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Abstract

Ni-based superalloys are used in the most hostile engineering environments, including the
hottest stages of aeroengines. The exceptional high-temperature performance of these alloys
presents significant challenges during machining; substantial heat and high stresses are gen-
erated that impact the integrity of both the tool and the workpiece. Alumina coatings are
known for their excellent chemical stability and low thermal conductivity. Therefore, they
are considered well-suited for cutting hard-to-machine alloys.

In the following work, an in-depth study of alumina degradation during a series of turning
experiments on wrought and powder metallurgy (PM) alloys. During axial turning experi-
ments involving a wrought alloy (IN718), high levels of coating pull-out and delamination
were observed. In contrast, when turning a PM superalloy (RR1000), a lower propensity for
adhesive wear and alumina grain pull-out was observed; however, a faster wear rate and a
higher concentration of Hf-rich reaction products formed across the contact zone, indicating
chemical wear. It is hypothesised that thermally driven wear phenomena are more significant
when turning RR1000.

Both fine and coarse grained RR1000 were machined, with the latter causing faster overall
wear and significant notching during tool engagement. A higher wear rate was also detected
at the higher cutting speed tested. Larger fluctuations in the machining force response were
measured when turning the less homogeneous CG material. The deformation characteristics
of the CG material were also observed to be more diffuse and more inhomogeneous, which
was accompanied by irregular shear band formation in the produced chips.

Additional dry orthogonal experiments were performed on as-HIP RR1000. Significant adhe-
sion and Hf-rich reaction product formation were again detected, supporting previous obser-
vations regarding the significant chemical affinity between alumina and RR1000. The results
presented demonstrate the limitations of state-of-the-art textured alumina coatings in terms
of Ni-based superalloy turning, highlighting the need for further research in this area.
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Chapter 1

Introduction

By 2052, it is anticipated that global passenger traffic for air travel will approach 25 billion,
approximately 2.5 times the levels projected in 2024 [1]. Simultaneously, the aerospace sec-
tor aims to reach net-zero by 2050. This ambitious target requires the rapid development of
new technologies, as well as significant improvements to be made in the existing manufactur-
ing infrastructure. A combination of complementary prolusion methods (e.g., sustainable avi-
ation fuels, hydrogen turbines, battery powered electric motors) are anticipated to be adopted
to facilitate carbon neutral transport over a wide range of transport distances [2]. Both sus-
tainable aviation fuels and hydrogen propulsion require high temperature materials, such as
Ni-based superalloys, to be employed in the hottest regions of the gas-turbine. Hydrogen gas
turbines burn even hotter than traditional gas turbines, meaning that future developments will
require innovations in terms of materials, coatings, and cooling systems [3].

The global superalloy market has been valued at approximately £5.4 billion in 2021, and is
projected to grow at a rate of over 8.5% annually from 2022 to 2029 [4]. Ni-based superalloys
make up approximately 80% of the overall market [5], with the majority being utilised in
aerospace applications (Figure 1.1). In terms of metallic systems, these materials exhibit
exceptional properties, such as high strength, creep, and oxidation resistance, as well as the
ability to withstand extreme high temperatures. Said properties make them suitable for the
most challenging operating conditions found within gas turbine systems. The machining of
Ni-based superalloys is crucial for producing functional components with tight dimensional
tolerances, however, the creation of more sophisticated alloys has generally led to decreased
machinability. This in turn has driven the development of new tools and tool coatings, capable
of delivering increased productivity. The following introductory chapter will discuss the
industrial importance of machining Ni-based superalloys to the UK economy, and discuss
the role of coatings in the context of cutting tools.
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Figure 1.1: Superalloy market share of different manufacturing sectors as of 2022 by volume
and revenue [6].

The UK aerospace industry is the second largest in the world, with 70% of all domestic
aerospace production being exported [7]. The total turnover within civil aerospace, as of
2022, was over £27 billion [7]. In total there are over 3000 different aerospace companies
of varying size within the UK, with BAE, Airbus, and Rolls-Royce being the largest [7].
Rolls-Royce boasts a fleet of over 13000 engines worldwide [7], many of which contain
Ni-based superalloy components. Such components are typically utilised in turbine blades,
high-pressure disks, and combustion chambers. Rotative parts such as blades and disks,
must endure extreme rotational speeds, and high temperatures, resulting in high stresses.
It is of paramount importance that the failure of these parts be avoided, as this can result
in catastrophic engine failures, which will jeopardise passenger safety. An example of an
uncontained turbine rotor failure due to low cycle fatigue cracking of a Ni-based alloy is
shown in Figure 1.2.
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Figure 1.2: Damage caused by failure of alloy IN718 high pressure turbine stage two disk as
result of low cycle fatigue cracks initiated from internal subsurface [8]. N.B. Annotations are
from original report.

The same properties that give Ni-based alloys excellent in-service performance, lead to chal-
lenging machining conditions. During the machining of aerospace forgings, as much as 95%
of the total weight can be removed, in addition, frequent tool changes due to rapid wear, sig-
nificantly limit production rates. These factors mean that machining aerospace forgings can
account for 60% of the overall manufacturing cost of a finished component [9]. Hence, there
is a strong impetus within aerospace manufacturing to reduce the overall amount of material
that needs to be machined by moving towards near-net type operations, such as Wire Arc
Additive Manufacturing [10, 11], in order to reduce buy-to-flight ratios.

It is clear from instances like those seen in Figure 1.2, that any advances increasing man-
ufacturing efficiency for critical aerospace components, can only be permitted if functional
performance is maintained. In machining terms, this imposes strict limitations on achievable
material removal rates during finishing operations, due to the damage that is induced at the
surface and sub-surface. Surface condition heavily influences crack initiation and fatigue life
in Nickel-based alloys, which is related not only to processing conditions, but also on the
level of tool wear [12, 13, 14]. For this reason, aerospace manufacturers are typically highly
conservative when selecting tool wear limits prior to tool change.

The term "white layer" is used within aerospace manufacturing to describe the heavily de-
formed, nanocrystalline layer, which forms as a result of intense thermomechanical loading
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at the surface during machining processes. Its name comes from its white appearance when
viewed using an optical microscope after chemical etching. The presence of white layer has
been shown to be detrimental to low cycle fatigue life when machining Ni-based superal-
loys [12], as such, aerospace manufacturers have tight controls surrounding the maximum
permissible depths of white layer, especially for critical components. Tool condition, and
the accompanied change in microgeometry, influences the condition of the surface produced
in the final component. Worn tools generate more heat as a result of increased contact area,
which promotes dissolution of the γ′ strengthening precipitates, and therefore, a deterioration
in mechanical properties [15, 16]. To avoid this, the original tool geometry must be main-
tained by limiting overall wear. Hence, prolonging tool life has three main benefits: saving
consumable costs associated with cutting tools, increasing the efficiency of material removal
by reducing the amount of tool changes and permitting faster rates of material removal, and
producing a higher quality end product with reduced chance for tool failure and part scrap-
page. It should be noted that in this context, the term "tool life" is somewhat misleading,
since certain tools will only show improved performance at higher cutting speeds. As such,
the amount of material removed in a given time is a more meaningful performance indicator
than simply the lifetime of the tool. To this end, over the last 50 years, one approach that has
facilitated dramatic advancement, is the development of hard coatings and ceramics [17, 18].

Within aerospace, coated carbide and ceramic tools are commonly employed to machine
Ni-based superalloys, due to their ability to maintain hardness at high temperatures. Coated
carbides tend to be preferred for finishing operations with lower cutting speeds, where surface
condition is of paramount importance. Ceramic tools are typically more brittle, and so require
higher cutting speeds, which facilitate increased levels of workpiece softening; they are more
suited to roughing operations. Although machining at higher cutting speeds permits higher
material removal rates, they tend to promote the formation of white layer in the machined
surface [19]. Several techniques have been developed to reduce cutting forces and prolong
the lives of cutting tools during machining, including laser assisted machining [20], cryogenic
cooling [21], and high pressure coolant (HPC) [22, 23]. Of all these techniques, only HPC
has found widespread industrial adoption.

Physical vapour deposition (PVD) and chemical vapour deposition (CVD) are two common
methods of producing hard coatings for machining applications, a comparison of some key
features is shown in Figure 1.3. CVD coatings are generally, thicker, more wear resistant, and
more heat resistant. Texture controlled oxide coatings can also be deposited using the CVD
process, and can be optimised to have preferred crystallographic orientations that are opti-
mised to reduce wear during machining [24]. Within steel machining, this has led to massive
gains in productivity. These same coatings are also employed at lower material removal rates
for machining Ni-based superalloys. This leads to the formation of the following research
questions that have dictated the direction of this thesis:

• What are the dominant wear mechanisms acting on alumina coated tools during Ni-
based machining, and how do these compare with the published research on steel ma-
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chining? (Chapters 5, 6, and 7)

• How does alloy chemistry, and grain size impact these wear mechanisms? (Chapters 5,
6, and 7)

• What is the relationship between surface damage and tool wear when machining Ni-
based alloys? (Chapters 6, and 7)

• Can methods be developed to study the tool-workpiece interaction in machining using
alternatively processed, lower cost workpiece materials? (Chapter 7)

Figure 1.3: Comparison of tool coating technologies.

In summation, current trends in air travel, coupled with the demands of achieving net-zero
by 2050, mean that there is a significant driving force for continued research on the process-
ing of high temperature materials. Ni-based superalloy machining is an integral component
aerospace manufacturing, both nationally and internationally. A wide range of tooling solu-
tions are currently employed to machine Ni-based superalloys. Generally Ni-based superal-
loys exhibit poor machinability in terms of tool life and workpiece surface integrity. Alumina
coated carbides, originally developed for steel machining, are widely employed when ma-
chining Ni-based superalloys, however, little is currently understood about the mechanisms
behind alumina degradation during these types of operations. To this end, the following thesis
aims to provide insight, in order to assist the development of the next generation of cutting
tool solutions, tailored at Ni-based superalloy machining.

The structure of the thesis is as follows: Chapter 2 provides relevant background informa-
tion and a comprehensive review of the existing literature. Chapters 3 and 4 outline the
experimental methods and materials, respectively. Chapter 5, the first of three experimental
results chapters, examines the wear of alumina-coated carbides during single-point turning
of a typical wrought alloy (IN718). Chapter 6 employs a similar methodology to investigate
how observed wear varies when turning a powder metallurgy Ni-based superalloy used in
aeroengine disc applications (RR1000); the influence of workpiece grain size and turning
cutting speed is also explored. Chapter 7 presents orthogonal turning as a means of assess-
ing alumina coating wear when machining as-HIP RR1000, further exploring the chemical
interactions identified in Chapter 6. Finally, Chapter 8 summarises the findings and discusses
future research directions.
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Chapter 2

Literature Review

Much has been published in the field of machining science in the last century. In this time
period there have been dramatic advancements in machine tools, control systems, cutting
tools, and machining strategies, which has facilitated the manufacture of progressively more
geometrically complex components from a wide range of workpiece materials. Despite these
advancements, very little is known about the interaction between tool and workpiece at a
fundamental level, since chip formation tends to obscure the region of interest. Within the
contact zone high temperatures, pressures, and strain rates cause microstructural changes to
both tool and workpiece at a range of length scales. The following chapter will discuss the
relevant background information in terms of workpiece material, general machining, tool
coatings, and tool wear; the state-of-the-art in terms of Ni-based superalloy machining and
alumina coating wear behaviour is then presented, before some concluding remarks regarding
the research gap that will be addressed in the following thesis work.

2.1 Metallurgy and Processing of Nickel Based Superalloys

Superalloys are metallic materials classified based on their ability to perform at high temper-
ature, typically more than 0.7 times their absolute melting temperatures. They are typically
composed of either Ni, Fe-Ni, or Co. In general, superalloys have a low thermal expansion,
and are designed to maintain strength and corrosion resistance at high temperatures. These
properties make them the material of choice for use in aeroengines, as well as other struc-
tural applications including marine equipment, nuclear reactors, chemical processing, and
pollution control [25].

Ni-based superalloys are the most abundant class of superalloy, and are used predominantly
for components that function within the hottest sections of aeroengines, where temperatures
can reach as high as 1200◦C [25]. Their unique combination of high strength, long fatigue
life, oxidation resistance, and resistance to stress rupture and creep, make them ideally suited
to this application [26]. High operating temperatures in gas turbines are essential for in-
creased efficiency and reduced emissions, making it desirable to continually increase com-
pressor discharge, and turbine entry temperatures. This fundamental relationship has been the
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main driving force behind the development of improved Ni-based superalloys that can safely
operate at these higher temperatures. Nevertheless, the high density of Ni-based superalloys
means that there remains a desire to limit their use in aeroengines, and to replace them with
lighter alternatives (e.g., intermetallics) where possible [27].

The chemistry of Ni-based superalloys is complex, typically there are upwards of 10 alloy-
ing elements, each added in specific amounts to optimise certain properties. The resulting
microstructures are therefore extremely complex, and are also heavily dependent on the pro-
cessing route and parameters. The most important kind of Ni-based superalloy are those
strengthened by an ordered γ′ phase, that coherently precipitates within a disordered matrix
of γ. The matrix phase γ is face-centred cubic (FCC) Ni, whereas γ′ is an ordered primitive
cubic L12 structure, containing Ni and Al atoms (Figure 2.1). Since both phases have similar
lattice parameters (0-1%), the precipitation of the γ′ phase occurs homogenously throughout
the matrix, ensuring long-term temperature stability. A small misfit between the two lattices
is essential in minimising the interfacial energy, which lowers the driving force behind pre-
cipitation at grain boundaries. The topography of the γ′ phase is also impacted by the degree
of lattice mismatch, and as the coherency is decreased the precipitated γ′ will turn from cubic
to plate-like [25]. A low mismatch is beneficial to improve stress rupture, which can also
be increased by increasing the γ′ volume fraction. During a standard heat treatment, peak
hardness is associated with specific a precipitate size, and as they coarsen the γ/γ′ mismatch
will increase [28].

Typically there are three different sizes of γ′ particles, from largest to smallest these are: pri-
mary, secondary, and tertiary. The standard heat treatment process entails a high temperature
solution treatment, this can be either above or below the solvus depending on the preferred
properties, followed by a lower temperature precipitation heat treatment, which is necessary
to produce the correct size distribution of secondary and tertiary precipitates. Heating above
the solvus will cause dissolution of all γ′, including the largest primary particles, facilitat-
ing grain growth; material in this condition is referred to as coarse grain (CG). Heat treating
below the solvus, means that the largest primary precipitates are maintained, which restricts
grain growth, resulting in a fine grain (FG) material condition. Larger grained CG material
offers superior creep resistance, and slower crack propagation, however, smaller grained FG
will exhibit higher strength, as per the Hall-Petch relationship. In some instances, dual mi-
crostructure disks are produced in an attempt to have optimised, location-specific properties,
such that the rim, which operates at higher temperatures, has a CG microstructure, whilst
the bore, which operates at lower temperatures and is subjected to higher stresses, has a FG
microstructure [29, 30].
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Figure 2.1: Crystal structures of γ andγ′ phases.

There are many other phases that form in Ni-based superalloys that improve in-service perfor-
mance, such as carbides and borides. MX type inclusions typically contain reactive elements
such as Ti, Ta, and Hf. In alloys rich in Fe and Nb, the primary strengthening precipitate is
in fact γ′′ and not γ′. γ′′ has an ordered body-centred cubic (BCC) D022 type crystal struc-
ture, which has a composition that can be approximated as Ni3Nb (Figure 2.2). There are
also unwanted phases that can form in Ni-based superalloys, especially after in-service age-
ing, which include the topologically closed-packed phases: µ, σ, Laves etc. Different alloy
additions will impact different phases, depending on where they partition, and can, broadly
speaking, be divided into three groups: Cr, Co, Fe, and Mo are solid solution strengtheners
that strengthen the γ phase; Al, Ti, Ta, Nb, and Hf influence the formation and strengthening
of the γ′ precipitates; finally, C, B, and Zr provide grain boundary strengthening.
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Figure 2.2: Crystal structures of γ′′ phases [31].

Perhaps the most unique and advantageous feature of Ni-based superalloy materials con-
taining γ′ is that they exhibit a so-called yield strength anomaly (YSA), whereby the yield
strength of the material increases with temperature, as opposed to decreasing, as is the case
with most metallic systems. This effect does not continue indefinitely, and typically the peak
occurs around 800◦C [32]. This trend is shown clearly in Figure 2.3, which shows the influ-
ence of γ′ fraction on flow stress at different temperatures. To understand the mechanisms
that lead to this behaviour, it is necessary to take a step back and consider the deformation of
both phases and the crystallographic relationships between them.

When dislocations move through the γ phase, it is energetically favourable for pairs of partial
dislocations to form that are bound by the energy of the stacking fault produced. Due to the
coherent nature of the γ′ precipitates, dislocations can travel between the two phases. When a
pair of partial dislocations travelling through the γ phase arrives at the interface with γ′, they
will recombine to form a perfect dislocation. However, since the γ′ phase has a BCC D022

type crystal structure, the perfect dislocation will become a pair of superpartial dislocations.
As with partial dislocations moving through the γ, superpartial dislocation movement will
cause a stacking fault to form. When superpartial dislocations move through γ′, they cause
both structural and chemical discontinuities (due to the ordered nature of the phase), referred
to as an antiphase boundary (APB). Although this provides substantial strengthening, there
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is another mechanism that is primarily responsible for the YSA behaviour. During high-
temperature deformation, cross-slip is enabled in FCC from the close-packed {111} planes
to the {100} planes. When this occurs in the γ′ structure, and a superpartial dislocation slips
onto the {100} planes, a segment of the APB is left behind, locking the dislocation in place.
This is referred to as a Kear-Wilsdorf mechanism. As temperature increases further, typically
in excess of 800◦C, additional slip systems are activated, allowing the pinned dislocations to
be "unlocked." In reality, there are additional mechanisms also involved in the unique YSA
behaviour; these are discussed at length in [31].

Figure 2.3: Variation in flow strength against temperature for Ni-Al-Cr alloys with varying
γ′ fraction [31].

The deformation mechanics of γ′ strengthened Ni-based superalloys depends heavily on the
size distribution of the γ′ precipitates [33, 34, 35, 36, 37]. Figure 2.4a shows diagrammati-
cally the transition in precipitate cutting mode from weakly coupled pairs (small precipitate
diameters), to strongly coupled pairs (large precipitate size). Figure 2.4b demonstrates the
influence this effect has on the critically resolved shear stress, whereby there is optimum γ′

precipitate size found at the point of transition. For bimodal alloys it is the tertiary precipitate
radius (r) and volume fraction Vf that is most important for achieving optimal yield stress;
for the alloy RR1000, commonly used in aeroengine disk applications, it has been shown that
an optimum yield strength is achieve when r = 15 nm, and Vf ≥ 10% [38]. The larger γ′

precipitates, i.e., primary and secondary, are less important in terms of yield strength, and
influence the fatigue and creep life [36, 37].

Since γ′-containing Ni-based superalloys are two-phase materials, load transfer can occur
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such that the soft phase, which deforms mostly plastically, transfers load onto the harder
phase, which deforms mostly elastically. In these alloys, weakly coupled dislocations will
yield no load transfer, whereas dislocation bowing and Orowan looping, which involves dis-
locations moving around the precipitate particle, will lead to deformation in only the γ phase,
and therefore contribute to load transfer [34]. As such, load transfer is detected in alloys
containing larger γ′ precipitates [34], where looping is more common.

Figure 2.4: Effect of γ′ particle diameter on theoretical critical resolve shear stress [33].

Harte et al. [35] investigated the effect of γ′ particle size on deformation in terms of slip
and misorientation for RR1000. They reported the that the fine-γ′ variant had a higher yield
strength, as the primary deformation mode was shearing in the strongly coupled regime,
whereas the coarse-γ′ variant has a more significant contribution form Orowan looping,
which causes the strengthening precipitates to be bypassed. The authors also reducing the
precipitate size can increase the yield strength as the gaps between precipitates becomes
smaller; In addition, the authors observed that the coarse-γ′ variant showed greater early
stage strain hardening; when viewed at a finer scale using electron channelling contrast imag-
ing (ECCI), they observed more dislocation interactions and pileups at the γ/γ’ interfaces
Figure 2.5. In contrast, in the fine-γ′ variant, there was additional deformation between slip
bands in the form of coupled dislocations and bowing around γ′ particles Figure 2.5c). Varia-
tions in slip characteristics were also observed, whereby cross slip and diffuse slip were more
common in the coarse-γ′ variant but were less evident in the fine-γ′ variant.
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Figure 2.5: ECCI analysis using the g = 111 diffracting vector for fine-grain precipitate
condition: (a) and (c); coarse-grain precipitate condition: (b) and (d). Key: SB = slip band;
SF = stacking fault; SC = strongly coupled dislocations [35].

Alloy chemistries are tailored for specific processing routes, which are used to control mi-
crostructure and material properties for specific applications. Single crystals are cast us-
ing directional solidification to increase creep resistance of turbine blades (Figure 2.6), fine
equiaxed structures are also produced to increase fatigue resistance of turbine disks [25].
Historically, the relationship between alloy chemistry and processing has been problematic,
since higher Wt.% alloy additions, leads to an increased risk of segregation, especially in
large castings [39]. To circumvent this issue, powder metallurgy (PM) processes have been
developed to produce fully dense parts without melting, resulting in a superplastic, uniform,
fine grained microstructure [39]. Hot isostatic pressing (HIP) and extrusion, or a combination
of both, can be used to consolidate the powder, due to the application of heat and pressure
[39]. The produced material exhibits a low alloy flow stress, which readily permits further
processing via isothermal forging. The HIP process allows the production of near-net forg-
ing preforms, as well as near-net machining preforms, which require no additional hot work.
This can help reduce buy-to-fight ratios during aerospace manufacturing, and reduce the cost
associated with non-critical components [40].
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Figure 2.6: Single-crystal microstructure (CMSX-4 alloy), after second stage of ageing fine
cubic γ′ precipitates can be observed [25].

2.2 Computer Numeric Controlled Machines

The adoption of computer numeric controlled (CNC) machines within industrial manufac-
turing, has facilitated massive advancements in productivity. If correctly implemented, it
allows parts to be manufactured in an automated fashion, with a high degree of control and
repeatability. This is particularly useful within research settings, as it allows parameters to
be systematically varied with relative ease. Another distinct advantage compared to tradi-
tional, manual machining, is that it can be coupled with computer-aided design (CAD), and
computer-aided manufacture (CAM), such that processes can be simulated prior to imple-
mentation, reducing development time and cost.

2.3 Fundamentals of Machining

Machining defines the act of material removal via subtractive cutting type processes. The um-
brella term “machining”, entails a multitude of different cutting operations. Some operations,
such as grinding, are abrasive in nature, and material removal occurs due to the interaction
of many sharp particles with the workpiece. Other operations, such as turning, milling, and
drilling, rely on a sharp edge, or a number of edges, to shear the workpiece material.

Machining operations can broadly be sub-divided into roughing or finishing operations, de-
pending on how much material is to be removed. Roughing is the most aggressive operation,
and is generally used further upstream in manufacturing processes, where there is significant
material to be removed, and surface quality is lower priority. For this reason, high material
removal rates (MRRs) can be employed. In turning type processes, MRR can be calculated
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using Equation (2.1), where Vc is the cutting speed measured in m · min−1, fn is the feed rate
measured in mm · rev−1, and the depth-of-cut (DOC) is ap, measured in mm, as such, the re-
sulting units for MRR are cm3 · min−1. A typical outer diameter turning process is displayed
in Figure 2.7.

MRR = ap × Vc × fn (2.1)

Finishing operations occur at the end of production, and therefore, the surface condition is of
paramount concern. In a machining context, surface integrity is a term broadly used to refer
to the condition of both surface and subsurface structures that are affected during workpiece
deformation. The quality of said structures can be assessed in numerous ways depending on
the requirements of the component; some commonly used metrics include: surface rough-
ness, residual stress state (often measured as a profile from surface to bulk), and maximum
depth of strain induced by the machining process. Limited accessibility, high cost, and the
sometimes destructive nature of these analysis techniques, mean that sampling is typically
employed in manufacturing settings to ensure conformance with predefined specifications
that have been found experimentally to relate to functional performance, such as fatigue life.

Figure 2.7: Diagram demonstrating a standard OD turning turning setup, alongside the rele-
vant processing parameters (courtesy of Sandvik Coromant.)

2.3.1 Orthogonal Cutting

Orthogonal cutting is a mode of cutting that employs only one cutting edge, allowing a 2D
simplification of the cutting process to be performed. It is therefore used extensively to study
material deformation characteristics, and to produce finite element method (FEM) models.
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True orthogonal cutting will be a planing type operation, whereby the cutting edge is perpen-
dicular to a workpiece, that has a completely straight wall-like profile (Figure 2.8). As long as
the workpiece is sufficiently thick, then the plane strain condition is assumed, and side flow
of material is neglected. In oblique cutting, the cutting edge is held at an inclination angle
λs. The chip produced is therefore wider, and flows at a chip flow angle η. A comparison
between orthogonal and oblique cutting is presented in Figure 2.8.

Figure 2.8: Diagram showing comparison of orthogonal and oblique cutting (adapted from
[41]).

Merchant Model

The simplification offered by the orthogonal case, gives rise to the 2D Merchant model [42].
First published in 1945, this marked a significant breakthrough in machining science, as it
represented the first step in predicting material behaviour during cutting processes. Several
key assumptions must be made to facilitate the analysis, these are: the tool is considered
to be infinitely sharp, the process is a "true" orthogonal one, and the shear deformation is
confined to an infinitely thin shear plane. Within the Merchant force circle (Figure 2.9), the
relationship between machining forces, and relevant angles is presented. Of key importance
is the shear angle ϕ, which determines whether a thin fast moving chip is formed, or a thicker,
slow moving one. During cutting, ϕ will vary in order to minimise energy, and is related to the
cutting ratio, which is given by Equation (2.2), in which the theoretical uncut chip thickness
is t, and cut chip thickness is tc.

r =
t

tc
(2.2)

In reality, the Merchant model has been found to be of limited usefulness in terms of predic-
tive machining forces. This is largely due to it’s over simplification of the frictional interface
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on the tool rake, in which sliding friction is assumed. Extensive experimental study has re-
vealed that during most metal cutting, conditions of seizure are far more common than sliding
ones, resulting in significant changes to the chip formation mechanisms [43].

Figure 2.9: Diagram showing geometric features of orthogonal cutting, and construction of
Merchant circle (adapted from [43]).

Shear Zones

Plastic deformation of the workpiece material occurs along the shear plane and the surround-
ing area, refereed to as the primary shear zone (I), as seen in Figure 2.10. The energy required
is related, according to minimum energy theory, to ϕ, and Vc [43]. In addition to this, there
is a rubbing contact in the secondary shear zone (II), as the chip moves in the chip-flow-
direction (CFD) along the the tool rake face. Similarly, in the tertiary shear zone (III), there
is an interaction between the tool flank and workpiece (Figure 2.10). The tertiary shear zone
is of particular importance, since it relates to the residual stress distribution of the generated
surface, which will impact it’s in service performance [12, 44]. Deformation in all three shear
zones also leads to heat generation, which relates to a multitude of different phenomena, in-
cluding workpiece softening, tool wear, and workpiece residual stresses.
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Figure 2.10: Diagram showing approximate positions of primary (I), secondary (II), and
tertiary (III) shear zones during orthogonal cutting.

2.3.2 Turning Methods for Machining Research

In turning operations, the workpiece rotates, and the tool remains stationary relative to said
rotation, producing parts with a circular cross-section when viewed from the plane normal to
the axis of rotation. To machine the required part geometry, the tool can traverse in different
directions.

Orthogonal Turning

So-called "orthogonal" turning involves a single cutting edge. Due to the curved nature of the
workpiece it is not truly orthogonal, however, if the the workpiece radius is sufficiently large,
it is an adequate, and convenient approximation, facilitating longer times in cut compared to
planing operations. To achieve this on a regular lathe, a thin-walled tube type, or fin type
workpiece can be employed. If a thin-walled workpiece is utilised, then the tool will move
along an axial vector that is parallel to the axis of rotation; if a fin type workpiece is used, then
the vector traversed by the tool will be radial. Cutting speed in turning, also called surface
speed, is calculated as the product of the spindle speed, and the machined part circumference.

If the spindle speed, and the machined part circumference is known, then the cutting speed
(Vc) can be calculated using the following equation:

Vc =
π ×Dm × n

1000

where Vc is the cutting speed in m · min−1, Dm is the turned diameter in mm, and n is the
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spindle speed in RPM.

Comparing these two methods, a distinct advantage of the tube type approach, is that since the
circumference remains consistent, a constant cutting speed will be maintained. Conversely,
when using a fin type setup, if the RPM remains constant, then the effective surface speed
will drop as the tool moves towards the centre. To combat this, n can be increased as the
machined circumference reduces, as a result, the consistency of the cutting speed will depend
on the effectiveness of the lathe controller, which will vary on different systems. Considering
the efficiency of material usage, if the starting material is a cylindrical billet, then the fin type
approach will involve less material waste. In either case, using a lathe is often preferable to
a planing setup, since it facilitates longer times in cut, and utilises relatively compact work-
pieces. One issue with this kind of approach is the accumulation of heat, which is less easily
dissipated, due to the lower thermal mass of a thin workpiece. Nevertheless, this technique
is frequently used within research settings, in order to measure material properties, thermal
behaviour, and tool wear [45, 46, 47, 48]. Additionally, it can also be employed during in
operando machining experiments, when using transmission x-ray diffraction techniques, al-
lowing the strain evolution in tool coatings, and the deformed workpiece to be measured [49,
50, 51].

Figure 2.11: Diagram demonstrating the difference between different tube type and fin type
orthogonal lathe setups commonly used in research settings.
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Conventional Turning

In conventional turning (i.e. involving a primary and an auxiliary cutting edge), when the tool
moves axially whilst contacting the spinning workpiece, this is referred to as outer diameter
(OD) turning, conversely, when the tool moves radially, then this is called facing. This is
shown diagrammatically in Figure 2.12. OD turning and facing, are analogous to orthogonal
turning of tube type, and fin type workpieces, respectively, exhibiting the same behaviours in
terms of cutting speed variation. Unlike orthogonal turning setups previously discussed, this
mode of turning is commonplace within industrial, and does not requires a simple cylindrical
workpiece. These factors, coupled with minimal material waste, make conventional turning
the preferred choice for tool wear studies in research settings.

During conventional turning, the cutting conditions can be controlled by changing 3 main
parameters: (Vc, fn, and ap. To calculate Vc, Section 2.3.2 can be used. fn describes the
length the tool will traverse in the feed direction, during one workpiece rotation. The DOC,
measured in mm, can be defined as the difference between the uncut and cut diameters,
divided by two. The product of these parameters gives the MRR, as per Equation (2.1).

Figure 2.12: Diagram demonstrating the difference between OD turning and facing opera-
tions in terms of feed direction, and the position of primary and auxiliary cutting edges.
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2.4 Design of Cutting Tools

Cutting tools can be tailored to suit the demands of specific machining conditions, which is
related to the process and material being machined. Said tailoring is commonly achieved by
altering the geometry, substrate material, and coating. As a result, cutting tool manufacturers
produce thousands of different variants to help optimise machining operations and improve
efficiency.

2.4.1 Tool Materials

Tool material selection is a key component of implementing effective industrial machining.
The two key characteristics that dictate a tools machining performance hot hardness, and
toughness. It is often the case that when one is increased, the other decreases, hence, there is
often a compromise to be made, which will depend on the specifics of the workpiece material,
and the machined part geometry. Figure 2.13 shows the relationship between harness and
toughness for different tool materials; we can imagine that the perfect tool material would
sit in the top right of this graph. It is interesting to note that cemented carbides sit more or
less in the middle of the graph. It is for this reason that they are find such widespread use in
machining applications, as they provide a good balance in properties.

Figure 2.13: Tool material selection graph, showing hardness against toughness for different
tool materials [52].
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The use of coatings allows the performance of many engineering materials to be greatly in-
creased, this is especially true with regard to processes that occur at the surface, such as
corrosion, and wear. Coating technology has rapidly advanced over the last 60 years, and
there is a significant body of academic work aimed at developing superior coatings, by bet-
ter understanding coating deposition, and degradation in-service [53, 24, 54, 55]. Within
machining, coatings are commonly used to protect an underlying substrate from abrasive,
chemical, diffusive, and adhesive wear mechanisms, and to enhance the tool performance
due to degradation resistance of the coating itself. They may also help to reduce machining
forces by lowering friction in regions where the tool and workpiece material interact [56].

2.4.2 PVD Coatings

Physical vapour deposition (PVD) is a vacuum coating process in which the source material is
vaporised, and then condensed onto a solid substrate. This must be performed in the presence
of reactive gases such as nitrogen (N2), or oxygen (O2). Said gases will interact with the
vaporized particles, which results in the deposition of nitrides, oxides, or carbo-nitrides on
the substrate surface. Compared to chemical vapour deposition (CVD), PVD processes offer
several advantages, including the ability to be processed at much lower temperatures. This
can be advantageous for a number of reasons, such as: lower thermal stresses, compatibility
with a broader range of materials, better energy efficiency, and reduced risk of unwanted
chemical interactions promoted by higher deposition temperatures.

In PVD processes, different energy sources can be used to evaporate the source material to
produce thin films: focused electron beams, high-energy lasers, and high-density arcs. The
process is effectively controlled by altering key processing parameters: substrate temperature,
operating pressure, and the types of reactive gases. This in turn influence the thickness,
structure, internal stresses, substrate, and adhesion of the deposited coating, which will alter
the mechanical properties, and its in service performance.

The earliest commercialised PVD coatings utilised in machining were TiN. This was later
followed by TiCN, TiAlN, and many other similar compounds. Electron beam evaporation
is often used for Ti coatings, as it offers good adhesion, whilst minimising interfacial stress.
This is performed in a Ni atmosphere. To produce multilayer coatings, sputtering methods
are typically used to improve adhesion, and to limit interfacial stresses [57, 58].
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Figure 2.14: PVD coating process to produce multilayer TiCN coatings (courtesy of Sandvik
Coromant).

2.4.3 CVD Coatings

Chemical vapour deposition (CVD) is a coating method that can be employed for a vari-
ety of different applications, these include: wear-resistant coating for machining, thin-film
semiconductors, and biocompatible coatings [53, 59, 60].

CVD is widely used for cutting tool applications, due to its ability to produce thick (5-40
µm), chemically stable coatings, with a high level of control. During the CVD process solid
material is deposited onto a solid substrate surface from a gas mixture, which occurs through
chemical reactions between the gas reactants, and interactions with the substrate surface.
Typically, said reactions, can be initiated and sustained by either heat (thermal CVD), or ions
and electrons (plasma activated CVD).

Compared to PVD, CVD offers several advantages, including its ability to cover irregularly
shaped surfaces. In addition, CVD technology facilitates the rapid deposition of pure mate-
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rial, without the need for the high vacuum levels. α-alumina, κ-alumina, TiC, TiN, and TiCN,
are some of the most widely used CVD coatings [61]. During cutting tool manufacture, cut-
ting inserts are typically coated using thermally activated processes in hot-wall CVD reactor.
This allows many cutting inserts to be coated in a single process cycle.

To be effective in cutting tool applications, coatings must endure high pressures, in the GPa
region, and high temperatures, around 1000◦C. The later is of particular importance, as many
wear related phenomena, such as chemical wear, are accelerated by it. Other considerations
for coating selection include high hot-hardness, to limit abrasion wear, and limited affinity
with the workpiece, to limit adhesive wear.

Figure 2.15: CVD coating process to produce multilayer alumina coatings (courtesy of Sand-
vik Coromant).

Alumina phases

Aluminium oxide, also known as Alumina, can exist in multiple polymorphic forms, all with
the same chemical formula Al2O3, which can be obtained by heating a precursor Al hydrox-
ide (Figure 2.16). Each polymorph exhibits subtlety different crystallographic configurations.
There is ongoing debate regarding whether these are genuinely new phases, or if they result
from absorbed inter-lamellar water and impurities. In applications requiring wear-resistant
coatings, such as machining, only stable alpha-alumina (α-alumina), and metastable kappa-
alumina (κ-alumina) are employed; the later is generally inferior as it will decompose during
machining into the stable α-alumina form, which is accompanied by a volume decrease,
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and subsequent cracking [62]. It has only been in the last two decades that pure α-alumina
coatings could be manufactured [53], prior to this, only mixed coatings consisting of both
κ-alumina and α-alumina were achievable. Given its chemical stability, hot corrosion re-
sistance, high hot hardness, high melting point, and low thermal conductivity, α-alumina is
ideally suited to conditions at the tool-chip, and tool-workpiece interfaces.

Figure 2.16: Thermal transformation sequence of alumina hydroxides. Hydroxides are in
square boxes, and transition aluminas are in epileptical ones (adapted from [63]).

α-Alumina

The crystallographic structure of α-alumina is referred to as the corundum structure, the unit
cell is shown in Figure 2.17. Six parallel (0001) planes of oxygen ions are stacked in a
αAβBγBαAβBγ sequence. In each layer of oxygen ions, there are octahedral voids where
Al3+ ions can reside; in the corundum structure, two-thirds of these voids will be filled.
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Figure 2.17: The α-alumina unit cell; made using VESTA 3.

CVD Alumina Coatings

CVD alumina coatings can be obtained via the AlCl3-H2-CO2 system, and there is substantial
body of research concerning there deposition dating back 50 years [64, 65, 66]. The forma-
tion of solid Al2O3 from the gas mixture is based on the hydrolysis of AlCl3 by water, and is
shown below:

2AlCl3(g) + 3H2O(g) → Al2O3(s) + 6HCl(g) (2.3)

The water is produced from the high-temperature reduction of CO2 by H2, which controls the
deposition rate:

3H2(g) + 3CO2(g) → 3H2O(g) + 3CO(g) (2.4)

Combining Equation (2.3) and Equation (2.4), the overall reaction can be expressed as fol-
lows:

25



2AlCl3(g) + 3CO2(g) + 3H2(g) → Al2O3(s) + 6HCl(g) + 3CO(g) (2.5)

One limitation of this technique, is that the growth of alumina is highly sensitive to impurities,
such as Co, which can lead to irregular crystal growth, and poor coating adhesion. Since Co
is present in the binder phase of cemented carbide substrates, an intermediate layer between
the substrate and the alumina layer is typically applied.

Modern pure α-alumina CVD coatings exhibit a large grained microstructure, ranging from
approximately 1–5 µm. To form highly textured coatings, temperatures above 1000°C are
required.

2.4.4 Tool Geometry

In reality tools are not infinitely sharp as presented in Figures 2.9 and 2.10, and even if they
could manufactured to have this geometry, in many instances they would not be optimal, and
may lack adequate toughness to handle fluctuations in the machining force response. There-
fore, edge geometries are tailored by cutting tool manufacturers to suit specific applications,
which will effect not only the tool wear, but also the surface of the machined part. The term
Edge rounding (ER), describes the sharpness of a cutting edge in terms of the inscribed cir-
cle that can be drawn between the tool rake and flank, which influences the magnitude of
machining forces [67].

The shape of the cutting edge is linked to the residual profile of the machined surface [68,
69, 70, 71]. This occurs as a result of the ploughing effect, which describes the "ironing" of
workpiece material that flows underneath the cutting tool. The ER of a tool influences the
formation of a "stagnation zone" in front of the progressing tool (see Figure 2.18). In the
stagnation zone, no material flows, as such, its presence will influence how much material
will flow under the tool. In essence, stagnated material will perform as if it is part of the
tool itself. The shape of this zone is also influenced by other geometric characteristics of
the tool, such as chamfering [68]. The height of the material that is ploughed by the tool is
shown in Figure 2.18 as ho. This can be subtracted from theoretical uncut chip thickness t to
give the actual uncut chip thickness ta. The amount of material that flows beneath the tool,
impacts the stress distribution, and the thickness of the machining affected layer thickness
hp. This behaviour can be modelled effectively using the finite element method, in order to
tailor surface properties and performance, via edge geometry selection [68].
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Figure 2.18: Diagram showing the ploughing effect during orthogonal cutting (adapted from
[68]).

Figure 2.19 displays the relationship between nose radius and feed rate during turning,
whereby larger feed rates can be achieved for tools with larger nose radii (rϵ). A larger
nose radius results in a stronger edge, meaning that it will be more suited to operations in-
volving interrupted cuts, or machining inhomogenous material. However, a larger nose will
also increase the contact area, leading to higher machining forces and cutting temperatures,
and therefore, increased tensile residual stresses in the machined surface [72], which are
detrimental to fatigue life.

Figure 2.19: Diagram showing influence of tool nose radius (courtesy of Sandvik Coromant)

Another consideration that can influence the integrity of the machined surface, is the micro-
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geometry of the rake face. To assist chip control, many inserts feature rake face geometry that
increases the curvature of the formed chip. This is achieved by locally changing the effective
rake angle from positive to negative, as seen in Figure 2.20. The presence of a chip breaker
will impact the cutting mechanics, and alter the stress state of the machined surface produced
[72].

Figure 2.20: Diagram showing the difference between an insert featuring a chip breaker, and
one that does not (courtesy of Sandvik Coromant).

2.5 Tool Wear

During a cutting tools life, the wear rate varies depending on the condition of the cutting
edge, which in turn is related to the amount of material that has been machined. The early
work on the subject was performed by Taylor [73], giving rise to the famous Taylor equation,
which relates cutting speed to tool life. Taylor identified three distinct regions of flank wear
rate over a cutting tools lifetime, as shown in Figure 2.21: a rapid initial wear regime (I), a
steady state wear regime (II), and finally a rapid, fatal wear regime (III). It should be noted
that recent development in high speed machining, and new tool materials, have shown that
increasing cutting speed can in many instances increase tool life [74].

28



Figure 2.21: Diagram showing typical flank wear variation against spiral-cut-length (SCL).

2.5.1 Wear Mechanisms

Regardless of tool selection, the extreme conditions present at the tool-chip and tool-
workpiece interfaces, lead to a combination of different wear mechanisms, often acting si-
multaneously. This inherent complexity, makes the study of worn surfaces challenging, and
careful observation is required to separate the contribution of different effects.

Abrasive

Abrasive wear occurs as a result of a hard material, or material of equal hardness, interacting
with a softer one. In metal cutting, these hard particles may be inclusions or precipitates,
originating from the workpiece material, they can also originate from regions of the worn tool
that have been dislodged. Abrasive wear can be subdivided into two-body, and three-body
abrasion Figure 2.22. Two-body abrasion involves the wearing of asperities as two surfaces
move against one another in opposite directions. Three-body abrasion involves additional
free moving particle that lie between the two surfaces. Two-body wear can be divided further
based on the damage that is caused to the workpiece material, these are: cutting, fracture,
ploughing, and grain pull-out. This is shown diagrammatically in Figure 2.23.

Cutting typically occurs when sharp, hard asperities move across a soft, ductile material. This
results in the loss of displaced material in front of the advancing abrasive particle. On the
other hand, fracture occurs when the abraded surface is brittle, and material loss occurs as a
result of crack convergence. If the abrasive asperities are blunter, and the abraded material is
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soft, then cutting is less likely, and repeated plastic deformation can lead to local fatigue at
either side of the formed groove, due to side-flow. Finally, if the abraded material is brittle,
and has weak intergranular bonds, then grain pull-out may also occur.

Figure 2.22: Diagram showing the difference between two-body and three-body abrasive
wear.

Figure 2.23: Diagram showing types of two-body abrasive wear (adapted from [75]).

Adhesion and Attrition

Adhesive wear occurs via localised welding at the tool-chip, and tool-workpiece interfaces,
due to a combination of high pressure, and a chemical affinity that exists between tool and
workpiece material. This behaviour will likely be promoted by higher cutting temperatures,
and increased workpiece softening. The amount of tool material loss is often related to the
strength of the new bond that forms at the interface. If this bond is stronger than the bonds
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within the tool, then the shearing action of the workpiece material moving across the tool
surface, will result in fracture of the tool material, and subsequent material loss. Conversely,
if the adhered material remains in place, then it provides a site for chemical reactions to occur
(see chemical and diffusion below).

Attrition wear describes material loss as a result of stick-slip contact conditions, whereby
there is a cyclical transition from adhesion to sliding. The irregular flow of material necessary
for this mechanism of wear, often occurs when machining inhomogeneous, ductile materials,
where there is a tendency to produce discontinuous chips. This results in a rough surface
topography of the worn tool, due to localised coating pull-out and intergranular fracture.

Chemical and Diffusion

Chemical wear refers to chemical interactions that occur during machining, which culminate
in the loss of tool material. This can include the formation of new reaction products, or the
diffusion of elements into a particular phase. In some regions of the tool, where pressures
are lower, oxidation of the tool material can also occur. In the machining case, there is a
continual refreshment of workpiece material, that has no protective oxide, and is heavily
deformed (meaning there are more diffusion pathways); in contrast, the tool has only a fixed
amount of material. These boundary conditions mean that the concentration of minor alloy
additions in the workpiece, can become enriched on the tool surface. New phases may then
form that can be easily removed by high shear stresses, resulting in loss of tool material.

Diffusion, or diffusive wear, can occur in both directions of an interface, i.e., tool material
can diffuse into the workpiece, or workpiece material can diffuse into the tool. The later,
can cause the tool to be weakened, and promote material loss in this manner [76]. In some
instances, protective layers called tribolayers can also be formed by reactions at the tool-
workpiece and tool-chip interfaces, which can prevent diffusive wear [77]. As such, these
interactions are not considered chemical wear mechanisms, as they will extend tool life.

Temperature Effects on Wear Balance

The active wear mechanisms are dependant on processing parameters, especially cutting
speed, since this has the greatest impact with regards to local temperatures in the contact
zone [15]. Figure 2.24 shows how cutting temperature is related to different wear mecha-
nisms. It can be observed that abrasion is relatively consistent throughout, whereas chemical
wear (diffusive wear and high temperature oxidation) begins at an intermediate temperature,
after which point, it increases expectationally. Conversely, adhesive wear starts at lower tem-
peratures, increases to a maximum, and then begins to decrease as chemical wear starts to
dominate. In reality the size and shape of these curves will be dependant on both tool and
workpiece materials, as well as other factors, such as lubrication.
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Figure 2.24: Diagram showing influence of temperatures on active wear mechanisms [78].

2.5.2 Wear Types

The wear mechanisms described in previous section culminate in visible wear types on worn
cutting tools, as seen in Figure 2.25. These wear types often involve several different wear
mechanisms working simultaneously. They are also related to the processing parameters
employed. For example, machining at higher speeds will lead to higher cutting temperatures
and accelerate crater wear, as such, crater wear will tend to be the life-limiting wear type.
Conversely, at lower cutting speeds, the crater wear rate is reduced and flank wear will tend
to be the life-limiting wear type. In practical terms, this means machinists can use wear types
to identify whether or not the optimum parameters are being employed i.e. if inserts are
failing due to cratering, then the process may need to be slowed down, whereas, if inserts fail
due to reaching flank wear limit, then the cutting speed could be increased. In terms of the
machined part, flank wear has a greater influence on surface quality, as it effects the frictional
interaction in the tertiary shear zone. Crater wear can also influence this, although the greater
risk is total failure of the cutting edge, as cratering leads to a progressively weaker cutting
edge.

Considering industrial machining practises, certain features, especially for critical aerospace
parts, must be machined in a single pass. To increase efficiency, it is common practise for
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cutting speeds to be increased well outside of their recommended parameters, so that the tool
is fully worn in a single pass; therefore, the study of thermally accelerated wear phenomena
is of paramount importance when developing tooling solutions.

Figure 2.25: Diagram showing typical features of a worn cutting insert (adapted from [79]).

Flank Wear

Flank wear occurs on the tool flank (Figure 2.25), and is often used as a measure of wear
limit during machining processes. Generally speaking, it is considered the preferred wear
type, due to its predictable nature. It is often attributed primarily to abrasive type wear phe-
nomena, caused by hard particle in the workpiece material. Flank wear does not tend to occur
consistently across a cutting edge, hence an average is typically taken, as well as the maxi-
mum. If either of these values exceed a certain threshold, commonly referred to as VB, then
the worn tool will be replaced by a new one.

Crater Wear and Discrete Plastic Deformation

Crater wear occurs on the tool rake (see Figure 2.25), where temperatures are highest, and
where there are significant shear stresses acting on the tool [43]. In many cases, it is caused
primarily by chemical wear, however, it can also involve abrasive mechanisms [80]. In the
case of alumina coated tools, local plastic deformation of the tool surface due to shear also
contributes, which occurs as a result of temperature dependant slip [81]. For alumina coated
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tools the mechanism was fist presented by Dearnley [82], and is shown diagrammatically in
Figure 2.26.

Figure 2.26: Diagram showing steps for progressive material loss via discreet plastic defor-
mation mechanism (adapted from [82]).

Bulk Plastic Deformation

The term "Plastic deformation", is typically used by machinists when referring to plastic de-
formation of the underlying substrate material, as a result of high temperature and compres-
sive stresses. Depending on the specifics of the process and local temperatures, this can either
result in an impression, or a depression of the cutting edge (Figure 2.27). This behaviour is
often detrimental to performance, as it alters the geometry of the cutting edge.

Figure 2.27: Diagram showing plastic deformation under compressive stress schematics for:
depression, and impression.
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Coating Delamination (Flaking)

Tensile forces can develop during machining due to the formation of a strong interface be-
tween the tool and workpiece material (adhesion). In the case of coated inserts, this can lead
to coating removal (attrition and adhesion).

Notch Wear

Notch wear occurs around the DOC (see Figure 2.25), as a result of a combination of high
stresses caused by work hardening at the machined surface; other factors such as oxidisation,
abrasion, and adhesion are also influential. It’s formation can be prevented by using appro-
priate machining strategies, these include: varying the DOC, "rolling" in and out of cut i.e.
using an arcing tool path during engagement/disengagement, and chamfering edges prior to
tool engagement.

Cracks

The high temperatures that occur during machining can cause cracks to form in coatings and
substrates. Comb cracks, as shown in Figure 2.25, run perpendicular to the primary cutting
edge, and occur as a result of thermal fatigue; these often occur during intermittent cutting
type operations. Cracks that run parallel to the primary cutting edge are more likely caused
by mechanical fatigue.

Built-up-edge (BUE)

BUE is a form of adhesive wear localised to the cutting edge, where workpiece material
accumulates (see Figure 2.25). It could be argued that BUE is not always a true wear type,
since it can even prevent wear to the tool material [83]. However, if the BUE is unstable, it
can lead to adhesive wear as it breaks off. It can also serve to increase the machining forces,
due to the accompanied change to the tool microgeometry, which can have detrimental effects
on the surface quality.

2.6 Machinability

Machinability is often defined as the ease in which a material can be removed during machin-
ing. Mills and Redford [84] point out that the actual definition is far more subjective, and that
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the term can be used to refer to a multitude of different features related to a machining oper-
ation. The importance of each feature will depend on the context of the operation. Common
features include: the quality of the machined surface produced, chip control, tool wear mate
and the machining force response.

The two central material properties that influence a materials machinability, are the material
strength, and the strain at fracture [85]. The combination of these two factors can be used
to predict the energy requirements of creating a fracture in the material volume. Most of
the energy is converted to heat, which is generated via a combination of plastic deformation,
and friction between the tool-chip and tool-workpiece interface. These high temperatures
will lead to microstructural changes in the workpiece, that will result in a graded structure,
whereby the properties of the sub-surface and surface can be entirely different to the bulk
material (Figure 2.28) [86].

Figure 2.28: Schematic of metal surface [86].

2.6.1 Ni-based Superalloys

Nickel-based superalloy microstructures are tailored to exhibit exceptional performance at
high temperature in terms of strength and creep resistance. The same properties that are bene-
ficial in-service lead to challenging machining conditions. Ni-based superalloys are classified
as hard-to-machine materials. When machining Ni-based Superalloys, segmented chips tend
to form, which leads to cyclic loading of the tool; chip control also tends to be poor, especially
at lower cutting speeds. Tool wear occurs via a combination adhesive, attritional, chemical,
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diffusive, and abrasive wear mechanisms. The elevated temperatures generated at the tool-
chip and tool-workpiece interfaces, accelerate specific wear phenomena (Figure 2.24). Due
to these factors, Ni-based superalloys are machined at relatively low material removal rates
when compared to other materials, such as steels.

Ni-based superalloys exhibit low thermal conductivities, which leads to high thermal gradi-
ents in the cutting zone [15, 87], contributing to the acceleration of thermally driven tool wear
phenomena. Workpiece adhesion and work hardening are also especially severe, contributes
to depth-of-cut (DOC) notch wear [88, 17]. In addition, the presence of hard abrasive par-
ticles within the microstructure are also thought to contribute to the occurrence of abrasive
wear when using certain tool materials [89, 17].

Figure 2.29: IR thermal camera image taken normal to cutting direction, showing temperature
gradients during orthogonal turning of advanced Ni-based superalloy using uncoated carbide
inserts at a cutting speed of 30 m · min−1, and a feed rate of 0.1 mm · rev−1 [15].

Various tool materials have been explored for machining Ni-based superalloys. Ceramic tools
are commonly used for continuous roughing operations requiring a high material removal rate
and high cutting speeds, permitted by their high melting temperatures and hot hardness [90].
For semi-finishing and finishing operations, coated carbides (PVD [91] and CVD [92]) as
well as cBN [91, 93] tools are generally preferred.

Workpiece Surface Integrity

Generally, Ni-based superalloys will exhibit poor surface integrity characteristics [94, 95].
Although alloy additions can be used to improve machinability [96], these materials are de-
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signed to operate at extreme temperatures and so large cutting forces, and severe plastic
deformation (SPD) layers, are often inevitable. In addition, surface defects such as pickup,
swept grains and white layer formation are prevalent, which can be detrimental to component
functional performance, especially in terms of fatigue life [12]. It has also been observed that
modern PM alloys with improved high temperature performance exhibit a reduced tolerance
to machining induced damage when compared to wrought alloys [97]. Sub-surface damage
is particularly concerning during the manufacture of critical parts, as it is harder to rectify
and detect. As such, careful consideration of permissible tool wear limits is imperative, to
ensure the quality, and in-service performance of machined components.

As previously discussed Section 2.1, Ni-based superalloys exhibit a YSA at elevated temper-
atures. Although this behaviour is highly advantageous in-service during high temperature
applications, it is often detrimental to machining operations. La Monaca et al. [98] utilised
a unique experimental orthogonal cutting setup, whereby tool and workpiece can be heated
independently to investigate the role that temperature alone has on the cutting process. The
authors discovered that the YSA effect can become advantageous if the temperature in the
tertiary shear zone is increased to match the temperature range that exhibits the YSA, as this
will reduce deformation in the machined surface. In addition, by increasing the temperature
in the primary shear zone, so that it exceeds the YSA temperature range, lower cutting forces
and energies could be obtained.

In their subsequent work using the same apparatus [99], the influence of cutting temperature
on shear localisation, and the transition from continuous to discontinues chip formation was
explored. The authors found that increasing the temperature of the workpiece and tool will
promote nanoscale shear localisation in chips. Within these nanocrystalline regions, mis-
orientation is low due to recrystallisation, which occurs after the formation strain induced
intra-granular dislocation networks, and is assisted by increased thermal energy at higher
temperatures. In contrast, the neighbouring large grain regions of the chip exhibit high levels
of misorientation, since there is less energy for recrystallisation to occur. At lower cutting
temperatures the deformation is more consistent across the chip, leading to continuous chip
formation. Although deformation is more severe when higher cutting temperatures are used,
the deformation is more localised, leading to a reduction in cutting forces (25–30%). In spite
of lower cutting forces, more damage to the workpiece subsurface will occur, due to thermal
softening in this region. This highlights that cutting forces alone do not provide a suitable
means of assessing machining induced damage.

Powder metallurgy PM Nickel-based superalloys utilised in aeroengine application are typ-
ically consolidated using hot isostatic pressing HIP, followed by extrusion and isothermal
forging. Extrusion is necessary to break down prior-particle boundaries (PPBs) that are detri-
mental to functional performance and influence the subsequent forging steps [100]. As-HIP
material can exhibit yield strength, ultimate tensile strength, and ductility comparable to ex-
truded/forged material after heat treatment, hence it has the potential to be used in non-critical
applications [40].
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Liao et al. [101] investigated the influence of γ′ distribution on machining induced damage
by comparing two similar PM alloys produced using HIP, with a varying volume fraction of
γ′ (43% and 57%). They found that a lower volume fraction of γ′ would result in a slightly
higher level of strain in the machined surface during normal cutting conditions. Under aggres-
sive cutting conditions they found that the lower γ′ volume fraction alloy exhibited enhanced
thermal softening, and a corresponding high level of subsurface damage. Despite exhibit-
ing a reduction in machining induced damage, a higher volume of γ′ will result in reduced
machinability due to the increase in force required to deform the material at high tempera-
tures. A temperature of 950◦C was recorded at the tool-workpiece/tool-chip interface using a
thermal camera. The authors made no comment regarding the influence this may have on the
tool wear generated; however, it can generally be assumed that higher cutting energies will
generate higher levels of tool wear when machining comparable materials.

In a subsequent study, Liao et al. [16] investigated the formation of white layer in PM Ni-
based superalloys using an orthogonal turning setup and aggressive cutting parameters. The
authors hypothesise that given the potential measurement error in the previous study, the
actual temperature could be as high as 1150 - 1200◦C; the high levels of dissolution they ob-
served within the machined surface would indicate that this is indeed likely. Cyclic uniaxial
micro compression tests later performed, demonstrated that white layer in Ni-based super-
alloys exhibits almost no elastic recovery, which results in a significant deterioration in the
mechanical properties and functional performance of manufactured components. In contrast,
Ding et al. [102] found the yield strength of the white layer to be nearly twice that of the
bulk when using micro compression tests on machined 720Li, which was attributed to grain
nano-sized refinement. Comparing the two studies, it becomes clear that Ding et al. utilised
less aggressive machining conditions, which caused less thermally driven dissolution and re-
crystallisation to occur. As such, when they extracted the micro-compression samples, only
a small area of the sample contained regions with fully dissolved precipitates, in contrast, the
samples extracted by Liao et al. consisted of approximately 50% dissolved precipitates.
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Figure 2.30: Scanning transmission x-ray microscopy (STEM) micrograph and x-ray energy
dispersive spectroscopy (X-EDS) scans of machining effected layers after orthogonal turning
of advanced Ni-based superalloy using a heavily worn tool (VB = 0.3 mm); Vc = 80 m · min−1,
fn = 0.1 mm · rev−1 [16].

Experimental drilling and end milling trials were carried out on RR1000 by Soo et al. [103]
revealed re-deposited material on the hole surfaces occurred during drilling operations. In
addition, white layer and material drag was observed on cross-sectional micrographs of the
machined surface. During the end milling trial minimal subsurface damage was observed
when using new tools, however, when using worn tools burring, increased microhardness,
and white layer were observed to occur.

Hood et al. [104] utilised multilayer TiCN/alumina coated carbide tooling during an exper-
imental turning trial to investigate surface integrity when machining RR1000. Upon exam-
ination of the machined surface, redeposited material, side flow and laps (material folded
onto itself) were evident at a range of surface speeds. Cross-sectional micrographs of the
machined surface revealed no evidence of white layer in either the feed or radial directions,
although material drag was observed. When turning under more aggressive conditions using
round ceramic inserts, Axinte et al. [19] found that a comparable disk alloy would exhibit
a discontinuous white layer with a maximum thickness of 2-3 µm. Material drag, laps and
surface plucking (small particles removed from the machined surface) were also observed.

Workpiece Grain Size Effects

Controlling grain size of Ni-based Superalloy materials, allows aeroengine manufacturers to
optimise material properties for specific loading conditions [30]; this invariably affects the
machinability characteristics. Cedergren et al. [105] used a single point turning experiment
to investigate the influence of workpiece material, grain size, and feed rate on chip formation
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and tool wear when machining IN718 with uncoated carbide inserts. They found that grain
size has a larger impact on notch wear than feed rate, as shown in Figure 2.31. It was also
observed that workpiece material deformation and chip formation is more inhomogeneous
with large grain material. Singh et al. [106] performed a turning study to investigate the
influence of heat treatment on the machinability of IN718. It was observed that the cutting
and feed forces are dependent on the material hardness and not grain size, since hardness is
determined by the distribution, shape and size of the strengthening precipitates (γ′ and γ′′).
When cutting softer material, there was less machining induced damage in the form of micro
cracks, grain refinement and strain localisation, as a result of the lower cutting forces. In
contrast, the softer materials also experienced deeper levels of intragranular strain.

Figure 2.31: Influence of feed rate and workpiece material grain size on flank and rake face
tool wear when turning IN718 with uncoated carbide inserts with a 0° rake angle [105].

In an OD turning study performed by Olovsjö et al. [107] on Waspaloy, it was found that in-
creasing the grain size leads to more inhomogeneous deformation and more pronounced chip
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segmentation, which corresponds to higher levels of notch wear and burr formation. In a sim-
ilar turning study, Olovsjö and Nyborg [108] compared the wear behaviour of uncoated tools
when machining IN718 and Waspaloy. They observed that finer grained IN718 deformed
isotropically, with very little chip segmentation, or notch wear on used cutting inserts. These
same trends were less pronounced when comparing fine and coarse grained Waspaloy, how-
ever, it was hypothesised this was due to a smaller difference in average grain size between
the two material conditions as opposed to differences in the alloy chemistries. The authors
discovered that in spite of the lower cutting forces generated when machining IN718, that the
flank wear rate was greater. IN718 contains hard abrasive NbC carbide particles, and it is not
clear from the results presented whether the scaring observed on the flank face had a similar
width to these particles, if so, it would suggest that said particles may be responsible for dif-
ferences in the flank wear rate detected. No difference in propensity for notch formation was
observed in the two materials, although tighter control of alloy grain size would be required
to confirm this.

Wear of Coated Carbide Tools

Coated carbides are widely used for Ni-based machining to extend tool life by providing
protection to the underlying hardmetal substrate. The dominant wear mechanisms for CVD
TiCN/alumina coated carbides when turning Inconel 825 have been reported to be abrasion
and adhesion, leading to edge chipping and nose wear during dry machining [109]. Compared
to PVD coated tools, such as TiAlN and TiN, the CVD coating was found to produce higher
temperatures, greater dynamic fluctuation in machining force signals and increased BUE for-
mation [109]. During turning of IN718, it has been shown that CVD TiCN/alumina coated
carbide can outperform single-layer (TiAlN) PVD coated carbides at high cutting speeds (100
m · min−1) but not at medium speeds (50 m · min−1) [17]. It was also found that the majority
of abrasive wear occurs on the tool flank, which the authors claimed was due to hard abrasive
particles from the workpiece material. As the abrasive wear was concentrated on the tool
flank, it is possible that dislodged sections of the hard tool material (substrate and/or coat-
ing), caused by adhesive wear, may also contribute. Kadirgama et al. [110] found that during
milling of Hastelloy C-22HS with CVD TiCN/alumina coated carbides, that adhesion, and
chemical wear (oxidation of the underlying substrate) were the dominant wear mechanisms;
the tool were types were reported as flank wear, chipping, BUE formation, plastic defor-
mation, and notching. Ezugwu et al. [88] reported that flank wear and notching were the
dominant failure mechanisms of CVD TiCN/alumina coated carbides when turning IN718,
compared to flank wear, excessive chipping and flaking for multilayer and single layer PVD
tools.

Song et al. [83] investigated the initial wear behaviour of coated and uncoated carbides during
dry turning of IN718 when using CVD TiCN/alumina tooling, adhesive wear was identified
as the primary wear mechanism. In a similar study on IN718 turning by Rakesh et al. [111],
again adhesion, and additionally abrasion, were identified as the dominant wear mechanisms,
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culminating coating delamination and abrasion driven crater wear. The authors claim abrasive
wear occurred due to the presents of hard abrasive particles in the workpiece but provided no
evidence to support this. Diffusive wear is also alleged to have occurred; however, it is
not clear how this could be distinguished from adhesive wear given the evidence provided
as no cross sectioning of worn cutting insert was carried out in order to reveal the level of
chemical interaction between tool and workpiece material. Devillez et al. [45] observed
notch formation at either side of the contact zone during orthogonal turning experiments on
both coated and uncoated carbide tools when turning IN718. During the early stages of cut,
the dominant wear mechanisms were found to be adhesive wear resulting from adhesion of
the workpiece to the tool material. When turning with coated tools this led to crater wear and
notch formation (see Figure 2.32).

Figure 2.32: White light interferometry of worn tool with TiAlN + MoST coating after or-
thogonal turning of IN718; Vc = 60 m · min−1, fn = 0.1 mm · rev−1 [45].

2.6.2 Influence of Coolant

Coolant, also referred to as cutting fluid, is frequently used when machining hard-to-machine
materials like Ni-based superalloys to dissipate heat, preventing premature tool failure. It
has been observed that utilising a directed high-pressure coolant (HPC) jet on the rake face
reduces the tool contact length; however, due to the high pressures within the contact zone,
coolant has relatively little impact on the friction coefficient as it is unable to penetrate the
interface between tool and workpiece [112]. Alagan et al. [113] investigated the impact of
simultaneous rake and flank high-pressure cooling on chip formation mechanics when turning
IN718 with uncoated carbide tools. They found that increasing the rake cooling reduced the
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chip width and curvature. Flank cooling was found to mainly affect the shear instability and
chip breaking. When increasing the cutting speed, the chip thinness and shear angle were
observed to increase.

Polvorosa et al. [114] investigated the influence of HPC on tool wear of uncoated carbide
cutting inserts when turning fine grain and coarse grain variants of two Ni-based superalloys:
IN718 and Waspaloy. They found that, compared to conventional low-pressure coolant appli-
cation, HPC reduced cutting and feed forces significantly, as well as notch wear formation.
Ezugwu and Bonney [22] investigated the influence of varying HPC on tool wear and cutting
forces when turning IN718. The effectiveness of HPC in increasing tool life was observed to
be dependent on cutting speed, as it was found to be more effective at higher speeds. Addi-
tionally, cutting forces only decreased with increased coolant pressure at specific speeds and
feeds. These findings highlight that the relationship between cutting force and HPC pressure
is complex and dependent on both material and processing conditions.

In some instances, however, coolant application can promote tool wear mechanisms. Sosa
et al. [115] used a cyclic contact fatigue test to investigate the role of coolant on crack
propagation in textured α-alumina coatings during milling operations. It was shown that
under wet conditions, there is a faster widening of the CVD cooling cracks, which leads to
the development of large comb-cracks and ultimately coating failure. In continuous turning-
type operations, this kind of thermal cycling does not occur, and the application of coolant is
unlikely to promote coating crack propagation in this manner.

2.7 Alumina Degradation during Machining

CVD alumina coatings are thought to be well suited to the conditions that develop during
Ni-based superalloy machining, and are commonly used in combination with other wear
resistant coatings such as TiCN in multi-layer coating systems. Since these coatings were
developed for steel machining, and are most effective for this application, the majority of
the published work focused on alumina degradation mechanisms have utilised steel as the
workpiece material.

Dearnley and Trent [116] first reported on the rake face crater wear of CVD alumina coatings
during steel turning, and observed plastic deformation to the asperities of early-stage mixed
alumina coatings (which were partially textured, containing both α-alumina and κ-alumina).
This resulted in the formation of characteristic ridges parallel to the cutting direction, con-
centrated in the location of the maximum rake face temperature. These ridges were observed
to form most notably when turning at high speeds. Dearnley [117] later suggested that these
ridges form via the plastic deformation of coating asperities, which culminates in ductile frac-
ture and material loss of the coating (see Figure 2.33). Goh et al. [118] reported that plastic
deformation by single glide of individually spalled grains was responsible for the formation
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of these long ridges during medium carbon steel turning when using alumina-based ceramic
inserts. The authors also claimed plastic deformation induced necking resulted in the for-
mation of short spikes in the surface nearer to the cutting edge, indicating that multiple slip
conditions were present in the surface layer of the tool. Furthermore, they suggest the spiked
appearance may be caused by partially dislodged or damage grains that are fused onto the
tool material before being deformed. Fallqvist et al. [119] used a pin-on-disk tribometer to
study wear behaviour of textured α-alumina coatings with different growth textures at high
and low temperatures. When using a cast iron pin, they found plastic deformation was the
dominant wear type for the (001) growth texture and that micro-chipping occurred when the
other growth textures were tested.

Figure 2.33: Proposed plastic deformation driven wear mechanism for alumina coatings dur-
ing steel machining (adapted from [117]).

2.7.1 Wear of Textured CVD Alumina Coatings during Steel Turning

During steel turning it has been demonstrated that the wear resistance of pure α-alumina
coatings can be controlled by varying the growth texture. It has been hypothesised when
machining steels, that the optimum wear resistance of α-alumina coatings is achieved when
the basal plane (001) lies parallel to the substrate surface [24]. M’Saoubi et al. [120] ob-
served that during steel turning, textured α-alumina coatings exhibited three distinct types
of wear in the sticking, transition, and sliding zones, when machined at high speeds (300
m · min−1). When machined at intermediate speeds (100 m · min−1), no evidence of char-
acteristic ridges indicative of plastic deformation was observed in the transition or sliding
zones. Using energy-dispersive X-ray spectroscopy (X-EDS) to investigate the chemistry of
the plastically deformed alumina in the transition zone, it was discovered that Mg containing
oxide deposits were formed, possibly originating from non-metallic inclusions in the work-

45



piece material. Bejjani et al. [121] demonstrated that when turning different types of steel
workpiece materials with α-alumina coated carbides, that the positions and sizes of each wear
zone would vary, as would the topography and wear rate in the transition zone.

Bjerke et al. [122] investigated the performance of CVD α-alumina when turning Ca-treated
steels. The authors were able to explain the anomalous wear behaviour, in which a reduc-
tion in tool life was seen when using CVD α-alumina tools despite Ca-treatment leading to
a tool life increase when turned using other tool materials, such as uncoated carbides [123].
Although commonly regarded as inert, via a combination of microstructural investigations,
thermodynamic calculations, and temperature measurement, it was demonstrated that the alu-
mina will react at the conditions experienced during machining, and that the degradation was
driven by non-metallic inclusion and oxides within the workpiece material. In a subsequent
investigation [124], it was shown using high pressure diffusion couples that these kinds of
reactions are dependent on oxygen. The authors suggested that non-metallic inclusions in
engineered steels should be saturated with Al to prevent this kind of chemically driven wear.

Shoja et al. [125] performed an extensive analysis of the crater wear mechanisms that occur
during steel turning when using CVD TiCN/α-alumina coated carbide tools with differing
alumina growth textures. Chemical wear, plastic deformation, micro-rupture, and abrasion
were all found to occur during turning operations. An estimated temperature range of be-
tween 950-1000°C was stated by the authors. Nano-scale terraces were observed to form
depending on the growth texture used for the coating. Contrary to previous claims surround-
ing micron-size grooves caused by abrasive wear from the workpiece material [24], no such
grooves were observed on the (001) sample, demonstrating that the abrasive particles causing
this wear could not originate from the workpiece, as seen in Figure 2.34. Micron-sized groove
formation within the sliding zone only occured in instances where non-optimal growth tex-
tures such as (012) and (110) are utilised, which is caused by heterogeneous deformation that
occurs in the earlier part of the contact (sticking and transition zones), causing coating frag-
ments to be generated which can in turn abrade the coating. In contrast basal (001) coatings
deform more homogeneously and only display nano-sized groove formation in the sliding
zone.
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Figure 2.34: Sliding zone alumina wear during steel machining for different alumina growth
textures: (001), (012), (110) (adapted from [125]).

In their later work [81], it was hypothesised that the sliding of hard coating fragments within
the contact zone can lead to sub-micron scale plastic deformation due to stress concentra-
tions (ploughing). The authors also found new evidence that micro-terrace formation, on the
edge of the sticking zone, is caused by crystallographic dependent chemical etching [81].
In addition, they hypothesised that when machining steels the (Al,Fe)3O4 spinel phase can
form, or, if Si is present, a phase mixture with a low melting point could also form [126].
Both of these reaction products should be easily removed by workpiece flow, culminating in
tool wear. Atom probe tomography (APT) was utilised in the study and revealed suspected
diffusion of oxygen from the alumina into the adhered material. Conversely, no diffusion of
workpiece material into the tool was detected. These findings suggest that chemical wear may
play a pivotal role in the degradation of alumina, and that further investigations are required
to reveal the nature of these reactions.

2.8 Conclusion

In summation, the literature review presented demonstrates that significant recent advance-
ments have been made with respect to Ni-based superalloy surface integrity during machining
processes, and alumina wear mechanisms during steel turning. In spite of this, there appears
to be a clear gap in the current state-of-the-art understanding of alumina deformation during
Ni-based superalloy machining, and how this relates to alloy chemistry and microstructure.
To date, much of the work in this area has utilised non-textured and mixed (α and κ)-alumina
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coatings and not strongly textured α-alumina, thus they degrade in a different manner. Fur-
thermore, wear tests have tended to focus on the entire cutting tool system, i.e., coating and
substrate, and there has yet to be any targeted research on the degradation of the outermost
alumina layer of multilayer alumina-coated carbides. In the case of steels, it has been shown
that many misconceptions surrounding the role of chemical and abrasive wear behaviour of
alumina have persisted for many years. This poses the question: how do these new discover-
ies relate to Ni-based superalloys, which are more heavily alloyed, and exhibit higher levels
of work hardening, lower thermal conductivities, and superior high-temperature strength?

In the following work, an in-depth exploration into the degradation mechanisms of the tex-
tured alumina layer of CVD TiCN/α-alumina coated carbides, and its relation to workpiece
surface integrity, is presented when turning a range of Ni-based materials. This has revealed
the dramatic impact of workpiece chemistry and microstructure on alumina wear, and demon-
strates the fundamental limitations of alumina coatings utilised in these applications. Look-
ing to the future, questions must now be raised over the suitability of alumina coatings for
Ni-based machining, if the demand from industry is geared towards higher rates of material
removal, and hence, improved manufacturing efficiency.
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Chapter 3

Experimental Materials

As with all practical materials science research, the materials used are of paramount im-
portance. For machining studies, both the tool and the workpiece must be compatible and
suitable for the chosen process. Furthermore, the quality of these materials must be high to
ensure repeatability, and to minimise the risk of damage to the CNC machines performing
the cutting.

3.1 Cutting Inserts

State-of-the-art Sandvik Coromant cutting inserts were utilised throughout the work pre-
sented. These inserts have been specifically tailored for optimal performance during Ni-based
machining.

3.1.1 Coating

The Sandvik Coromant S205 coating was used in all experimental turning trials performed.
This multilayered coating is composed of an inner TiN layer, followed by a TiCN layer,
then a bonding layer of Ti(C,N,O), and finally, a α-alumina layer. The α-alumina layer of the
coating is textured in (0001) direction. There is also an additional TiN layer on the flank face,
which is added primarily for wear detection. This layer is not present on the rake face, since
it is removed via an abrasive blasting process. All coatings were deposited onto a WC-Co
hardmetal substrate.

3.1.2 Geometry

Two different insert geometries, were employed: one for OD turning (CNMG120408-SF),
and one for orthogonal turning (TCMW110304). The SF in CNMG120408-SF refers to the
specific edge geometry, as shown in Figure 3.1. These CNMG inserts feature a chip breaker
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to assist chip control (see Section 2.4.4). In contrast, the TCMW110304, is a flat insert that
features no chip breaker. A comparison is shown in Figure 3.2.

Figure 3.1: SF edge geometry utilised for OD turning trials.

Figure 3.2: Comparison of the two different tool geometries employed.

3.2 Workpiece Materials

Two Ni-based Superalloy materials were machined during the experimental turning trials
presented, namely, IN718 and RR1000.

3.2.1 Processing

Comparing the two alloys, IN718 is a wrought alloy, which means it is typically manufac-
tured using an ingot metallurgy processing route. The billet material utilised in this study was
processed by Vacuum Induction Melting, followed by Electroslag Remelting. Several heat
treatments were then employed by the material supplier to produce a favourable microstruc-
ture in terms of mechanical properties: solution annealed, heat to 980° C, hold for 90 min,
water quench, aged, heat to 718° C, hold for 480 , furnace cool 50° C/hr, heat to 621° C, hold
for 480 min, air cool.
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In contrast, RR1000 is a proprietary PM superalloy used by Rolls-Royce for high pressure
turbine disks in modern aeroengine applications, which is capable of operating at high oper-
ating temperatures in excess of 650 ° C [127]. The material used in this study was produced
by consolidating atomised powder using HIP, which was then isothermally forged. The two
received billets were cores from disk forgings, commonly referred to as "centre slugs". Two
separate heat treatments were then performed to produce CG RR1000 and FG RR1000. Fur-
ther details of the full heat treatments can be found in Chapter 6.

3.2.2 Composition

The composition for IN718 was provided by the material supplier and the composition for
RR1000 was taken from literature [128]. Observing the two alloy compositions in Table 3.1,
some clear differences can be noted. IN718 contains significant amounts Fe and Nb, which
means γ′′ is the primary strengthening precipitate. Conversely, RR1000 is primarily strength-
ened by γ′, and contains Co, a solid solution strengthener, as well as greater amounts of
reactive MC formers such as Hf, Ti, and Ta, which is permitted by PM processing routes.

Table 3.1: Composition in wt.% for IN718 and RR1000.

Element Ni Fe Cr Co Nb Mo Ti Al Hf Ta Zr Trace
IN718 Bal. 17.8 18.5 – 5.3 3.0 1.1 0.5 – – – 0.2

RR1000 [128] Bal. – 15.0 18.5 – 5.0 3.6 3.0 0.5 2.0 0.06 0.04
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Chapter 4

Experimental Methods

In order to perform this thesis work, a wide range of experimental and modelling techniques
were employed. In many cases, optimisation required a significant degree of trial and error.
As such, it is hoped that some of this information will provide useful insights, especially for
those in the early stages of their study.

4.1 Scanning Electron Microscopy SEM

Scanning electron microscopy (SEM) is widely used within the field of materials science
for examining features at scales ranging from millimetres to nanometres. It can be used
alongside various different detectors, to analyse topography, chemistry, and crystallographic
information, such as grain orientation. This versatility, coupled with its impressive depth-
of-field, has led to its widespread popularity. Within the field of machining science, there
is now a drive to develop in-situ mechanical SEM experiments, that can capture material
deformation behaviour in real time [129, 130].

4.1.1 Types of Electron Emitters

There are two main types of electron guns, these are: thermionic-emission, and field-
emission. In thermionic-emission guns, electrons are produced by heating a filament that
is typically composed of either W or (LaB6)); this filament acts as the cathode (emitter).
They can produce a stable electric current of up to 1 µA, without the need for an ultra-high
vacuum. Cold-cathode field emission guns (FEGs), utilise a sharp (radius of curvature ≈
100 nm), single crystal, W tip, to serve as the cathode. A strong electric field is applied in
a high vacuum environment, which causes electrons to be emitted due to the field-emission
phenomenon. This method allows for higher resolution images to be obtained, with a narrow
energy spread, although, the cost is higher when compared to thermionic-emission guns. The
Schottky-emission FEGs are another variant of FEG, in which the work function of the tip is
lowered. This is achieved by the addition of a thin coating layer of Zirconium Oxide, which is
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also heated to a temperature of around 1800K. These types of emitters have a similar bright-
ness to cold-cathode FEGs, but are more stable because there is less absorption of residual
gas molecules when operating at high temperatures, in addition, they can also produce higher
probe currents. In the following work, a range of different SEMs were utilised, these are
summarised in Table 4.1.

Table 4.1: SEM models and their electron sources.

SEM Electron Source
JEOL JSM-7900F Cold-cathode FEG
FEI Inspect f50 Cold-cathode FEG
JEOL JXA 8530F PLUS Schottky-emission FEG
Zeiss EVO LS25-1204 Thermionic (LaB6)
Hitachi TM3030 Thermionic (W)

4.1.2 Interaction of Electron Beam with Sample

The strength of the acceleration voltage and the type of material influence the interaction
volume, which in turn affects the emission of all types of energy from the sample. This is
illustrated diagrammatically in Figure 4.1. Therefore, acceleration voltage is a key parameter
when observing thin layers from above, which may start to disappear as the acceleration
voltage is increased. The spot size influences the spatial resolution of the SEM, whereby a
smaller spot size generally results in a clearer image, though this may also impact the signal-
to-noise ratio, as the beam current is reduced. The SEM parameters used within the work
presented is given below in Table 4.2.
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Figure 4.1: Diagram of interaction volume produced SEM [131].

Table 4.2: SEM operational parameters.

Parameter Value
Voltage 10 – 20 keV
Spot Size 3 – 4
Working Distance 7.5 – 10.5 mm

4.1.3 Types of Detectors

There are four main types of SEM detectors that have been used for imaging and analysis
within this thesis: backscattered electron (BSE), secondary electron (SE), electron backscat-
ter diffraction (EBSD), and X-ray energy dispersive spectroscopy (X-EDS). A brief descrip-
tion of each imaging technique they provide is given below.

Backscattered Electron (BSE) Imagining

Backscattered electrons (BSE) are higher energy electrons formed via elastic scattering of
electrons from the primary incident beam that are ejected from the sample being imaged. The
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contrast in BSE images can be used to observe changes in chemistry, as elements with higher
atomic numbers appear brighter. Since BSEs are produced from deeper within the interaction
volume (see Figure 4.1), they provide less spatial resolution than secondary electrons (SEs).

Secondary Electron (SE) Imaging

Secondary electrons (SE) are low-energy electrons formed via inelastic scattering close to
the surface of the imaged sample (see Figure 4.1). SEs can then be detected by a secondary
electron detector, typically an Everhart-Thornley type, which uses a positively charged grid
to attract the negatively charged electrons. This detector converts the captured SEs into a
signal used to form the image. Topographical information can be obtained from SE imaging,
as edges and surface features tend to emit more SEs and thus appear brighter in the image.

Electron Backscatter Diffraction (EBSD)

Electron backscatter diffraction (EBSD) is a technique used to analyse texture, grain orienta-
tion, phase, and strain in crystalline materials. An EBSD map is constructed by scanning over
a tilted sample and recording electron backscatter patterns (EBSPs) at many points. EBSPs
are produced when backscattered electrons are diffracted by the crystallographic planes of
the material, producing Kikuchi bands. The width and orientation of these bands are related
to Bragg’s Law and the distance to the detector, typically a phosphor screen, and can be used
to identify features of the crystal structure. The equation for Braggs Law is given in Equa-
tion (4.1), where λ is the wavelength of the backscattered electrons, d is the spacing between
the crystal planes, θ is the angle of incident rays, and n is an integer. Electrons can either
constructively or destructive interfere with each other based on this relationship.

nλ = 2d sin θ (4.1)

X-ray Energy Dispersive Spectroscopy (X-EDS)

X-ray Energy Dispersive Spectroscopy (X-EDS) can be used to form composition analysis of
materials. In X-EDS, the high energy of an electron beam can displace inner-shell electrons.
When an outer-shell electron drops down to fill this vacancy, energy is emitted in the form of
a characteristic X-ray (Figure 4.1). An energy spectrum is produced based on the energy gap
between these two electron positions. Each element has a unique "fingerprint" corresponding
to its emitted X-ray energy, which can then be used to determine the elements present in a
sample. Care must be taken when analysing the results from X-EDS, as peaks from differ-
ent elements’ energy spectra may overlap. Therefore, effective analysis often requires prior

55



knowledge of the likely elements in the sample. The X-ray count rate, i.e., how many X-rays
are detected by the detector, can be optimised by adjusting the spot size and acceleration
voltage. All results were collected on an 80 mm Oxford X-EDS system.

Figure 4.2: Diagram showing the formation of characteristic Kikuchi bands on the phos-
phorous screen on an EBSD detector, and the position of the X-EDS detector (adapted from
[132]).

4.2 Scanning Transmission electron Microscopy (STEM)

Scanning Transmission Electron Microscopy (STEM) works by firing a powerful electron
gun (100 – 300 keV) at an ultra-thin electron transparent sample (20 – 200 nm), which is
typically created by milling the sample with a focused ion beam (FIB). As electrons pass
through the sample, some are scattered while the remaining electrons are transmitted through.
The electrons that are transmitted will then hit a detector, creating an image. The main benefit
of this technique compared to SEM is its higher resolution. It can also be paired with X-EDS
to study nanoscale changes in composition.

The TEM system employed within the following thesis was a Titan G2 60-300, equipped
with a monochromator, an image and a probe corrector, operated at 300 kV. The STEM EDS
maps were collected with a SuperX EDS detector.
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Electron Probe Microanalysis (EPMA)

Electron Probe Microanalysis (EPMA) is a type of electron microscopy that is optimised for
quantitative chemical analysis. EPMA often employs wavelength dispersive spectroscopy
(WDS) rather than X-EDS. WDS spectrometers consist of a crystal and a detector; the diffrac-
tion of X-rays by the crystal depends on the X-ray’s wavelength and the orientation of the
crystal, allowing only X-rays of a specific wavelength to be detected at any one time. Be-
cause of this feature, EPMA systems are typically equipped with multiple spectrometers for
the simultaneous detection of different elements. The main advantage of WDS over EDS is
its improved energy resolution, which makes it easier to differentiate between closely spaced
spectrum peaks. This feature is particularly useful for measuring light elements, such as O,
although the quantification tends to be less reliable than is the case with heavier elements that
emit higher energy x-rays. WDS also has a lower detection limit, allowing for the detection
of trace elements, as well as better repeatability, and a higher count rate than is found on
X-EDS systems. In the following work a JEOL JXA 8530F PLUS microscope was utilised.

4.3 X-ray Diffraction

X-ray diffraction (XRD), can be used to ascertain information about the structure of crys-
talline materials such as lattice parameters, phase, and strain. In XRD, an x-ray tube is used
to produce monochromatic x-rays that interact with a the target sample, producing a range of
different interactions; this is shown diagrammatically in Figure 4.3. The scattered diffracted
x-rays will diffract as per the Bragg Equation (Equation (4.1)), however in this case, λ will
be equal to the wavelength of diffracted x-rays, not electrons.
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Figure 4.3: Diagram showing x-ray interaction with material [133].

The scattering of x-rays occurs in all directions, and so the constructive interference that sat-
isfies the Bragg Law will produce a cone shape (see Figure 4.4). If a 2D section of this cone
is examined, normal to the cones axis, an arc, or circle will be produced. Conversely, if a 1D
slither is taken, as is the case for most lab based systems, a 1D XRD pattern will be produced
with the 2θ angle on the x-axis, and intensity on the y-axis (observe Figure 4.4. For crys-
talline materials, these peaks will occur at specific angles according to the lattice spacings.
In addition, other features of spectra, such as peak width, which can be quantified using full-
width at half maxima (FWHM) intensity, can be utilised to assess the degree of damage in
machined surfaces [134, 135, 136, 137]. In the following work, the methodology presented
in [137] was utilised for all on-machine XRD measurements performed, whereby a Proto
iXRD portable residual stress diffractometer, mounted on wheels, was brought to the work-
piece to perform measurements. Since the effect of curvature is known to influence XRD via
asymmetric broadening [138], and any inconsistency introduced due variation in workpiece
diameter were mitigated by randomising all cuts performed. In addition, the curvature of the
billet was relatively large relative to the beam size and well within limits recommended for
measurement of hoop residual stress using XRD to within an accuracy of 10% [139].
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Figure 4.4: Diagram showing x-ray diffraction acquisition, from 3D cone, to 2D and 1D
detectors (adapted from [140]).

4.4 Optical Measurement System

Compared with SEMs, optical systems often provide far quicker image acquisition, and gen-
erally require less sample preparation, due in part to the lower magnifications that they can
achieve. Optical systems were used throughout the following work for a range of tasks. A
description of some of the systems utilised is provided below.

4.4.1 Conventional Light Optical Microscopy

A Nikon Eclipse LV150 light optical microscope was utilised during metallographic prepa-
ration to inspect ground and polished surfaces after each step, in order to check that they had
worked effectively. This system features darkfield microscopy, which was used to observe
surface scratches. The same microscope was also used for inspecting etched samples to check
if they had been etched to the correct level, prior to examination using SEM.

4.4.2 3D Optical Measurement Systems

The Alicona InfiniteFocusSL is an optical microscope, designed for surface characterisation,
that is capable of rapidly capturing multiple images and then stacking them to create a digital,
3D representation. This system was used to measure ER values of tools prior to machining
trials, to ensure consistency. Attempts were also made to measure cutting insert wear levels
post machining, however, it was found that the reflective surfaces led to significant artifact
generation. The propensity for BUE formation during Ni-based Superalloy machining also
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caused overhangs to form that limited the systems line-of-sight, resulting in regions where no
data was recorded. An example of this behaviour is shown in Figure 4.5.

Figure 4.5: Example 3D scan of cutting insert, produced using Alicona system, displaying
characteristic BUE formed after Ni-based superalloy machining.

4.5 Hardness Testing

Hardness testing allows rapid examination of material deformation behaviour. Measurements
are taken by applying a known load to an indenter that has a specific geometry. The width
of the indent is then measured, which can be converted to a hardness value using conversion
tables. If a small indenter is used, as in the case in micro and nanohardness measurements,
then an array of indents can be employed to examine changes in hardness, e.g., when moving
from surface to bulk.

In this work microhardness testing was performed to examine bulk material properties, and
multiple measurements were made to examine material homogeneity. All microhardness
testing was performed using a Mitutoyo HM-101. Indents were spaced 3 times that of the
indent diagonal to ensure consistent results were obtained.

4.6 Metallographic Preparation

Both workpiece material and cutting inserts were metallographically prepared in order to
perform microscopy, or etching of cross-sectional samples. Samples were sectioned using a
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Struers Secotom-50; a 10S20 cut-off wheel was employed to perform all cuts. Feed rates were
varied between 0.05–0.25 mm·rev−1 depending on the sample thickness. The rotational speed
(RPM) was set 2200. After sectioning samples were mounted in conductive Bakelite using a
Buehler Simplimet Mounting Press. They were then ground and polished using the method
shown in Table 4.3. The time required for the final polishing step was altered depending on
material grain size. For large grained materials, longer times were required, due to the relief
of the polished surface.

Table 4.3: Sample preparation method used for Ni-based Superalloys and WC cutting inserts.
N.B. Final polishing step was not used on cutting inserts.

Stage Surface Application Force (N) Time (s) Rotation
Grinding SiC Grinding Paper

(P400)
Water 25 60 Corotate

Grinding SiC Grinding Paper
(P800)

Water 25 60 Corotate

Grinding SiC Grinding Paper
(P1200)

Water 25 60 Corotate

Grinding Struers MD Largo 9 µm Diamond Suspension 25 240 – 480 Corotate
Grinding Struers MD Dur 3 µm Diamond Suspension 25 240 – 480 Corotate
Grinding Struers MD Dur 1 µm Diamond Suspension 25 240 – 480 Corotate
Polishing Stuers MD Chem 9:1 Colloidal Silica (0.05 µm)

to H2O2 (and water drip)
15 600 – 1200 Counter

4.6.1 Insert Cleaning

Cutting inserts were examined in an as-machined state, and a post-etch state (see Sec-
tion 4.9.2), without any additional sectioning or polishing. This required debris, which tended
to accumulate on the edges, to be removed. This was achieved by submerging inserts in ace-
tone, before placing in an ultrasonic bath for 10 minutes. After the inserts were removed,
compressed air was then immediately directed at the cutting edge, such that any residual
acetone would be pushed away from the region of interest.

During cutting insert imaging using SEM, and Alicona (see Section 4.1 and Section 4.4.2),
adhesive tack was lightly dabbed on the inspection surface to remove dust, or residue left
from the cleaning process previously described.

4.7 Machining Force Measurement

A Kistler plate piezoelectric force dynamometer, Type 9129AA model, was utilised for ma-
chining force measurement during all turning trials. This setup was employed to measure the
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machining force components along three axes: passive (Fp), cutting (Fc), and feed (Ff) direc-
tions, as shown in Figure 4.6. The resultant force (R) can be calculated using Equation (4.2).
This setup allows forces to be measured in real-time, so the quality of a cut can be assessed.
Practically, this means that incorrect parameter selection, i.e., incorrect DOC, can be identi-
fied immediately, since it will be accompanied by a change in machining forces. Similarly,
tool engagement and disengagement can be assessed and optimised to reduce force spikes
that may lead to tool damage. Inspecting machining force data can also reveal information
about the edge condition, such as overall wear, or sudden changes to tool geometry (e.g.,
chipping, BUE removal). Furthermore, it can also be used to reveal changes in the workpiece
material (e.g., grain size, composition). Sampling was typically carried out at 20,000 Hz.

R =
√

(Fc)2 + (Fp)2 + (Ff)2 (4.2)

Figure 4.6: Dynamometry setup used in OD turning trials, alongside digram showing ma-
chining force components acting on a cutting insert.

4.7.1 Machining Force Response

It has been demonstrated that dynamometry data measuring the machining force response
of a material, can be used to reconstruct microstructural features of Ti alloys, such as grain
size [141, 142]. This technique has also been performed on functionally graded Ni-based
Superalloys [143], however, the same degree of resolution has not yet been realised. The
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technique works by plotting the variations in the z force component, i.e., the axial force (Ff
as shown in Figure 4.6), as the tool moves from edge to centre during a facing pass at a low
feed rate that is similar in magnitude to the insert ER; DOC and speed can then be varied
accordingly to optimise the reconstructed microstructural maps. A full description of the
technique used within this work is provided in [144].

4.8 Machining Strategies

When machining hard materials with hard coatings, care must be taken to protect the cutting
tool during tool engagement and disengagement. Figure 4.7 demonstrates the machining
strategy employed during the experimental OD turning trials, in a simplified diagrammatic
form. Here we can see a chamfer has been added to reduce machining forces during the
first tool engagement of the pass (cut 1), which arcs in, cuts the workpiece, and then exits
at 45◦. The next cut, cut 2, then arcs in, picks up the same tool path as cut 1, i.e., cutting
air, then proceeds to cut additional material, before finally exiting at 45◦. Since the DOC
employed was significantly less than the nose radius, this disengagement strategy could be
used, otherwise the tool path would need to arc out as well as arc in. Each subsequent pass
is stepped back to avoid hitting a shoulder, which would cause the machining forces to spike,
potentially damaging the tool.

Figure 4.7: Diagram showing simplified machining strategy employed during OD turning
trials.
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4.9 Chemical Etching

Chemical etching can be used in materials analysis to remove a specific phase or group of
materials, allowing another part of the system to be observed more clearly. In this work,
etching was carried on both tools and workpiece materials, these are described below.

4.9.1 Phosphoric Acid Electrolytic Etch for Inspection of Machining In-
duced Damage

Phosphoric acid electrolytic etching was utilised to observe γ′ precipitates in Ni-based Super-
alloy machined surfaces. This involved placing samples in a 10% phosphoric acid solution,
before placing an electrode in the solution. A voltage is then applied (5 V at 50 mA), and
the other electrode is quickly touched onto the samples’ surface. The sample is then cleaned
in water, followed by isopropyl. Inspection can then be carried out using optical microscopy.
If the surface is under-etched the process is repeated, however, if it is over-etched, then the
sample must first be repolished before re-etching.

4.9.2 Glyceregia Etch for Removal of Adhered material on Cutting
Tools

During Ni-based Superalloy machining, adhesion of workpiece material on cutting tools is
prevalent. Etching was performed in order to investigate the worn tool surface below the
adhered material. To this end, a standard Glyceregia solution (Glycerol, HCl, and HNO3, in
a 3:2:1 ratio) was used to submerge inserts. Inserts were submerged for 15 minutes at a time,
before being inspected, and then flipped over. This was repeated 3 – 6 times, depending on
the workpiece material.

4.10 Modelling

A range of modelling techniques were performed to support the experimental work presented
in Chapter 6. These are described in the following subsections.
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4.10.1 Thermo-Calc

The commercial modelling software Thermo-Calc (version 2024b) was used to perform ther-
modynamic simulations of phase equilibria, using the TCNi12 database.

4.10.2 Mean-field Model

Mean field modelling as presented by Anderson [145] was carried using the M2i2 digital
platform, which was in development at the time of implementation. The influence of temper-
ature on γ′ dissolution and coarsening for RR1000 was investigated, neglecting the influence
of any additional mechanical effects that occur during machining (e.g., precipitate shearing,
adiabatic band formation etc.), to support temperature estimation during the ex-situ analysis
of the machining induced white layer.

4.10.3 3D FEM Modelling

FEM modelling of the OD turning process was carried out using the commercial FEM cut-
ting simulation software AdvantEdge (Third Wave AdvantEdge v7.3014) in 3D, in order to
explore the influence of cutting speed on maximum cutting temperatures during OD turning
of RR1000. The insert was modelled using the in-built Carbide General material model; the
coating was not considered. The element edge length for mesh creation was varied at dif-
ferent points on the tool: 8 µm at the nose, 20 µm on the near-edge rake face region, 50 µm
on the chip breaker and adjacent rake-face region. Since no material data was available for
RR1000, a standard workpiece using the in-built IN718 material model was employed. The
workpiece was configured to be a 20 mm long cuboid. The mesh was refined by setting the
Adaptive Remeshing Parameters, whereby the minimum element edge length was 9.8 µm for
the chip bulk, and 7.5 µm for cutter edge. A cut of 8 mm length was modelled, and loads
from the cutting contact on the insert were calculated using a steady state analysis, averaging
results over the last 25% of the cut. Temperature plots were made using Tecplot 360.
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Chapter 5

Insights in alumina degradation in mul-
tilayer CVD coated carbide tools when
turning IN718

IN718 is a wrought alloy, widely used across a broad range of applications, and accounts for
over half the overall market share [146], as such, alumina coated carbides are routinely used to
machine this specific alloy. Although there has been significant published research regarding
general tool wear, there have been no studies focused on the alumina layer degradation, as
with steel machining. The aim of this chapter is to introduce a methodology that limits wear
to the outermost alumina coating layer, and to explore the characteristic rake face wear when
turning IN718.

5.1 Introduction

In the study that follows, the rake face degradation mechanisms of textured alumina layer of
CVD TiCN/α-alumina coated carbides was investigated when performing single point turning
on IN718. Short SCLs were employed to limit wear to the outermost alumina coating layer;
SCL was incrementally increased in order observe the wear progression. SEM in both SE and
BSE imaging modes was used to study the worn surfaces on tools in both etched an unetched
states. X-EDS was also utilised alongside EPMA to investigate chemical wear phenomena.
Finally, cross-sections of worn tools were made to investigate the overall thickness reduction
in the alumina over time.

5.2 Materials and method

The following section details the materials and methodology utilised in the machining exper-
iment presented.
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5.2.1 Experimental Materials

The workpiece material was aged IN718 (composition given in Table 3.1), which was solution
annealed at 980◦C for 1.5 hours, water quenched, and then aged at 718◦C for 4 hours before
being furnace-cooled at 50°C · h−1. Finally, it was aged at 621◦C for 4 hours, then air-cooled.
IN718 (composition given in Table 3.1), with a hardness of 411 HBW and an average grain
diameter of 38.5 µm. The billet had an initial diameter of 120 mm and a length of 202 mm. A
QS-PCLNL 2020-12C shank and Sandvik Coromant commercial grade inserts with a CNMG
12 04 08-SF geometry were used for the experiments (see Section 3.1.2). The inserts feature
the S205 coating, which has be tailored for optimal performance when machining Ni-based
superalloys (see Section 3.1.1). Prior to the trials, edge rounding measurements were taken
of 40 insert cutting edges, 25 inserts within a ρ = 40 ± 1 µm range were down selected for
the trial. The cutting fluid used was Blaser Vasco 7000, a commercial coolant with a pH of
8.5/9 and a concentration of 11.7%.

5.2.2 Test Methods

The experimental machining trials were conducted on an DMG Mori NLX 2500 lathe, the
experimental setup is shown in Figure 4.6. Longitudinal turning operations were performed
over different machined SCLs: 2 m, 32 m and 128 m. A Kistler plate piezoelectric force
dynamometer (Type 9129AA) was used to measure the machining force components during
cutting in the passive (Fp), cutting (Ff) and feed (Fc) directions; this was done primarily to
monitor the edge condition and ensure consistent tool engagements; a sample rate of 20 kHz
was selected (see Section 4.7). Parameters used were chosen to be representative of a stan-
dard industrial process. Machining strategies were configured to reduce spikes in machining
forces (see Section 4.8). High pressure through tool coolant with a pressure of 65 bar was
used for all cuts made. Since coolant properties heavily influence tool wear, pH levels were
measured using litmus paper and concentration levels were monitored using a refractometer
to ensure they remained consistent throughout the trial. As per the tooling manufacturers
recommendations, DOC used for all cuts was 0.25 mm and the feed rate 0.1 mm · rev−1.
A cutting speed of 100 m · min−1 was employed. Machined lengths of 2 m, 32 m and 128
m were selected for the initial wear trial, which represent 0.2%, 2.7% and 11.7% of tool
life respectively (verified by previous tool life trial). Three repeats were conducted for each
length.

5.2.3 Characterisation techniques

Scanning electron microscopy (SEM) was carried out on a Zeiss EVO LS25-1204 and a Hi-
tachi TM3030; imaging was conducted using a combination of backscattered electron (BSE)
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and secondary electron (SE) detectors (see Section 4.1). A 45◦ holder was used for imag-
ing tool nose wear. An 80 mm Oxford X-EDS system was used to perform compositional
analysis (see Section 4.1). Etched inserts were etched in Glyceregia for approx. 1 hour (see
Section 4.9). Average thickness measurements were taken cross sectional micrographs from
five separate measurements spaced 10 µm apart across 50 µm sample sections; three repeats
were taken of each measurement.

5.3 Results and Discussion

An example of the machining forces measured during the experiment is shown in Figure 5.1.
In all experiments performed the Fc was found to be the largest of all force components,
followed by the passing force Fp, and then the feed force Ff. The resultant, R, was calculated
as ≈ 170 N. The smooth gradient during the initial engagement indicates a stable entrance
of the tool with no unexpected failure or abrupt wear, similarly there are no large variations
during the cut either. The wear observed during the trials is shown after 2 m, 32 m and
128 m SCL in Figure 5.2. After 2 m SCL, the workpiece material is adhered to the tool
(Figure 5.2a). By 32 m, the region covered by adhered material has increased significantly
in thickness, a DOC notch and chip adhesion can also be observed (Figure 5.2b). After 128
m (Figure 5.2c) SCL, the thickness of the adhered material on the cutting edge has increased
further. In addition, the DOC notch has continued to expand and a small trailing edge notch
has started to develop (Figure 5.2c).

68



Figure 5.1: Machining forces measured: Cutting force (Fc), Feed force (Ff) and Passive Force
(Fp), using Kistler piezoelectric plate dynamometer during 32 m machined length test.
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Figure 5.2: BSE SEM micrographs of tool wear developed during turning trial at each SCL
(a) 2 m (b) 32 m (c) 128 m.

Figure 5.3 shows X-EDS mapping of the elements Al, Ti, and Ni on the damaged tools after
each SCL. The Al signal indicates the alumina coating and so is the majority of the signal
seen on the rake of the tool. Ni indicates adhered workpiece material, which has formed
or adhered in the tool-chip contact zone. The Ti signal indicates that the TiCN layer of the
coating has now been exposed as the alumina coating has been removed. Figure 5.3a shows
a small notch/chipping or failure of the alumina coating already after 2 m of turning, towards
the trailing edge of the tool. The wear may be concentrated in this region as the chip is at its
thinnest, meaning the chip compression ratio is higher, and so more work hardening and grain
refinement of the workpiece material can be expected. After 32 m (Figure 5.3b), the wear
in this region continues to expand as the alumina layer is removed, there is also exposure of
the TiCN layer around the DOC notch. By 128 m, (Figure 5.3c), the alumina layer has worn
further in the regions previously displaying wear. Furthermore, the alumina coating wear
around the DOC has become significantly enlarged and elongated. Several additional areas
of alumina coating failure have also appeared towards the rear of the contact zone as the chip
begins to deflect.
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Figure 5.3: X-EDS of adhered material on worn inserts for Al, Ti and Ni at different SCLs:
(a) 2 m (b) 32 m (c) 128 m.

In Figure 5.4a it can be seen that the strong signals of Ti are areas where the alumina coat-
ing has delaminated; Figure 5.4b shows the rough topography of the fractured surface that
remains. Three distinct wear zones can be seen in the worn surface. Zone A is the sticking
zone, an area that appears to correspond to the edge radius of the tool. Zone B is the sliding
zone, distinguished by the smeared adhered workpiece material. There is no clear transition
zone observed between zones A and B, potentially due to the small DOC employed. Zone C
is the end of contact zone, an area in which there is a transition from the sliding contact of
zone B as the chip begins to separate from the tool. In this zone, delamination events occur
most frequently (except for the DOC and trailing edge notches), which occurs as a result of
an adhesively driven tearing force [147]. Crater wear tends to occur some distance behind the
cutting edge [116]. The exact position is dependent on the contact pressure, sliding velocity
and temperature distribution [148]. In zone C the high pressure coolant jet on the rake side of
the tool forms a hydrodynamic wedge which changes the stress distribution, reducing the size
of the contact zone, lowering frictional forces and temperatures. The reduction in pressure
in this region may permit the occurrence of coolant driven wear phenomena and oxidation to
occur. This behaviour has not been seen during steel turning investigations regarding alumina
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layer degradation [24, 120, 121, 125]. This may be attributed primarily to the high degree of
adhesive wear associated with machining IN718: in combination with the effect of HPC and
a very reactive workpiece material with low thermal conductivity.

Figure 5.4: SEM micrographs of worn unetched insert showing sticking (zone A), sliding
zone (zone B), and end-of-contact (zone C) after a SCL of 128 m: (a) BSE imaging mode (b)
SE imaging mode. Delamination and TiCN exposure is observed in zone C.

In order to explore the wear mechanisms that alumina is subjected to it is necessary to remove
the adhered material using etching techniques. The worn alumina surface of the etched sister
insert in zone B, after 128 m SCL, is presented in Figure 5.5. The worn surface exhibits two
characteristic distinct wear types: the first type is identified by ridges that have formed, in-
dicative of plastic deformation in the alumina due to slip, which appears to correspond to the
smeared material observed in Figure 5.4. Plastic deformation of alumina has been widely re-
ported during dry steel turning [24, 120, 121, 125]. Although no temperature measurements
were made during this experiment, since longitudinal turning operations do not permit the use
of a thermal camera, maximum rake face temperatures in orthogonal dry Ni-based superalloy
turning have been reported to be in the region of 1000°C [15], which is comparable to those
achieved during dry steel turning [55]. Therefore, the likelihood for activation of different
slip systems in the alumina coating is expected to be similar. The effect of coolant on the
maximum temperature remains disputed as an exact measurement of surface temperatures at
the tool-chip contact is often not feasible. Thermal modelling suggests that a temperature de-
crease of between 31–38°C could be expected when using an 80 bar coolant pressure supply
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when turning IN718 using similar processing parameters to those used in the study [149]. As
such, the impact of coolant on maximum temperatures in the contact zone is considered to be
minimal.

The second observable wear type shown in Figure 5.5 is grain pull-out of the alumina coating.
It is hypothesised that coating pull-out is largely controlled by an adhesive wear dominated
mechanism that occurs when the bond formed between tool and workpiece material has a
stronger bonding energy than the intergranular bonding energy of the alumina grains. This in
contrast to the observations made during steel turning experiments in which no grain pull-out
is observed in zone B [24, 120, 121, 125].

Figure 5.5: SE SEM micrograph showing worn surface of etched alumina after 128m SCL in
the sliding zone (zone B).

Etching worn tools also allows non-metallic bonds to be observed created by reaction prod-
ucts; these appear as areas of brighter contrast when using BSE imaging. The presence of
these kind of chemical interactions seen in Figure 5.6, indicate that chemical wear could be
an additional active wear mechanism. The majority of these reaction products are too fine to
be easily identified using X-EDS, however some instances of Nb-rich inclusion bonding was
identified.
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Figure 5.6: BSE SEM micrograph of post-etched surface for insert ran to 32 m SCL in the
sliding zone (zone B) displaying potential reaction products adhered to alumina.

EPMA was later employed to investigate if any diffusion from tool to workpiece could be
observed in the sliding zone of an unetched tool after 128 m SCL; the area examined is
shown in Figure 5.7. Figure 5.8 displays the corresponding EPMA maps for the different
elements examined; the composition is generally homogeneous except for a single Nb-rich
region, which is due to the presence of an adhered Nb-rich inclusion Table 5.1 presents the
composition of region 1 shown in Figure 5.7. It can be observed there is an enrichment of
Ti and Al, however, the Al enrichment is likely as a result of the additional signal from the
neighbouring alumina coating. The Ti enrichment indicts that this element may react with
the alumina, resulting in potential chemical wear.

Figure 5.7: Cross-section of adhered material within the sliding zone (zone B), showing
region 1; used for compositional analysis.
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Figure 5.8: EPMA performed on adhered IN718 material in sliding zone (zone B) after a
SCL of 128 m.

Table 5.1: Composition in Wt.% for nominal, and measured values for adhered IN718 in
region 1 (see Figure 5.7).

Ni Fe Cr Nb Mo Ti Al
Nom. 53.6 17.8 18.5 5.3 3.0 1.1 0.5
1 48.5 17.8 23.3 4.1 3.0 2.2 1.0

To study the wear progression during machining, SEM micrographs were taken in both BSE
and SE imaging modes of the etched sister inserts at each SCL tested. BSE images were

75



used to indicate when the alumina layer had worn through, as changes in composition will
be shown as changes in contrast. SE images were taken to obtain topographical information,
in order to determine if grains of the alumina had been pulled out. The etched sister inserts
were imaged in two regions: 1 and 2 (see Figure 5.9). Region 1 is positioned near middle
of the tool, near the average chip thickness. Region 2 is located towards the trailing edge,
and so the surface speed is slower than at region 1 as it is closer to the centre of rotation. In
addition, the chip is thinner, and therefore the chip compression rate is higher.

Figure 5.9: SEM BS micrographs showing alumina wear unetched (BSE imaging) and etched
(SE imaging) sister inserts compared at different SCLs (a) region 1 at 2 m (b) region 2 at 2 m
(c) region 1 at 32 m (d) region 2 at 32 m (e) region 1 at 128 m (f) region 2 at 128 m.

Despite the short time in cut, Figure 5.9a demonstrates there is evidence of plastic deforma-
tion in region 1 (shown as PD) after a SCL of 2 m, which corresponds to the sliding contact
present in zone B. In the area displaying plastic deformation there are also indications of coat-
ing pull-out; to the left of this region there is an area characterised solely by coating pull-out.
This area corresponds to workpiece seizure in zone A. Towards the right of the plastically
deformed region there are areas displaying coating pull-out, which lie within zone C. In re-
gion 2, there appears to be less evidence of plastic deformation (Figure 5.9b), although some
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coating pull-out has occurred.

After 32 m of cutting (Figure 5.9c), the plastically deformed area has expanded towards
the zone A, potentially due to the temperature increase caused by the longer time in cut.
Significant grain pull-out is also observed within the plastically deformed area, as well as to
the right in zone C. In region 2 after 32 m SCL (Figure 5.9d), there is a large delaminated
region to the right of the plastically deformed area. The change in contrast across these
two regions appears gradual, demonstrating further plastic deformation of the alumina layer
occurred after the delamination event.

After a SCL of 128 m (Figure 5.9e), the plastically deformed regions of alumina have in-
creased both towards and away from the cutting edge. It appears as if this wear behaviour has
resulted in a smoother topography. Areas exhibiting coating pull-out can be observed within
the plastically deformed region, as well as in zone A and zone C. In region 2 (Figure 5.9f), it
appears as if the continued alumina wear via plastic deformation has in part led to the TiCN
layer becoming partly exposed. This appears to be as a result of a more gradual wear than was
observed in Figure 5.9d, since the revealed TiCN is contained entirely within the plastically
deformed area. This highlights the fact that there is significant variability when observing the
wear behaviour, as this gradual wear regime may not be observed if a sudden delamination
has already occurred.

Cross sections of the worn tools were metallographically prepared to investigate variations
in alumina coating thickness. This was done by polishing away approximately 0.15 mm of
material (as shown in Figure 5.10). Two separate 50 µm sample regions were chosen to be
representative of zone B, 100-150 µm from the tool edge, and zone C, 200-250 µm from
the tool edge; the average coating thickness (xav) is shown for each sample region. After
2 m of cutting (Figure 5.10a) it can be observed that both sample regions have a similar
appearance in terms of both topography and thickness. A similar observation is made after
32 m of cutting (Figure 5.10b), although in zone B, a dislodged section (labelled DS) is
observed whereby both the alumina and TiCN layer have been removed. This could suggest
the coating contained cracks that resulted in fracture during polishing or machining. After
128 m (Figure 5.10c), a noticeable difference in the two regions is revealed, with a large
section of alumina (≈ 20 µm) in zone C being completely removed and the underlying TiCN
layer exposed.
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Figure 5.10: Cross sections of inserts taken from zones B and C at different SCLs: (a) 2 m
(b) 32 m (c) 128 m.

5.4 Conclusions

In the chapter presented, OD turning using HPC was performed on IN718 using industry
relevant parameters. SCL was varied in order to the explore the degradation of the outermost
textured alumina layer of a multi-layered CVD TiCN/α-alumina coating deposited on a car-
bide substrate. It was found that turning IN718 leads to significant adhesive wear and coating
loss due to attrition, which initiates upon tool engagement with the workpiece. Significant
coating loss occurred at the end-of-contact zone due to the tensile forces that develop as the
chip begins to deflect, further emphasising the adhesive nature of the workpiece material. Ev-
idence of plastic deformation of the worn alumina surface was detected in the sliding zone,
indicating high temperatures present in this region of the contact. Reaction products in the
sliding zone were also detected that appear to be rich in the reactive refractory element Nb,
suggesting chemical wear may also occur within this region. The alumina coating on the rake
face nearest to the cutting edge remained intact suggesting that the coating offers adequate
protection over the initial turned meters to protect the edge from premature failure.

78



Chapter 6

Effect of workpiece grain size and cut-
ting speed on tool wear and workpiece
microstructural damage when turning
RR1000 with multi-layer CVD alumina
coated carbides

In Chapter 5, significant coating pull-out and plastic deformation of alumina asperities were
observed during single-point turning of a typical wrought superalloy (IN718) after relatively
short SCLs, demonstrating the limited protection offered by alumina in certain regions of the
rake face contact. PM Ni-based Superalloys are broadly considered harder-to-machine than
wrought alloys, exhibiting improved high temperature performance as a result of a higher
concentration of γ′ forming elements. It is currently unclear how these variations in work-
piece chemistry will impact alumina coating degradation during turning, and whether other
factors such as turning cutting speed and workpiece grain size are also influential. The pro-
ceeding chapter aims to answer these questions.

6.1 Introduction

In the following study RR1000 was heat treated to produce two material conditions with dif-
fering grain sizes (CG, FG), at two different cutting speeds, which represent the upper and
lower bounds typically recommended by the tool manufacturer (Sandvik Coromant). Ma-
chining forces were recorded using dynamometry during tool wear trials. This was done to
assess the effectiveness of the machining strategies employed, to monitor the tool wear pro-
gression, and to compare the deformation characteristics of different machining conditions.
Analysis was then carried out on worn tools at varying SCLs to observe the wear progression
of the outermost alumina layer, this involved utilising a range of analytical techniques: SEM,
EPMA, and X-EDS. In addition, machined surfaces were also examined using electrolytic
etching to reveal precipitate deformation, TEM was also utilised to examine as-polished sur-
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faces, in addition to EBSD. Modelling was performed using a range of software packages:
AdvantEdge (FEM), Thermo-Calc (CALPHAD), and a M2i2 Digital Platform (mean field
model).

6.2 Materials and Methods

The following section details the materials and methodology utilised in the machining exper-
iment presented.

6.2.1 Experimental Materials

In the following work RR1000 was selected to be the workpiece material for the experimental
machining trials (see Section 3.2). The billets utilised were two "centre slugs" taken from
aero-engine disk forgings. Billet dimensions were approximately �= 65 mm, length = 140
mm. Both billets were then heat treated to produce two distinct material conditions. The first
billet was solution heat treated above the γ′ solvus at 1160◦C for 1.5 hrs. Processing at this
temperature dissolves the primary γ′ precipitates that limit grain growth, allowing for a coarse
grain (CG) material to be obtained; it should be noted that this experimental CG material has
a broader distribution of grain size than material typically refereed to as "CG RR1000" within
industry (see Figure A2 of appendix A). The second billet was solution heat treated below
the γ′ solvus at 1120◦C for 1.5 hrs., hence, grain growth of γ is suppressed by the retention
of primary γ′ precipitates, in order to produce a fine grain (FG) material condition. After air
cooling, a second precipitation heat treated was carried on both billets for 8 hrs. at 760◦C.
The grain size distribution for the FG material is representative of material refereed to as "FG
RR1000" within industry (see Figure A2 of appendix A).

Average γ′ precipitate sizes and volume fractions (Vf) are given in Table 6.1; average grain
sizes and bulk hardnesses for both material conditions are shown in Table 6.2. The data
presented in Table 6.1 was measured using SE SEM images of electrolytically etched samples
that were taken of the bulk material ≈ 25 mm from the billet centre. Vf values for the
primary and secondary γ′ precipitates were measured, and were estimated for the tertiary γ′

precipitates by calculating the theoretical equilibrium total γ′ Vf (0.44), before subtracting
the summation of the measured primary and secondary γ′ Vf. Equilibrium calculations were
performed using Thermo-Calc and the TCNi12 database. Av. r measurements for tertiary γ′

presented in Table 6.1 should be treated with some caution, since the smallest precipitates are
towards the limit of the resolution practically achievable on the SEM system employed.
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Table 6.1: γ′ precipitate radius and volume fraction for CG and FG RR1000 material condi-
tions.

Tertiary Secondary Primary

Av. r (nm) Vf Av. r (nm) Vf Av. r (nm) Vf

CG 10 0.06 90 0.38 N/A N/A
FG 11 0.04 60 0.28 340 0.12

Table 6.2: Hardness measurements and average grain size for CG and FG RR1000.

Hardness (Hv0.5) Av. Grain

Min. Max. Av. Size (µm)

CG 446 459 453.2 30
FG 461 472 467.4 4

Sandvik Coromant S205 CNMG120408-SF cutting inserts were utilised during the experi-
ments (see Section 3.1.2), featuring the S205 coating described in Section 3.1.1. Inserts with
ER of ρ = 42 ± 3.2 µm were used in the trial. The coolant utilised was Blaser Vasco 7000
with a concentration of 8.1 %, which was applied through a QS-PCLNL 2020-12C shank at
a pressure of 40 bar, delivering cooling to both the rake and flank faces.

6.2.2 Test methods

Single point outer-diameter turning was carried out on a DMG Mori NLX 2500 lathe using
the following machining parameters: DOC = 0.25 mm, feed = 0.1 mm · rev−1, surface speed
= 70 and 100 m · min−1. Continuous outer diameter turning operations were conducted at
various SCL values: 2, 16, 32, 64, and 128 m; these were performed in a single cut. In
addition, conventional wear testing was conducted using the FG material up to a SCL of 700
m, which was reached in increments 100 m, as such, said cutting inserts were subjected to
successive engagements and disengagements. To ensure material homogeneity in terms of
grain size and precipitate morphology, cuts were performed only on the first 15 mm of the
diameter (i.e. �= 50-65 mm), and were fully randomised. Engagements and disengagements
were configured to prevent the tool coming into contact with corners or edges that may cause
accelerated damage to the cutting inserts (see Section 4.8). A Kistler plate piezoelectric
force dynamometer, Type 9129AA model, was employed as per the method described in
Section 4.7.

An additional face turning experiment was then performed on the remaining workpiece ma-
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terial to investigate if machining force response data could be used to produce digital finger-
prints, in order to assess material homogeneity in terms of centre to edge grain size variation
(see for Section 4.7.1). To enable this, different cutting parameters were employed: DOC =
0.1 mm, feed = 0.05 mm · rev−1, surface speed = 60 m · min−1.

6.2.3 Characterisation Techniques

Post-machined samples, that had been turned a SCL between 6–9 m, were sectioned, and then
ground and polished to reveal surfaces normal to the feed direction, such that deformation in
the cutting direction could be observed (see Section 4.7 for description of force components
with respect to workpiece orientation). The full metallographic preparation method is given
in Section 4.6.

SEM microscopy was performed using a Zeiss EVO LS25-1204, a Hitachi TM3030, and a
JEOL JSM-7900F, using a combination of BSE and SE detectors; a JEOL JSM-7900F was
used to obtain orientation mapping via EBSD; X-EDS was performed on a 80 mm Oxford
X-EDS system (see Section 4.1). EPMA was performed using a JEOL JXA 8530F PLUS
(see Section 4.2).

Etched inserts were submerged in Glyceregia for one hour to observe wear obscured by ad-
hered workpiece material; machined surfaces were electrolytically etched in phosphoric acid
to reveal precipitates (see Section 4.9). An Alicona infinite focus SL was used to measure ER
values(see Section 2.4.4 and Section 4.4.2). Cuttings inserts with ER values within a ρ = (42
± 2 µm) range were then down selected for the cutting trial. All microhardness measurements
were performed on a DuraScan microhardness tester (see Section 4.5).

XRD was performed using a Proto iXRD portable residual stress diffractometer (see Sec-
tion 4.3). Measurement of FWHM using XRD was implemented as a non-destructive method
for assessing the degree of machining induced damage, as per the method presented by Brown
et al. [137], further details are provided in Section 4.3. Measurements were performed at the
midpoint of the machined length, i.e., half the total SCL for each cut, to eliminate the chance
for interference from neighbouring cuts, or corners created during tool disengagement.

6.2.4 Modelling techniques

3D FEM cutting simulations were carried out using the commercial software AdvantEdge
(see Section 4.10.3) to understand the influence of cutting speed on cutting temperatures.
Simulations were performed using the same parameters (i.e., DOC, feed, cutting speed) as in
the machining experiments performed.

Simulations of γ′ dissolution and coarsening for FG and CG RR1000 due to thermal effects
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was performed using the method presented in [145] (see Section 4.10.2 ). This was done to
assist in temperature estimation during inspection of the machined surface post machining.

Thermo-Calc thermodynamic simulations of workpiece oxidation were performed for
RR1000 to explore the preferential congregation of specific reaction products towards the
rear of the contact zone during OD turning (see Section 4.10.1).

6.3 Results and Discussion

6.3.1 Surface Integrity of Turned CG and FG RR1000

Inspecting the machined surfaces after electrolytic etching in Figure 6.1, the bulk precipitate
morphology is revealed for both CG and FG material conditions. As shown in Table 6.1,
Figure 6.1 demonstrates that secondary γ′ precipitates are finer in the FG material than in
the CG material. The absence of primary γ′ precipitates in the CG is also apparent, resulting
in higher volume fraction of secondary γ′ precipitates. It has been shown that the FG heat
treatment will result in a ≈ 13 % higher yield stress at a temperature of 750°C, primarily due
to the Hall-Petch effect [38]. It should be noted that the difference becomes less significant as
temperature is increased [38], and as temperatures approach the γ′ solvus (≈ 1150°C [145]),
secondary γ′ particles are anticipated to dissolve more readily in the FG material condition
on account of their smaller radius.

It can be observed in Figure 6.1 that higher depths of machining induced damage occur when
turning the CG material, as indicated by the swept grain structure and high density of slip
bands, in which precipitate shearing is observed. Cross-slip was also observed in certain
grains of the GG material, where the local microstructure was orientated favourably for this
deformation mode to occur (see Figure 6.2). Figure 6.1 demonstrates that both CG and FG
material conditions exhibit a severe plastic deformation (SPD) layer in the topmost layer of
their respective surfaces.
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Figure 6.1: BSE SEM micrograph of electro-etched subsurface deformation when turning
the (a) CG material (b) FG material at 100 m · min−1.

Figure 6.2: Subsurface deformation generated when turning the CG material at a surface
speed of 100 m · min−1. Image shows evidence for dependency of slip band formation on
grain orientation.

Figure 6.3 displays the SPD layer at higher magnification. The thickness and characteristics
of the SPD layer are observed to vary significantly depending on the local microstructural
texture and γ′ morphology. In addition, varying levels of γ′ dissolution within the SPD layer
were observed, ranging from partial dissolution (Figure 6.3a), whereby the outlines of the
secondary precipitates can still be distinguished, to total dissolution (Figure 6.3b), in which
no visible structure can be observed. Figure 6.3b also displays inclusions, near to the surface
that appear to be undeformed, on account of the their high temperature stability and high
hardness; this is likely to be a boride or carbide [150]. When machining the FG material,
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primary γ′ was observed in some instances to "shield" the secondary γ′, limiting the defor-
mation if near surface precipitates (Figure 6.3c). Below the SPD layer precipitate shearing
was observed when turning both material conditions (Figure 6.3b and Figure 6.3d), although
was more common when turning the CG material; this subsurface region is subjected to high
strain but lower temperatures that do not facilitate precipitate dissolution.

Figure 6.3: SE SEM micrograph of electro-etched subsurface, showing SPD layer produced
when turning (a) CG material at 70 m · min−1 (b) CG material at 100 m · min−1 for FG material
(c) FG material at 70 m · min−1 (d) FG material at 100 m · min−1.

Visually estimated measurements of the heavily deformed layer thickness over all condi-
tions tested are presented in Figure 6.4. The boundary for this region was defined as regions
displaying partial or complete dissolution. Although no significant difference was observed
when comparing average values, higher ranges were measured when turning the CG material.
Furthermore, larger variations were also measured when turning both materials at the higher
speed of 100 m · min−1. Typically, during aeroengine manufacture, this kind of localised sur-
face damage is inspected using optical microscopy, after the surface is etched with an etchant
that targets the γ′ phase; it is generally referred to as "white layer" in the aerospace industry if
no visible grain structure can be observed. This kind of damage has been frequently observed
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when machining RR1000 [103, 151, 12].

Figure 6.4: Bar chart showing influence of workpiece material condition and cutting speed
on severely deformed layer thickness.

To explore the characteristics of the SPD layer at higher resolution, TEM was employed.
Figure 6.5 shows TEM X-EDS performed on a FG sample machined at 100 m · min−1, and
indicates that dissolution of tertiary γ′ in the given region begins to occur approximately 1.8
µm below the machined surface. Dissolution of secondary γ′ precipitates can be observed
to occur at depths less than 0.2 µm. Clearly local temperatures at the workpiece surface are
approaching the γ′ solvus temperature, however, this temperature may effectively be lowered
by the high strain and defect density at the machined surface, which leads to precipitate
shearing, effectively reducing the particle radius and lowering the amount of energy required
for their dissolution. Other considerations such as slip band formation can also lead to higher
local temperatures due to adiabatic heating. Furthermore, the swept grain behaviour leads
to a higher concentration of slip bands near to the surface. Temperatures approaching the γ′

solvus have been measured by IR thermography during orthogonal turning of an advanced
Ni-based alloys by Liao et al. [16] under aggressive cutting conditions with worn tools. It
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would therefore seem reasonable that similar local temperatures can occur under conventional
machining conditions with new tools at high cutting speeds.

Figure 6.5: TEM X-EDS map of FG material turned at 100 m · min−1, prepared using FIB lift-
out technique, showing secondary and tertiary γ′ dissolution variation across the machined
surface, viewed normal to the cutting direction, alongside corresponding estimated tempera-
ture distribution.

Figure 6.6 shows EBSD data for each machining condition. Inverse pole figures (IPF) are
presented for the z-direction. Due to the highly strained nature of the SPD layer, there are
non-indexed regions along the surface. This is seen most clearly in the FG condition, due to
the higher magnification used. Below the SPD layer, intragranular strain due to lattice rota-
tion, and subgrain formation are shown by variations in misorientation contrast. Observing
both surfaces, at the higher speed of 100 m · min−1, the depth of damage in terms of both
non-indexed regions at the surface, and subsurface misorientation contrast appears greater.
As shown in Figure 6.1, local variations in grain orientation are also observed to have a large
influence on the degree of deformation that occurs when turning both CG and FG conditions.
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Typically, to help identify surface damage, kernel average misorientation (KAM) mapping
was employed. This is effectively achieved by comparing the misorientation of each pixel
with respect to its neighbours; regions with high misorientation will correspond to those that
have a high defect density. Figure 6.7 displays KAM maps for all machining condition tested.
For the CG condition at 100 m · min−1, it can clearly be seen from the stronger signal near
surface that there are higher levels of damage induced by the faster strain rate deformation.
In contrast, the FG material appears to have a higher level of damage at the slower cutting
speed of 70 m · min−1, however this is likely due to the large amount of non-indexed regions
that occur at the higher speed of 100 m · min−1. Artifacts of the KAM image analysis can
also be observed across the surface for the FG material in the form of straight lines, due to
over-extrapolation.

To quantify the diffusivity of the observed deformation, line scans were performed on the
KAM maps using the commercial Aztec software (see Figure 6.8); these were taken below
the surface artifacts previously described, at 20 equidistant locations across the machined
surface. Comparing the two material conditions, larger depths of damage are seen in the
CG material, due to the reduction in grain size strengthening. Figure 6.8 also confirmed that
higher levels of surface deformation occur when the CG material is turned at higher speeds. In
addition, it appears as though turning at the slower cutting speed of 70 m · min−1 induces more
subsurface deformation into the bulk, which may occur due to reduced material softening at
the lower speed, which has previously been reported during Ni-based superalloy machining
[98, 152]. For the FG material condition, similar maximum levels of misorientation are
detected at the surface for both speeds, however, unlike the CG material, the subsurface
deformation is higher for a cutting speed of 100 m · min−1. This is likely because when
turning the FG material the majority of the deformation is confined to the first 20 µm, in
contrast, when turning the CG material, the deformation is more diffuse, extending 3 times
further to around 60 µm. As such, the increased thermal softening that occurs during higher
strain rate deformation has a greater influence on the subsurface deformation when machining
the FG material.
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Figure 6.6: EBSD data showing z-IPF maps of machined surfaces viewed normal to the
cutting direction: (a) CG 70 m · min−1 (b) CG 100 m · min−1, (c) FG 70 m · min−1 (d) FG 100
m · min−1. A strong deformation gradient is observed, with highly deformed, non-indexed
regions (white) occurring near the surface.
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Figure 6.7: EBSD data showing KAM maps of machined surfaces (colourbar misorientation
is in °): (a) CG 70 m · min−1 (b) CG 100 m · min−1 (c) FG 70 m · min−1 (d) FG 100 m · min−1.
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Figure 6.8: KAM against depth for each condition tested; note different x-axis and y-axis
scales.

FWHM measurement can be used to access the degree of deformation in the machined surface
(see Section 4.3). This was performed at varying SCLs for the FG material (see Figure 6.9).
The results appear to support Figure 6.8, whereby more deformation occurs at the higher
cutting speed of 100 m · min−1. It is also apparent that the depth of damage, which in this
case is calibrated based on what a typical aerospace visual assessment would consider damage
(i.e.,swept grains), increases with SCL and stabilises after 32 m.

Figure 6.9: Estimated damage depth based on XRD FWHM measurement for FG RR1000 at
varying SCLs.

91



Machining Force Response and Chip Formation During CG and FG RR1000 Turning

Figure 6.10 demonstrates that the average machining forces across all 3 force components
are comparable for both material conditions, in addition, cutting speed is observed to have
a negligible impact on average machining forces. When comparing these results with those
obtained in Chapter 5, the balance of force components is observed to shift: Fp (+36%), Fc (-
30%), and Ff (+32%). Due to the significant reduction in the largest force component Fc, the
overall the average resultant force, R, is observed to decrease by 10%. This could be related
to higher cutting temperatures that occur when turning CG and FG RR1000, as a result of a
higher Vf of γ′, which promotes localised workpiece softening.

Close examination of the tool contact zone reveals that this finding could also be related
to an increased contact area when turning IN718, which is softer and has less resistance
to deformation at high temperature. This effect is shown in Figure 6.11; there also seems
to be a marginally higher contact area when turning the CG material, suggesting additional
deformation occurs ahead of the advancing tool, as a result of more diffuse deformation
characteristics. It should be noted that the HPC pressure was different in the RR1000 and
IN718 experiments performed (40 bar and 65 bar, respectively), suggesting that difference
between the two contact areas could have been even higher, since higher pressure HPC will
contribute to chip deflection, lowering the contact area [113].
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Figure 6.10: Comparison of average machining force response values for all cuts performed
during initial tool wear trials; measurements were averaged over the first second of tool en-
gagement; error bars demonstrate range of values measured.

93



Figure 6.11: Comparison of contact zone area measured over 2 m and 32 m SCL for different
machining conditions tested.

Observing Figure 6.12, it is apparent that the different deformation characteristics observed in
Section 6.3.1 have a dramatic influence on the machining force response, whereby the range
of force values produced in one singular cut is approximately 4 times greater when turning
the CG material compared to the FG material. Fluctuations in machining force are heavily
influenced by variations in deformation behaviour as the tool moves across the workpiece.
The influence of these variations are reduced when turning the FG material, since it is more
homogeneous, meaning the stress distribution surrounding the tool will interact with a larger
sample of randomly orientated grains. In contrast, as seen in Figure 6.2, when machining the
CG material the mode of deformation can alternate dramatically over a large area, especially
when slip occurs in a single large grain with a "soft" orientation.
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Figure 6.12: Force feedback plot at 100 m · min−1, sampled at 400 Hz for (a) CG material (b)
FG material.

Machining force data can also be plotted spatially, as per the method presented in Sec-
tion 4.7.1. Figure 6.13 in Appendix A shows a digital reconstruction of the Fz force compo-
nent, measured during facing passes performed approximately 10 mm from the end of each
billet, highlighting the larger fluctuations in machining force that occur when turning the CG
material compared to the FG material. In addition, an increase in the average cutting force
for both material conditions can be observed as the tool moves towards the billet centre, due
to tool wear and the corresponding increase in contact area.

Figure 6.13: Force response maps for CG and FG materials, demonstrating variations in
machining forces that has been attributed to microstructural variation and tool wear.

The deformation mechanics of the cutting process are reflected in the generated chip, observ-
ing the generated chip post-machining is therefore a convenient means of inferring informa-
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tion regarding how material condition influences deformation. Figure 6.14 demonstrates that
spiral chips are produced when turning both material conditions, however, it can be seen that
the periodic fracture that occurs along the side of the chip that runs along the tools trailing
edge is more consistent when turning the more homogenous FG material. Viewing the front
of the chips in Figure 6.15, the shear localisation and segmentation is also seen to have a
more regular periodicity, culminating in reduced fluctuations in machining force.

Figure 6.14: Medium magnification SEM SE micrograph of chips produced when tuning CG
and FG material at 100 m · min−1.

Figure 6.15: Low magnification SEM SE micrograph of chips produced when tuning CG and
FG material at 100 m · min−1.
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Mean field Modelling of γ′ Dissolution

In order to better understand the relationship between cutting temperature and γ′ dissolution
observed in the secondary shear zone (see Figure 6.5), thermal modelling was performed
using the mean field method (see Section 4.10.2). This approach allows the change in the
γ′ distribution for FG RR1000 to be estimated for different heat treatments. Since the actual
heating and cooling rates were not recorded, an estimated thermal profile was employed (see
Figure A3 of Appendix A), as such, only relative differences between temperatures can be
inferred. It should be noted that the model neglects the influence of mechanical effects, such
as precipitate shearing, that will occur in the machining case.

Figure 6.16 demonstrates that increasing cutting temperature during machining will lead to
increased γ′ dissolution, suggesting the secondary γ′ observed in Figure 6.5 will require
local temperatures within the secondary shear zone in the region of 1120°C. At temperatures
≤ 1000°C, the driving force for dissolution is greatly reduced, and at 900°C no significant
secondary γ′ dissolution can be observed. Since tertiaries are smaller (r = 11 nm, compared
to r = 60 nm for secondaries), some dissolution is predicted to occur at 900°C, and at 1000°C
there is complete dissolution. Another interesting observation is that the dissolved secondary
γ′ is predicted to reprecipitate upon cooling as tertiary γ′. Observing Figure 6.5, it is unclear
if reprecipitation can be observed in the top 1.8 nm, due to the nanoscale nature of said
precipitates.

Figure 6.16: Simulated dissolution at different temperatures using mean field model for FG
RR1000 (a) secondary γ′ (b) tertiary γ′.
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3D FEM Model of Turning Process

To further investigate the effect of cutting speed on temperature at the tool-workpiece in-
terface, modelling of the OD turning operation was performed using the commercial FEM
cutting simulation software AdvantEdge by Third Wave Systems (see Section 4.10.3). Since
no material data was available for RR1000, the in-built IN718 material model was used in-
stead. The simulation was run at the two speeds tested (70 and 100 m · min−1). A 9% higher
temperature was measured when running at 100 m · min−1 compared to 70 m · min−1. As
such, this would indicate that a slightly higher level of dissolution should be observed in
the machined surface at the higher speed. In both cases, maximum temperatures in the re-
gion of 700°C (639°C at 70 m · min−1, and 739°C at 100 m · min−1) were observed, however,
Figure 6.5 and Figure 6.16 suggest that local temperatures in the tertiary shear zone are ≈
1100°C.

This major discrepancy is hypothesised to be due to several factors: different material proper-
ties between RR1000 and IN718, utilisation of an inaccurate friction model, no consideration
of evolving tool geometry (i.e., tool wear, BUE), no inclusion of the tool coating, and im-
proper boundary conditions. Of all these factors, the first is thought to be the most significant,
since RR1000 has higher volume fraction of the strengthening γ′ phase compared to IN718,
which gives the material improved resistance to deformation at high temperature.

The stress distributions (normal and maximum shear) for the tool contact zones are displayed
in Figure A1. These plots were made using the software GNU Octave 5.1.0. Very little
variation can be observed between the calculated stresses from the two speeds tested. It can
be noted that the calculated stress loads shown in the figure are very high. In the real physical
situation, there will be plastic deformation of the cutting edge, which will relax the stresses.
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Figure 6.17: AdvantEdge simulation of machining process using IN718 for material model
at 70 and 100 m · min−1.

6.3.2 Tool Wear

In Figure 6.18 it can be observed that when turning both CG and FG materials, workpiece
adhesion occurs rapidly across the contact zone within the first 2 m of tool engagement.
Adhered material is observed to be concentrated on the cutting edge, which can form via
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the ploughing of workpiece material as the tool is brought out of cut as the feed rate is
progressively reduced. A band of adhered RR1000 towards the rear of the contact as the
chip deflects can also be observed, which is typical in most turning operations. When turning
the CG material, significant notching and exposure of the WC substrate was observed at the
DOC, and was more severe at the higher cutting speed of 100 m · min−1. No DOC notch wear
was observed at the lower speed of 70 m · min−1 when turning the FG material, and only
slight notching was detected at the higher cutting speed.

It has previously been reported that notch formation is typically worse when turning larger
grained Ni-based superalloy material [105, 107]. This behaviour is attributed in part to the
formation of a work hardened layer on the surface [153]. Hence, the increased subsurface
damage presented in Section 6.3.1 may correlate to increased strain hardening, and therefore,
to increased notch wear. In addition, the large fluctuations in machining force that occur
when turning the CG material will contribute to coating fatigue. This effect is especially
important during the initial engagement, when no workpiece softening has begun to occur.
When turning both materials, increased notching occurred at the higher cutting speed, this
may be attributed to higher levels of strain hardening at higher strain rates. At this stage of
the wear progression there is also a slight indication of notch formation towards the training
edge. It should be noted that higher rates of notch wear during Ni-based superalloy machining
can be exacerbated by the application of HPC [154].
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Figure 6.18: BSE SEM micrograph of tool nose after a SCL of 2 m when turning (a) CG
RR1000 at 70 m · min−1 (b) CG RR1000 at 100 m · min−1 (c) FG material at 70 m · min−1 (d)
FG material at 100 m · min−1.

Viewing the contact zone from above in Figure 6.19, demonstrates how the levels of adhesion
of workpiece material evolves over time. After a SCL of 2 m when turning CG and FG
materials, more rake face adhesion occurs at the lower cutting speed of 70 m · min−1. Overall,

101



higher levels of adhesion and smearing of workpiece material across the rake face occur when
turning the CG material at both cutting speeds tested. This may be attributed to the different
deformation mechanics of the two RR1000 conditions, since in the CG material dislocation
slip is much greater compared to the FG, allowing it to "smear" across the tool surface more
readily. It could also be related to increased cutting temperatures that occur when turning the
CG material as a result of larger fluctuations in the machining force response.

Figure 6.19 also shows that the degree of adhesion varies considerably in different regions
of the cutting tool depending on the contact conditions. In the sticking zone, the normal
stress is highest, and high levels of adhesion are observed. Moving across the contact zone
in the direction of chip flow, towards the sliding zone, thinner layers of adhered material
are detected. Towards the end of the contact zone, adhesion increases, and a bright contrast
band (BCB) is observed to form at the point the chip deflects from the workpiece. After
a SCL of 2 m, the BCB appears broader, and more smeared on the cutting inserts used to
turn the CG material compared to those used to turn the FG material at both speeds tested.
Distinct variations in tone within the band can also be detected (bright towards the cutting
edge transitioning to darker contrast moving in the direction of chip flow), indicating the
presence of two distinct phases. This can be seen most clearly when machining the FG
material at 100 m · min−1 after a SCL of 2 m.

Figure 6.19 demonstrates through SCLs of 32 m and 64 m, that the variation in degree of
adhesion across the contact becomes more inconsistent when comparing the different condi-
tions. Compared to 2 m SCL, adhesion within the sticking and sliding zone reduces for all
conditions tested, due a transition towards thermally accelerated wear phenomena (chemical
adhesion, and plastic deformation). This alters the surface topography, such that there are
fewer instances of coating pull-out, and therefore, fewer sites available for mechanical adhe-
sion to take place. Adhered material in the sliding zone is readily removed by the flowing
chip. The wear rate in this region immediately behind the cutting edge is typically highest
as the stresses and temperatures are at a maximum. Observing Figure 6.19 after a SCL of 64
m, total removal of alumina on the rake face occurred, as indicated by the TiCN exposure.
Only partial alumina removal occurred when turning the FG material, and the wear rate was
greater at the higher speed of 100 m · min−1.
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Figure 6.19: BSE SEM micrograph of rake face after a SCL of 2 m when turning (a) CG
material at 70 m · min−1 (b) FG material at 70 m · min−1 for FG material (c) CG material at
100 m · min−1 (d) FG material at 100 m · min−1.

Figure 6.20 shows the BCB at higher magnification, formed when the CG material was turned
at a cutting speed of 100 m · min−1. Alumina grain pull-out, indicative of adhesive wear,
is observed in front of the band. The fracture of the underlying alumina in this region is
likely exacerbated tensile forces due to deflection of the chip, as observed in Chapter 5.
Initial inspection of the region, presented in Figure 6.20, using X-EDS analysis (Figure 6.21),
reveals the brightest section of the BCB is rich in strong oxide former’s such as (Hf, Zr, Ta).
To the right of this region there is a darker contrast area, appearing to be rich in Al and Ti.
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Figure 6.20: SE SEM micrograph of BCB formed on rake face after 2 m SCL, at 100
m · min−1 when turning the CG material.

Figure 6.21: X-EDS scan of BCB to rear of rake face formed when turning CG material for
2 m SCL at 100 m · min−1.
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To confirm these observations, a BCB cross-section was scanned using EPMA, fitted with
a WDS detector. This method provides more accurate measurement of composition. Fig-
ure 6.22 shows a cross-section of the BCB produced after a SCL of 16 m when turning the
FG material at 100 m · min−1. Three distinct phases are observed within the BCB. Table 6.3
displays compositional measurements taken for each of the distinct phases observed; C and
O were not included due to high levels of noise, Zr was not included as it was only found in
trace amounts.

Region 1 is located at rear of the contact, where the chip deflects, and corresponds to the
dark phase seen in Figure 6.21; it was found to be rich in Al, and also some Hf. Region 2
appears to be the same phase, although it is richer in Ti. Region 3 is bright phase observed
in Figure 6.21, and is rich in Hf. It appears as if these two phases are blended here; the
dark Al-rich phase appears to be the matrix phase, and the bright Hf-rich phase is a swirling
agglomeration of small inclusions (see Figure 6.23). Region 4 is the most similar to the bulk
alloy, with a slight increment in γ forming elements, as well as Ti, that has likely dissolved
from the γ′ due to high temperatures and strains. The alumina coating below this exhibits
adhesive wear and grain pull-out, which has occurred due to the tensile forces in this region.

Figure 6.22: BS SEM micrograph of insert BCB formed when turning the FG material 16 m
SCL at 100 m · min−1; corresponding compositions for each region is given in Table 6.3.
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Table 6.3: Normalised composition in Wt.% for major elements in RR1000 found within
regions of BCB (see Figure 6.22).

Element Ref. [128] 1 2 3 4
Ni 52.3 4.7 5.2 3.9 67.3
Co 18.5 1.7 1.1 3.2 20.8
Cr 15.0 3.2 3.0 1.8 19.3
Mo 5.0 0.8 1.0 2.3 4.8
Ti 3.6 2.8 7.2 2.9 5.7
Al 3.0 47.0 45.8 14.3 3.9
Ta 2.0 1.7 3.5 2.8 1.3
Hf 0.5 20.3 28.3 59.6 0.8

Figure 6.23: Close-up BS SEM micrograph of Figure 6.22, showing rake face BCB formed
when turning the FG material 16 m SCL at 100 m · min−1.

Figure 6.24 shows the compositional variation in the form of EPMA WDS maps. The map for
O appears to indicate that the dark Al-rich phase is oxide in nature. The C map is inconclusive
due to contamination from the Bakelite used for mounting. As the chip deflects the adhered
material will be exposed to both air and cutting fluid ingress, hence, oxide formation is highly
plausible. It is unclear however whether or not the Al found in this oxide originates from a
chemical reaction between tool and workpiece or if it is solely from the workpiece. The high
concentration of Al would indicate the former may be plausible.
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Figure 6.24: EPMA scans and accompanying BSE image of BCB on insert formed when
turning the FG RR1000 16 m SCL at 100 m · min−1.

To reveal reaction products, the cutting tools were etched in Glyceregia (see Section 4.9.2 ).
The rake faces at an SCL of 2 m and 32 m are displayed in Figure 6.25. Etching with Glyc-
eregia removes metallically bonded adhered material. This suggests that the adhered material
retained after etching, i.e., the brighter contrast areas, has reacted with the alumina surface.
The highest concentration of reaction products are detected towards the rear of the contact
zone, forming a BCB. Additional reaction products can also be observed across the sliding
zone and appear to be more concentrated when machining the CG material (see Figure 6.26).
These include heavily deformed Hf-rich inclusions (bright phase), which preferentially ad-
here to regions displaying alumina grain-out, which suggests that the higher concentration of
reaction products when turning the CG is related in part to increased adhesive wear and attri-
tion. Disruptions in the continuous BCB are observed that correspond to incidents of coating
pull-out. These are most prevalent when turning the CG grain material and at the lower speed
of 70 m · min−1, which may correspond to reduced levels of workpiece softening, combined
with larger fluctuations in the machining force response (see Figure 6.10).
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Figure 6.25: BSE SEM micrograph of etched rake face after a SCL of 2 m when turning (a)
CG material at 70 m · min−1 (b) FG material at 70 m · min−1 for FG material (c) CG material
at 100 m · min−1 (d) FG material at 100 m · min−1.
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Figure 6.26: BSE SEM micrograph of tool face post etching for tool used to turn CG RR1000
for 2 m SCL at 100 m · min−1.

Inspecting the etched cutting inserts after 32 m SCL (Figure 6.25), fewer instances of adhe-
sion in the sliding zone can be observed, as the the dominant wear mechanism shifts from
adhesive attrition towards thermally accelerated wear phenomena (local plastic deformation,
potential chemical wear). Varying levels of alumina wear rate are indicated by the exposure
of TiCN. It should be noted that due to the penetration depth of BSE electrons, visibility
TiCN does not necessarily indicate that the alumina coating has been entirely removed, al-
though, some minor instances of complete delamination can be observed where there is a
sudden change in contrast (Figure 6.25). Figure 6.25 suggests that the highest wear rate oc-
curs at the highest speed when turning the CG material. Turning the FG material at lower
speeds yielded the lowest rate of wear. Faster rates of alumina removal are observer in both
materials at higher cutting speeds due to increased heat generation; this in turn leads to higher
local temperatures, and a reduction in the alumina layers strength and hardness [155].

Comparing this behaviour to IN718 turning in Chapter 5, it is clear coating pull-out via
adhesive wear mechanisms is less severe when turning RR1000, since no delamination of the
alumina layer occurs in the first turned metres, which would be indicated by an exposure of
TiCN. Nevertheless, compared to IN718, significantly more reaction products are observed
on the tool surface after etching, indicating chemical wear could occur which appears to be
related to the presence of Hf. Comparing the two alloys, RR1000 has improved strength
at high temperatures due to a higher γ′ Vf, therefore higher temperatures will be generated
during machining, facilitating thermally accelerated wear mechanisms. Figure 6.27 displays
a region of the sliding zone after etching where both reaction products and ridges indicative
of plastic deformation are observed. In addition, there is evidence of ploughing type abrasion,
potentially caused by workpiece inclusions.
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Figure 6.27: SEM micrographs of sliding region on tool rake face after turning CG material
32 m SCL at 70 m · min−1, viewed using (a) SE imaging mode (b) BSE imaging mode.

Observing Figure 6.25c, a band of alumina immediately behind the cutting edge is retained
through out the wear process, since it could be protected by adhered material on the cutting
edge, which redirects the chip flow. Indeed, even after an SCL of 600 m at a speed of 70
m · min−1, alumina can still be detected near to the cutting edge (Figure 6.28). In addition
Figure 6.28 reveals the smooth topography of the worn TiCN, indicative of chemical wear, as
TiCN will react with constituent elements of RR1000 [156, 157].

Figure 6.28: BSE SEM micrograph of rake face after turning the FG material after a SCL of
600 m, turned at a speed of 70 m · min−1.

Cross sectional micrographs were taken parallel to the direction of chip flow approximately
150 µm away from the auxiliary cutting edge (see Figure A4 of Appendix A). Inserts were
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then examined for each cutting speed and material condition at 3 SCLs : 2 m, 16 m and 32 m
(see Figure A5). Shorter SCLs were selected to focus the investigation onto the degradation
of the alumina layer. Due to the destructive nature of obtaining cross-sectional samples,
the graphs shown in Figure 6.29 and Figure 6.30 were constructed using several "sister"
inserts ran to each successive SCL; this leads to some negative wear rates being observed in
Figure 6.30

Figure 6.29 demonstrates how the change in alumina layer thickness varies significantly in
different locations of the tool, and that this variation is affected by both speed and material
condition. Under all conditions tested, the region of the rake face immediately behind the tool
nose, exhibited the fastest rate of wear within the first 2 m (see Figure 6.30). It is hypothesised
that the majority of the observed coating loss occurs during the tool engagement, since there
will be no workpiece softening; the brittle tool coating, which will be at room temperature,
will tend to fracture, as it is unable to deform plastically. During the remaining 2 m there is
limited time for thermally driven wear phenomena to occur, and the majority of coating loss
can be attributed to adhesive wear, which causes wear via fracture of the alumina coating.
When turning the CG material at the higher cutting speed, additional rake face wear was
also observed in the form of coating pull-out; it is likely related to the combination of high
local temperatures, and the large fluctuation in the machining force response observed in
Figure 6.12, which relates to greater chip instability, and larger cyclic mechanical loading of
the coating.

An example of coating fracture on the tool nose beneath a BUE is shown in Figure 6.31.
This demonstrates that cracks can preferentially form within the alumina layer instead of the
coating/workpiece interface, indicating there is a strong chemical affinity between tool and
workpiece; this leads to terrace formation around the nose radius of the tool. The interface
between tool and workpiece also displays smooth areas indicating surface localised plastic
deformation and potential chemical wear. These mechanisms occur at a slower rate than
adhesive wear, which is the dominant wear type in this region. Terrace type features were ob-
served on all inserts around the tool nose. Figure 6.32 shows diagrammatically the locations
of key features and the dominant wear mechanisms in different regions.

Observing Figure 6.29, after a SCL of 16 m, the nose wear continues to develop and spread
across the rake face, becoming more crater-like under all conditions tested. During this pe-
riod the coating is subjected to an extended period at high temperature, promoting plastic
deformation, and potentially chemical wear along the hottest regions of the tool-workpiece
and tool-chip interfaces. Compared to the first 2 m of SCL, the rake face wear rate reduces
under all conditions tested (Figure 6.30). For both RR1000 conditions, when comparing the
two cutting speeds, a greater overall reduction in coating thickness is measured at the higher
speed. It is hypothesised that this is caused by higher local temperatures, and increased strain
hardening of the machined surface. After 16 m, flank wear was observed only when turn-
ing the CG material; the highest flank wear rate occurred at the higher cutting speed of 100
m · min−1.
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By a SCL of 32 m, a significant amount of the alumina coating thickness on the rake has been
removed under all conditions tested (see Figure 6.29), demonstrating the ineffectiveness of
the coating in this region. Indeed, when turning the CG material at 100 m · min−1, only 0.5 µm
remains at the lowest point on the rake face. Nevertheless, Figure 6.30 shows that the wear
rate stabilises between 16 m and 32 m SCL, which correlates with the stabilisation in the
depth of workpiece subsurface damage indicated in Figure 6.9. This shows that both tool and
workpiece condition evolve rapidly during the initial turned metres as cutting temperatures
equilibrate.

Figure 6.29 also demonstrates that flank wear is more severe when turning the CG material.
The smooth surface of the worn rake face alumina observed in Figure 6.32 suggests that
plastic deformation and potential chemical wear are the dominant wear mechanisms; the
inclusions observed in Figure 6.3 could also promote abrasive wear. If chemical wear does
occur, then the higher flank wear rate observed when turning the CG material, may be related
in part to the higher levels of damage induced in the workpiece (see Figure 6.4), since this
will result in a more chemically active material.

One interesting observation from Figure 6.29 is that at the tool nose, i.e., the transition from
rake to flank, the wear appears to have stabilised between SCLs of 16 m and 32 m, and
almost no change in alumina thickness is observed. This suggests that the terrace formation
and subsequent coating loss seen in Figure 6.31 occurs only in the early stages of the cut,
after which point the BUE becomes stable and less prone to fracture. The terraces appear to
assist the adhesion of the BUE by increasing the interfaces surface area.

Figure 6.33 shows how the effective wear rate varies depending on material and time in cut,
and can be summarised as follows:

1. Rake face nose wear occurs during engagement leading to rapid wear via adhesive
wear, this occurs most readily when turning CG material due to larger variations in
machining force, which leads to irregular chip formation and increased coating fatigue.

2. Thermally accelerated wear mechanisms on both rake and flank begin to dominate as
cutting temperature increases, this is accompanied by a large reduction in the wear rate.

3. Wear rate stabilises, and coating continues to be removed at continuous rate by adhesive
wear, plastic deformation, and potential chemical wear.
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Figure 6.29: Graphs showing alumina wear across rake and flank, measured from cross-
sections taken parallel to chip flow, at SCLs of 2 m, 16 m and 32 m.

Figure 6.30: Graphs showing alumina wear rate on tool rake, measured from cross-sections
taken parallel to chip flow.
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Figure 6.31: Cross-section SE SEM micrograph showing crack formation around BUE after
turning FG RR1000 for 2 m.
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Figure 6.32: Diagram showing general features of alumina wear behaviour, adapted from
SEM cross section micrograph taken after a SCL of 32 m when tuning the CG RR1000.
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Figure 6.33: Schematic demonstrating generalised alumina wear variation against time for
CG and FG RR1000.

Thermo-Calc Modelling of BCB Formation when Turning RR1000

To better understand the chemical driving force behind BCB formation, Thermo-Calc mod-
elling was employed (see Section 4.10.1), whereby the influence of O2 on the stable phase
equilibria of RR1000 was examined by varying the partial pressure of O2 from 1 × 10−40 to
1 (pure O2). This was done to replicate the transition from chip seizure to the chip deflec-
tion, which occurs across the rake contact, resulting in increased O2 ingress. Figure 6.34 and
Figure 6.35 display the graphical results of the calculations performed; Figure 6.36 displays
the results in tabulated form with the chemical formulas for all phases formed. It should be
noted that these calculations are made for equilibrium conditions, so any phase identification
is not definite.

These results demonstrate that a range of oxides can be formed depending on the partial pres-
sure of O2. At O2 partial pressures ranging from 1 × 10−40−1 × 10−26, shown in Figure 6.34,
there are several miscibility gaps observed, and numerous phases form. Of interest are corun-
dum phases, as these may correlate to the Al-rich phases in regions 1 and 2 of Table 6.3. Pure
Al corundum forms at the lowest O2 partial pressure (≈ 1 × 10−34), followed a Ti-enriched
between 1 × 10−32−1 × 10−27. The enrichment of Ti in region shown in Table 6.3 combined
with the high concentration of Al, suggests that this could be the phases being observed.
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At O2 partial pressures ranging from 1 × 10−28−1 × 10−19 Cr-enriched corundum becomes
stable, which was not observed.

The calculations also demonstrate that Rutile is stable over a wide range of O2 partial pres-
sures (1 × 10−31−1 × 10−11). Rutile remains relatively stable in composition with only little
enrichment (0.1 At.%) at O2 activities above 1 × 10−27. However, the composition of Rutile
exhibits a sharp transition at low partial pressure 1 × 10−31, where ZrO2 is formed instead
of TiO2; it can be observed in Figure 6.24 that Zr was only present in trace amounts within
the BCB. Spinel phase (Cr,Co,Al)3O4 is anticipated to from at O2 activities ranging from
1 × 10−20−1, no overlap between the constituent elements was detected in Table 6.3 to in-
dicate this phase has formed in the BCB, however similar Fe containing spinels have been
reported as possible causes for chemical wear within the sliding zone when turning steel,
since their formation would lead to a reduction in wear resistance [81].

The bright contrast phase is observed in region 3 of Table 6.3 was observed to be rich in Hf;
HfC is observed to form at primarily low O2 partial pressure (<1 × 10−28) environments as
well as at 1 × 10−12, and where HfC is not formed, Hf remains in the γ matrix. However,
as shown in Figure 6.26, the Hf-rich inclusions present in the workpiece readily adhere to
the alumina coating, it is hypothesised that they gradually accumulate at BCB as they move
across the secondary shear zone. It is well known experimentally that MC carbide type
precipitates can readily oxidise [158, 159], therefore, there may be a driving force for them
to react with the O atoms present within the alumina layer when exposed to high temperatures
and pressures in the secondary shear zone. In this region however they do not appear to be
directly in contact with the coating, however they may have interacted with the coating as
they moved across the secondary shear zone, culminating in chemical wear.
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Figure 6.34: Graph showing calculated volume fraction against O2 partial pressure for O2

partial pressures ranging from 1 × 10−27 to 1, corresponding phase compositions are give in
Figure 6.36.
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Figure 6.35: Graph showing calculated volume fraction against O2 partial pressure for O2

partial pressure ranging from 1 × 10−27 to 1, corresponding phase compositions are give in
Figure 6.36.
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6.4 Conclusion

In this chapter, the relationship between workpiece material deformation and tool wear was
explored for CG and FG RR1000 over a range of cutting speeds; the major findings are sum-
marised in Figure 6.37. This included analysis of the machined surfaces, as well as analysis
of the produced chips, which was supported by mean field modelling and FEM modelling.
Following this, a detailed investigation of the tool wear was performed, including chemical
analysis of reaction products formed on the tool surface, and accompanying Thermo-Calc
modelling. These results highlight the limitations of state-of-the-art textured alumina coat-
ings when turning advanced aeroengine high-pressure turbine materials.

Observing the machined surface, slip-band formation and γ′ dissolution in an SPD layer were
observed under all conditions tested. The dissolution of secondary γ′ indicates high local
temperatures; mean field modelling of the temperature effect on γ′ dissolution revealed tem-
peratures of at least 1100°C are required to produce significant dissolution. Reprecipitation
of smaller tertiary γ′ was also predicted but not observed.

Larger depths of damage were observed when machining the CG material in terms of swept
grain and SPD layer thickness. Regions displaying cross-slip were detected; grain orientation
was observed to heavily influence the degree of deformation. Higher cutting speeds were seen
to encourage higher levels of subsurface deformation when turning the FG material. When
turning the CG material, higher levels of deformation only occurred at the higher speed in
the first ≈ 15 µm from the surface, and a lower total depth of deformation was detected when
turning at the lower speed. This suggests that, since the FG deformation is less diffuse, it is
more sensitive to the effect of increased cutting temperatures, which occur at higher cutting
speeds.

The relationship between cutting speed and cutting temperature was explored using FE mod-
elling. Overall, 9% higher temperatures were observed when turning at the higher cutting
speed. Dynamometer results revealed that, although the average machining forces were com-
parable for the different conditions tested, the range was much higher when turning the CG
material, as a result of local anisotropy, leading to irregular chip formation.

Alumina wear rates were found to be highest during tool engagement on the nose region of the
tool towards the rake face. It is hypothesised that this occurs as a result of reduced workpiece
softening during this period of low-temperature cutting, which leads to brittle coating failure
and rapid adhesive wear, culminating in coating pull-out. This was observed to occur more
readily when turning the CG material. This is attributed in part to the larger fluctuations in
machining forces leading to coating fatigue.

Faster rates of flank wear were measured when turning the CG material condition. It is hy-
pothesised that the higher levels of surface damage induced in the CG material could increase
the chemical activity of the workpiece, leading to greater adhesion and accelerated potential
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chemical wear. In a similar vein, significant notch wear was also detected when turning the
CG material, whereas no significant notch wear was observed when turning the FG material
during tool engagement. This may be related to both work hardening of the workpiece and
HPC application. Terrace formation was observed below the BUE in the nose region of the
tool for all conditions tested, as a result of parallel crack formation in the alumina subsurface,
highlighting the strength of the bond between the alumina and RR1000.

At increased SCLs, when turning CG and FG RR1000, the wear rate was observed to stabilise
as rising cutting temperatures causing thermally accelerated wear mechanisms to dominate.
This is indicated by the smooth topography of worn alumina on both the flank and rake, as
well as the large amount of reaction products retained after etching. Towards the rear of the
contact, adhesive wear is the dominant wear mechanism, and coating pull-out occurs due to
tensile forces during chip deflection. Here, the wear rate is slower than around the tool nose,
since stresses and temperatures are lower.

Alumina grain pull-out towards the rear of the contact was shown to provide sites for the
accumulation of the most chemically reactive oxide-forming elements in a so-called BCB.
There appear to be three distinct phases: a corundum-type oxide (with some Ti enrichment),
Hf-rich inclusions, and an enriched γ phase containing Ti from dissolved γ′. The Hf-rich
inclusions were observed to adhere readily to the tool surface and appear to gradually accu-
mulate at the BCB after moving across the secondary shear zone.

Compared to turning IN718 (Chapter 5), the propensity for pull-out and alumina delamination
is greatly reduced when turning RR1000. However, thermally accelerated wear mechanisms
appear more dominant (local plastic deformation, potential chemical wear), which may be
related to higher cutting temperatures and the presence of different alloy addition, such as
Hf. A recommendation from this work for material manufactures would therefore be to limit
or remove Hf from the next generation alloys. Overall these findings demonstrate that whilst
alumina coatings protect the underlying hardmetal substrate during the initial turned meters
when turning CG and FG RR1000, the wear rate is rapid in regions of the contact where
stresses and temperatures are highest. To improve multilayered textured alumina coatings for
these specific applications further, the resistance to coating fracture should be enhanced to
limit coating loss in the initial turned meters. Alternative machining strategies could also be
explored that increase the workpiece temperature prior to tool engagement, i.e., laser-assisted
machining.
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Figure 6.37: Summary schematic demonstrating relationship between workpiece surface in-
tegrity, chip formation, machining force response, and alumina wear rate for CG and FG
RR1000 .
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Chapter 7

Orthogonal dry turning of RR1000 in the
as-HIP condition using multi-layer CVD
alumina coated carbide tools

Both Chapter 5 and Chapter 6 demonstrated the effectiveness of using SCLs to examine
the degradation of the outermost alumina coating layer when machining Ni-based superal-
loys, exploiting the rapid wear that they generate. These findings highlighted the inherent
differences in terms of alumina wear behaviour for the two respective alloys, could be ob-
served using minimal workpiece material. When turning the more heavily alloyed RR1000 in
Chapter 6, suspected chemical wear was observed to be a more dominant wear mechanism.
Evidence supporting this included the formation of a BCB to the rear of the contact zone
containing strong oxide forming elements, such as Hf, as well as the retention of reaction
products over the rake face after chemical etching. In the following chapter the chemical
interaction on the rake face was further investigated by orthogonally cutting as-HIP RR1000
material.

7.1 Introduction

In the following study, RR1000 was orthogonally turned in an as-HIP condition (see Sec-
tion 3.2), in order to better understand the interaction between alumina coated tools and the
workpiece material. In this context, as-HIP material is hypothesised to be sufficient to cap-
ture said behaviour, since it has the same composition. The main advantage to using as-HIP
material compared to HIP then forged material, is that it can be manufactured at a substan-
tially lower cost, and with a lower overall energy consumption, which are both important
considerations for experimental machining trials. Indeed it has been shown that in a fully
heat treated state, as-HIP material has comparable mechanical properties to material that has
also undergone the final forging step [40]. Post machining, X-EDS analysis was carried out
on worn tools to observe the reaction products that accumulate on the tool rake face. In addi-
tion, SEM in the BSE imaging mode was also employed to investigate material adhesion and
BUE formation. Cross-sectional samples were taken from worn tools parallel to the CFD to
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observe the worn alumina topography. Finally, SEM in SE imaging mode was used to im-
age electrolytically etched samples displaying machining induced damage in the workpiece
material normal to the cutting direction.

7.2 Materials and Methods

The following section details the materials and methodology utilised in the machining exper-
iment presented.

7.2.1 Experimental Materials

The workpiece material used in the trial was as-HIP RR1000 with a diameter of ≈ 60 mm.
The composition of the material is given in Table 3.1.

Sandvik Coromant inserts with a TCMW110304 geometry were utilised for all cuts per-
formed (see Section 3.1.2). These inserts feature an S205 multi-layer CVD coating (see
Section 3.1.1). Cutting edges with an ER of ρ = 46.9 ± 1.2 µm were utilised for the trial. All
cuts were performed dry, using a custom-made shank. The tool was kept at a 0° rake angle.

7.2.2 Test methods

Orthogonal machining was carried out by producing grooves in the billet stock material to
form fins with a fixed thickness of 2 mm (see Figure 7.1). The speed and feed rate were kept
constant: 100 m · min−1 and 0.05 mm · rev−1 respectively, whilst the SCL was varied: 12 m,
17 m and 57 m.

A Kistler plate piezoelectric force dynamometer (Type 9129AA model) was attached to a C5
tool adapter to measure the machining force components: Fc, Ff, and Fp, at a sampling rate
of 20,000 Hz (see Section 4.7).
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Figure 7.1: Diagram of experimental setup used in orthogonal turning trial, and relevant
machining force components.

7.2.3 Characterisation Techniques

SEM was conducted using an FEI Inspect F50, utilising BSE detectors to identify compo-
sitional and topological features; an 80 mm Oxford X-EDS detector mounted on the same
system was used for compositional analysis (see Section 4.1). Machined surfaces were
electrolytically etched with phosphoric acid (see Section 4.9). The insert ER values were
measured using an Alicona InfiniteFocus SL (see Section 4.4.2). Cutting inserts were cross-
sectioned in the position shown in Figure 7.2; they were then polished using the method
described in Section 4.6.

126



Figure 7.2: Diagram showing top down view of cutting inserts used in trial, and approximate
position of sectioning line used to produce cross-sectional samples.

7.3 Results and Discussion

7.4 Machining Forces and Tool Wear

Average Ff and Fc values were found to be 358 ± 25 N and 392 ± 22 N, respectively, demon-
strating good repeatability was achieved with the experimental setup employed. Due to the
orthogonal nature of the cutting mechanics, average Fp values were measured to be signif-
icantly lower (13 N). Averages were taken during the first 3 seconds of tool engagement to
reduce the impact of tool wear and the corresponding change of tool microgeometry. During
the initial testing of the experimental setup, it was found that feed rates above 0.5 mm · rev−1

could lead to chatter at certain cutting speeds, as a result of the dynamic instability of the sys-
tem. To utilise higher feed rates, a more rigid system would need to be employed, this could
potentially be achieved by omitting the dynamometer from the setup or by using tools with
a less aggressive geometry (e.g., a more positive rake angle or chip breaker). Similarly, at-
tempts to increase cutting speed to 150 m · min−1, resulted in tool failure after approximately
20 s due to overheating and substrate fracture, as such, the cutting speed was limited to 100
m · min−1 for all cuts performed. Tool failure was preceded by an exponential increase in
cutting force; the author would recommend that if higher cutting speeds are to be used for
orthogonal turning of Ni-based superalloys using a similar setup, that some form of cooling
be introduced to prevent this, i.e., flood, cryogentic, HPC, supercritical CO2 etc., or else that
the time in cut be shortened and increased incrementally.

Figure 7.3 shows the tool rake faces viewed from above for all SCLs tested. In this region of
the wear scar, wear is consistent across the contact zone, and there is no significant impact
from the notches that form at the edges during tool engagement. In all cases, significant
adhesion is observed, and a BUE forms across the entire cutting edge of the tool. It should be
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noted that the "true" adhesion will be even greater, since the thinnest layers are not observed at
the operating voltage utilised in the figure (10 kV); this effect is shown clearly in Figure 7.4.
The drawback of using lower operating voltages is that contamination from the cleaning
process often becomes more visible, which can obscure the region of interest, in addition the
BCB also becomes less visible. An operating voltage of 10 kV was therefore selected as a
compromise between these conflicting effects.

Figure 7.3: BS SEM micrographs showing rake face wear during RR1000 turning trial after
varying SCLs: 12 m, 17 m and 57 m.
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Figure 7.4: Influence of kV on the amount of adhered material observed during BS SEM
imaging; micrographs show rake face adhesion on a test insert ran at surface speed of 80
m · min−1 for 11 m, at a feed rate of 0.5 mm · rev−1.

Figure 7.3 demonstrates that adhesion tends to increase as SCL increases during dry orthog-
onal turning of RR1000 in an as-HIP condition. Throughout SCLs of 12 m and 17 m, chips
were observed to be discontinuous shards as a result of a low feed rate similar in magnitude
to the tool ER. Although no temperature measurements were made, variations in chip forma-
tion were observed during the longest cut (SCL = 57 m) after a SCL of approximately 37 m,
whereby chips transitioned from discontinuous shards to continuous ribbons as the cutting
temperature increased; this was accompanied by a visible increase in chip incandescence.
As the cut is performed, heat in the fin will accumulate rapidly, since there is no workpiece
material at either side to serve as a heat sink, accelerating the temperature rise, which pro-
motes workpiece softening, and, in this instance, continuos chip formation. It is also likely
that higher cutting temperatures will have promoted adhesion on to the rake of the insert
too. After a SCL of 57 m, significant TiCN exposure can be observed directly behind the
BUE as a result of alumina layer wear, altering the tool microgeometry, which may have also
contributed to the change in chip formation.

In all instances, a BCB was observed to form towards the rear of the contact zone as shown
in Figure 7.3; it can be seen most clearly for the insert ran to a SCL of 12 m, since there is
less adhesion of fresh Ni-based material on top. Figures 7.5 and 7.6 display the X-EDS scans
utilised to examine the elemental composition of the species that form in this region of the
rake face for inserts ran to a SCL of 12 m and 57 m, respectively. Figure 7.5 shows that bright
phase contains Hf, Ta, and Zr, and the dark phase is Ti-rich

As discussed in Chapter 6, the bright Hf-rich phase is hypothesised to originate from the ad-
hesion of inclusions that move across the secondary zone. The dark phase is hypothesised to
be an oxidation product. The key difference when compared to Figure 6.21 is that the dark
phase is rich in Ti and not Al. The results shown in Figure 6.35 demonstrate that several
oxides can form, including corundum enriched with Ti, as well as rutile (TiO2). Due to the
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non-equilibrium nature of the conditions present within the BCB, it is uncertain how relatable
these simulation results are. Nevertheless, it can be concluded from the absence of Al in the
dry orthogonal case that the excess Al observed within Figure 6.21 is more likely to originate
form the workpiece than the coating. Due to the large number of differences (cooling strate-
gies, tool geometry, workpiece material condition) between the two experiments, it is unclear
which factor or combination of factors has led to the variation in oxidation behaviour.

The location of alumina coating without workpiece material adhesion is shown in regions
where O overlaps with Al. Since O is present in the alumina coating, it is hard to determine
from the data presented whether the change in intensity seen in the BCB region is due to
an increase in O concentration, or if it is caused by a reduction in thickness of the adhered
material; the EPMA results presented in Chapter 6 would suggest the former to be the more
likely. C also appears to overlap with all areas displaying any workpiece material adhesion,
including regions rich in Hf, Ta, and Zr, which are known to be strong MC carbide form-
ers. Indeed, Hf/Ta carbides have been observed in other microstructural studies performed
on RR1000 [150]. γ forming elements Ni, Cr, Mo, Co are not found in the BCB and are
distributed mainly at the rear of the contact zone. These elements are also seen to overlap
with Ti, which is a γ′ forming element that could be dissolved into the γ phase as a result of
the high strains and temperatures present at the tool-chip interface, as observed in the TEM
study performed on the machined surface shown in Figure 6.5.

Observing X-EDS maps in Figure 7.6, similar trends are seen with respect to the congregation
of constituent workpiece elements across the BCB, although it now appears to be narrower,
and there is no obvious segregation between Ti rich regions and regions rich in Ta, Hf, and
Zr. The major difference when compared to Figure 7.5 is an additional band of Ti appears in
front of the BCB, which is formed by the exposure of TiCN layer below the alumina, and is
not caused by workpiece material adhesion; wearing of TiCN may provide additional Ti that
could congregate in the BCB. Another obvious difference is the large amount of γ forming
elements that are distributed both in front and behind the BCB due to an increased propensity
for adhesion during longer cuts.
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Figure 7.5: X-EDS scan and accompanying BS SEM micrograph of BCB after a turning a
SCL of 12 m.
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Figure 7.6: X-EDS scan and accompanying BS SEM micrograph of BCB after a turning a
SCL of 57 m.

Figure 7.7 shows cross sections of the tools at each SCL. The BUE has remained intact for
inserts ran to SCLs of 12 m and 57 m, but it has been dislodged during the metallographic
preparation for the insert ran to an SCL of 17 m, as demonstrated in Figure 7.3, whereby
the BUE has formed across the entirety of the cutting edge. Viewing the BUE from this
orientation, demonstrates how the effective geometry of the tool changes upon adhesion of
the BUE. It also demonstrates how the BUE prevents the alumina layer from interacting with
the machined surface on the tool flank; in essence, the adhered workpiece material becomes
part of the cutting tool, and Ni-based material cuts Ni-based material.

At this magnification, there is only a minor indication of adhered material across the rake
face contact for the insert ran to a SCL of 12 m, however, significant adhered material is
observed across the contact for the insert ran to a SCL of 17 m. Regions of the coating
that have worn fastest, as a result of some adhesive wear resulting in grain pull-out, have
been "filled" by adhered material, such that the tool surface has a smooth topography. By
57 m SCL, the majority of rake face coating has been removed by a combination of wear
mechanisms acting in tandem (i.e., chemical, adhesive, plastic deformation). Since no coolant
was employed, thermally accelerated wear phenomena, such as chemical wear, appear to
have become dominant in the latter stages of wear, due to the increasing local temperatures
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previously discussed. This hypothesis is supported by the smooth surface of the worn alumina
layer in regions I and II (Figure 7.7), which is indicative of chemical wear.

The strong chemical affinity that exists between the Ni-based material and the alumina layer,
which promotes chemical wear, is further highlighted in region I. Here the BUE has fractured
along the Ni-based superalloy side of the bond, rather than along the bond itself, demonstrat-
ing that interface is in fact stronger. The nature of the chemical interaction that results in said
bonding is still unknown, and must occur at a finer scale than can be detected by the methods
employed in this study.

Figure 7.7: BS SEM micrographs of cross sections taken parallel to chip flow after varying
SCLs: 12 m, 17 m and 57 m.

Figure 7.8 shows the cross section of the BCB formed after machining a SCL of 57 m. X-EDS
was performed on this same region (see Figure 7.8), and demonstrates that the BCB contains
a mixture of O rich phases, the brightest being rich in Hf, Zr, and Ta, which appears to be
an agglomeration of heavily deformed inclusions. A darker Ti rich phase is observed to form
surrounding this brighter phase and may also contain some Hf, Zr, and Ta, however it is hard
to assess given the limited resolution of the technique employed. Figure 7.8 demonstrates
that the BCB has formed in a region of the alumina coating that has undergone grain pull-out,
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since the topography of the alumina layer is wavy. These findings are comparable to those
seen in Figure 6.24. The most obvious difference is that in the orthogonal case is that this
dark contrast matrix type phase appears to be rich in Ti instead of Al, suggesting it could be
Rutile instead of metastable Corundum. It is hypothesised that this may be related absence of
HPC, which slows the reaction kinetics, allowing more time for phases requiring higher O2

activities, such as Rutile, to form.

Observing further along the contact in the direction of chip flow, γ forming elements (Ni, Co,
Mo, Cr) appear to have accumulated, and the coating shows sign of significant grain pull-
out as a result of adhesive wear. Due to the absence of the strong oxide forming elements,
this transition represents the end of the secondary shear zone. In this end-of-contact region,
temperatures are lower and adhesive wear dominates due to tensile forces caused by the ad-
hesion of deflecting chips. Similar observations were made in both Chapter 5 and Chapter 6,
suggesting this is a general wear characteristic of alumina tool when turning Ni-based Super-
alloys.

Figure 7.8: Cross sectional BS SEM micrograph of BCB formed after turning a SCL of 57
m; the crack observed was likely formed during metallographical preparation.
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Figure 7.9: X-EDS scan and accompanying BS SEM micrograph of region displayed in
Figure 7.8.

Figure 7.10 shows a diagram of the proposed wear mechanisms acting during the study pre-
sented. Regarding the BCB formation, in the machining case there is a continual renewal of
fresh workpiece material. This boundary condition means that the elements with the highest
propensity for adhesion to alumina become concentrated at the interface between tool and
workpiece (sliding zone), and over time become concentrated in the BCB at the rear of the
sliding contact. In this region as discussed in Chapter 5 and Chapter 6, tensile forces lead to
alumina grain pull-out, which provides areas for workpiece material to adhere and oxidation
products to accumulate. The sliding contact in the secondary shear zone is characterised by
intense friction. This friction generates significant heat which accelerates chemical wear near
to the interface between tool and workpiece material. The composition of the BCB gives an
indication of the reactive oxide forming elements that contribute to chemical wear of alumina
coatings. To the rear of BCB there is an area of intermittent contact where Ni-based material
with chemistry similar to the bulk alloy adheres that has not moved across the sliding contact.
The adhesion of this material occurs due to the wider thermal gradients when machining dry,
which means the chip is hotter and softer in this region, and so adheres more readily; there
is also no chip breaker to cause the chip to deflect, preventing further adhesion. Figure 7.11
displays an adhered chip on the insert ran to a SCL of 17 m that remained connected after
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machining. This chance occurrence offers a "snapshot" of how the heavily compressed chip
interacts with the BUE and the rake face surface, depositing material as it moves across the
flow zone.

Figure 7.10: Simplified schematic showing characteristic wear behaviour during orthogonal
turning in RR1000.
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Figure 7.11: BS SEM micrograph of adhered chip on tool rake face after a SCL of 17 m.

During HIP processing, as with forged Ni-based Superalloy material, there is a variation in
cooling rate when moving from the billet surface to the centre, which leads to changes in γ′

morphology in the microstructure, whereby precipitates closer to the edge of the billet are
finer due to faster cooling rates. As such, there is some inconsistency in material proper-
ties when comparing the shorter cuts (12 m and 17 m), which were performed at the edge
of the billet, to the longest cut (57 m), which started at the edge and finished towards the
centre. With as-HIP material there is also the added consideration of PPBs, that can be dele-
terious to mechanical properties [40, 100]. It is unclear to what extend these microstructural
features influenced the results of this study, however it is apparent from Chapter 6 that equiv-
alent wear behaviour will be observed when machining conventionally processed material,
as highlighted by the formation of similar Hf-rich reaction products, and the occurrence of
similar wear mechanisms.

7.5 Conclusion

In this chapter, dry orthogonal machining was employed to understand the interaction be-
tween tool and workpiece when turning as-HIP RR1000 with alumina coated carbide tools.
This revealed high levels of adhesion and strong bonding at the interface formed between tool
and workpiece. The amount of adhered material was observed to increase with increasing
SCL, alongside a change in chip formation from discontinuous shards to continuous ribbons;
this is attributed to increased cutting temperatures, leading to increased workpiece softening.
Evidence of alumina grain pull-out as a result of adhesive wear was detected. In addition,
worn regions with a smooth topography were also observed, at longer SCLs, indicating chem-
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ical wear may be a contributing wear mechanism.

As observed in Chapter 6, a BCB was observed towards the end of the sliding zone, contain-
ing a bright Hf-rich phase that appears to be an agglomeration of highly deformed inclusions;
however, unlike Chapter 6, it is surrounded by a Ti-rich phase, which is a suspected oxida-
tion product. It is unclear whether this change in oxide is due to differences in the material
condition, cutting temperatures, coolant application, or some combination of these factors.
Regardless, the presence of Hf in RR1000 appears to be significant.

These results highlight the ineffectiveness of the alumina coating on the tool rake face dur-
ing dry turning of highly alloyed advanced Ni-based superalloy material with alumina-coated
tools. Due to the fine-scale nature of the chemical interactions between workpiece and tool,
higher resolution characterization techniques (i.e., TEM) must now be employed to facili-
tate an improved understanding of the mechanism responsible. This, in turn, will lead to
greater insight for cutting tool manufacturers as to how they must adapt the coating systems
for Ni-based superalloy machining. This knowledge could also be factored into the alloy
design process by material producers, such that problematic elements, like Hf, are eliminated
or reduced. In certain scenarios, it may be the case that the energy savings made through
improved manufacturing efficiency, outweigh the energy savings made from increased per-
formance in-service.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

The initial motivation for this thesis was to provide insights that could support the devel-
opment of improved tooling solutions for the aerospace industry. Such improvements aim
to reduce costs, time, and energy consumption, facilitating more sustainable manufacturing
practices. Achieving this goal requires a series of incremental steps. The first step is to un-
derstand the current state of the art and its limitations. The next is to determine how these
insights can inform the development of the next generation of the technology. The final step
involves industrial implementation. This thesis primarily addresses the first step, offering
critical observations that serve as a foundation for the next phase of product development.

In this work, the wear behaviour of state-of-the-art textured CVD alumina multilayer coatings
was examined during the turning of various Ni-based superalloys, revealing the complex
interplay between workpiece properties and tool wear. The findings suggest a need to target
coatings towards specific material types. At present, Sandvik’s S205 grade, the focus of this
study, is recommended for all Ni-based materials. However, it is clear from the evidence
presented that this grade is less suited to machining high-γ′ PM alloys such as RR1000,
particularly when grain size is larger. Although more adhesive wear was observed when
turning the wrought alloy IN718, the wear rate was significantly lower directly behind the
cutting edge, which is the most critical region of the rake face due to its influence on both
surface generation and chip formation, as well as the high stresses that develop here, which
can promote premature tool failure. In this respect, the S205 grade appears better suited to
turning wrought Ni-based alloys, which operate at lower temperatures, and more generally,
to turning processes with reduced levels of force fluctuations, i.e., finer grained material.

A further outcome of this research was the assessment of surface integrity when turning both
CG and FG RR1000. When carried out alongside analysis of machining forces and chip
formation, this provided valuable insight into how workpiece deformation influences tool
wear. Coupling observations of workpiece deformation with modelling techniques provided
additional validation of the hypotheses presented. This was most effectively applied when
considering γ′ dissolution, which offered direct evidence of the temperatures in the region
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of 1100° C within the tertiary shear zone. As temperature measurement is often difficult to
implement during typical industrial machining operations, this approach could be adopted by
aeroengine manufacturers and tooling suppliers to estimate cutting temperatures in materials
that exhibit clear and visible surface-level phase transformations during machining.

Although the surface integrity analysis was conducted primarily to understand tool wear,
valuable insights regarding surface generation were also gained. In the case of the influ-
ence of cutting speed on surface integrity for CG RR1000 and FG RR1000, the FG material
condition was observed to be more sensitive to changes in cutting speed, since deformation
occurs closer to the surface, and was therefore more affected by the increased temperatures
generated at higher cutting speeds. In contrast, turning the CG material is more influenced
by mechanical effects that extend deeper into the surface, due to reduced grain boundary
strengthening. This knowledge can be useful to aeroengine manufacturers when selecting
appropriate processing parameters during Ni based turning of critical parts, where surface
integrity is of particular importance due to their safety critical applications.

Within the thesis, chemical etching of the worn tools revealed complex chemical changes
across the tool rake face. Although it could not be directly ascertained whether the apparent
reaction products retained after etching indicate phases that may contribute to chemical wear,
they do emphasise the clear chemical affinity that exists between Ni-based materials and
alumina. In the case of Hf present within RR1000, the evidence suggests that Hf is the most
likely candidate for promoting chemical wear due to the high concentrations detected across
the contact zone after etching. Removing Hf from new alloys altogether may therefore be a
valid way to increase tool life, which could be a consideration within the alloy design process.

In summation, the limitations of using CVD alumina coated carbides for Ni-based turning
have been presented. In terms of the next steps for developing improved coatings for Ni-
based turning, there appear to be two options: further optimise the CVD alumina coatings, or
explore alternative coatings that exhibit reduced workpiece material adhesion. If the first op-
tion is pursued, it is suggested that, for improved performance, the interface strength with the
underlying TiCN coating should be increased to prevent delamination, which occurs readily
towards the rear of the contact zone when turning IN718. There should also be a focus on im-
proving intergranular alumina strength to prevent grain pull-out. Similarly, to further enhance
coating performance when turning advanced alloys such as RR1000, tooling manufacturers
must also focus on understanding the chemical interactions between tool and workpiece that
could lead to chemically driven wear, which will be accelerated by higher cutting tempera-
tures. If the second option is considered preferable, then other coating technologies, such as
PVD, must also be explored. From the findings of this thesis, however, it would appear that
no single coating system will be optimal for all Ni-based alloys. Instead, coating systems will
need to become evermore tailored in order to efficiently process the ever improving materials
they are required to machine.
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8.2 Future Work

It is apparent from the work presented that there remains much to be learned about the inter-
action between tool and workpiece at an atomic scale, the temperatures encountered during
machining, and the flank face wear mechanisms. Simplified modelling was performed using
Thermo-Cal to simulate alumina degradation by observing where different elements pref-
erentially partition as temperature is increased. The results (see Figure A6 of Appendix A)
appear to suggest that Ti will react with corundum at the temperatures experienced during ma-
chining. To explore this hypothesis further, higher-resolution techniques must be employed
(e.g., TEM, APT, XRD) to analyse the coating/workpiece interfaces on both flank and rake
faces, to investigate the chemical interactions, and whether any tool protective layers form
that could limit chemical wear. This work should be supported by more in-depth thermody-
namic modelling, alongside orthogonal cutting experiments, designed to accurately measure
cutting temperatures.

One clear disadvantage of the methods adopted in the experimental studies presented, and
indeed within much of the published literature on the subject of Ni-based superalloy machin-
ing, is that the complexity of the workpiece materials being machined limits the ability to
understand fundamental mechanisms and interactions. Utilising simplified model materials,
i.e., binary/ternary alloys, could allow the chemical interactions to be better understood and
modelled, before moving towards more complex alloy systems such as RR1000 and IN718.
Such model materials would be well suited to in-operando experiments that allow the evolu-
tion of machining related phenomena to be captured in real time, by utilising high-powered
energy sources (x-ray, neutron) available at large-scale infrastructure facilities. The devel-
opment of such techniques requires novel experimental methods, complex data analysis, and
the ability to process and store large amounts of data. This can only be achieved through
research collaborations, due to the wide variety of expertise needed.

Although turning was the focus of the work performed, there are other machining processes
that involve machining Ni-based superalloys with alumina-coated carbide tools that require
future research. It is currently unclear how the machinability characteristics identified within
the studies presented will translate to other processes, since each process yields specific chal-
lenges in terms of tool degradation. During milling, for example, thermal cycling can lead
to rapid coating failure due to the interrupted nature of the cutting mechanics, which pro-
motes crack propagation. In a similar vein, other coating materials and methods (e.g., PVD)
commonly used for Ni-based superalloy machining should also be explored.

Both the materials utilised within this thesis work (IN718, RR1000) have been, or are set
to be, replaced in many aerospace applications by more advanced alloys that can operate at
higher temperatures. It is not currently known how general the observations made in this
thesis are, and whether they provide insight regarding the machinability of next-generation
alloys. This question could readily be addressed by repeating the methods presented within

141



this thesis work with said alloys, however, the tight control over intellectual property by
aeroengine manufacturers limits workpiece material availability. Whilst this is understand-
able given the significant commercial edge it gives them, it is the most significant barrier to
future research within the field.

An interesting observation was made regarding the accumulation of specific elements to-
wards the end of the contact zone when turning RR1000, in a so-called bright contrast band
(BCB), which exhibited distinct variations in composition. A more robust study, using di-
rectly comparable machining conditions, is required to determine if the chemical species that
accumulate on the tool surface in this region are related to the material condition (as-HIP,
CG, FG), or to the application of cutting fluid. If the formed oxide composition is temper-
ature dependant, then this could be used as a means to estimate cutting temperatures in the
secondary shear zone post-machining.

A final area for proposed future work is to combine 3D FEM modelling with the mean-
field modelling approach, and a crystal plasticity model, to form a digital twin of the cutting
process. If the computational intensity of such a multi-scale approach could be reduced
to a manageable level, it could be used within industry to predict the amount of damage
present within the surface, and the degree of tool wear generated. This would enable faster
optimisation of manufacturing processes, reducing the number of destructive quality control
assessment required, thereby facilitating significant time and energy savings.
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Appendix A

Figure A1: Modelled stresses experienced by tool during AdvantEdge FE machining simula-
tions.
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Figure A2: Average grain diameter histograms for (a) CG RR1000 (b) FG RR1000.

Figure A3: Thermal profiles used for mean field modelling of precipitate dissolution for FG
RR1000.
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Figure A4: Approximate sectioning line taken parallel to chip flow for all inserts examined.
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Figure A6: Variation in corundum composition in mole fraction with temperature when com-
bined with RR1000; simulation was performed in Thermo-Calc by mixing 1 mol of RR1000
with 0.005 mol of alumina in the Poly 3 module using the TCNi12 database (all phases except
corundum and L12 phases (γ, γ′, MC carbide) were suppressed).
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