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ABSTRACT 
 

The origin of material surface deposits, often denoted as pick-up, on finish turned advanced 

nickel based superalloy RR1000 has been investigated. Three types of pick-up were defined: 

streaks of chip residue producing relatively low surface roughness changes, minor pick-up 

deposits ranging in length from 10-100 ɛm, and major pick-up deposits ranging in length 

from 200-500 ɛm leading to significant protrusions. The corresponding chips were in the 

form of continuous ribbon with primary hook shaped serrations, with some hooks containing 

smaller secondary serrations, both forming at the thin trailing edge of the chip. The sizes of 

the minor and major pick-ups corresponded directly with the size of the secondary and 

primary serrations, respectively, with the smearing residue streaks formed by serration 

entrapment between the tool and the workpiece. Maximum pick-up surface coverage 

occurred at high cutting speed and high depth of cut combined with a fine grain RR1000 and 

dry machining conditions. This corresponded to maximum serration detachment, i.e. serration 

break-off, at the chipôs trailing edge, where the stress state is most triaxial and the strain is at 

its maximum within the chip. It was found that the selection of machining parameters and the 

workpiece ductility performance were key factors for influencing pick-up severity. Low 

cutting speed, low tool radius, higher feed rate and sharper tools limited the serrations size 

and their tendency for failure, by reducing total strain and temperature within the chip. In 

turn, lower chip formation heat loads due to the application of coolant or the use of uncoated 

tools reduced chip temperatures, enhancing chipôs plasticity tolerance, led to less severe chip 

serration and reduced pick-up. Hence, for low ductility powder processed alloys like RR1000 

with strict requirements for finished low surface roughness values, which dictates the use of 

low feed rates, the key to minimising pick-up is to reduce chip temperatures and strains. This 

can be achieved by the application of coolant and optimised chip geometry to maximise the 

chipôs trailing edge thickness to minimise the amount of material that exceeds the ductility 

limit of the material. 
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1   PREFACE 
 

1.1   PROJECT BACKGROUND 
 

Rolls-Royce plcôs most innovative jet engine high pressure critical rotative components are 

manufactured using the material RR1000, currently considered the most advanced in-service 

polycrystalline powder metallurgy nickel based superalloy. RR1000 was engineered to 

maintain its enhanced mechanical properties at high heat environments, allowing the 

compressor and turbine discs to operate at least 25 °C higher than its predecessor in Rolls-

Royce plc production, Udimet 720Li.  These capabilities have improved the overall in-service 

system efficiency in terms of power output, fuel consumption and emission reduction, but at a 

cost of reduced manufacturing productivity as the alloy has poor machining performance. 

The potential for future RR1000 machining optimisation is limited as poor tool life 

performance and strict production quality standards, set for powder metallurgy alloys, dictate 

the use of specific machining parameter combinations for finishing the componentôs low 

tolerance detail features, Figure 1-1(a-d). Adding to these production complexities, the 

specific machining operation window validated during the final preproduction Manufacturing 

Capability Readiness Level (i.e. MCRL6) favours the occurrence of parent material deposits 

on the finish turned surfaces, Figure 1-1(e-f). Rolls-Royce plc uses the term ñpick-upò to 

describe this defect, which is believed to increase the risk of probable compromise in fatigue 

life and until recently was the major concern of non-conformance to the production standards 

for more than 30% of RR1000 finished components. 
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Figure 1-1: High pressure compressor assembly; (a) Seal fins, (b) Circum groove, (c) 

Cone profile, (d) Internal spigot profile, (e-f) Typical pick-up examples as detected 

during binocular inspection. 

The sensitivity of RR1000 to pick-up puts significant pressure on production with high 

non-quality cost and extended lead delivery times, due to added operations including further 

inspection and correction of non-conformant components, increasing the risk of low 

production efficiency compared to other superalloys. This project focused on pick-up 

investigation under the general scope of MCRL7 to MCRL9, concerned with the RR1000 

machining optimisation, accommodating activities that assessed and implemented a series of 

machining solutions targeting the optimisation of production strategy and pick-up reduction. 

The experiments and analysis described in this thesis aim to capture the essences of the step-

by-step process followed in order to understand the formation and deposition mechanism of 

pick-up; and investigate possible machining solutions that may reduce or eliminate the defect, 

while fulfilling the minimum production requirements for these critical rotative components. 

The knowledge was also captured in Rolls-Royce plc minimum machining standards in order 

to apply the improvements when machining future new high strength alloy systems. 
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1.2   PROJECT SCOPE AND HYPOTHESIS 
 

This project aims to identify the origin of pick-up and investigate the mechanisms favouring 

its deposition based on the research hypothesis that ñthe defect is related to the chip 

formation mechanism controlled by the adopted machining strategy and cutting conditionsò. 

The main argument states that if  parent material was to be found deposited on the finished 

surface after being machined-off, then it must have been originated from the chip. This 

indicates that the uncommon phenomenon of serration formation at the chip`s trailing edge 

detected in RR1000 finish turning operations is of great interest and serves as prime suspect 

mechanism in this investigation.  

The experiments were designed to investigate the effect of machining parameters and 

material properties on pick-up occurrence, both in and out of the RR1000 production line 

validated conditions, aiming to link the defect severity to factors affecting chip deformation 

and chip serration formation. A methodology is also developed to quantify and assess the 

effect of machining on RR1000 chip geometry, aiming to enhance the knowledge of the chip 

formation physics favouring the deposition of pick-up. Finally, understanding the conditions 

at the chip-tool-surface interaction zone should lead to the assessment and validation of 

machining strategies that would reduce pick-up and optimise the RR1000 production line. 
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1.3   THESIS OUTLINE 
 

Chapter 2 presents the literature review relevant to this machining project, covering briefly 

the microstructure of polycrystalline superalloys, specifically referring to the characteristics 

of RR1000 variants. Furthermore, it focuses on outlining the principles of chip formation and 

the challenges in high strength material machining, whilst identifying possible leads related 

to the phenomenon of pick-up. 

Chapter 3 covers in detail the experimental investigation process, including the selection 

basis of the assessed parameters and conditions. This section also reports both the equipment 

and methodologies used for analysing the collected data. 

Chapter 4 documents the experimental results extracted by using a range of microscopy 

techniques (i.e. SEM, 3D scanning etc.) to investigate chip formation and surface integrity. 

The discussion sections link the chip formation data and optical observations to findings 

identified in literature, in order to highlight trends in pick-up occurrence and RR1000 chip 

formation mechanics. 

Chapters 5 and 6 summarise the major discussion points and extract conclusions based on 

the experimental outcomes, whilst suggesting improved machining strategies aiming to 

reduce pick-up and optimise RR1000 production. 

Chapter 7 recommends possible future work that would enhance the learning, based on 

knowledge gaps identified in the duration of the project. 
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2   LITERATURE REVI EW 
 

2.1   INTRODUCTION 
 

Jet engines are designed based on Brayton`s thermodynamic cycle principle, Mair and 

Birdsall (1998), which defines the possible maximum output energy extracted from an ideal 

three stage heat system consisting of a compressor in series with a combustor and turbine. 

Based on this principle, in a jet engine pressurised air leaving the compressor mixes up with 

fuel and ignites in the combustion chamber producing high energy gases, which then expand 

in the turbine releasing the system`s energy and thus propelling the aircraft, Figure 2-1.  

 

Figure 2-1: Rolls-Royce Trent family  high bypass turbofan assembly illustration; (a) 

Compressor, (b) Combustion chamber, (c) Turbine. {Courtesy of Rolls-Royce plc} 

Modern jet engines utilise both sophisticated design features (i.e. multi-stage compressor 

and turbine assemblies, Rolls-Royce three shaft engine configuration etc.) and cutting edge 

engineering solutions (i.e. integrated turbine blade cooling etc.) to harvest maximum power at 
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higher efficiency. Figure 2-2 shows that greater performance is ultimately driven by the 

turbine system operating temperature, though due to the current jet engine configuration 

reaching its full design potential, further improvement depends on the capabilities of 

materials available for maintaining structural integrity within these high pressure and high 

heat systems, National Academy of Sciences (2006). 

 

Figure 2-2: Factors affecting the jet engine thermodynamic efficiency, National 

Academy of Sciences (2006). 

In practice, the properties of materials selected in jet engine manufacturing are a key 

restriction for even hotter in-service operation conditions (i.e. currently temperature peaking 

around 2000C in the combustion chamber); whilst the cost of developing/selecting more 

advanced alloys often proves unviable. Figure 2-3 shows the range of nickel based 

superalloys Rolls-Royce plc introduced in the production of critical rotative jet engine 

components over the years; highlighting the relationship between their temperature operation 

capabilities and production cost. RR1000 owes its superiority to the use of exotic alloying 

elements and more advanced production techniques (i.e. powder metallurgy processing), 
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raising the pre-machining cost of these components to 320% higher compared to those made 

of the conventional superalloy Inconel 718, Kappmeyer et al. (2012). Therefore, significant 

effort has been put into developing advanced production processes to reduce overall cost, 

including forging RR1000 to a rough component pre-form shape in order to limit wastage and 

machining time, Figure 2-4, however further manufacturing advances are essential to 

optimise the RR1000 component production line. 

 

Figure 2-3: Superalloys used by Rolls-Royce in the manufacturing of high pressure 

rotative components, Kappmeyer et al. (2012). 

RR1000 machining is further complicated by stricter production standards set for powder 

metallurgy alloys, compared to those for conventional alloys, in order to ensure enhanced in-

service fatigue lif e. These include:  

Å Sub-surface strain and distortion to be lower than 10 ɛm, with no white layer. 

Å Surface roughness Ra to be lower than 0.8 ɛm. 

Å No redeposited material on the finished surface. 



8 

 

 

Fulfilling these high quality standards has proven detrimental for productivity as the specific 

machining parameter combinations used to produce the required surface finish results in 

extensive pick-up occurrence; leading to redundant and costly correction operations. Adding 

this to RR1000ôs low machinability and aggressive tool wear rates makes machining these 

components cost competitive a challenge; setting the foundations for the research conducted 

in this project. The so-called RR1000 ñsensitivityò to pick-up and the defectôs rare occurrence 

in other production lines focused the following literature review on identifying the ways 

RR1000 differs as a material (i.e. microstructure and mechanical characteristics) from other 

superalloys and the ways the selected machining strategy may favour pick-up occurrence 

based on the project hypothesis. 

 

Figure 2-4: High pressure turbine disc; (a) Forged preform, (b) Finished component, 

Kappmeyer et al. (2012). 
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2.2   NICKEL BASED SUPERALLOYS 
 

2.2.1   Introduction 

 

Superalloys are a family of high-temperature metallic alloying systems able to maintain their 

enhanced static properties, like high strength and toughness, at high temperatures, Figure 2-5. 

They can also operate in oxidising and corrosive environments and maintain high creep 

resistance during low cycle loading; making them an ideal material choice for the high heat 

and high pressure regions of a jet engine. This literature review section reports on the 

microstructure and mechanical properties of modern polycrystalline nickel based alloys, 

especially RR1000, focusing on the effect of targeted and no-targeted alloy characteristics on 

machinability and production efficiency. 

 

Figure 2-5: Advanced high strength materials, National Academy of Sciences (2006). 
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2.2.2   Microstructure and Mechanical Properties of Polycrystalline Superalloys 
 

Nickel (Ni) is the metallic element most commonly used as base material for superalloys due 

its low diffusion rate and the fact that no phase transformation takes place until it reaches its 

high melting point (i.e. å1455C), providing the alloy with stability at elevated temperatures. 

Its face centred cubic (FCC) crystal structure, Figure 2-6, results in the alloyôs good ductility 

and toughness; and while other metals also fit these requirements, they are denser compared 

to Ni that has density of 8907 kg/m
3
, and far more expensive, as they belong in the platinum 

metal family. If other crystal structure metals were to be considered, cobalt (Co) is a good 

candidate with hexagonally closed-packed (HCP) structure and chromium (Cr) with body-

centered cubic (BCC) structure, though cost and brittle characteristics respectively make 

them better fit as alloying elements for superalloys, Reed (2006). 

 

Figure 2-6: Face centred cubic crystal structure (FCC), Reed (2006). 

Table 2-1 presents the composition of nickel based superalloys used in jet engine 

production lines, with elements like Co, Cr and molybdenum (Mo) used in addition to Ni to 

stabilise the alloy matrix.  In some cases iron (Fe) is used instead of Co (i.e. for the nickel-

iron based Inconel 718) resulting in the alloyôs lower service operation temperature but also 
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reducing its production cost as previously discussed in Figure 2-3. Elements like aluminium 

(Al), titanium (Ti), tantalum (Ta) and niobium (Nb) bond with Ni and form an ordered phase, 

coherent with the matrix, called gamma prime (ɔ`). The corresponding phase for the Ni-Fe 

based superalloys is called gamma double prime (ɔ``). 

Table 2-1: Composition of wrought superalloys balanced with Ni %weight, Reed (2006). 

 
Cr Co Fe Mo Nb Al  Ti Ta Hf W Zr C B 

RR1000 15.0 18.5  5.0 1.1 3.0 3.6 2.0 0.5  0.06 0.027 0.015 

Udimet 

720Li 
16.0 15.0  3.0  2.5 5.0   1.25 0.05 0.025 0.018 

Waspaloy 19.5 13.5  4.3  1.3 3.0     0.080 0.006 

Rene 

88DT 
16.0 13.0  4.0 0.7 2.1 3.7   4.00 0.03 0.030 0.015 

Inconel 

718 
19.0  18.5 3.0 5.1 0.5 0.9     0.040  

 

Ordered phase precipitates are known to facilitate part of the alloyôs strength and thus 

controlling both their size and volume fraction is crucial for optimising the mechanical 

properties, Jackson and Reed (1999). The solution and heat treatment temperature defines 

both the grain structure and size of the large primary ɔ` precipitates, whist the amount of 

precipitate elements in solution and cooling rate affect the formation of smaller secondary 

and tertiary ɔ̀ precipitates, Figure 2-7. The authors found that ageing the tertiary ɔ̀ 

precipitates to a preferred size increases the alloyôs resistance to dislocation movements, 

optimising the tensile strength. The phenomenon was explained by Preuss et al. (2008) that 

found smaller tertiary ɔ` precipitates will produce weak dislocation couplings due to the 

formation of smaller dislocation bowing, Figure 2-8(a), compared to the strong dislocation 

couplings formed by optimum sized precipitates, which enhance the load transfer from the 

matrix to the ordered phase, Figure 2-8(b).  
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Figure 2-7: Gamma prime precipitation illustration of Udimet 720Li microstructure, 

Jackson and Reed (1999). 

 

Figure 2-8: Effect of tertiary gamma prime precipitate size on dislocation movement; 

(a) Weak coupling, (b) Strong coupling, Jackson and Reed (1999). 
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In addition to high tensile strength, high ɔ` volume fraction alloys also exhibit elevated 

crack growth rates that limit their fatigue life, and thus both the RR1000 composition and 

microstructure were manipulated in order to balance between low temperature strength and 

fatigue crack growth,  Hardy et al. (2004). This was achieved by increasing the content of Co 

that promoted the partition of Al, Ti and Ta to ɔ`, compared to its predecessor U720Li, whilst 

minimising their content; which limited the overall ɔ` volume fraction required to achieve the 

preferred alloy strength. Creep resistance and fatigue life were improved by limiting the Cr 

content and adding carbon (C), boron (Bo) and zirconium (Zr), whilst adding hafnium (Hf) 

prevented the extensive presence of carbides, M23C6 (i.e. a controversial intermetallic phase 

that benefits creep resistance, though if in excess limits fatigue performance). Furthermore, 

controlling the RR1000 powder size and powder consolidation route (i.e. hot isostatic 

pressing and subsequent hot forging processes) below ɔ` solvus temperature (i.e. 1160 ÜC), 

hot extrusion (i.e. to eliminate the effect of powder prior particles boundaries-PPBs) and final 

quality heat treatment results in fine grain RR1000 material (47% ɔ` volume fraction) with 

improved microstructure uniformity compared to cast and wrought alloys, Figure 2-9, 

Mitchell et al. (2004) and May et al. (2011). All these characteristics add-up to RR1000 

exhibiting the enhanced mechanical performance of other superalloys (e.g. U720Li) at higher 

temperatures, Figure 2-10, making this alloy the primary disc alloy option in Rolls-Royce plc 

production. 

RR1000 is also unique in that a component can be processed to go into service with 

different microstructures at different disc locations, targeting specific in-service performance 

and addressing the varying mechanical and thermal stresses acting along the components 

cross-section, Mitchell et al. (2008). The authors produced fine grain (FG) RR1000 at the 

bore, which operates at the highest stresses and lower temperatures, following a heat 
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Figure 2-9: Fine grain RR1000 microstructure uniformity; (a) Primary gamma prime 

and (b) Secondary and tertiary gamma prime, Mitchell et al. (2004). 

 

Figure 2-10: Creep performance comparison between RR1000 and Udimet 720Li, 

Hardy et al. (2004). 

treatment below the primary ɔ` solvus temperature (i.e. å 1120C) that resulted in 12-16 

%volume fraction of primary ɔ` precipitates (size 1-2 m˃) and restricted grain growth to 

ASTM 12-11 (average grain size 6-8 m˃), Figure 2-11(a). Coarse grain (CG) RR1000 was 

produced at the rim, which operates at higher temperatures under lower mechanical stress, 

following a heat treatment above the primary ɔ` solvus temperature (i.e. å 1180 C) resulting 

in ASTM 7-3 (average grain size 32-135 ɛm), Figure 2-11(b). Figure 2-11(c) shows that FG 
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was engineered for optimum fatigue performance/life and acceptable tensile strength, 

compared to the CG that targeted improved crack propagation resistance and optimum creep 

performance, Figure 2-11(d). 

 

Figure 2-11: RR1000 dual microstructure turbine disc; (a) FG RR1000, (b) CG RR1000, 

(c) Fatigue crack growth performance assessment at 700C and (d) Creep performance 

assessment, Mitchell et al. (2008). 
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Overall significant compromises are required to balance the mechanical properties and 

achieve improved performance at higher operating temperature; this does, however, mean 

other non-targeted properties may also vary to different levels.  For example, small variations 

in grain size (i.e. ASTM 10-9 (11-16 ɛm) compared to ASTM 12-11 (6-8 ɛm)) show little 

effect on tensile strength at room temperature, in the range of 1500-1600 MPa, but a more 

significant influence on creep resistance, with the finer grain size experiencing higher crack 

growth rates at elevated temperatures as demonstrated by Hardy et al. (2004). Furthermore, 

Qiu (2010) showed that the extruded FG material (i.e. ASTM 12-11) exhibits tensile 

elongation to failure around 10% for both room temperature and 700 ºC, in contrast to the CG 

material (i.e. ASTM 8-7) that experiences more than double the elongation to failure for both 

temperature conditions, Table 2-2. Banik et al. (2004) reported similar findings with FG 

RR1000 exhibiting 15-20% less tensile elongation to failure compared to CG Rene 88, 

showing that ductility is rarely a concern in CG materials (i.e. conventionally processed 

superalloys). Adding these to the finding by Guédou et al. (2008) that also reported low 

ductility for FG variations of the high strength powder metallurgy nickel based alloy N18, 

shows that the phenomenon is linked to the very fine grain structure capability of the powder 

processed superalloys. 

Table 2-2: RR1000 mechanical properties, Qiu (2010). 

Conditions  20 C  700 C 

  
ů0.2 

(MPa) 

UTS 

(MPa) 

EL 

(%) 
 
ů0.2 

(MPa) 

UTS 

(MPa) 

EL 

(%) 

FG RR1000  1075 1575 Ó 10  980 1300 Ó 10 

CG RR1000  1075 1573 22  963 1453 22 
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2.2.3   Effect of Mechanical Properties and Microstructure in Machining 
 

The mechanical properties targeting enhanced in-service performance, achieved through 

alloying and microstructure manipulation, are also the reason high strength materials (i.e. 

titanium or nickel based alloys) are considered difficult to machine. In addition to elevated 

strength, low machinability materials are usually characterised by high hardness and low 

thermal conductivity, which factor in high mechanical and thermal loads as well as 

accelerated tool wear rates during cutting, Ezugwu et al. (1999). These phenomena restrict 

the machining strategy window, with lower machinability materials being machined at slower 

cutting speeds and lower material removal rates, Figure 2-12, in order to optimise product 

quality; proving detrimental for productivity (i.e. RR1000 production line being a valid 

example). 

 

Figure 2-12: Cutting speeds used for  machining different material categories, Schulz 

and Moriwaki  (1992). 
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Arrazola et al. (2009) demonstrated the above effect by comparing the machinability of 

titanium alloys, showing that for identical cutting conditions the stronger, harder and less 

ductile alloy Ti555.3, produced higher machining forces and different chip formation 

characteristics than the well-known titanium alloy Ti6Al4V, whilst exceeding the set tool 

wear criterion when machined at half the cutting speed. When hard turning steel, Poulachon 

and Moisan (2000) also identified variation in chip morphology, at identical cutting 

parameters, with decreasing the workpieceôs elongation to failure and increasing its hardness 

and strength (i.e. transformation from continuous to semi-continuous segmented chip to 

discontinuous chip), Figure 2-13, confirming the integral role of workpiece mechanical 

properties in chip formation and finished surface deformation. The authors also observed chip 

deformation mechanism transformation due to increasing machining heat loads at higher 

cutting speed, a phenomenon proving that machining parameters control the cutting 

conditions, thus affecting the performance/machinability of alloys and vice versa. 

 

Figure 2-13: Effect of mechanical properties and cutting speed on 100Cr6 steel chip 

morphology, Poulachon and Moisan (2000). 
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Olovsjö et al. (2010a, 2010b) reported similar findings in nickel-based superalloy 

machining, as turning the lower strength alloy Waspaloy resulted in better tool life 

performance (i.e. at least 50% less flank wear) compared to that of the stronger alloy Inconel 

718, even though both operations produced similar mechanical machining forces. It was also 

found that increasing hardness accelerates the flank wear rates independently of the 

microstructure, whilst varying grain size affected the chip geometry and sub-surface integrity. 

These phenomena indicate similar deformation characteristics for superalloys to those for 

steel and titanium alloy machining, suggesting that both the microstructure and targeted or 

non-targeted mechanical properties have key role in the chip formation mechanism and thus 

probably have a major role in pick-up occurrence and severity when turning RR1000. 
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2.3   METAL CUTTING  
 

2.3.1   Introduction 
  

Metal cutting is a term that defines every machining operation (i.e. milling, turning, drilling, 

grinding etc.) that requires material removal in order to reform a metal workpiece into a 

newly shaped component. This involves shearing deformation taking place on the top layer of 

the workpiece surface, due to its interaction with the cutting tool, and depending on the 

production stage can be categorised as: 

¶ Roughing cuts, used to give shape to a preform. Aggressive cutting parameters are 

usually a characteristic at this stage as the objective is removing the majority of 

excess material at maximum efficiency. 

¶ Semi-roughing cuts, used to prepare the surface for the finishing cuts. Less aggressive 

parameters are used, compared to roughing, in order to remove material at low 

tolerance. 

¶ Finishing cuts, used to produce the final product surface. Machining parameters are 

the least aggressive at this stage in order to achieve high quality product finish 

according to specific production standards. 

The finished surface is the only useful product of machining operations and thus the 

interest of both the industry and academia is focused on optimising surface integrity, due to 

its effect on the performance of a component in service. Chips on the other hand are 

considered the waste by-products, currently presenting no significant interest for research, 

even though their formation mechanism affects power consumption and controls both the 

mechanical and thermal loads of the cut, which are defining factors for surface quality.  
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With pick-up being a surface integrity concern and the thesis hypothesis possibly linking 

the defect to chip morphology, the following literature review section investigates the basic 

chip formation physics in order to understand the machining conditions favouring pick-up 

occurrence in RR1000 finish turning operations.  

 

2.3.2   Chip Formation in Turning Operations 
 

2.3.2.1   Orthogonal Cuts 
 

Early attempts in investigating chip formation physics, using 2D orthogonal cutting, resulted 

in observations and prediction models that set the foundations for understanding the 

principles of this complex shearing process. The orthogonal cut configuration, Figure 2-14(a), 

simulates chip formation mechanics in their simplest two-dimensional form, with depth of cut 

and workpiece width (i.e. the flat tool cutting edge is always wider in length that the 

workpieceôs width) being the only dimensional parameters controlling the effective 

rectangular uncut chip thickness, whilst the cut chip flow is restricted in a single plane along 

the workpiece-tool interface. The principles learned from this 2D chip formation concept are 

then used to comprehend the more complex chip formation of the three-dimensional oblique 

cuts (i.e. feed rate is added to the effective 2D dimensional parameters), Figure 2-14(b), 

which will be discussed more extensively in section 2.3.2.2. 

Merchant (1945) developed a 2D force prediction model, based on the assumption that 

during cutting all plastic deformation occurs along a single shear plane AB, suggesting that 

machining forces were a function of the deformed chip thickness and shear angle, Figure 2-

15. This enables the calculation of shear plane angle (ű), Equation 2.1, using rake angle (Ŭ) 

and chipôs thickness ratio, which equals to the ratio of uncut chip thickness (i.e. depth of cut 
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in orthogonal cutting) and cut/deformed chip thickness. Furthermore, the shear plane area 

was used to calculate the chipôs shear and normal stresses, demonstrating that the work 

hardening required in chip deformation is linked to physical dimensions defined by the 

machining parameters and workpiece properties; neither of which were sufficiently defined in 

the model leading to inaccurate results (e.g. the model failed to predict the effect of cutting 

speed on shear angle). 

    

Figure 2-14: Turning operation configurations; (a) 2D orthogonal cut and (b) 3D 

oblique cut, Denguir et al. (2014). 

  

Figure 2-15: Merchant`s cutting force prediction model, Merchant (1945). 

However, using the concept seen in Figure 2-15 and assuming constant chip thickness 

through its cross-section, Trent and Wright (2000) showed that varying the cutting speed (VC) 
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also varies the shear plane angle (ű), Figure 2-16(a), due to its effect on the magnitude of 

shearing speed (VS), Equation 2.2, and the speed at which the chip travels away from the tool 

(V), Equation 2.3. For example at constant Ŭ, increasing VC also increases ű resulting in 

lower cut chip thickness, which is always larger than the uncut chip thickness. Furthermore, 

Figure 2-16(b) shows that shear strain (ɔ) was defined as the ratio of total material 

displacement (ȹS) along the shear plane over the thickness of the shearing zone (ȹy), 

Equation 2.4, and thus the rate of deformation or strain rate (ɾ) can be expresses as a function 

of time (ȹt) required to achieve maximum strain. For high ductility materials both ȹy and ȹt 

values are high, due to their high plasticity tolerance, suggesting lower chip deformation and 

thus explaining the often observed findings that higher ductility materials produce thicker 

chips compared to less ductile materials when machined at identical cutting conditions, also 

highlighting the effect of material properties on chip formation. Equation 2.5 also expresses ɾ 

as a function of VS, indicating that an infinitely large rake angle (i.e. equal to 90Ј) would 

result in zero strain, thus no deformation, in which case cut chip thickness would be equal to 

the uncut chip thickness. 

 

Figure 2-16: Chip formation physics in orthogonal cutting ; (a) Machining speed vector 

diagram and (b) Shear-strain model, Trent and Wright (2000).  
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The chip single shear plane angle for orthogonal cutting, (ű); 
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Bitans and Brown (1965) proved experimentally this theorem when machining with sharp 

tools at fixed VC and depth of cut, with their findings suggesting that large positive rake 

angles (Ŭ) result in insignificant chip deformation, Figure 2-17(a). Decreasing Ŭ, and thus 

increasing the shearing angle, subjected the chip to higher strain resulting in more severe 

material distortion and in the case of negative Ŭ even altered the chipôs morphology, Figure 

2-17(b-c). Furthermore, Figure 2-18 shows that increasing the toolôs edge rounding radius (re) 

increased the local chip deformation at the cutting edge, also resulting in more severe sub-

surface distortion, due to more severe ploughing effect of the toolôs edge geometry, compared 

to the minimum deformation detected on the surfaces and chips produced with sharp tools. 

This phenomenon was caused due to larger part of the chip being deformed at the blunter 

edge profile where the effective rake angle varies from the toolôs top rake angle to -90Ј, and 

thus exhibiting similar characteristics to those discussed for Figure 2-17. Although the 

benefits of high positive rake angles and sharp tool edges were demonstrated, the authors 
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highlighted the inability to extensively use these tool geometry characteristics in hard metal 

turning due to the high machining forces and temperature that often compromise the cutting 

edge integrity. 

       

Figure 2-17: Effect of rake angle on chip formation; (a) Ŭ = 80 , (b) Ŭ = 50 , (c) Ŭ = -10 , 

Bitans and Brown (1965). 

    

Figure 2-18: Effect of tool edge rounding radius on chip formation; (a) re = 0.8 mm, (b) 

re = 3.2 mm, Bitans and Brown (1965). 

Figure 2-19(a) shows that machining at Ŭ = -85Ј no chip formation was observed as the 

cutting tool rubbed across the workpiece, only displacing the workpiece material and forming 

sideflow. Komanduri (1971) concluded that this phenomenon is a result of material flowing 

both over and under the cutting edge at high negative rake angles, Figure 2-19(b), as material 

shearing was being replaced by material dragging. It was calculated that the transformation 
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between forming and not forming chips occurs at -76Ј rake angle, at which point the rake 

face friction was zero and thus no chip flow was occurring. Furthermore, the observed 

increase in surface distortion depth, more severe sideflow and chip microstructure 

recrystallization with increasing negative rake angle suggested a greater ploughing effect and 

higher strain damage induced by the cut under these conditions. 

     

Figure 2-19: Effect of high negative rake angles; (a) No chip formation and (b) Chip 

formation minimum conditions, Komanduri (1971). 

Combining all the above findings indicates that chip formation is more complex than the 

simple single plane shearing process assumed by researchers in the past, with the plastic 

deformation zone extending in a larger area of the chip (others also consider a secondary 

shear zone along the toolôs rake cause by friction at the chip-tool interface), and chip flow 

depending on both the workpiece mechanical properties and machining conditions. For 

simplicity until this point, continuous uniform chip formation was assumed, usually occurring 

in materials with sufficient ductility, Figure 2-20(a), though other chip morphologies should 

also be considered like the continuous non-uniform thickness chips affected by the 

occurrence of built-up edge (BUE) on the cutting tool, Figure 2-20(b), the semi-continuous 

segmented chips formed when machining low ductility materials under high strain conditions, 

Figure 2-20(c), and the discontinuous chips formed when machining very brittle materials, 
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Figure 2-20(d). The latter two chip types lack the uniformity in shear deformation distribution 

encountered for continuous chips, though their morphology revealed that fracturing (both in 

microscopic and macroscopic scale) is also a work hardening mechanism present in chip 

formation, Shaw and Vyas (1993). 

          

Figure 2-20: Typical examples of chip types formed in orthogonal cutting; (a) 

Continuous chip, (b) Continuous chip formed with built-up edge, (c) Semi-continuous 

segmented chip, (d) Discontinuous chip, Childs et al. (2000). 

Segmented chips form when fracture occurs on the workpiece free surface due to the 

combined effect of low chip ductility and high deformation conditions acting along the shear 

plane (often caused by increase in cutting speed combined with low rake angles), Nakayama 

et al. (1988). König et al. (1993) explained that the cracks nucleate when a critical shear 

stress value is exceeded at an area of minimum compressive stress (i.e. on the surface), whilst 

it was demonstrated that their propagation is also affected by the uncut chip thickness. Thick 

chips produced at high depth of cut (ap) resulted in severe chip segmentation due to the 

exceeded critical shear stress value being significantly higher than the compressive stress 

acting nearer the tool edge-chip interface, Figure 2-21(a), compared to thinner segmented 

chips (at low ap) forming small and frequent cracks, Figure 2-21(b). Furthermore, the latter 

exhibited similar morphology to continuous chips, supporting the statement that both 
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shearing and fracturing mechanisms are present in the formation of any chip type. However, 

the reduction in deformed chip thickness at higher VC resulted in more severe chip 

segmentation due to the higher plastic deformation associated with these cutting conditions, 

Gatto and Iuliano (1994). 

       

Figure 2-21: Effect of uncut chip thickness on steel chip segmentation; (a) Thick chip at 

high ap, (b) Thin  chip at low ap, König et al. (1993). 

Another theory states that segmented chips form purely due to adiabatic shear caused by 

the materialôs poor thermal properties, suggesting that the low thermal conductivity and low 

specific heat transfer coefficient of materials, like those of titanium alloys, lead to material 

softening during cutting and the formation of adiabatic shear bands, Komanduri and Von 

Turkovich (1981). Figure 2-22(a) shows that most plastic deformation was restricted to the 

shear bands, also causing material recrystallization due to the excessive localised mechanical 

strains and heat loads, whilst the rest of the chip volume showed minimal deformation. More 

recent findings suggest that chip segmentation is a combination of both cyclic crack 

formation on the workpiece surface and adiabatic shear for the work-hardened area of the 

chip, Shaw and Vyas (1998), whilst micro-fracturing is part of the deformation mechanism, 

Figure 2-22(b). The only point of disagreement among researchers is that of the dominant 

mechanism, with some suggesting that adiabatic shear causes the crack initiation and 

propagation, Barry and Byrne (2002), whilst others argue that crack initiation defines the 
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shear bands occurrence frequency, Vyas and Shaw (1999). However, they all agree that both 

the material properties (i.e. lack in ductility and poor heat properties) and machining 

parameters affect the machining condition influencing this chip formation mechanism. 

  

Figure 2-22: Shear band formation in segmented chips; (a) Adiabatic shear mechanism, 

(b) Fracturing mechanism, Vyas and Shaw (1999). 

Okushima and Hitomi (1961) found that machining even less ductile materials under 

extreme strain conditions or very brittle materials form discontinuous chips due to crack 

propagation near the cutting edge area causing complete chip fracture, Figure 2-23(a). 

Deformation in the shearing zone ñAOBò was found to be lower than that in other chip types, 

suggesting brittleness favours high localised plasticity at low deformation rates. Using FEM 

simulation, Guo and Yen (2004) demonstrated that this phenomenon results in instant 

formation of an internal crack, which then propagates along the shearing plane OB towards a 

second crack formed near the free surface, causing the chip to fail, Figure 2-23(b). The cyclic 

repetition of discontinuous chip formation also varied the mechanical loads during machining 

(i.e. drop in shearing stresses due to the chip failure) resulting in non-uniform subsurface 

deformation and proving the direct effect of chip formation on surface and sub-surface 

integrity, Obikawa et al. (1997). 



30 

 

 

    

Figure 2-23: Discontinuous chip formation; (a) Brittle fracture, Okushima and Hitomi 

(1961), (b) FEM simulation, Guo and Yen (2004). 

When machining Inconel 718 at fixed depth of cut, Komanduri and Schroeder (1986) 

found that increasing VC transformed the continuous ribbon shaped chips produced at VC = 

15-90 m/min, Figures 2-24 (a-b), into smaller discontinuous chips, Figures 2-24 (c-d), whilst 

chip segmentation and semi-continuous chip formation occurred at VC  Ó 60 m/min. Similar 

trends were observed when machining steels, Dolinġek et al. (2004), and titanium alloys, 

Sima and Özel (2010), proving that any material is able to produce any chip type depending 

on the machining conditions created by the machining parameters. The workpiece properties 

at corresponding conditions (e.g. effect of temperature on stress-stain relationship) influence 

the chip deformation rate tolerance and thus the chip formation mechanism transformation 

threshold (i.e. from uniform plastic deformation to localised plastic deformation combined 

with ductile failure to complete ductile failure). Indicative of this temperature, material 

properties and chip formation relationship are also the data presented by Joshi et al. (2013) 

who observed reduction in the alloy Ti6Al4V chip segmentation size, shear bands thickness 

and sub-surface distortion depth when heating-up the workpiece prior machining (i.e. in the 

range of 40-350 C); proving that reducing the alloyôs strength at higher preheating 

temperatures resulted in lower alloy resistance to deformation, and thus less deformation 
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work was required to form the chip and finished surface. Overall, the investigation so far 

revealed that both shearing and fracturing deformation mechanisms are involved in chip 

formation and surface deformation, whilst the effect of parameters on machining conditions 

and their interaction with the workpieceôs properties define the chip material flow and the 

finished surface integrity. Finally, the lack of reference to numerous models developed in an 

effort to capture the essence of this complex relationship is because they are predicting chip 

flow trends according to the physics already discussed, Figures 2-25(a-b), as they require 

calibration (i.e. using experimental data) to define their empirical constant values. 

          

Figure 2-24: Chip formation mechanism transformation when machining Inconel 718; 

Continuous ribbon shaped chips (a) VC = 15 m/min, (b) VC = 90 m/min, Discontinuous 

chips (c) VC = 122 m/min (d) VC = 213 m/min, Komanduri and Schroeder (1986). 

    

Figure 2-25: Predicted chip flow data at varying VC when machining Ti6Al4V ; (a) 

Effect on chip thickness, (b) Effect on chip shear angle, Daymi et al. (2009). 
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2.3.2.2   Oblique Turning 
 

Within this section the geometrically complex deformation mechanism of oblique turning 

cuts is explained using the orthogonal machining chip formation physics and observations 

described above. In contrast to orthogonal cutting, in oblique turning the workpiece surface is 

considered infinitely wider than the toolôs width (i.e. or diameter for round tools), and thus a 

number of tool passes are required for machining the full surface, Figure 2-26(a), whilst the 

tool is continuously fed along the workpiece at constant feed rate (f) and fixed depth of cut 

(ap). Combined, these dimensional machining parameters produce non-uniform uncut chip 

geometry profiles, in contrast to the uniform rectangular shaped chips in orthogonal cutting, 

resulting in variation of the machining conditions acting along the toolôs cutting edge (i.e. 

varying heat loads and mechanical strains), affecting the chip formation and workpiece 

deformation, Kishawy et al. (2006). Furthermore, the resultant machining force (F) acting on 

the cutting tool represents the summation of three force vectors due to the added effect of 

feed rate, Figure 2-26(b), with feed force (Ff) measuring the workpiece resistance to the toolôs 

displacement along z-axis, whilst cutting force (Fc) and push-off force (Fp) acting on the x-y 

plane are similar to those found in 2D orthogonal cutting. Further discussion on machining 

forces will follow in section 2.3.4.1.  

Bushlya et al. (2015) demonstrated that in oblique turning, uncut chip morphology is 

controlled by the tool geometry, whilst they highlighted that secondary tool characteristics 

often ignored by researchers (i.e. rake angle (Ŭ) and cutting edge rounding (re)) may result in 

significant errors when calculating the uncut chip area and chip volume machined per unit 

time. The authors observed that using sharp tools results in more uniform chip flow 

distribution along the cutting edge, similar to the orthogonal machining, Figure 2-27(a), in 
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contrast to nose-radiused and round tools that produce less uniform chip profiles, Figure 2-

27(b-c). The latter two tool options though improve surface integrity and ensure enhanced 

control over the surface roughness; making them ideal tool options for finishing operations.  

 

Figure 2-26: Illustrations of oblique turning with round tools; (a) Chip formation 

process, Kishawy et al. (2006), (b) Machining force configuration, Denguir et al. (2014). 

       

Figure 2-27: Effect of tool geometry on uncut chip cross-section in oblique turning; (a) 

Sharp tool, (b) Nose-radiused tool, (c) Round tool, Bushlya et al. (2015). 

However, this investigation focuses on the chip profile produced by round tools only, as 

they are primary tool options in RR1000 final production stages and they produce the most 

common chip geometry in finish turning operations. Figure 2-28 shows the workpiece-round 

tool interaction interface projection during machining, indicating that the uncut chip 
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morphology, and area, is controlled by the values of tool radius (rn), depth of cut (ap) and feed 

rate (f). Uncut chip thickness varies continuously along the toolôs cutting edge, with the 

chipôs thinner section (i.e. chip forming at the trailing edge) forming the finished surface, 

whilst chip thickness increases in the feed direction until it reaches a maximum uncut 

thickness (hmax_u). This value corresponds to the uncut chip thickness descripted in 

orthogonal cutting and thus itôs often used to calculate the chip compression ratio (CCR) that 

defines the overall chip deformation rate (i.e. ratio of maximum uncut and maximum cut chip 

thickness). For a more advanced analysis though, the 3D chip profile is divided in an infinite 

number of thin 2D segments (e.g. A to B, C to Déetc.) vertical to the cutting edge, for which 

orthogonal cutting conditions are assumed, whilst the uncut thickness of each segment (hseg) 

can be calculated using Equation 2.6, Denguir et al. (2014). 

 

Figure 2-28: Round tool uncut chip geometry in oblique turning,  Bushlya et al. (2015). 

The uncut thickness of each segment along the chip profile formed in oblique turning cuts 

with round tools, (hseg); 

Ὤ ὶ Ὢz ÓÉÎ— ὶ Ὢ ὧzέί—                             Ȣ  
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The effect of differential chip thickness in 3D turning is especially noticeable when 

forming segmented chips, with severe segmentation occurring at the chipôs thicker/leading 

edge compared to the more uniform continuous chip formation at its thin/trailing edge, Figure 

2-29(a). Furthermore, increasing maximum uncut chip thickness using smaller rn (for 

constant VC, ap and f) results overall in more severe chip segmentation compared to thinner 

chips produced with larger rn, Figure 2-29(b). Both observations coincide to the phenomenon 

descripted in Figure 2-21, for orthogonal cutting chips at different ap, and when combined to 

the fact that increasing f has a similar effect in chip morphology, Kishawy (1998), confirms 

that 2D chip formation physics apply in 3D machining, even though cutting conditions vary 

along the oblique turning cutting edge. The author used this concept of non-uniform 

deformation to also explain the occurrence of serrations on the hard steel AISI 1550 chipôs 

thin edge, Figures 2-29(a-b), suggesting they form due to lateral chip flow (in addition to chip 

flow along the toolôs rake) acting as a machining stress relieve mechanism, Figure 2-30. 

El-Wardany and Elbestawi (1998) explained that chip thinning parameters (i.e. high rn and 

low f) increase heat loads and compressive stresses in the chip, whilst resulting in more 

material being machined at the toolôs cutting edge, favouring the occurrence of serrations 

below a so-called ñcriticalò minimum chip thickness value. Consequently, cutting edge 

roundness (re) was also found to have significant effect on the phenomenonôs severity due to 

its control over the amount of chip thin trailing edge material being machined at differential 

negative rake angles. Thus larger re increases local plasticity and forces more chip material to 

be ñside-squeezedò, producing both chip serrations and the surface defect known as side-flow 

(further details in section 2.3.3.1). This also explains the increase in the phenomenonôs 

severity with increasing tool wear, as machining with a worn tool has a similar effect to 
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Figure 2-29: Effect of uncut chip thickness on chip segmentation and edge serration 

when turning  hard steel AISI 1550; (a) rn = 3.6 mm, (b) rn = 1.2 mm, Kishawy (1998). 

 

Figure 2-30: Chip lateral flow when turning of hard steel at VC = 160 m/min, f = 0.05 

mm and ap = 4 mm, El-Wardany et al. (2000b). 

machining with a blunder tool, resulting in higher deformation stresses and heat loads at the 

cutting edge. Furthermore, the model developed to predict chip sideflow indicates that 

machining conditions suggesting extensive ploughing at the cutting trailing edge-finished 

surface interface (i.e. reduction in cutting force and increase in push-off force) also favour the 

occurrence of chip serrations. The model also suggests that a small enough rn with sharp edge 
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could eliminate the phenomenonôs occurrence, whilst specific combination of parameters 

could be used to reduce its severity. 

Thakur et al. (2009) observed similar so-called ñsaw-toothò trailing edge chips when 

turning Inconel 718 with tungsten-carbide tools at f = 0.08 mm/rev and VC Ó 50 m/min, 

Figure 2-31, suggesting they formed due localised thermal softening of the workpiece (as a 

result of its low thermal conductivity) that decreases the chipôs ability to accommodate work 

hardening at its thin edge. Even though the authors limited their discussion concerned with 

this phenomenon and provided no further details about the chip formation impact on surface 

integrity, it is evident in Figures 2-30(b-c) that increasing VC affected both the geometry and 

occurrence frequency of these serrations. Furthermore, the chipôs irregular edge morphology 

when machining at VC = 40 m/min reveals that the statement of no serrations occurring at 

these conditions maybe false. Overall, this phenomenon is not widely reported in literature 

concerned with superalloy machining, even though its presence is visible in figures published 

by researchers like Pawade et al. (2008) for high speed finish turning Inconel 718 with 

ceramic tools at f = 0.05-0.15 mm/rev. 

 

Figure 2-31: Chip edge serrations when turning Inconel 718 at f = 0.08 mm/rev, ap = 0.5 

mm and rn = 0.8 mm; (a) VC = 40 m/min, (b) VC = 50 m/min, (c) VC = 60 m/min, Thakur 

et al. (2009). 
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Kumar et al. (2002) also failed to discuss serration formation at the chipôs trailing edge 

when finish milling hard steel ASSAB 718 at f = 0.05 mm/tooth, however, these findings 

show that the phenomenon is not exclusive in turning, while physics appear identical for both 

operations. Furthermore, it is evident that both the serration size and morphology were 

affected by the machining conditions created when using tool coatings compared to uncoated 

tools, Figures 2-32(a-b), or applying different cooling processes, Figures 2-32(b-d), verifying 

that the phenomenon is also linked to the machining dynamics and not just to the uncut chip 

geometry dimensions.  

   

    

Figure 2-32: Chip edge serrations when milling hard steel ASSAB 718  at VC = 150 

m/min, f = 0.05 mm/tooth and ap = 0.35 mm; Uncoated tool (a) Dry cut, Coated tool (b) 

Dry cut, (c) Conventional cooling , (d) High pressure cooling, Kumar et al. (2002). 
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Finally, Asai and Kobayashi (1990) observed the phenomenonôs occurrence when micro-

turning aluminium alloys to a mirror surface finish at f = 0.02 mm/rev and VC = 450 m/min, 

supporting further the theory for non-uniform chip deformation as they found that machining 

shearing angle varied along the differential chip thickness profile. Their findings also indicate 

that any material type would produce chip serrations at permitting machining conditions, 

which similar to other chip morphology characteristics, like chip segmentation, is defined by 

both the machining parameters and materials properties. 

 

2.3.3   Surface Integrity 
 

This section aims to correlate specific machining conditions affecting the finished surface 

integrity to those controlling the chip formation mechanism in order to understand further the 

óphysicsô of machining, whilst focusing on identifying similarities in the RR1000 machining 

strategy and the literature reporting favourable conditions for the occurrence of surface 

defects, especially pick-up. Furthermore, an insight is provided in terms of Rolls-Royceôs plc 

decision driving factors that led to establishing stricter RR1000 production standards, only 

achieved following specific production parameters.  

 

2.3.3.1   Sub-surface Integrity 
 

Hardy et al. (2014) found that acceptable surface finish (i.e. low surface roughness Ra) 

results in good RR1000 fatigue in-service performance only when combined with good sub-

surface integrity. Low cycle fatigue testing revealed that sub-surface distortion damage below 

10 m˃ from the RR1000 finished surface (and in the absence of a phenomenon known as 

white layer), Figures 2-33(a-b), minimises the design compromise in fatigue in-service 
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performance, compared to that of an optimum damage-free component, explaining Rolls-

Royceôs specific powder alloy production requirements for sub-surface strain and distortion 

depth profile to be lower than 10 ɛm with no white layer present. 

    

Figure 2-33: Acceptable sub-surface damage when machining RR1000; (a) Fine grain 

material, (b) Coarse grain material, Hardy et al. (2014). 

When turning Inconel 718, Sharman et al. (2006) found that for finishing machining 

conditions (i.e. fixed ap = 0.25 mm, while varying VC = 40-120 m/min and f = 0.15-0.25 

mm/rev) tool wear had the most significant effect on sub-surface integrity. Using new tools 

resulted in minimal sub-surface material distortion, Figure 2-34(a), and shallow work 

hardening depth profiles of the finished surfaces, compared to machining with worn tools 

under higher mechanical loads that produced up-to three times thicker sub-surface distortion 

layers, Figure 2-34(b), and deeper sub-surface work hardening profiles. Increasing cutting 

speed (i.e. VC Ó 80 m/min) when machining with worn tools also had significant effect on 

sub-surface integrity degradation, indicating higher deformation strain rates at these 

conditions in alignment with the findings reported for chip formation. However, higher VC 

resulted in lower residual tensile stresses, for both new and worn tools, even though 

increasing VC is supposed to produce higher cutting temperatures, which should have had an 
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opposite effect. The authors explained that this phenomenon occurred due to the faster chip 

flow (at higher VC) limiting time for heat diffusion towards the finished surface, meaning that 

the chips were those subjected to higher heat loads. Using similar principles, they also 

explained that the lower tensile stresses detected when machining with uncoated tools were 

produced due to more heat being dissipate through the toolôs body and less through the 

surface, in contrast to machining with coated tools at identical cutting parameters, which 

produced higher tensile stresses due to the heat-resistant coating limiting heat dissipation 

through the tool and thus subjecting both chip and surface to higher thermal loads. 

    

Figure 2-34: Sub-surface distortion when finish turning Inconel 718; (a) New tool, (b) 

Worn tool, Sharman et al. (2006). 

Li et al. (2009) reported identical trends in residual stresses when face-finish turning 

RR1000 at varying cutting speeds, even though tensile stress values in the cutting direction 

were found at least 400 MPa higher than those previously reported for Inconel 718; indicative 

of the mechanical properties effect on machining conditions and especially temperatures. The 

authors, however, provided no explanation for the increase in tensile stresses observed with 

increasing tool radius (i.e. from rn = 0.8 mm to rn = 6.0 mm) at identical material removal 

rates. Sharman et al. (2015), who also observed similar residual stress behaviour when 
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turning Inconel 718 as well as increased sub-surface distortion layer depth with increasing 

tool radius (i.e. rn = 2.0-6.0 mm), suggested that lower maximum uncut chip thickness values 

(hmax_u), produced at larger rn and fixed cutting parameters, increase the ploughing energy of 

the cut (due to more material being machined at the toolôs cutting edge); subjecting both the 

surface and chip to higher heat and strain loads, which explains the increase in residual 

stresses. Furthermore, they illustrated that machining with larger rn at fixed hmax_u results in 

thinner chip profiles, with more material being machined below the toolôs cutting edge 

rounding, especially at the trailing edge that is responsible for forming the finished surface, 

Figures 2-35(a-b). This, based on the suggested theory, also explains the increase in residual 

tensile stresses with increasing rn at fixed hmax_u (i.e. tensile stresses almost doubled with 

double tool radius) as shown in Figure 2-36. However, increasing f also resulted in higher 

residual stresses, even though thicker chip profiles were produced, with the authors 

suggesting that increasing the material volume removed required more deformation work for 

machining (i.e. high machining forces), which probably also caused increase in cutting 

temperatures. Matsumoto et al. (1999) found that increasing the material removal rate due to 

increasing the ap had less effect on residual stresses, supporting further the concept that sub-

surface integrity is defined by the conditions at the chipôs trailing edge. 

 

 

Figure 2-35: Chip cross-section profiles for varying tool radius at fixed maximum uncut 

chip thickness hmax_u = 0.145 mm; (a) Thick  chip, (b) Thin chip, Sharman et al. (2015). 
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Figure 2-36: Effect of tool radius on residual stresses in the cutting direction when 

finish turning Inconel 718 at fixed maximum uncut chip thickness hmax_u = 0.145 mm, 

VC = 40 m/min and worn tools; Sharman et al. (2015). 

Chou and Song (2004) found that using similar aggressive finish parameters in hard 

turning steel AISI 52100, like high f and high VC (i.e. f = 0.3 mm/rev and VC = 120-180 

m/min), resulted in excessive machining stresses and heat loads, causing extensive 

transformation/recrystallization of the sub-surface material, a phenomenon known as white 

layer. They also observed that increasing rn from 0.8 to 2.4 mm at f = 0.05 mm/rev results in 

deeper white layer penetration due to higher machining temperatures developed on the 

finished surface, suggesting that chip thinning conditions increase the cutôs ploughing energy 

and thus subjecting both the chip and surface at higher heat loads, in agreement with the 

residual stresses scenarios presented above. White layer was also detected in finish turning 

Inconel 718, Figures 2-37(a-b), though in this case the phenomenon was only observed at VC 

Ó 300 m/min for semi-worn or worn tools, indicative of 1. the alloyôs enhanced deformation 



44 

 

 

and heat resistance properties compared to hard steels, and 2. demonstrating the amount of 

strain and heat developed in superalloy chip formation for white layer to form on a material 

that is stable until it exceeds its high performance limits, Bushlya et al. (2011). 

    

Figure 2-37: White layer formation when turning Inconel 718 with worn tool at VC = 

300 m/min, ap = 0.3 mm and f = 0.2 mm/rev; (a) Cutting direction, (b) Feed direction, 

Bushlya et al. (2011). 

With sub-surface integrity being influenced by machining thermodynamics, coolant 

application is a machining solution employed to reduce both the severity of white layer, 

Bushlya et al. (2011), and surface tensile stresses, Arunachalam et al. (2004a), compared to 

those detected in dry machining, due its effect on suppressing machining temperatures 

(discussed further in section 2.3.5). Furthermore, using sharper tool edge rounding, 

previously shown to reduced localised deformation in the chips, was also found to produced 

shallower sub-surface distortion and lower surface tensile residual stresses compared to using 

tools with larger edge rounding or chamfered edge, Thiele et al. (2016). Combined with the 

fact that sharper tools resulted in at least double tool life compared to blunder tools when 

finish turning Ti6Al4V, verifies that these conditions favour reduction in mechanical and heat 

activated plastic deformation of the chips, surfaces and tools, Hughes et al. (2004). 
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2.3.3.2   Surface Finish 
 

Further to RR1000ôs specific production standards, Hardy et al. (2014) explained that 

acceptable surface finish requires both low surface roughness values and a defect-free 

surface, as defects like the pick-up surface deposits present a major concern for further 

reduction in the componentôs fatigue life due to the risk of being shot peened on the finished 

surfaces (which may act as stress concentration areas or crack initiation points). 

While sub-surface deformation is affected by the cutôs thermomechanical dynamics, 

surface finish is vastly controlled by the geometrical aspects of cutting, with Ardi et al. 

(2014) suggesting that smoother finished surface topography is produced when using low f 

values, Figure 2-38(a), also improving fatigue life performance compared to that of a rougher 

machined surface produced at higher f, Figure 2-38(b). Surface finish is most commonly 

derived/quantified using surface roughness Ra, also known as average roughness, which 

measures the absolute mean height deviation of the surface, created by the machining mark 

peaks and valleys alternation, from a theoretical surface centreline over a specific length (L), 

Figure 2-39. The simplicity in calculating this specification, Equation 2.7, set Ra as one of 

the easier and most commonly used quality control markers in high quality machining 

production lines, Thomas (1981), with RR1000 components requiring average Ra less than 

0.8 ˃ m, even though the production target is in the range of 0.4-0.5 ˃ m. 

The average finished surface roughness, (Ra): 
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Figure 2-38: 3D reconstruction of Udimet 720 finish turned surface topography, (a) Low 

feed rate, (b) High feed rate, Ardi et al. (2014). 

 

Figure 2-39: 2D surface finish profile illustration, Thomas (1981). 

Ezugwu et al. (1999) found that f has the most significant effect on Ra values when 

turning Inconel 718 with new tools, due to its effect on both the spacing between the 

machining mark peaks and the depth of the valleys, indicating that decreasing f produced 

lower Ra values whilst small variations in rn and VC appear to be insignificant, Figure 2-40. 

However, large variations in rn at fixed f, also resulted in lower Ra values, due to the spacing 

of the peaks being constant while the depth of the valleys decreased, which can be explained 

by the relationship Ra = f
 2
 / 32rn used to approximately calculate theoretical Ra values. 
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Figure 2-40: Effect of machining parameters on finish turned Inconel 718 surface 

roughness Ra values, Ezugwu et al. (1999). 

Furthermore, Ezugwu and Tang (1995) observed increase in surface roughness with 

increasing machining time when turning cast iron G17 and Inconel 718, suggesting that tool 

wear results in rougher surfaces, independently of the machined material. Kishawy and 

Elbestawi (2001) reported similar findings when turning hard steel D2, though they also 

found that increasing VC from 350 m/min to 500 m/min accelerated the tool wear rate, which 

resulted in more degradation of the surface finish, indicating the indirect effect of VC on 

surface roughness. At identical tool wear conditions though, neither VC nor ap appear to have 

significant effect on Ra values as they are not geometry defined parameters of the finish 

machined surface, except when they result in the formation of surface defects, El-Wardany et 

al. (2000a). 

Increase in surface roughness Ra, from 0.5 to 0.9 ɛm, was also observed with the 

occurrence of more frequent and severe parent material deposits on dry turned Inconel 718 

surfaces, machined with TiAlN coated carbide tools at f = 0.1 mm/rev while increasing VC 

from 40 to 80 m/min, respectively, Arunachalam and Mannan (2003). It was suggested that 

dry machining combined with increasing VC resulted in high surface temperatures that 
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favoured a so called ñchip welding mechanismò of smeared metal and adhered micro-chips, 

Figure 2-41, though no further evidence were provided. Arunachalam et al. (2004b) used the 

same concept to explain the defect-free surfaces detected when machining Inconel 718 at 

identical cutting parameters under cooled conditions, suggesting that applying coolant caused 

the reduction of surface temperature and led to the defect elimination. 

 

Figure 2-41: Parent material surface deposits on dry turned Inconel 718 at VC = 80 

m/min and f = 0.1 mm/rev , Arunachalam and Mannan (2003). 

Similar parent material deposits, in this case called ñresidualò chip and metal debris, were 

also seen by Pawade et al. (2007) when dry turning Inconel 718 using ceramic tools at high 

cutting speeds and low feed rates (i.e. VC = 125-475 m/min and f = 0.05-0.15 mm/rev), with 

the authors suggesting the same deposition mechanism concept discussed above. The 

presented findings partially support this theory as defect severity increased with increasing 

VC from 125 m/min to 300 m/min, Figures 2-42(a-b), though further increase of VC = 475 

m/min resulted in reduction of the parent material deposits contradicting the statement that 

higher temperature would result in the welding of more chips, Figures 2-42(c). The authors 

failed to comment both on this phenomenon as well as the occurrence of the surface defect 

called sideflow at these cutting conditions. 
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Figure 2-42: Surface defects in high speed machining of Inconel 718 at f = 0.05 mm/rev; 

(a) VC = 125 m/min, (b) VC = 300 m/min, (c) VC = 425 m/min, Pawade et al. (2007). 

Bresseler et al. (1997) also reported deposition of chip fragments on the finished surfaces 

among other defects, like the formation of grooves and cavities, when machining hard steels 

at VC = 107 m/min and f = 0.075 mm/rev with new round ceramic tools, Figures 2-43(a,c,d). 

These deposits were not reported at higher VC, though similar to the findings above these 

conditions favoured the formation of more severe sideflow, Figure 2-43(b). Kishawy and 

Elbestawi (1999) explained that material being squeezed to the sides at the chipôs thin edges 

results in lateral material flow, leaving material uncut along the machining marks, Figure 2-

44(a), which is only considered a roughness concern for surface integrity. Figure 2-44(b) 

links the chip serrations detected on the chipôs thin trailing edges at corresponding cutting 

conditions to sideflow, suggesting that cutting parameters favouring thin chip geometry, high 

plasticity and accelerated tool wear rates also result in more severe sideflow presence and 

notch tool wear.  

Zhou et al. (2012) also found that dry turning Inconel 718 using worn ceramic tools at VC 

= 200 m/min, f = 0.1 mm/rev and ap = 0.3 mm resulted in more severe parent material 

deposits and formation of secondary defects like sideflow, carbide tearing, cracking, cavities 

and grooves, compared to machining with new tools, Figures 2-45(a-b). Coolant application 

reduced the defect presence on finished surfaces, improving the overall surface quality for  
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Figure 2-43: Surface defects in hard turning steel AISI 4615 with ceramic tools at VC = 

107 m/min, rn = 4.7 mm, ap = 0.125 mm and f = 0.075 mm/rev; (a) Grooves, (b) Sideflow, 

(c) Material deposits, (d) Cavities, Bresseler et al. (1997). 

    

Figure 2-44: Material side flow in hard turning ; (a) Surface defects, (b) Defect 

formation mechanism, Kishawy and Elbestawi (1999). 

both worn and unworn tool conditions compared to those in dry cuts, Figures 2-45(c-d), 

though no reasoning was discussed. Furthermore, the authors observed that the deposits, 

either related to built-up edge (BUE) or chip adherence on the surface, were more severe at 
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low f values independently of the other machining parameters, suggesting that the defect 

formation was related to higher cut ploughing energy at these conditions, though no further 

evidence were provided in terms of the origin of either deposit type. 

   

    

Figure 2-45: Effect of cooling conditions on surface defects when turning Inconel 718 at 

VC = 200 m/min, ap = 0.3 mm and f = 0.1 mm/rev; Dry cuts (a) Worn  tool, (b) New tool, 

Cooled cuts (c) Worn tool, (d) New tool, Zhou et al. (2012). 

However, Axinte et al. (2006) observed severe parent material deposits, also known as 

pick-up, smeared on the finished surfaces along the cutting direction when turning RR1000 

with round S05F grade (i.e. TiCN/Al2O3/TiN) carbide tools under flood cooling conditions, 

Figure 2-46(a). The defects were detected for all assessed parameters, though increasing 

material removal rates (Q), due to the increase in VC, combined with high tool wear resulted 



52 

 

 

more frequent defect deposition, Figures 2-46(b-c), whilst these conditions also resulted in 

white layer formation, Figure 2-46(d). The authors suggested that pick-ups originated from 

transferring adhered material present on the toolôs cutting edge to the finish turned surface, 

though no evidence were provided to validate this theory. The low surface roughness values 

(i.e. Ra Ò 0.5 ɛm) indicate that the cuts were performed at low f, whilst Ra appears unaffected 

by the pick-up deposition. 

   

    

Figure 2-46: RR1000 finish turned surface integrity; (a) Pick-up 3D morphology, Pick-

up deposits (b) Q = 30 mm
3
/sec, (c) Q = 37 mm

3
/sec, (d) Sub-surface damage at Q = 37 

mm
3
/sec, Axinte et al. (2006). 

Acceptable RR1000 surface roughness values (i.e. Ra Ò 0.8 ɛm) with pick-up present, 

Figure 2-47(a) were also produced on finish drilled and milled RR1000 surfaces machined 
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under cooled conditions and acceptable tool wear, Soo et al. (2011). Similar deposits were 

also observed by Hood et al. (2016) in drilling and milling Udimet 720, indicating parent 

material deposits (i.e. pick-up) are not exclusive to turning operations, whilst Sharman et al. 

(2008) stated that these deposits are not uncommon in hole making operations as a result of 

chip entrapment between the workpiece and the drilling flute. Figure 2-47(b) shows that the 

smeared press-welded chips on the finish drilled Inconel 718 surfaces appear as white layer 

with no further sub-surface damage detected as a result of the defect deposition. The authors 

stated that the major concern with these deposits in the aerospace industry is that they could 

potentially cover-up other surface defects critical for fatigue performance, like cracks and 

cavities. 

       

Figure 2-47: Parent material deposits in hole making operations; (a) Drilling  RR1000, 

Soo et al. (2011), (b) Milling  Inconel 718, Sharman et al. (2008). 
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2.3.4   Cutting Mechanics and Temperatures 
 

Up to this point, chip formation and surface integrity revealed that the óphysicsô of every cut 

are dictated by the combined resisting effort of mechanical and thermal loads towards the 

work put into reforming a workpiece to a preferable shape. Within this section, the 

relationship between the magnitude of machining forces and temperatures with the material 

mechanical properties and cutting parameters would be explained, whilst taking into 

consideration factors altering cutting dynamics during machining (e.g. tool wear). 

 

2.3.4.1   Cutting Forces 
 

Crawforth et al. (2016) and Arrazola et al. (2009) demonstrated that machining high strength 

titanium alloys at identical cutting parameters, for orthogonal and oblique turning 

respectively, resulted in a range of machining loads depending on both alloy composition and 

mechanical characteristics, with those demonstrating higher strength and hardness at elevated 

temperatures also producing higher machining forces. However, Olovsjo and Nyborg (2012) 

found that turning Waspaloy produced higher machining loads compared to those when 

turning the stronger, harder and less ductile Inconel 718, whilst the coarse grain 

microstructure variants of both alloys also resulted in higher forces than those produced for 

the fine grain variants. Based on these findings, the authors suggested that the materialôs 

resistance to deformation (indicated by the area under the stress-strain curves) defines the 

deformation work required when machining, and thus a high ductility and relatively strong 

material may produce higher machining loads than a higher strength and relatively brittle 

material (conditions that were also proven to affect chip deformation rate, see section 2.3.2). 
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Thiele and Melkote (1999), who also observed higher resultant machining force when 

increasing AISI 52100 steel workpiece hardness, reported increase in mechanical loads when 

turning at higher f, due to increasing the overall chip material volume removed per unit time, 

as well as when using tools with larger re, due to increasing the cutôs ploughing energy. This 

explains the significantly higher cutting forces detected when machining Inconel 718 with 

worn tools, compared to using new tools, as it essentially means machining with blunder tool 

edges, Figure 2-48, whilst the new tool data show reduction of the machining forces with 

increasing VC. Ng and Aspinwall (2002) explained that increasing VC increases the chip 

shearing angle which forms thinner chips, thus reducing the machining forces acting on the 

tool, except for conditions of extreme heat for which sharp reduction in mechanical loads 

may be the consequence of the workpieceôs thermal softening. 

 

Figure 2-48: Effect of cutting parameters and tool wear on Inconel 718 turning  forces; 

Sharman et al. (2006). 
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Huang and Liang (2003) reported higher forces in steel machining when using tools with 

high cubic born nitride (CBN) content compared to those recorded for tools with lower CBN 

content at identical cutting parameters, Figure 4-49(a), suggesting that the poorer low CBN 

tool thermal conductivity resulted in higher cutting temperatures causing thermal softening of 

the workpiece, Figure 2-49(b). Furthermore, Devillez et al. (2007) demonstrated that 

orthogonal cutting Inconel 718 with coated tools resulted in lower machining forces than 

those recorded for the uncoated tools, with the authors suggesting that coatings reduced 

friction between the chip-tool-workpiece interfaces due to their better tribological properties, 

even though the phenomenon was not validated for higher material removal rates. Assessing 

though the performance of similar conditions when machining Inconel 825 at low f, Thakur 

et al. (2014) reported that uncoated tools produced thicker chips than the coated tools, 

indicating that factors affecting the cutôs thermodynamics also affect chip formation; thus 

controlling indirectly the machining loads magnitude. Li et al. (2014) also stated that the so-

called óthermomechanicalô conditions effect on chip formation was responsible for the 

oscillating thermal and mechanical loads recorded when forming segmented chips, with peak 

cutting temperatures and lower cutting forces recorded when forming shear bands (i.e. chip 

thermal softening), whilst machining loads peaked when shearing the chip segments at lower 

cutting temperature, Figure 2-50. 

It is therefore clear that the cutting parameters and workpiece properties define the work 

required for machining, which in its own turn affects the balance between the interacting 

relationship of mechanical and heat loads. Heat influences the chip and surface tolerance to 

deformation with the cutting forces simply representing the workpiece physical response to 

chip formation and surface deformation. 



57 

 

 

    

Figure 2-49: Effect of the toolôs CBN content on AISI H13 steel machining conditions; 

(a) Cutting forces, (b) Predicted cutting temperature; Huang and Liang (2003). 

 

Figure 2-50: Temperature and cutting force relationship in segmented chip formation, 

Li et al. (2014). 

 

2.3.4.2   Cutting Temperatures 
 

Parameters controlling heat generation and heat dissipation are critical in machining as the 

majority of work put into plastically deforming the chip and surface transforms into heat. 

Strength being the major material property resisting deformation affects cutting temperatures 

the most, whilst poor workpiece thermal conductivity, like those of high strength titanium 
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and nickel based alloys, increases further the temperatures developed in the cutting zone. 

Figure 2-51(a) illustrates that heat is primarily generated in the primary and secondary chip 

deformation zones (of which a very small amount is friction related), which also explains the 

fact that higher temperatures are developed closer to the cutting edge.  

The magnitude of cutting temperatures is also affected by the selection of machining 

parameters, with conditions increasing the cutôs ploughing energy (e.g. chip thinning 

conditions and large edge rounding) and those increasing the overall work required for 

machining (e.g. increase in the material volume removed per unit time) resulting in higher 

heat levels, Chen et al. (2006) and Nedic and Eric (2014), while it was demonstrated that 

increasing cutting speed (VC) has the most steep effect in cutting temperature increase, El-

Wardany et al. (1996). Kitagawa et al. (1997) reported cutting temperatures up to 1000C for 

titanium alloys and 1200C for nickel alloys, whilst more moderate finishing conditions when 

machining Inconel 718 produced temperatures in the range of 800-900 C at the toolôs cutting 

edge, Figure 2-51(b). Simulation models developed by Ozel et al. (2011) to examine Inconel 

718 chip formation turning conditions confirmed these experimental trends, with lower 

cutting temperatures detected at VC = 30 m/min compared to those found at VC = 70 m/min  

(verifying the residual stress findings indirectly suggesting higher heat loads at high VC 

conditions, discussed in section 2.3.3.1), whilst in both cases higher heat loads were observed 

in the cutting zones compared to those at the tool edges, Figure 2-52.  

Komanduri (1982) stated that for all cutting conditions the majority of heat is dissipated 

through the chip, explaining the hotter chip surfaces reported above, whilst it was 

demonstrated that higher VC values reduce the percentage of heat dissipated through the tool 

and the workpiece subjecting the chip at even higher heat loads. Smart and Trent (1975b) 

explained that this variation in heat flux is promoted by the VC increase and/or the machining 
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of less ductile material variants, either of which result in lower chip thickness deformation 

ratio values that accelerates material flow through the cutting zone and thus concentrating the 

majority of heat in the chip. Furthermore, heat flux was found to be affected by the tool 

material thermal conductivity and the tool coating grade, both of which control the heat 

diffusion rate through the tool body, Ostafiev et al. (1999). Chinchanikar and Choudhury 

(2014) demonstrated the TiAlN coating resulted in lower cutting temperature compared to the 

superior thermal barrier multilayer coating TiCN/Al2O3/TiN, suggesting that the coatingôs 

insulating performance controls the amount of heat reflected back to the cutting zone and thus 

affecting the maximum cutting temperature. Finally, Huda et al. (2002) observed reduction in 

the overall cutting temperature due to coolant application on the toolôs rake face compared to 

those detected in dry machining at identical cutting parameters, indicating that coolant acts as 

heat removal agent and thus cooling performance is another factor affecting the cutôs heat 

flux balance, which would be discussed further in section 2.3.5. 

    

Figure 2-51: Thermodynamics in material removal operations; (a) Heat generation and 

dissipation areas, Abukhshim et al. (2006), (b) Cutting temperatures in turning Inconel 

718, Kitagawa et al. (1997). 
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Figure 2-52: Cutting speed effect on Inconel 718 cutting temperatures; VC = 30 mm/min 

(a) Chip and (b) Tool, VC = 70 mm/min (c) Chip and (d) Tool, Ozel et al. (2011). 

 

2.3.4.3   Effect on Tool Performance 
 

Tool wear has already been proven a major factor affecting both chip formation and surface 

quality, whilst tool life is often used to quantify workpiece machinability. More difficult to 

machine materials, like nickel based alloys compared to iron based steels, result in poorer 

tool life at identical cutting parameters due to subjecting the tool edges in higher mechanical 

and thermal machining loads, Wright and Chow (1982). Higher workpiece strength and 

hardness were linked to accelerated tool wear rates, Arrazola et al. (2009), which was even 

verified when Olovsjo and Nyborg (2012) reported lower mechanical loads for machining 

Inconel 718 compared to machining Waspaloy, with the stronger and harder alloy still 








































































































































































































































































































































