

application, the main requirements of a successful too l material will be abrasion 

resistance to withstand the effects of the carbide parti cles and toughness to withstand 

the cutting loads and so avo id large-scale fracture. 

Abrasion resistance is a very important property of a tool material fo r rough cutting 

conditions. This is mainly determined by the hardness of the too l materi al, specially 

the hardness at the hi gh temperatures generated in the cutting process. The 

microstructure of the hard fac ing materials was designed to provide abrasion 

resistance in service and thi s in turn, requires the cutting tool material to have high 

abrasion resistance itself. In addition, the deformation behaviour in cutting results in 

short chip contact length, thin chips and, thus, hi gh chip ve locity over the too l. These 

factors will intensify the severity of chip-tool interaction. As described earlier, severe 

interaction between the workpiece and the too l edge and fl ank occurs in the terti ary 
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zone during the cutting process and the tool material needs to have sufficient 

abrasion resistance to ensure acceptably low wear rates. 

High fracture toughness is another very important requirement for a tool materi al. In 

thi s particular application, the high and fluctuating cutting forces require that the tool 

materials have hi gh toughness to prevent gross fracture and reduced tool life. 

In the cutting tests carried in this work, some other tool materials such as tungsten 

carbide and whisker-reinforced Al2O3 tool s were also tested. However, they lasted 

only very short times due to excessive wear or fracture and therefore were not able to 

cope with the demands of production machining. PCBN tools were the only suitable 

tool s material s for this app li cation because of their good combination of high hot 

hardness and fracture toughness. 

In applications such as machining cast iron, the excellent abrasion res istance of 

PCBN tools has played an important role (Deming et al, 1993). However, m 

thehardfacing application, large scale of fracture occurred in the cutting process 

(Figure 6.25-6.3 1 ), and the P BN tool s could continue to be used until it has totally 

lost its cutting ability. In addition, the scale of tool fracture has a direct influence on 

the number of times an insert can be indexed thus, on the economy of a machining 

operation. Therefore the fracture res istance of a P BN materials will play a 

sign ificant role and should be a prime cons ideration in the future development of 

PCBN materials for this and similar applications. 

8.7 EFFECT OF MJCROSTRUCTURE OF PCBN MATERIALS ON 

THEIR CUTTING PERFORMANCE 

An analys is of the mechanical properties of aggregate materials requires a knowledge 

of the properties of their components, their volume fractions and information on the 

contiguity or amount of contact between the phases. Although the Cl3N tools arc 

from different ources, their performance still refl ected the innuencc of different 
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microstructural characteristics on the cutting performance of the materia ls m this 

application. 

All the tools used in the tests have relatively high CBN contents and thi s is essenti al 

to meet the requirements for hi gh abrasion resistance and toughness. Jn materials 

with lower CBN content, the particles are more isolated and this resu lts in reduced 

hardness and fracture toughness (Bossom, 199 1 ). As revea led in Chapter 4, most of 

the PCBN material s used in this work have dense structures but CBN l has an 

obviously higher CBN content and a denser structure than the others. Thi s is 

probably the main reason for its superior cutting performance and higher edge 

strength. This suggests that materials with a high volume fraction of CBN will be the 

most suitable for machining hard-facings and similar material s. 

Another important aspect of PCBN materials is particle contiguity. Thi s defines the 

extent of contact between a CBN particle and its neighbours. This is an important 

characteri stic in determining the strength of the CBN network and, thus, the bulk 

strength of the material. Contiguity depends mainly on two fac tors; materi al 

manufacturing parameters such as temperature and pressure and the ability of 

particles to deform plastically during the sintering process (Pullum and Lewis, 1990). 

CBN2 and CBNJ are from similar sources but SEM study of these materials revea led 

that CBN2 has a stronger skeleton than that of CBNJ and performed much better in 

machining trials. 

The PCBN materials used in this work were produced with particles of different sizes 

and the machining trials suggest that this may also be a significant fac tor in 

determining cutting tool performance. Of the six materials examined, CBN4 had the 

smallest particle size and showed the worst cutting performance, with the tools 

suffering gross fracture. CBN2 and CBN6 materials had larger particles and 

performed better in machining tests, presumably because the larger particles are 

better able to resist abrasion by the carbide particles in the work-piece. 
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In summary, it appears that dense stnicture, large particle size and strong inter­

particle bonding are all desira ble features of P BN materi als fo r machining hard­

faced workpieces. Thi s is exemplified by the performance of CBN I in the cutting 

trials. 
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS 

FOR FURTHER WORK 

9.1 CONCLUSIONS 

The machinability of chromium carbide based hard faci ng materials appears to be 

strongly related to their microstructural properties and, in particular, to the presence 

and deformation characteristics of large carbides. The formation of saw-tooth chips 

and short chip:tool contact lengths were di stinctive fea tures of the material removal 

process. Quick-stop tests revealed that the presence of large carbides inCTuenced the 

cutting process in three indentifiable zones. In the primary zone, the machining 

process involves fracture of the large carbides in advance of the cutting too l. Jn the 

secondary zone, the matrix is not sufficiently continuous to fo rm a protecting layer 

and contact with the under-side of the chip with fractured carbides will exert high 

mechanical and thermal loading condition to the rake face. In the tertiary zone, 

interaction of the fractured carbides and the fl ank face of the tool occurs, when these 

two surfaces move at very hi gh relative speed, whi ch leads to high mechanica l and 

thermal loading. 

Temperature measurements of the cutti ng process, using a remote thermocouple 

method, indicated that the average temperature generated at the tool:shim interface 

was higher than when machining mild steel but lower than when machining a titanium 

alloy under comparable conditions. Fi nite element analys is was used to calculate 

too l :chip temperatures based on those measured at the tool :shim interface. The 

predicted average temperature at the tool:chip interface was in the range 600-700 °C. 

At thi s level, PCBN material could maintained their hi gh hardness. 

The work demonstrated that PCBN cutting tools could be used successfull y to 

machine iron-based welded hardfac ings but that the nature and composition of the tool 

material was strongly influential on cutting performance and tool li fe. Studies of 

P BN materials from various sources, using both optical and scanning electr n 

mi cro copy, revealed significant microstructural differences and these clearl y 
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influenced cutting performance. It is apparent that a dense structure with strong inter­

particle bonding is essential for sati sfactory cutting performance in the appli cat ion 

considered; other facto rs e.g. large particle size also imporve the performance of the 

tool material. 

Cutting tests revealed the existence of four types of wear with the PCBN material s; 

fl ank wear, micro-chipping, fl aking of the rake face and delamination of the Oank 

face. Flank wear occurred as the result of abrasion, the severity of which was found 

to depend on cutting speed and feedrate. The principal mechanism of mi crochipping 

was found to be loss of individual CBN particles by the propagation of inter-particle 

cracks. Flaking of the rake face and delamination of the fl ank face occurred later in 

the tool damage process and both involved transgranular cracking of the CBN 

particles. In most cases, damage was progress ive but gross fracture of the cutting tool 

was observed in materi als with relative ly small CBN particle size. 

9.2 RECOMMENDATIONS FOR FURTHER WORK 

The current work has gone some way towards investigating the performance of ultra­

hard (PCBN) cutting tools when turning welded iron-based hardfacing materials using 

several experimental techniques. However, it was not possible to measure cutting 

forces during the experimental work and it is recommended that further tests be 

conducted with a tool-post dynamometer attached to the lathe. Furthermore, it was 

not poss ible to conduct tests over a suffic iently wide range of machining conditions to 

investigate the effect of temperature on the cutting process. PCBN materials are 

known to work well under machining conditions that promote thermal softening of the 

work-p.iece ahead of the tool. There is also the possibility of applying heat from an 

external source, such as a laser, to assist machining of ' diffi cult ' mater.ials. Tn 

addition, the effect of carbid size and disposition on cutting perf01mance and tool 

should also be further investigated. 
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