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OPSOMMING 

Doeltreffende masjinering van titaan allooie bied `n wêreldwye uitdaging. Moeilik-om-te-sny super allooie 

soos Ti-6Al-п± ǿƻǊŘ ŀǎ ŘƛŜ άǿŜǊƪǎŜǎŜƭέ ƳŀǘŜǊƛŀŀƭ ǾƛǊ ƭǳƎǾŀŀǊǘ ƪƻƳǇƻƴŜƴǘŜ beskou.  Gedurende die 

masjinering van lugvaart komponente word 80% - 90% van die materiaal verwyder. Dit is hiérdie behoefte 

wat die innovering van masjien -en snygereedskap dryf om dit meer doeltreffend en finansieël vatbaar te 

maak. Die Suid Arikaanse behoefte vir doeltreffende snygereedskap vir Ti-6Al-4V masjinering stem ooreen 

met hierdie internationale behoefte. Die geskiedkundige Suid Afrikaanse praktyk om onverwerkte, 

waardevolle minerale soos Ilmeniet, rutiel en leucoxene uit te voer, kniehalter die land se kans om winste 

ǳƛǘ ǾŜǊǿŜǊƪǘŜ ǘƛǘŀŀƴ ŀƭƭƻƻƛ ǇǊƻŘǳƪǘŜ ǘŜ ƎŜƴƛŜǘΦ 5ƛŜ ά¢ƛǘŀƴƛǳƳ /ŜƴǘǊŜ ƻŦ /ƻƳǇŜǘŜƴŎŜέ ό¢ƛ/ƻ/ύ ǎŜ ƳƛƪǇǳƴǘ ƛǎ 

om `n Suid Afrikaanse titaanproduk vervaardigingsmark op die been te bring teen 2020. Stellenbosch 

Universiteit se funksie, binne hierdie strategiese raamwerk, fokus op hoë spoed masjinering van Ti-6Al-4V 

lugvaart komponente.  

Die hitte geleidingsvermoë van Ti-6Al-п± ƛǎ ƴƻŜƳŜƴǎǿŀŀǊŘƛƎ ƭŀŜǊ ŀǎ ŘƛŜ Ǿŀƴ  ŀƴŘŜǊ άǿŜǊƪǎŜǎŜƭέ ƳŀǘŜǊƛŀƭŜ 

soos byvoorbeeld staal of alumium. Om hierdie rede word hitte in die freesbeitelpunt gedurende hoë 

spoed masjinering opgeberg. Dit verkort gereedskap leeftyd en verhoog masjinerings kostes. Daarvandaan 

deurlopende ontwikkelinge in verkoelingsmetodes vir hoë spoed masjinering. Die mees onlangse 

ontwikkeling in hoë druk verkoeling ƛǎ άǎǇƭƛǘ ǘƻƻƭǎέ ǿŀǘ ƪƻŜƭƳƛŘŘŜƭ ƴŀ ŘƛŜ ǎƴȅƻǇǇŜǊǾƭŀƪ ŘŜǳǊ ƳƛŘŘŜƭ Ǿŀƴ 

langwerpige gleufies in die hark gesig van die beitelpunt lewer. Hierdie tegnologie is op die mark 

beskikbaar, maar slegs deur `n enkele verskaffer. Daar is ook geen akademiese publikasies wat oor Ti-6Al-

п± ƳŀǎƧƛƴŜǊƛƴƎ ƳŜǘ άǎǇƭƛǘ ǘƻƻƭǎέ ƘŀƴŘŜƭ ƴƛŜΦ 5ƛŜ ǾŜǊǊƛƎǘƛƴƎǎ ǾŜǊƳƻš Ŝƴ ǘƻŜǇŀǎǎƛƴƎǎ ƎŜōƛŜŘ ǾƛǊ ŘƛŜ 

gereedskap is steeds onbekend. 

'n Dinamometer is gebruik om die tangensiale snykragte tydens 11 sny eksperimente te meet. Die 

eksperiment ontwerp is faktoriaal van aard en bevat drie faktore en drie middelpunte oor twee vlakke. `n 

Kwadratiese model is geskik om die data op 95% vertroue vlak voor te stel en voorspellings mee te maak. 

Die voorspellingsmodel is ontwikkel in terme van: (1) Diepte van snit, (2) voertempo, en (3) Snyspoed. Die 

invloed van die drie parameters op die tangentiale snykrag, asook invloed met mekaar word ondersoek. 

Verdere data in verband met materiaal verwydering, oppervlak afwerking en beitel slytasie word ook 

bespreek. 

Praktiese werk is met behulp van `n bedryfsvennoot gedoen om vas te stel: (1) die impak van 'n analitiese 

benadering en ontwikkelings proses op die uitrof van lugvaart komponente, (2) en om die 

lewensvatbaarheid van implementering van άsplit ǘƻƻƭǎά aan 'n bestaande proses te bepaal. `n 

Noemenswaardige besparing is sodoende behaal. Diǘ ƛǎ ǾŜǊŘŜǊ ōŜǾƛƴŘ Řŀǘ άǎǇƭƛǘ ǘƻƻƭǎέ ƴƛŜ ȫƴ ƎŜǎƪƛƪǘŜ 

plaasvervanger vir die huidige snygereedskap is nie. Die rede daarvoor is gedeeltelik omdat die huidige 
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freesmasjien by die bedryfsvennoot nie aan die kritiese operasionele vereistes van die gereedskap 

vervaardiger voldoen nie. 
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ABSTRACT 

Efficient face milling of titanium alloys provides a global challenge. Difficult-to-cut super alloys such as Ti-

6Al-п± ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘƘŜ άǿƻǊƪƘƻǊǎŜέ ƳŀǘŜǊƛŀƭ ŦƻǊ ŀŜǊƻǎǇŀŎŜ ŎƻƳǇƻƴŜƴǘǎΦ 5ǳǊƛƴƎ ǘƘŜ ƳŀŎƘƛƴƛƴƎ ƻŦ 

aerospace components, 80% ς 90% of the material is removed. This requirement drives the innovation for 

machines and tooling to become more efficient, while driving down costs. In South Africa, this requirement 

is no different. Due to the historic practice of exporting valuable minerals such as Ilmenite, leucoxene and 

rutile, South Africa does not enjoy many of financial benefits of producing value added titanium alloy 

products. The Titanium Centre of Competence (TiCoC) is aimed at creating a South African titanium 

manufacturing industry by the year 2020. More specifically, the roughing of Ti-6Al-4V aerospace 

components has been identified as an area for improvement.  

The thermal conductivity of Ti-6Al-4V is significantly lower than that of ƻǘƘŜǊ άǿƻǊƪƘƻǊǎŜέ ƳŜǘŀƭǎ ǎǳŎƘ ŀǎ 

steel or aluminium. Therefore, heat rapidly builds up in the tool tip during high speed machining resulting in 

shortened tool life and increased machining costs. Hence the ongoing developments in the field of cooling 

methods for high speed machining. The latest development in high pressure cooling (HPC) is split tools that 

deliver coolant into the cutting interface via flat nozzles in the rake face of the insert. Although it has been 

released recently and limited to a single supplier, this cooling method is commercially available, yet little is 

known about its performance or application conditions. 

The operational characteristics of split tools are studied by answering set research questions. A 

dynamometer was used to measure the tangential cutting forces during 11 cutting experiments that follow 

a three-factor factorial design at two levels and with three centre points. A second-order model for 

predicting the tangential cutting force during face milling of Ti-6Al-4V with split tools was fit to the data at 

95% confidence level. A predictive cutting force model was developed in terms of the cutting parameters: 

(1) Axial depth of cut (ADOC), (2) feed per tooth and, (3) cutting speed. The effect of cutting parameters on 

cutting force including their interactions are investigated. Data for chip evacuation, surface finish and tool 

wear are examined and discussed. 

Practical work was done at a selected industry partner to determine: (1) impact of an analytical approach to 

perform process development for aerospace component roughing, (2) determine the feasibility of 

implementing split tools to an existing process. A substantial time saving in the roughing time of the 

selected aerospace component was achieved through analytical improvement methods. Furthermore it 

was found that the split tools were not a suitable replacement for current tooling. It was established that 

certain critical operational requirements of the split tools are not met by the existing milling machine at the 

industry partner. 
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CHAPTER 1 

INTRODUCTION 

1.1 THE SOUTH AFRICAN TITANIUM CENTRE OF COMPETENCE 
{ƻǳǘƘ !ŦǊƛŎŀ ƛǎ ǘƘŜ ǿƻǊƭŘΩǎ ǎŜŎƻƴŘ ƭŀǊƎŜǎǘ ǇǊƻŘǳŎŜǊ ƻŦ ǘƘŜ titanium bearing minerals, Ilmenite (FeTiO3) and 

Rutile (TiO2) as it contributes 18% of the global supply. Geological surveys estimate that South African 

titanium mineral deposits constitute 11% of global reserves [1]. Despite the regional abundance of this 

precious mineral, South Africa does not necessarily benefit from downstream profits. South Africa 

manufactures negligible volumes of finished titanium metal products, when compared to world production 

leaders such as China, Japan, Russia, United States, Ukraine and Kazakhstan [2].  

Henceforth, in 2003, the South African Government accepted an Advanced Manufacturing Technology 

Strategy, proposed by The Department of Science and Technology (DST). A feasibility study conducted by 

the DST in 2008, generated confidence in a national strategy that aims to establish a South African titanium 

manufacturing industry by the year 2020. As a result the TiCoC was established to determine building 

blocks for the realisation of this strategy [3]. The DST funds technology development and research for the 

TiCoC strategy in proportion according to Figure 1. 

 

Figure 1: Titanium Centre of Competence [3] 
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{ǘŜƭƭŜƴōƻǎŎƘ ¦ƴƛǾŜǊǎƛǘȅΩǎ ǊŜǎŜŀǊŎƘ ŎƻƴǘǊŀŎǘ ǿƛǘƘ 5{¢ involves a research framework that focuses on high 

performance machining and incorporates a number of local industry partners. This arrangement is aimed at 

applying the research results to add value to the titanium industrial partner. The Department of Industrial 

Engineering at Stellenbosch University maintains a co-beneficial relationship with Daliff Engineering, that is 

ǎƛǘǳŀǘŜŘ ƛƴ /ŀǇŜ ¢ƻǿƴΩǎ !ƛǊǇƻǊǘ LƴŘǳǎǘǊƛŀƭ ŀǊŜŀ, as one of the partners. This relationship promotes a 

research and development platform that draws from industry and academic inputs. 

The TiCoC building blocks define the role of Stellenbosch University within the 2020 strategy: Develop high 

performance machining methods for industry and commercial benefits. Tool life and accompanying costs 

are currently some of the biggest challenges in the titanium machining industry. Novel manufacturing 

techniques that have not been used on a commercial level in South Africa are researched and expanded. 

Research knowledge is shared with industry in order to facilitate the broader strategy of the DST for the 

year 2020. In conclusion, there is an inherent opportunity for Stellenbosch University to further develop its 

involvement with regards to research contribution to the South African Industry. 

1.2 BACKGROUND 

The price of titanium can be up to nine times more than steel due to a considerably more demanding 

process from ore to component [4]. Melting is done in either a vacuum or an inert atmosphere at nominally 

1600 degrees Celsius compared to steel melting at nominally 1500 degrees Celsius in a normal atmosphere 

environment [5] [6]. Similarly machining properties are also challenging, classifying titanium as a difficult to 

machine super alloy [7].  

These properties cause cutting tools to overheat and fail after only a few minutes of high performance 

machining, potentially resulting in extended changeover time and increased tool cost [8] [9]. Recent 

technological advancements, specifically the combination of high pressure, through spindle cooling (HPTSC) 

and split tools, claim to provide vast machining improvements [10] [11]. 

1.3 INDUSTRY PRACTICE AND PREVIOUS STUDIES 

HPTSC, in combination with cryogenic cooling is currently being successfully applied in aerospace industry. 

Although some research papers have been published on cryogenic, through spindle cooling it is common to 

find manufacturers implementing technologies that are on a more advanced level than those published in 

open, academic literature [12] [13]. This is due to the limitations on intellectual property within the 

industry. As a result, unique specialist applications are kept secret for as long as possible by manufacturing 

technology companies. 

In terms of research, previous studies conducted in this field have proved that HPTSC provides 

improvements in tool life due to a reduction in tool wear over time [9]. Still, increasing cooling in titanium 

machining can result in negative effects of tool wear, such as thermal shock and chip adhesion to the tool 
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surface [9]. These are important factors that have not been researched in depth in articles or publications 

relating to industry practice, yet need to be taken into account for the purpose of determining overall 

feasibility.  

Split tooling is a recent development and an example of second generation derivative technologies that 

followed after the success of HPTSC. Indications are that the early adopters are embracing the technology, 

but no scientific results are being released [14]. 

1.4 PROBLEM STATEMENT 

The feasibility and application conditions of split tool technology needs to be explored for the South African 

titanium component manufacturing industry to enable competitiveness on an international level. 

1.5 RESEARCH OBJECTIVES AND QUESTIONS 

The purpose of this research project is to determine whether split tooling can benefit existing titanium 

manufacturing operations. The study objective involves the establishment of a machinability index or 

model, which aids in the transfer of information to the industry partner. A machinability model has certain 

requirements that have to be met, thus certain machining productivity and quality related questions need 

to be answered: 

1.5.1 Can tangential cutting forces for Ti-6Al-4V split tool milling be predicted by a model? 

1.5.2 What are the significant factors affecting cutting forces during experiments? 

1.5.3 Are split tools able to perform semi finishing of Ti-6Al-4V during face milling? 

1.5.4 What types of tool failures are characteristic during split tool milling of Ti-6Al-4V? 

1.5.5 Can Ti-6Al-4V machining productivity be enhanced by the application of analytical techniques? 

1.6 RESEARCH ROADMAP 
The introduction, problem background, problem statement and research objectives are discussed in this 

chapter. The literature review commences with chapter two and provides an overview of cooling 

techniques. Conventional cooling methods such as flood cooling, HPC, near dry machining, liquid nitrogen 

(LN2) cooling and high pressure through spindle cooling (HPTSC) as well as advancements in industry 

solutions such as cryogenic through spindle, through tool cooling and through spindle cooling with split 

tools are covered.  

The literature review continues with chapter three and discusses the factors contributing to the 

machinability of titanium alloys during face milling. Factors such as surface finish and integrity, chip control, 

tool wear, cutting forces and tool geometries are explained in terms of their measurement criteria. In 

addition, specific considerations for face milling and inherent complexities associated with the modeling of 

milling systems are considered.  
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Chapter four describes the methodology followed for the face milling experiments. The machine tool, 

milling tool and insert specifications and cutting strategy are explained. Material characteristics are 

determined by means of testing and the statistical experiment design is discussed. This chapter includes an 

in-depth design of the face milling experiments, according to the ISO standards for tool life testing in end 

milling and face milling.  

Chapter five evaluates experiment results and proceeds with the modeling of tangential cutting forces. The 

suitability of a first and second-order model ƛǎ ŘŜǘŜǊƳƛƴŜŘΣ ōŀǎŜŘ ƻƴ ŜŀŎƘ ƳƻŘŜƭΩǎ ǇǊŜŘƛŎǘƛƻƴ ŀōƛƭƛǘȅ ŀǘ ǘƘŜ 

95% confidence level and the interactions of cutting parameters on tangential cutting force are shown. The 

response surface for the model is explored. Additional experimental results from surface finish 

measurements, tool wear inspection and chip formation are discussed at the end of the chapter. 

Chapter six is a detailed report on the application of a nonlinear program approach to contribute 

productivity savings at the selected industry partner. The cutting parameters for an existing cutting process 

were examined. Experiments were conducted with new parameters from the nonlinear program and 

results interpreted with the aid of microscope analysis of the inserts. The split tool was also implemented 

during this project. 

Chapter seven concludes the study by determining whether the research objectives were met in terms of 

the results from experiments, industry partner work and the predictive cutting force model.  
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CHAPTER 2 

OVERVIEW OF ADVANCED COOLING TECHNIQUES FOR TITANIUM ALLOY 
MACHINING IN AEROSPACE APPLICATIONS 

2.1 INTRODUCTION 
The most common and extensively studied cooling strategies are dry cutting, flood cooling, HPC, and 

HPTSC; the strategy and technique used depends on the material and parameters surrounding the 

machining process.  

Recent advances in cooling technology for aerospace manufacturing, specifically the combination of HPTSC 

and split tools, are claimed to yield improved machining productivity for difficult-to-cut materials. 

New advancements are highly specialised as they are usually made in-house by means of a partnership 

between the manufacturer and the tool supplier with a high premium on confidentiality. The cooling 

methods are designed for specific applications within the production process and usually comprises a finely 

tuned hybrid between some of the aforementioned conventional cooling systems.  

2.2 OVERVIEW OF CONVENTIONAL COOLING METHODS 

2.2.1 Flood Cooling 
Flood cooling with soluble oil is widely used in industry. Flood cooling, best described as an uninterrupted 

flow of an abundant quantity of coolant, from a source external to the tool, cools the tool and removes 

chips by a flushing action. With flood cooling, thermal shock on milling tools are minimised, and the ignition 

of chips is eliminated [9].  

 

Figure 2: Extreme directional effects of flood cooling [15] 

This method is often a benchmark for experiments due to its extensive use in standard machining 

applications. Flood cooling is inadequate in some cases, one of which is titanium alloy machining. 

Flood cooling is not based on the principle of precise directional application of the coolant stream. Two 

extreme cases are shown in Figure 2. In the most extreme case, where ǘƘŜ ǘƛǘŀƴƛǳƳ ŀƭƭƻȅΩǎ short contact 
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area between chip and tool is approximated, the chip prevents the coolant from being applied to the tool 

chip interface (b). The cutting edge therefore experiences a large thermal load resulting in poor tool life [8]. 

2.2.2 High Pressure Cooling (HPC) 
HPC became the standard in industry as soon as flood cooling methods were found less effective for high 

speed machining of hard metals. During high speed machining the performance levels of modern 

machinery generate so much heat that normal flood cooling is unable to remove chips quick enough and 

pierce through the vapour barrier. Long, thick and unmanageable chips form, as result [16].  

The Leidenfrost phenomenon can be observed in cases where a vapour barrier is formed. In Figure 3, 

.ŜǊƴŀǊŘƛƴ ŀƴŘ aǳŘŀǿŀǊΩǎ ǘƛƳŜ ōŀǎŜŘ ƎǊŀǇƘ ŦƻǊ ƛƴƛǘƛŀƭ ǾŀǇƻǳǊ ōŀǊǊƛŜǊ ŦƻǊƳŀǘƛƻƴ ǾŜǊǎǳǎ time is depicted 

[17].  

 

Figure 3: Boiling regimes associated with bath quenching a small metallic mass [17] 

¢Ƙƛǎ ƛƴƛǘƛŀƭ ōŀǊǊƛŜǊ άŦƛƭƳ ōƻƛƭƛƴƎ ǊŜƎƛƳŜέ ǇǊƻƘƛōƛǘǎ ǘƘŜ ŦƭƻƻŘ Ŏƻƻƭŀƴǘ ǘƻ ŎƻƳŜ ƛƴǘƻ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ Ƙƻǘ ǘƻƻƭ-

chip interface as the vapour barrier persists [16] [17] [18]. Penetration and removal of the vapour barrier is 

only achieved through high pressure nozzles to direct coolant at the hot surface. High pressure cooling also 

enables the formation of short chips, which prohibits the re-cut of chips, thus increasing tool life [16].  

Ezugwu [19] found that high pressure cooling demonstrates the potential for improvements in tool life 

when machining Ti-6Al-4V with carbide (coated and uncoated) tools at higher cutting speeds. Figure 4 

shows notable tool life extension under HPC, compared to flood cooling methods [19]. Particular attention 

to the greater potential of the HPC over flood coolingΣ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŎƻƴǾŜƴǘƛƻƴŀƭ ŎƻƻƭƛƴƎ ƛƴ 9ȊǳƎǿǳΩǎ 
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work, should be noted, specifically at higher cutting speeds. Tool life usually increases with higher coolant 

pressures as the cutting speed increases [19]. 

 

Figure 4: Tool life during Ti-6Al-4V machining with uncoated tungsten carbide [19] 

At a cutting speed of 110 m/min (Figure 4) a pressure of 203 bar yields approximately double the tool life of 

70 bar pressure. It also results in a three times increase in tool life compared to flood cooling. At 110 

m/min, there is a noticeable difference in tool life when comparing 110 bar and 203 bar cooling is. 

However, at 120 m/min the difference between tool life for 110 bar and 203 bar pressures is less than 5%. 

Also, at 130m/min, 110 bar pressure delivers better tool life than 203 bar pressure [19]. These results 

therefore question the supposed direct relationship between pressure and cooling effectiveness. 

2.2.3 Near Dry Machining with Oil Based Lubricants (MQL and DOS) 
As industry moves toward greener manufacturing processes, the minimal quantity of lubricant technique 

(MQL) is being implemented in cases where the waste oil by-product of machining is undesirable [20] [21] 

[22].  The minimal quantity of lubricant technique implements a pressured air nozzle to deliver a small 

amount of oil mist to the cutting surface thereby substantially reducing the amount of cutting fluid required 

for machining operations.  

In an attempt to improve the current minimal quantity of lubricant technique, Aoki, Aoyama, Kakinuma, 

and Yamashita [23] argue that it has two major disadvantages for consideration: Due to the absence of the 

hydraulic pressure of pressurised coolant, the chip removal ability of the minimal quantity of lubricant 

technique is practically non-existent. Furthermore, the minimal quantity of lubricant technique results in 

the work area being covered in oil. The oil mist causes machine problems, slippage on affected surfaces and 

inhalation of hazardous fumes [23].  

Aoki et al. [23] proposes an improved systeƳΥ ά5ƛǊŜŎǘ hƛƭ 5ǊƻǇ {ǳǇǇƭȅ {ȅǎǘŜƳ ό5h{ύέΣ ǘƻ ŎƻǳƴǘŜǊŀŎǘ ǘƘŜ ƻƛƭ 

mist problem of the minimal quantity of lubricant technique. During the operation of this system, 

pressurised oil drops are supplied to the nozzle via a 0.4 MPa gear pump.  
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Figure 5: Structure of nozzle for DOS system [23] 

Compressed air is also exhausted from the circular slit surrounding the oil discharge hole in order to direct 

the oil mist to the cutting surface. The pressurised air serves both as chip removal mechanism and also 

contains the oil drops inside a high speed air barrier. During experimentation it was found that the nozzle in 

Figure 5 did not deliver oil to the entire cutting surface effectively, consequently a second derivate nozzle 

was designed. 

 

Figure 6: Revised DOS nozzle design [23] 

The subsequent design (Figure 6) comprises four small air flow pipes to deliver air flow to the cutting point 

more directly while still separating the oil and air. The oil delivery nozzle is located in the centre of the four 

surrounding air supply nozzles. 

Figure 7 illustrates the measured temperatures at the cutting surface for Ti-6Al-4V with a 10mm Carbide 

square end mill. Cutting speed set at 150m/min, ADOC 6mm and radial ADOC at 0.5mm. Results indicate 

little difference in temperature between the minimal quantity of lubricant technique and the direct oil drop 

supply system. Aoki et al. reported an 80% reduction in oil mist diffusion around the machine [23].  

 

Figure 7: Behaviour of cutting temperature related to cooling method [23] 
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Liu WD, Liu Q, Yan, and Yuan [24] found that although the MQL technique significantly reduces cutting 

force, tool wear and surface roughness, it cannot produce an evident effect on cutting performance. As a 

result flaking wear on the flank surface of the insert was found under certain experimental conditions.  

Another major disadvantage of this experimental technology is the degree of customization that is required 

to install a MQL technique system or DOS. Due to a high level of customization to existing equipment, 

machine setups can be complex and costly. 

2.2.4 Liquid Nitrogen Cooling (LN2) 

LN2 as a coolant has been used in a number of studies. In certain cases, it has been conclusively proven that 

when utilised correctly; it improves tool life, surface finish and dimensional accuracy [15] [25] [26].  

Kaynak [26] experimented on a lathe with cryogenic cooling and found that machining performance is 

improved when the amount of coolant nozzles directed at the workpiece is increased. As a result of this 

approach, tool wear was reduced, lower machining temperature achieved and better surface quality was 

measured. 

Furthermore, Rajurkar and Wang [27] compared conventional cooling and LN2 cooling during turning of Ti-

6Al-4V for a cutting speed of 132m/min-1, feedrate of 0.2 mm/rev-1 and ADOC of 1 mm. Experiment results 

indicated that with conventional cooling, flank wear was increased five times as compared to LN2 cooling.  

In contrast to this, Gowrishankar, Nandy, and Paul (2008) [28] found that HPC outperformed LN2 cooling by 

two fold when comparing tool wear. Further experiments by Bermingham, Dargusch, Kent, and Palanisamy 

(2011) [29] supports the findings of Gowrishankar et al.  

Although Bermingham et al. and Gowrishankar et al. found that HPC resulted in improved performance 

over LN2 cooling, improvements are marginal. Turning of Ti-6Al-4V is used as comparison for all three 

experimental sets. The discrepancies between the respective findings can be attributed to differences in 

coolant delivery mechanisms. 

Bermingham et al. [29] experimented with four different coolant delivery systems (Note D1-4 postfix for 

tests in Figure 8): 

Á (D1)  Coolant delivered  to  the  tip  of  tool through  nozzles  on  standard  Jetstream tool holder;   

Á (D2)  same  as  (D1)  with  added nozzle  directing  coolant  to  primary  flank;   

Á (D3)  standard  nozzles  in  Jetstream are  sealed  and  all  coolant  is  delivered  through  three  

aftermarket  nozzles  directing  coolant  to  the  primary  flank,  the  tool  nose  and the  rake  face;   

Á (D4)  same  as  D2 with  added  nozzle  underneath  tool  directing  coolant  onto  the  tool  nose.   

Results ŘƛŦŦŜǊ ƴƻǘƛŎŜŀōƭȅ ŀǘ мнрƳκƳƛƴ ǿƘŜǊŜ ǘƘŜ ά[bέ ŘŀǘŀǎŜǘǎ ǎƘƻǿ ŀ ŎƭŜŀǊ ŘŜǇŀǊǘǳǊŜ ŦǊƻƳ ƘƛƎh pressure 

ŜƳǳƭǎƛƻƴ όIt9ύ ŀƴŘ άŘǊȅέ ǊŜǎǳƭǘǎ ƛƴ ǘŜǊƳǎ ƻŦ ǘƻƻƭ ƭƛŦŜΦ 
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Figure 8: Flank and Nose wear during turning of Ti-6Al-4V [29] 

LN2 cooling reduces tool wear during higher speed turning operations (125m/min) while performing 

marginally inferior to HPC at lower machining speeds [27] [28] [29]. Evidence therefore suggests that there 

are high speed application possibilities for LN2 cooling. 

2.2.5 High Pressure, Through Spindle Cooling (HPTSC) 

HPTSC has been used since 1994, when it was first patented by Chang, Chen, Du, Hsu, and Lin [30]. This 20 

year old technology directly led to the removal of the external cooling pipe and nozzle in the design of 

modern high pressure cooling systems. HPTSC is available for milling, drilling and turning applications as 

shown in Figure 9. 

 

Figure 9: (a) CoroTurn HPTSC for turningΦ όōύ It{¢/ ŀǇǇƭƛŎŀǘƛƻƴ ŦƻǊ IȅǳƴŘŀƛΩǎ ŘǊƛƭƭƛƴƎ ǘƻƻƭ ōƻŘȅ 
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During HPTSC, coolant is delivered to the work surface through a channel inside the tool clamp and/or 

cutter body. The coolant is directed at the workpiece through minute nozzles, mounted close to the insert 

[16]. 

At first glance, HPTSC seems complex and costly to implement. Tool manufacturers maintain that it 

provides unsurpassed advantages: Rapid tool changes, better chip control, increased tool life for difficult to 

machine materials, 50% increase in cutting capability at the same cutting parameters (ὺȟὥȟὪ) and 20% 

cutting speed increase for aerospace materials such as titanium and nickel alloys [16].  

Ezugwu [19] performed a number of milling experiments in order to compare HPC with HPTSC. During the 

experiments, single layer coated, multi-layer coated and uncoated inserts were compared for both cooling 

methods. It was found that when coated tungsten carbide cutting tools are used, improvements in flank 

wear under the concept of high pressure through spindle cooling are realised.  

Experiments indicate that the multi layered coating performance is the lowest and shows no benefit from 

pressurised cooling or high pressure through spindle cooling. Uncoated inserts showed clear benefit from 

high pressure through spindle cooling, yielding considerably lower values of uniform wear during the earlier 

ǇŀǊǘ ƻŦ ǘƘŜ ƛƴǎŜǊǘΩǎ ƭƛŦŜ. 

2.2.6 Cutting Fluids 
Cutting fluids, in general, serve two major roles in machining namely cooling and lubrication [31] [32]. The 

flow of cutting fluid also aids in the removal of chips, minimise thermal shock in milling operations and 

keeps chips from igniting. When high pressure cooling methods are used, chips are often small and 

discontinuous as shown in Figure 10.  

Cutting fluids can be divided into three major categories: neat cutting oils, soluble oils and gaseous cooling. 

Each of these categories have their own characteristic application. Neat cutting oils are mineral oils that 

may contain additives and are primarily used when the pressures between the tool and chip are high and 

when lubrication is a primary concern. Water soluble coolants are suitable when cutting speeds are high 

and tool pressures are low. It has been found, that cutting fluids do not penetrate the tool-chip interface 

when cutting speeds are high [32]. Here gaseous coolants can be utilised to overcome coolant penetration 

difficulties, but the high cost of gases does limit their use. 

When a workpiece is overcooled it becomes harder and tougher, resulting in reduced tool life [33]. 

Overcooling can also deteriorate the surface finish and dimensional accuracy of the workpiece in severe 

cases.  

Cutting fluids may cause environmental, health and logistical problems. Typical environmental problems 

are chemical breakdown resulting in water and soil contamination. Operators may experience 
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dermatological ailments due to prolonged exposure. Government regulations are strict about disposal 

procedures, resulting in high transportation costs to disposal sites [15]. 

 

Figure 10: Long continuous and short, discontinuous chips 

bƛǘǊƻƎŜƴ ŎƻƳǇƻǎŜǎ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ту҈ ƻŦ ƻǳǊ ŜŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜΣ ŀƴŘ ōŜŎŀǳǎŜ LN2 evaporates to nitrogen 

gas when used, it is considered environmentally friendly [19] [15] [25]. No operator ailments have been 

reported with regard to nitrogen. Nevertheless, displacement of normal oxygen rich air in semi-confined 

spaces such as machine shops are a risk for operator safety. 

2.2.7 Specialised Cooling: Cryogenic Through Spindle, Through Tool Cooling (LN2/ MQL) 
In 2010, MAG announced LN2/MQL cooling system, that comprises an internally developed system that 

combines LN2 cooling with HPTSC for machining of difficult-to-cut materials. Marketing media may indicate 

what is being accomplished by these new technologies, but not how these processes precisely work. 

Conversely, as is the case with MAG, these technologies are slowly making their way to the market [34]. 

 

Figure 11: Cryogenic/MQL and through spindle cooling system with thermograph [34] 

Figure 11 thermo-graphically depicts the hottest and coldest areas on the tool/workpiece interface. The 

measured temperature for the cutter is -32°C, while the hottest area is measured to be 82ϲ/Φ a!DΩs 

LN2/MQL system concentrates the cooling in the body of the cutter. Early in-house experimental tests 

found that through tool cooling provides the most efficient heat transfer model for LN2 and consumes the 

least amount of the coolant gas. MAG claims a four times increase in processing speed for milling 

compacted graphite iron with Polycrystalline Diamond inserts. LN2/MQL cooling is claimed to provide twice 

the tool life, compared to conventional MQL. The benefits for this cooling technology are listed as: no mist 

collection, no filtration required due to the absence of wet chips, workpieces ŀǊŜƴΩǘ ŎƻƴǘŀƳƛƴŀǘŜŘ ŀƴŘ 
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therefore disposal cost is reduced. LN2 is a pressured gas, which is self-propelled and therefore eliminates 

the need for coolant pumps and fans [34].   

In terms of academic publications, Jeong, Lee, DY, Lee, MG, Lee, SW, Park, and Yang (2014) [12] recently 

published experiment results based on LN2/MQL cooling for a milling process. The machining performance 

during flood cooling, dry machining, conventional MQL, laser assisted machining (LAM), LN2 cooling and 

LN2/MQL were compared. A dynamometer was attached to the milling machine for the measurement of 

cutting forces. Experimental results indicate that the cutting forces for LN2/MQL cooling was the lowest of 

all techniques tested at high machining speeds as shown in Figure 12.  

 

Figure 12: Cutting forces during high speed experiments with different cooling methods [12] 

Conversely, LN2/MQL cooling performance is reduced under low speed machining. Other techniques such 

as flood cooling and conventional MQL were more effective in terms of the resultant cutting forces. 

Furthermore, it was found that cryogenic/MQL cooling reduces tool wear most, compared to the other 

cooling techniques. 

2.2.8 Specialised Cooling: HPTSC with Split Tool Inserts (HPTSC-ST) 

HPTSC-ST was pioneered during an innovative development project in 2010 by Kennametal. Tools with 

HPTSC-ST technology are also referred to as ά.ŜȅƻƴŘ .ƭŀǎǘέ tools.  This innovation followed .ƻŜƛƴƎΩǎ ǇǊŜ 

2010 market research for their 787 manufacturing purposes that concluded that there would not be 

ŜƴƻǳƎƘ ǘƛǘŀƴƛǳƳ ŀƭƭƻȅ ƳŀŎƘƛƴƛƴƎ ŎŀǇŀŎƛǘȅ ƛƴ ǘƘŜ ǿƻǊƭŘ ŘǳǊƛƴƎ ǇŜŀƪ ǊŜǉǳƛǊŜƳŜƴǘ ŦƻǊ ǘƘŜ ƴŜǿ тутΩǎ. This 

high demand is related to the requirement that 80% - 90% of the material of titanium alloy components is 

machined away for aerospace parts [11].  

HPTSC-ST technology is different to LN2/MQL, in two major ways; the type of coolant that is utilised and the 

delivery mechanism. HPTSC-ST can be implemented using existing water based HPC, while LN2/MQL cooling 
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specifically requires LN2. HPTSC-ST cooling is designed so that the coolant ejects through the insert rake 

face (Figure 13), while LN2/MQL cooling uses a more traditional HPTSC delivery mechanism. 

 

Figure 13: HPTSC-ST for both milling and turning applications [10] 

It is claimed that HPTSC-ST cooling offers a cost reduction over conventional HPC methods, due to the 

insert that directs the coolant precisely where it is needed [10].  

Cooling applications often miss the highest heat concentration location, generated at the shearing point 

(Figure 14). Impacting chips after they have formed proves typical cooling applications can even force chips 

back into the cut, accelerating tool wear. Part of the challenge is that the coolant-delivering nozzle is 

located relatively far from the workpiece.  

With a split tool delivery system (Figure 14 (b)), coolant is delivered through the insert, at the cutting 

interface. Consequently, coolant is delivered much closer to the shear point, causing the pressure to remain 

stable. Delivery is therefore more reliable and controlled, significantly reducing temperatures at the point 

of the cut. The precision cooling technology assists in chip removal by hydraulically lifting chips out of the 

cut. This is known as chip lifting [10].  

 

Figure 14: Thermograph for turning with typical cooling (a) vs. through insert cooling (b) [10] 
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HPTSC-ST tools for face milling applications are specifically aimed at large material removal rates. The 

Kennametal KSRM tools uses round insert split tool technology with HPTSC. The cutter bodies have up to 

eight positions for indexable inserts. The inserts are channelled to precisely direct the flow of coolant into 

the cutting interface, where it helps with chip lifting, chip removal, lubrication, and increased heat transfer 

as shown in Figure 15.  

 

Figure 15: KSRM features and benefits [10] 

The Beyond Blast cutter body (split tooling) is benchmarked with T114526 and T117470 inserts, specifically 

designed for heavy roughing of Ti-6Al-4V and other difficult-to-cut materials. Some cutting experiments 

from literature are considered: 

Table 1: Experimental parameters [10] 

Workpiece Material Ti-6Al-4V 

Number of inserts 5 

Hardness 42-46 HRC 

Length of Pass 245 mm 

Cutting Fluid Water based synthetic 

Coolant Pressure 1000 Psi (~70 Bar) 

Cutting Speed 46 m/min and 58 m/min respectively 

Chip Load (█◑) 0.25 mm per tooth 

Axial ADOC (╪▬) 3.8 mm 

Radial ADOC (╪▄) 51 mm 

Cutter Body Diameter (╓) 100 mm 

Table 2: Experimental Results [10] 

EXPERIMENT 1: MATERIAL REMOVAL RATE AT 46 m/min  

ὺ = 183.03 m/min ὺ = 46.00 m/min MRR = 35.47 cm3 ὲ = 146.42 RPM 

EXPERIMENT 2: MATERIAL REMOVAL RATE AT 58 m/min  

ὺ = 230.77 m/min ὺ = 58.00 m/min MRR = 44.72 cm3 ὲ = 184.62 RPM 
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The material removal rate (MRR) achieved during experiments one and two are comparable to steel milling 

for both roughing and semi finishing operations (35.37 cm3/min and 44.72 cm/min). Moreover, 3

experiment results indicate a 2.5x tool life increase (Figure 16) compared to conventional HPTSC systems. 

Desirable cutting parameters are at high feedrates (Ὢ) and large ADOCΩs (ὥ) with low spindle speeds (ὲ). 

 

Figure 16: Beyond Blast Daisy round inserts vs. standard through spindle cooling [10] 

Round insert cutters have a continuously variable entering angle, depending upon the cutting depth and 

causes a chip-thinning effect, suitable for machining difficult-to-cut materials [35]. Modern insert geometry 

developments have made the round insert milling cutters more widely suitable because of the smoother 

cutting action, requiring less power and stability from the machine tool. Today, it is not a specialised cutter 

anymore and should be regarded as an efficient roughing cutter, capable of high awwΩǎ [35].  

 

Figure 17: Round insert dynamic effective cutting diameter and superior chip lengths [36] 

A unique trait of round inserts is that the effective cutting diameter increases dynamically with ADOC. 

Although chip thickness for a given feed per tooth is equal for round and straight edged inserts, the amount 

of material removed with round inserts per pass is superior. This is due to a larger contact area along the 

round cutting edge as shown in Figure 17. Nevertheless, with a larger contact area comes greater friction, 

which increases machining temperatures. This is the reason behind the development of a new coolant 

delivery method such as HPTSC-ST. Where high awwΩǎ are required with round inserts, results have been 

achieved where the approach angle is close to 180 degrees and the ADOC is small [36]. 
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2.3 CONCLUSION AND REMARKS 

The use of coolant in the machining of Ti-6Al-4V serves multiple purposes. Coolant serves as a lubricant, 

which reduces cutting force, friction and heat, therefore increasing tool life. Coolant can also serve as an 

ejection mechanism for cut chips (higher pressure applications), prohibiting re-cutting and thus increasing 

tool life. The different cooling methods for consideration are summarised according to their strengths, 

weaknesses and cost of implementation in Table 3.  

Table 3: Summary of Available Cooling Methods 

Cooling 
Method 

Operational Advantages Operational Shortcomings Cost of Implementation 

Flood 
Thermal shock minimised, 
relatively inexpensive and easy 
to setup. 

Ineffective chip removal. Not 
suitable for high speed Ti-6Al-
4V machining ς Overheating. 

Low cost. 

HPC 

More effective chip removal 
than flood. Penetration of 
Leidenfrost Barrier at high 
speeds. 

Nozzle removed from cutting 
interface. Chips pushed back 
and re-cut. Increased thermal 
shock. 

Widespread use, 
relatively low cost. 

MQL 
DOS 

Reduces oil mist deposit on 
work area by 80%. Similar 
performance to MQL. Low 
thermal shock. 

Limited chip removal. Early 
stages of development. Setup 
can be challenging. 

Not commercially 
available. 

LN2 

Eliminates need for cutting 
fluids. Lower tool wear rate 
compared to HPC and MQL at 
high speeds. 

Low speed results comparable 
to less expensive techniques 
such as MQL. Thermal shock. 

Increased commercial 
availability. Expensive 
initial capital investment, 
especially for large scale 
installations. 

HPTSC 

Good chip removal. 
Strategically located nozzles. 
Successful integration with 
indexable tools and increased 
compatibility with machines.  

Thermal shock. Chips 
sometimes blown back into 
cut by isolated coolant 
nozzles. 

Widely available tools. 
Retro-fitting to older 
machines. Superior 
productivity over HP 
makes it feasible. 

HPTSC-
ST 

High MRR, even for Ti-6Al-4V. 
Adhesion to inserts limited by 
ŎƻŀǘƛƴƎ ŀƴŘ ŎƻƻƭŀƴǘΩǎ 
direction. Chips not re-cut.  

Requires through spindle 
cooling capable machine. 

Same as HPTSC, but 
inserts are more costly. 

HPC provides better chip removal and penetration than flood cooling. It compresses the vapour barrier and 

successfully cools hot workpieces during high speed machining. Experiment results from previous work 

shows that tool life is not directly proportional to coolant pressure. Yet, the effect of HPC is diminished with 

high cutting speeds in excess of 125 m/min. In these high speed machining cases, cutting fluids often fail to 

penetrate the tool-chip interface. Gasses such as LN2 provide better tool-chip interface penetration for high 

speed machining.  
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DOS is an improvement on conventional MQL due to its use of compressed air jets to reduce oil mist by 

80%. As a result, the effectiveness of this cooling method is determined by the delivery mechanism. 

Operational improvements are incremental. The machining temperature of the direct oil drop supply 

system shows 4% improvement over dry machining and during experimentation flaking wear on the flank 

surface was observed. MQL systems are cumbersome and costly to install.  

Liquid nitrogen holds distinct potential for high speed machining applications. Results from literature 

indicate that high pressure coolant and liquid nitrogen cooling provide similar performance benefits when 

compared at lower machining speeds (below 125 m/min). However, for high speed applications above 125 

m/min, liquid nitrogen provides significant advantages. Findings from literature suggest that effectiveness 

of this cooling method is also dependent on the delivery system. As a result, more research and 

development from private companies has yielded products such aǎ a!DΩǎ ŎǊȅƻƎŜƴƛŎ ǘƘǊƻǳƎƘ ǘƻƻƭ ŎƻƻƭƛƴƎΦ 

The technology offers a 60% speed increase with ten times increase in tool life due to the extraordinary low 

temperatures maintained at the tool and workpiece (-32°C and 86°C respectively). Unfortunately, this type 

of cryogenic machining is currently specialised, relatively costly and therefore more suitable for high 

volume production. 

YŜƴƴŀƳŜǘŀƭΩǎ HPTSC-ST technology provides aggressive awwΩǎ for rough and semi finishing face milling. 

Pocket milling tools are also available for intricate profile machining. During experiments conducted in the 

field, material removal rates of 35.37 cm3/min and 44.72 cm/min at cutting speeds of 46 m/min and 58 3

m/min were observed. The use of round inserts causes a chip thinning effect that reduces cutting force and 

temperature. Round inserts in combination with the split tool cooling extends tool life by 2.5 times over 

other through spindle cooling applications.  

The Beyond Blast coolant delivery method, through the insert rake face, achieves better penetration at the 

tool-chip interface compared to HPC and chips can be ejected more effectively. The improved delivery 

mechanism potentially reduces friction in the cut. YŜƴƴŀƳŜǘŀƭΩǎ ŎƘƻƛŎŜ ǘƻ ƛƳǇƭŜƳŜƴǘ ǿŀǘŜǊ ōŀǎŜŘ ŎƻƻƭƛƴƎ 

with round insert split tools permits wider industry adoption. The cutter bodies are designed so that it is 

compatible with all milling machines that are capable of HPTSC. 
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CHAPTER 3 

MACHINABILITY FACTORS FOR FACE MILLING 

3.1 INTRODUCTION 
The machinability of the workpiece has a significant influence on the machining thereof. Groover [37] lists 

these machinability factors as tool life or deterioration, forces and power, surface finish and ease of chip 

disposal. Similarly, Kalpakjian, Musa, and Schmid, [38] describe machinability factors as surface finish and 

integrity, tool life, force and power required, level of difficulty in chip control. Machinability indices for 

materials are available, but often lacking in specific detail on machining recommendations. Poor 

machinability would indicate short tool life, high cutting force and power requirements, long continuous 

and unmanageable chips that interfere with the cutting operation, as well as poor surface finish and 

integrity.  

3.2 SURFACE FINISH AND INTEGRITY 

3.2.1 Introduction 
Surface finish refers to the geometric features of a machined surface area, while surface integrity describes 

material properties such as corrosion resistance, residual stress and fatigue life. Surface finish is influenced 

most predominantly by built up edge on tool tips. Dull tools or tools with large nose radi will cause more 

rubbing on the material surface during machining, because of the larger tool contact area. Rubbing 

generates heat, which can cause residual surface stresses that lead to component failures. It is common 

practice to adjust the ADOC to an amount that exceeds the nose radius of the tool [38].  

On the other hand, surface integrity of Ti-6Al-4V can be affected by the raw material production process. A 

quenched Ti-6Al-4V component, for example, is likely to have high residual stresses. These residual stresses 

are not necessarily relieved during aging and components machined from such a raw material may show 

signs of distortion upon further analysis [39]. 

In the study of manufacturing and tool wear, surface roughness is most commonly denoted as Ὑ  or Ra. 

This abbreviation refers to the arithmetic mean surface roughness measurement parameter. Surface 

roughness is generally expressed in ƳƛŎǊƻƴǎ ό˃ƳύΦ ¢ƘŜ ŀǊithmetic mean value (Ra) is internationally used 

since 1955, because of its simplicity [38].  

Cetin, Demirbas, Kuram, and Ozcelik [40] used a Mitutoyo Surf Test 301 for surface roughness (Ra) 

measurements for the comparison of different cutting fluids for a turning operation. Estrems, Faura, and 

Franco [41] used a SM RT-150 profilometer to determine arithmetic mean surface roughness (Ra) and 

profile for the prediction of the latter by examining factors such as feed, cutting tool geometry and tool 

errors. Similarly, Baek, Kim, and Ko [42] created a surface roughness model, based on feedrate, which 
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simulates a face milling operation to determine the arithmetic mean surface roughness. Lockheed Martin 

Space Systems also utilises the arithmetic mean surface roughness parameter for investigation of surface 

finish on the Juno spacecraft [43]. 

3.2.2 Measurement 
During examination of surface finish, certain characteristics of the surface texture are considered. Figure 18 

illustrates these characteristics: (1) Flaws and defects are random irregularities such as cracks, holes, 

seams, tears depressions, scratches or inclusions. (2) The lay is the direction of the surface pattern.  

 

Figure 18: Surface texture characteristics [38] 

(3) Roughness is defined as closely spaced, irregular deviations on a small scale and can be expressed in 

terms of its height, width, and distance along the surface. (4) Waviness is the recurrent deviation from a flat 

surface. It can be expressed in terms of distance between adjacent crests (waviness width) and distance 

between peaks and valleys (waviness height) [38] [37]. 

The calculation of the arithmetic mean surface roughness is based on the surface profile as shown in Figure 

19 and is formulated as: 

Ὑ  
ȿώȿ

ὒ
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Where ὒ  is the profile length and |y| are absolute values for surface profile readings. For explanatory 

purposes, equation 3.1 can be rewritten as: 

Ὑ  
ὥ ὦ ὧ Ὠ Ὡ Ễ

ὲ
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In equation 3.2, all coordinates are considered absolute values and n is the number of readings across the 

measured length of the profile, AB as shown in Figure 19.  

 

Figure 19: Arithmetic mean surface roughness profile [38] 
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Surface roughness is generally measured with a profilometer, which has a diamond tip, called a stylus. The 

stylus travels along the roughness profile, measuring magnitude of the peaks and valleys. The length of the 

path that the stylus travels along the profile is called the cut-off. The cut-off length is 0.8 mm in most 

engineering applications, though the cut-off for profilometers can be adjusted to 25 mm where there is a 

requirement [38]. Figure 20 shows the path of the stylus along the measured surface. The red line 

represents the actual path that the stylus travels. ! ŘƛŀƳƻƴŘ ǎǘȅƭǳǎ ǘƛǇ ƛǎ ŀǇǇǊƻȄƛƳŀǘŜƭȅ мл ˃Ƴ ƛƴ ŘƛŀƳŜǘŜǊ 

and can therefore not penetrate all the valleys in the profile. The stylus follows a path such as illustrated by 

the red line drawn across the peaks and valleys in Figure 20. A smaller stylus tip and smoother surface 

finish, will produce a more accurate roughness reading [44]. 

 

Figure 20: Profilometer stylus path along the cut-off length [37] 

3.2.3 Considerations for Face Milling 

The tool geometry and feed determine the surface geometry and it is the tool tip that is the important tool 

geometry factor. In the case where a larger tool nose radius is used at the same feedrate, the larger tool 

nose will produce a smoother finish, because the feed marks are less pronounced. On the other hand, 

where the same tool nose radius is used at two different feedrates, the larger feedrate will provide a 

rougher surface finish, because of the increase between feed mark intervals along the roughness profile 

[37].  

Surface finish roughness for insert cutters typically ranges between 0.8 and 3.8 micron. Better surface finish 

is usually achieved with cutters that have non interchangeable cutting edges. Due to the indexing ability of 

cutters and accompanying inserts comes with certain drawbacks. Although the inserts are usually tightly 

seated in the cutter body by means of slots, grooves and a lock screw, tiny offsets in relation to each other 

still occur. The tool manufacturer advises that this offset be adjusted to an approximate maximum of 0.025 

mm for a good surface finish [45].  
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There is a difference when comparing the surface roughness of the outside diameter of the cut with the 

roughness of the inside of the cut as shown in Figure 21.  

 

Figure 21: Surface finish face milling (a) Isometric view after milling (b) Top view during milling [45] 

This phenomenon is more pronounced in cases where face milling is performed at a high radial 

engagement, because of the instantaneous radial position of each insert upon entry, compared to exiting 

the cut. The peaks are highest at the outer diameter of the cut, towards the centre line of the cutter, 

because the distance between passes is at the set maximum of the feedrate. At the inside diameter of the 

cut, the peaks are the lowest because the width between feed marks is reduced. When measuring the 

surface finish in such a case, the final surface roughness value is the maximum, e.g. the roughness at the 

outer diameter of the cut.  

3.2.4 The Complexities of Surface Roughness Prediction 
The theoretical depth of roughness for a turning operation can be calculated using the feedrate and nose 

radius value of the tool. Klocke and Kuchle [46] formulate the theoretical calculation as follows: 

Ὑ ὶ ὶ
Ὢ
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Where Ὑ is the theoretical surface roughness, ὶ is the nose radius and Ὢ is the feedrate. Furthermore, 

MartellottiΩǎ ŎƭŀǎǎƛŎ ǎǘǳŘȅ ƻŦ ǎǳǊŦŀŎŜ ǊƻǳƎƘƴŜǎǎ formulates the ideal surface roughness for a slab milling 

process as [47]: 
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Where Ὑ is the ideal surface roughness, Ὢ is the feedrate, Ὀ is the effective cutter diameter and ὲ is the 

number of teeth in the cutter. The positive sign (Eq. 3.4) in the denominator is for up milling and the 
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negative sign is for down milling. MertelƭƻǘǘƛΩǎ Ŝǉǳŀǘƛƻƴ ŀǎǎǳƳŜǎ ǘƘŀǘ ǘƘŜ ƛƴǎŜǊǘǎ ŀǊŜ ǎǇŀŎŜŘ ǇŜǊŦŜŎǘƭȅ 

around the cutter axis and in relation to each other within the cutter body. Additional assumptions relate 

to the straightness of the cutter, clamping rigidity, play on the spindle and that the inserts are always sharp. 

These conditions are rarely achieved in practice, due to a significant difference between theoretical versus 

measured values. Therefore the use of equations 3.3 and 3.4 are limited. 

Benardos and Vosniakos [48] produced a review on roughness prediction for machining and validated 

previous findings by means of a neural network approach. Findings from reviewed literature point to the 

fact that theoretical prediction of surface roughness values is complex, due to a plethora of influencing 

factors that should be considered. 

 

Figure 22: Influences on surface quality in metal cutting [46] 

Benardos and Vosniakos constructed an intricate fish bone diagram to illustrate the associated 

complexities. Similarly, Kloche and Kuchle [46] efficiently summarises the currently known factors that 

influence surface quality in metal cutting as shown in Figure 22.  

Surface roughness prediction models are known to be limited in their application and scope, because they 

are primarily valid for a specific set of conditions [41] [42] [49] [50] [51]. Conversely, Benardos and 

Vosniakos conclude that research in the field is increasing and that the resulting contributions are valuable 

for development of automated in-line inspection of machining operations. 

3.3 CHIP CONTROL 

3.3.1 Introduction 

Ti-6Al-п± ƳŀŎƘƛƴƛƴƎ ƎŜƴŜǊŀǘŜǎ ƘŜŀǘΣ ŎƻƴŎŜƴǘǊŀǘŜŘ ŀǘ ǘƘŜ ǘƻƻƭ ǘƛǇΣ ŘǳŜ ǘƻ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ƭƻǿ ǘƘŜǊƳŀƭ 

conductivity. Chips formed during Ti-6Al-4V machining are characterised by a serrated or segmented 

formation, due to the low modulus of elasticity of Ti-6Al-4V. More specifically, the findings Ozel and Sima 

[52] suggest that for cutting speeds of 60 m/min and above, serrated chips with accompanying adiabatic 

shear bands are visible during electron microscope analysis. Similarly, Komanduri and von Turkovich [53] 
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report that Ti-6Al-4V is regarded as model material by investigators, because it forms serrated chips at low 

cutting speeds. Other materials typically start producing serrated chips at higher cutting speeds. 

The physical characteristics of chips provides important evidence about the formation at the shear zone. 

The examination of the shape of the chip provides information about the condition of the tool tip, cutting 

speed, shear force and temperature at the tool-chip interface.  

3.3.2 Chip Classification Criteria 

Chips are generally classified into four categories. They are: Continuous chips, segmented or serrated chips, 

chips that result from a built-up edge (BUE) on the tool and shearing or discontinuous chips as shown in 

Figure 23 [38] [46] [37]. 

 

Figure 23: Chip type categories [46] 

Continuous chips are formed when ductile materials are machined at high cutting speeds with small 

feedrates and ADOC. This type of chip usually produces a desirable surface finish, but tend to tangle around 

critical parts of machines such as the tool holder (turning) or cutter body (milling) as well as the fixturing 

and chip evacuation system. A continuous chip also provides evidence of low friction at the shear zone, 

hence lower cutting temperatures and therefore improved tool life. Chip breakers are frequently used to 

control the length of this chip type, that increases the overall manageability thereof. Additional remedies to 

control chip geometry include changing cutting speed, ADOC and using cutting fluid [54] [37] [38]. 

Segmented chips have a distinctive sawtooth appearance due to the cyclical alteration in strain at the shear 

zone. This type of chip is also refered to as serrated or non-homogenous. This sawtooth appearance is 

characteristic in the machining of difficult-to-cut superalloys, particularly titanium alloys. The sawtooth chip 

profile can also be observed with the machining of more common metals at high cutting speeds [54] [37] 

[38]. 

BUE chips are caused by the adherence of the work material to the tool tip due to tool-chip friction at the 

shear zone at lower cutting speeds. As the cutting speed increases, the BUE decreases. The magnitude of 

the BUE on the tool tip varies constantly as material accumulates  on the tip and finally breaks off in a 
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cyclical manner, until corrective measures are taken. During machining, the BUE material is partially 

removed from the tool tip by the in-contact chip area and the rest is deposited on the workpiece surface. 

This undesireable effect causes changes in the tool tip geometry and contributes to premature dulling. An 

additional drawback is the negative effect of the BUE deposits on the finished workpiece surface. Managing 

a smaller BUE is advantegous, because it protects the rake face and extends tool life [54] [38] [37]. 

Shearing or discontinuous chips are formed when machining a brittle or impure material or during extreme 

cutting speeds beyond the machinability guidelines for feedrate and ADOC. Poor workpiece clamping, 

flexure in the tool holder and the milling machine are causes of chatter and vibration, that results in 

discontinuous chips. Depending on the degree of rigidity in the milling machine setup, the cutting tool may 

wear prematurely or even become damaged. The surface finish for ductile materials is negatively impacted 

when discontinuous chips are formed, while discontinuous chip formation has a positive impact on surface 

finish for less ductile materials such as Ti-6Al-4V. [54] [37] [38] 

3.4 TOOL DETERIORATION PHENOMENA 
Groover [37] lists three failure modes for cutting tools: (1) Fracture failure, (2) temperature failure and, (3) 

gradual wear. In agreement to this, the ISO standard for tool life testing in milling defines these three 

failure modes as (1) brittle fracture, (2) plastic deformation and, (3) tool wear [55]. These failures can be 

subdivided into more specific failure phenomena. 

3.4.1 Flank Wear 

The typical components of a milling insert for an indexable tool is illustrated in Figure 24. The insert flank 

face is represented by A. The flank is the part of the insert that comes into contact with the workpiece as 

the cutter rotates. Flank wear results from the friction between the tool flank face and the material being 

cut [37]. Friction is high on the flank face and this is where most of the tool wear should occur under 

normal Ti-6Al-4V machining conditions. The rake face is the area of the insert that is adjacent to the cutting 

edge and denoted by B. The rake face mostly directs the flow direction of the newly cut material. The insert 

clamp screw is denoted by D. The insert clamp screw pulls the indexable insert onto the insert seat, which 

is represented by C.  



CHAPTER 3: MACHINABILITY 
26 

 

 

Figure 24: Milling insert components 

Flank wear is a gradual process and characteristic of normal cutting conditions, however, flank wear can be 

accelerated in cases where inadequate lubrication is applied or cutting speeds are excessive [38] [56].  

Flank wear is measured by determining the width of the wear bands, also known as the wear land, on the 

rake face as shown in Figure 25. 

 

Figure 25: Flank wear measurement criteria for an endmill [57] 

The wear land is measured from the position of the original cutting edge even in cases where the edge is 

worn away. In such a case, the position of original cutting edge is determined by extending the line from 

the neighbouring, unaffected cutting edge. VB 1 is the uniform wear land and usually has a constant width 

across the cutting edge. Uniform wear is considered the as the average wear on the cutting edge and 

denoted as ὠ in literature. Non-uniform flank wear has an uneven width for all occurrences along the flank 

and is illustrated as VB 2 in Figure 25. Non-uniform flank wear is also described as maximum flank wear and 

denoted as ὠ  in literature. ISO 8688-1 : 1989 [55] further describes localized flank wear as exaggerated 
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flank wear at localized areas on the flanks. Localized flank wear is referred to as VB 3 and is further 

subdivided into notch wear and groove wear as shown in Figure 26.  

 

Figure 26: Localized flank wear in the form of notch wear and groove wear [55] 

The flank wear rate can be decelerated by choosing a more suitable tool grade for the material being cut, 

reducing cutting speed or selection of a smaller entering angle. The Taylor tool life equation is based on 

flank wear: 

ὠὝ ὅ ώ9ǉΦ оΦрϐ 

Where ὠ is the cutting speed, Ὕ is the time (min) to develop a certain wear land (ὠ), ὲ is a workpiece and 

tool material exponent and ὅ is a constant. The value for factors ὲ and ὅ are determined experimentally, 

through performing numerous cutting tests at different cutting speeds, feedrates, depths of cut, tool 

materials and geometries.  Cutting speed is the primary factor affecting tool life [37] [56] [58] [38].  

 

Figure 27: Flank wear as a function of time [58] 

The break-in period (Figure 27ύ ǎŜŜǎ ǘƘŜ ǘƻƻƭΩǎ ǎƘŀǊǇ ŎǳǘǘƛƴƎ ŜŘƎŜ ǊŀǇƛŘƭȅ ǿŜŀǊ ŘǳǊƛƴƎ ǘƘŜ ŦƛǊǎǘ ŦŜǿ ƳƛƴǳǘŜǎ 

of machining. During the steady-state wear period, wear is uniform although not a linear relationship over 

time in all cases. The failure region marks the useful tool lifetime where cutting temperatures are elevated 

and productivity is reduced due to approaching maximum flank wear for the tool [37]. 
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During tool wear experiments, the cutting time is recorded and the wear land is measured. Tool wear 

experiments are rather costly, because large amounts of material is removed to record tool wear from 

break-in to failure as shown in Figure 27 and also explained earlier in Figure 4 and Figure 8.  

Costs are increased for high cost alloys such as Ti-6Al-4V [4]. The cost of recording the tool failure time for 

face milling with a tool diameter of 63 mm (Kennametal Beyond Blast KSRM63A04RC20BB) would therefore 

not be feasible for academic purposes at university level.  

3.4.2 Crater Wear 

Crater wear (Figure 28) consists of a concave section on the rake face and occurs with high cutting 

temperatures that is caused by chip friction against the rake face. Craters are predominantly measured by 

depth or area [38]. Diffusion is usually associated with crater wear. During diffusion, atoms are exchanged 

in the tool-chip interface. Diffusion depletes the tool tip of the atoms responsible for its hardness. The tool 

then becomes more vulnerable to abrasion and adhesion.  

 

Figure 28: Crater wear [56] 

ISO 8688-1 : 1989 [55] also explains how crater wear (KT 1) is typically formed parallel to the major cutting 

edge and the maximum crater depth is often located some distance away from the major cutting edge. 

Another closely related type of wear is stair-formed face wear (KT 2), in which the maximum depth of the 

wear scar occurs at the intersection of the wear scar with the tool major flank.  

 

Figure 29: Stair-formed face wear [55] 

Cratering or stair-formed face wear is remedied by reducing the cutting speed and increasing coolant to the 

tool-chip interface [37] [56]. ISO 8988-1 : 1989 provides a guideline for maximum crater size in terms of 

testing time, under a tool deterioration section [55]. Unfortunately, crater wear can be challenging to 

measure accurately.  
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Figure 30: Vertical scanning interferometer [59] 

Devillez, Lesko, and Mozer [59] proposed the use of white light interferometry for the measurement of the 

crater depth as shown in Figure 30. During white light interferometry, an optical profiler is used to scan the 

object (such as a cratered insert) along the vertical axis. Fringes developed along the crater as each area of 

the surface moves into focus. The images are communicated to a computer algorithm that fits the data 

with a coherence envelope, which reveals the crater depth. 

Alternatively, Hong, Wang, and Wong, [60] measures crater wear by implementing a phase shifting method 

to achieve a 3D rendering of the tool surface. During the scanning process, an LCD projects linear sinusoidal 

fringe patterns over the insert as shown in Figure 31 (a).  

 

Figure 31: 3D map (b & c) of insert crater (a) [60] 

These projections are altered from four different angles with respect to the insert, which is mounted on a 

stage in front of the projector and microscope camera. The images are captured by a long working distance 

microscope. The captures 256-graylevel images are then processed to map the 3D surface as shown in 

Figure 31 (b & c). 

3.4.3 Notch and Groove Wear 

Notch and groove wear is characterised by a noticeable indentation at a certain point along the worn major 

and minor flank face. ISO 8988-1 : 1989 [55] categorises notch and groove wear under localized flank wear, 

because the notches develop on the area of the major flank adjacent to the work surface during cutting as 
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shown in Figure 32 b. However, groove wear is formed on the area of the minor flank adjacent to the 

machined surface during cutting as shown in Figure 32 a.  

 

Figure 32: (a) Groove wear, (b) Notch wear [56] 

Notches or grooves are initiated when machining a material that has an inconsistent hardness gradient. In 

practice a hardened outer layer is encountered. Residues from sand casting, hardening from cold drawing 

or previous machining are the main causes of notch wear. Sandvik Coromant [56] suggests that notch or 

groove wear can be caused by excessive cutting speed and Kennametal blames incorrect cutter geometry 

[45].  

3.4.4 Plastic Deformation 
Plastic deformation (PD) is the distortion of the cutting part of a tool from its original shape without initial 

loss of tool material as shown in Figure 33 [55]. During PD, the cutting tool edge geometry is transformed 

by high temperatures at the tool-chip interface. The cutting force pressure on the tool further contributes 

to the deformation of the geometry.  

 

Figure 33: Plastic deformation [56] 

A plastically deformed tool is more susceptible to flank wear, because of increased abrasion. PD is reduced 

by selecting a harder grade tool, reducing feedrate and cutting at a lower speed [56]. 

3.4.5 Chipping  

Chipping patterns have a saw-toothed appearance and can easily be mistaken for normal flank wear as 

shown in Figure 34. An ineffectively clamped workpiece or re-cutting of chips is often the cause [45] [56].  
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Figure 34: Non-uniform chipping (CH 2) [56] 

There are four types of chipping according to ISO 8988-1 : 1989: (CH 1) Uniform chipping, where the loss of 

tool fragments along the cutting edge is around the identical size, (CH 2) Non-uniform chipping which is 

formed at a few positions along the active cutting edges but with no uniformity from one cutting edge to 

another, (CH 3) Localized chipping which happens consistently along specific locations along the active 

cutting edge, and (CH 4) Chipping of the non-active part of the major cutting edge, which is formed outside 

the active part of the cutting edge due to chip hammering [55]. 

Chipping can be reduced by changing from a tool with a neutral geometry to a lead angle geometry. Rigid 

clamping reduces chatter and an increase in coolant pressure or better delivery system helps to prevent the 

re-cutting of chips [56] [45]. 

3.4.6 Edge Fracture or Catastrophic Failure 
This phenomenon (Figure 35) is observed when there is rapid deterioration to complete failure of the 

cutting part [55]. A number of factors contribute to edge fracture: Excessive load on the insert, BUE, 

excessive tool wear, tool grade and incorrect geometry [56]. Edge fracture can also occur in cases similar to 

chipping, due to lack of stability in the workpiece clamping.  

 

Figure 35: Edge fracture [56] 

Edge fracture can be reduced by reducing the feedrate and ADOC, while ensuring that the workpiece is 

rigidly clamped. Selection of a more suitable insert type, with regards to geometry and grade reduces the 

chances of fractures. 

3.4.7 Thermal Cracking 

Thermal cracking is induced by extreme temperature variations within the cutting tool insert during cutting. 

There are three types of cracks: (CR 1) Comb cracks which form on the tool face and the tool flank and are 

oriented perpendicular to the major cutting edge, (CR 2) Parallel cracks that appear on the tool face or the 


































































































































































