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A B S T R A C T

Polycrystalline diamond (PCD) is currently under development as a new generation of cutting tool material
for titanium alloy machining applications. The unrivaled high temperature hardness possessed by PCD offers
the potential for higher levels of productivity compared to tungsten carbide, the current industry standard
tool material, through facilitating higher cutting speeds. This study investigates the performance of various
PCD tool grades during square shoulder milling of Ti-54M. The influence of PCD grain size on dominant wear
mechanism has been established, revealing that a smaller, sub 1 μm, grain size offers improvements in tool
life due to superior fracture toughness compared to larger grained material. For fine grained PCD, loss of
tool material through a cyclic process of workpiece adhesion followed by grain pull-out was identified to
be the predominant wear mechanism, contrasting the mechanical fracture dominated wear observed for the
larger grained PCD grades. The influence of insert microgeometry was also investigated through honing of the
cutting edge radii. An increased tendency for edge fracture was demonstrated when machining with larger
radii tooling which was attributed to increased cutting forces. Finally, the study has compared the surface
integrity response of the workpiece following PCD and carbide machining, revealing considerably lower levels
of microstructural damage and cutting forces when machining with PCD. This highlights the potential benefits
of PCD in finishing applications, whereby high speed machining can be employed to reduce the impact on
component surface integrity.

1. Introduction

Compared to other metals, titanium and its alloys are notoriously
difficult to machine owing to the fact that a number of their properties
which give them such desirable in-service performance characteristics,
such as their capability to maintain a high strength at elevated temper-
atures, also creates a challenging environment for the cutting tool [1].
Limitations in productivity when machining titanium is governed pri-
marily by high wear rates to the cutting tool [2]. As higher cutting
speeds are employed, the low thermal conductivity of the workpiece
(6.7 W/m K for Ti–6Al–4V) results in temperatures exceeding 900 ◦C
at the cutting edge which further accelerates tool wear [3]. Further-
more, the strong affinity for titanium to react with the cutting tool
material is enhanced at elevated temperatures and contributes to tool
wear via diffusive and adhesive mechanisms [4]. For these reasons,
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machining wrought Ti–6Al–4V with conventional cemented tungsten
carbide (WC–Co) cutting tools is typically carried out at conservative
cutting speeds; in the range of 30–60 m/min [5]. In comparison, cutting
speeds exceeding 600 m/min can result in acceptable tool wear rates
when machining aluminum alloys with similar tooling [6].

The limitations in productivity associated with titanium machining
have motivated research and development in a number of areas with
the aim to improve material removal rates (MMRs) through reducing
tool wear and facilitating higher cutting speeds. These areas include:
(i) cutting fluid chemistry and cutting fluid delivery methods [7,8],
(ii) cryogenic coolant technologies [9,10], (iii) coatings for cemented
carbide cutting tools [11,12], (iv) cutting tool geometry [13–15], and
(v) the development of superhard tool materials such as polycrystalline
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diamond (PCD) and polycrytalline cubic boron nitride (PCBN) [16].
The development of superhard cutting tool materials for titanium ma-
chining applications has seen significant research attention in recent
years. Studies have demonstrated superior wear resistance of PCD
tooling when machining titanium alloys at high cutting speeds, when
compared to cemented carbide [17] and PCBN [18,19]. Other perfor-
mance advantages of PCD have been highlighted by its capability to
generate surfaces with excellent surface roughness characteristics [17,
20]. However the development of grades for specific applications,
particularly in milling processes, is still required such that the perfor-
mance benefit offered by these tool materials justifies their relatively
high cost. Therefore, cemented carbides remain the material of choice
for machining titanium alloys, due to their high fracture toughness
and hardness properties, which are retained at the typical cutting
temperatures associated with conservative cutting speeds [21].

Development of cemented carbide grades for better performance
in titanium alloy machining applications is possible by altering the
WC grain size to adjust the hardness to toughness relationship and
altering the Co binder content to modify the toughness to plastic
deformation resistance properties [22]. Additionally, the wear perfor-
mance of cemented carbide grades can be improved through the use
of coatings which act as a protective layer on the surface of the tool.
Coatings have been demonstrated to reduce adhesive wear by reducing
friction and lowering the temperature at the tool/chip interface [23].
Superhard cutting tool materials, such as PCD, offer higher levels of
hardness in comparison to cemented carbide which are retained at
higher temperatures [3,24]. These properties mean that PCD cutting
tools have the potential to perform under the extreme temperatures
generated when machining at higher cutting speeds. Furthermore, the
higher thermal conductivity of PCD (200–600 W/m K) compared to
WC–Co (70 W/m K) can reduce the tendency for diffusion driven wear
mechanisms [25,26].

Preceding research into the use of PCD cutting tools predominately
focus on turning. Various wear mechanisms have been reported, such
as: (i) adhesion, (ii) grain pull-out, and (iii) fracture of the cutting
edge, with such mechanisms contributing to wear of the flank and/or
rake faces of the tool. Lindvall et al. [27] reported diffusion driven
crater wear as a dominant wear mechanism during PCD turning of
Ti–6Al–4V. Temperatures exceeding 1100 ◦C were identified at the
cutting zone when machining at a cutting speed of 300 m/min. At these
conditions, diffusional loss of carbon into the workpiece was found
to have occurred. Additionally, a (Ti,V)C Tool Protective Layer (TPL)
was shown to have formed on the cutting edge due to the presence
of the Co binder, thereby reducing the rate of diamond loss by acting
as a diffusional barrier. In turning of Ti-6Al-2Sn-4Zr-6Mo, Pretorius
et al. also identified crater wear as being a dominant tool degradation
mechanism [25]. The grain size of the PCD was shown to have a
critical effect on tool life, with a multi-modal PCD grade featuring an
average diamond grain size of 14 μm being the highest performing
— achieving an 80 min tool life at a cutting speed of 200 m/min.
The coarsest grain size studied (39 μm) revealed that transgranular
fracture of the PCD was the dominant wear mechanism. This was
attributed to the lower strength associated with the large grain size
material. These observations differ to those by Lindvall et al. who
demonstrated that the higher Co content associated with fine grained
(1 μm) PCD was able to provide a more effective diffusional barrier
by forming a more continuous TPL compared to that formed during
machining with a multi-modal grade. In a Ti–6Al–4V turning study by
Li et al. [28], increasing diamond grain size was shown to provide a
greater resistance to adhesive wear. This was attributed by the authors
to be due to the higher thermal conductivity of the tool. A PCD grade
featuring a multi-modal grain size distribution was also studied. In
this instance, adhesion was found to be less significant and fracture
to the cutting edge was shown to be the dominant wear mechanism.
The significant variations observed regarding the effect of PCD material
properties and dominant wear mechanism during turning of Ti–6Al–4V

in these studies highlights the high sensitivity of PCD tool materials to
process parameters and cutting conditions.

In milling processes, intermittent engagement of the cutting edge
with the workpiece results in different thermal and mechanical condi-
tions for the tool compared to turning. During milling, cyclic thermal
and mechanical stresses on the cutting edge are more significant which
increases the tendency for fracture of the cutting edge due to me-
chanical fatigue [29]. In face milling of Ti–6Al–4V, Li et al. [30]
identified edge chipping and spalling (flaking to the rake face of the
tool following the repeated removal of adhered material) to be the
dominant wear mechanisms. Oosthuizen et al. reported better wear
performance of PCD compared to coated WC–Co tooling in high speed
(100–500 m/min) shoulder milling of Ti–6Al–4V [3]. An optimum cut-
ting speed of 200 m/min was determined, with the authors suggesting
that at such speeds, the cutting temperatures would be sufficient for
an 𝛼 to 𝛽 phase transformation of the workpiece to occur, thereby
reducing its shear strength through increasing the available number of
slip systems. By increasing the cutting speed further, the tendency for
adhesion driven wear also increased with a deleterious affect on tool
life. The study also highlighted that at very high speeds (500 m/min)
acceptable tool wear levels could be attained during PCD milling by
reducing the feed rate, whilst still achieving high MRRs.

Despite the substantial research regarding the wear performance of
PCD tool materials, the surface integrity of titanium alloys following
surface generation with PCD tooling has received less attention. Due
to higher cutting speeds which drive workpiece temperatures beyond
those experienced during WC–Co machining, the affects of workpiece
softening and potential for 𝛼 to 𝛽 phase transformation, could alter the
microstructural response of the workpiece during machining. This is an
area which remains to be fully explored and has the potential to have
implications on the in-service performance of PCD machined titanium
alloy components.

1.1. Aims and objectives

The aims and objectives of this study are as follows:

• Compare the performance and wear mechanisms of PCD and
coated carbide cutting tool materials in a square shoulder milling
application of titanium alloy Ti-54M employing cutting parame-
ters appropriate for finishing.

• Investigate the influence of PCD grain size on tool life and wear
behaviour.

• Investigate the effect of cutting edge microgeometry for PCD
tooling, through the comparison of different cutting edge radii.

• Assess the influence of high speed PCD milling on surface in-
tegrity by characterisation of the workpiece’s machining affected
microstructure and surface finish.

2. Experimental method

2.1. Square shoulder milling experiment

Cutting tool trials were carried out using square shoulder milling
performed with a DMG Mori DMU Evo-40 machining centre. Shoulder
milling is a versatile milling process suited for the generation of perpen-
dicular wall and floor surfaces by a combination of peripheral and face
milling. A schematic representation of the process is provided in Fig. 1.
The tool assembly was supplied by Seco Tools and consisted of a 25 mm
diameter (dc) Turbo-10 cutter (R217.69-2525.3-10–4A) installed in a
HSK-63A Weldon side-lock holder. Respective dimensions for axial, ap
and radial, ae cutter engagement were 0.50 and 19.0 mm and a cutter
offset, (dc-ae)/2, of 3.00 mm was employed to facilitate the generation
of a thick-to-thin chip geometry (i.e. climb milling).

To eliminate potential run out issues and uneven tool wear across
the cutting edges, all trials were carried out employing single point
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Fig. 1. Schematics illustrating the square shoulder climb milling process used for
the cutting tool trials: (a) Shows the Seco Tools Turbo-10 cutter engaged in the
workpiece material with annotations given for the principle cutting force directions,
(b) a schematic in the plane normal to the spindle axis showing the PCD tipped insert
highlighting the Fc and FcN cutting force directions, and (c) the cutting edge with
annotated microgeometry features.

Fig. 2. Microstructure of the Ti-54M workpiece material in the as-forged, mill-annealed
condition.

milling with a single insert fitted in the cutter. Throughout the trials
Blaser Swisslube Vasco 7000 high pressure coolant was directed at the
cutting edge via through tool delivery at a pressure of 50 Bar and
concentration of 5%–8%.

For this study, the 𝛼+𝛽 titanium alloy Timetal® 54M (Ti-54M)
was selected for the workpiece material. Ti-54M has been shown to
display similar to slightly improved machinability characteristics to
Ti–6Al–4V [31,32] and can be considered to be representative of a
typical titanium alloy used in many structural aerospace component
applications. The material was supplied by TIMET UK Ltd. in the as-
forged, mill-annealed condition and featured the chemical composition
provided in Table 1. The workpiece microstructure is shown in Fig. 2
showing a bi-modal 𝛼+𝛽 morphology consisting of equiaxed primary
𝛼 grains with prior 𝛽 grains containing colony 𝛼 also dispersed within
the structure. The residual 𝛽 phase (appearing light) can be seen at the
grain boundaries.

The cutting tool grades and associated cutting parameters selected
for the study are shown in Table 2. Parameters are representative of
typical finishing conditions. Initial benchmarking trials were
conducted with cemented carbide inserts grades, F40M and MS2050

Table 1
Chemical composition of the initial Ti-54M workpiece material. All values given in
wt.%.

Al V Mo C Fe O N Ti

5.18 3.99 0.78 6E−4 0.45 0.16 3E−3 Bal.

(XOMX10T304TR-ME07), supplied by Seco Tools. Both inserts featured
PVD (physical vapour deposition) applied coatings, which for the F40M
grade comprised of a TiAlN-TiN composition and for the MS2050
grade a TiAlN-NbN composition. Trials with the carbide tooling were
initially carried out at a conservative MRR and then at a higher MRR
comparable to that achievable with the PCD tooling, by increasing the
feed rate. Parameter screening trials were then conducted with inserts
of the same geometry tipped with three different PCD grades featuring
fine, PCD(A), intermediate, PCD(B), and multi-modal, PCD(C), grain
sizes, as detailed in Table 3. These were supplied by Seco Tools and
Element Six. For these trials, the MRR was maintained at a constant
level and optimum cutting parameters, to achieve maximum tool life,
were determined for each grade type by increasing the cutting speed
and reducing the feed rate accordingly. To conclude, trials were carried
out using the PCD(A) and PCD(B) grades following honing of the
inserts to produce cutting edges featuring an edge radii, r0 greater
than that of the as-received (r0∼8 μm) geometry. Three progressively
increasing hone geometries were used (small, medium, and large) with
the large hone being comparable to the WC–Co edge geometry. For the
edge preparation, a brush honing technique was employed producing a
smooth asymmetrical ‘waterfall’ type edge geometry, unlike the carbide
inserts which featured ‘reverse waterfall’ edge geometry. Edge radii and
asymmetry (k-factor) values are provided in Table 2.

Aside from modifications to the edge radius, the tool edge microge-
ometry of the PCD tooling was not altered and featured effective rake
(𝛾) and clearance (𝜓) angles of +23◦ and 7◦ respectively when installed
in the cutter. In comparison the WC–Co tooling featured 𝛾 = +28.4◦

and 𝜓 = 7◦. In square shoulder milling, the insert included angle is
90◦, producing a maximum uncut chip thickness, t0 equivalent to the
feed rate, fz. Finally, all tools featured a nose radius of 0.40 mm.

2.2. Characterisation techniques

For comparison of tool wear rate, measurements of the maximum
flank wear land width, VBMax were taken periodically using an Ali-
cona InfiniteFocusSL 3D optical measurement system. The same system
was used to assess the machined surface topography and roughness
metrics. To evaluate and compare tool life, a maximum flank wear
criterion of VBMax of 200 μm was employed throughout the study. High
resolution imaging of the machined surfaces was performed using a
Hitachi TM3030 desktop scanning electron microscope. Further charac-
terisation of cutting tool wear morphology, as well as microstructural
analysis of the workpiece material, was performed using an FEI Inspect
F50 field emission gun scanning electron microscope using secondary
electron (SE) and back-scattered electron (BSE) imaging. It is notable
that no etching or chemical cleaning was performed on the cutting
edges prior to SE/BSE imaging.

2.3. Cutting force analysis

Cutting force data was captured with the inclusion of a Kistler
type 9139AA dynamometer plate in the workholding setup which is
shown in Fig. 3. Force signals were acquired in the feed, Ff, normal,
FfN, and axial, Fp directions, as shown by Fig. 1a. Transformation of
the acquired cutting forces from the measured workpiece co-ordinate
system to the co-ordinate system fixed to the rotating cutting edge is
given by Eq. (1) [33], where 𝜙 is the instantaneous angular position
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Table 2
Cutting parameters and cutting edge radii in the ‘as-received’ and ‘honed’ condition used during the single point milling trials. Specific values for r0 in the ‘honed’ condition have
not been provided at the request of the tooling manufacturer.

Grade Type Cutting Speed Feed Rate MRR Cutting Edge Radius, r0 Edge Asymmetry

𝑉𝑐 [m/min] 𝑓𝑧 [mm/tooth] [cm3/min] As-rec. [μm] Honed K -factor

F40M 60 0.08, 0.10 0.58, 0.73 34.1 ± 3.0 – 1.52 ± 0.07
MS2050 60 0.08, 0.10 0.58, 0.73 55.3 ± 0.9 – 1.28 ± 0.19
PCD(A) 200–600 0.030–0.010 0.73 8.8 ± 0.5 Small, Med, Large 0.67 ± 0.03a

PCD(B) 200–600 0.030–0.010 0.73 9.6 ± 1.9 Small, Med, Large 0.64 ± 0.02a

PCD(C) 300–600 0.020–0.010 0.73 8.3 ± 2.3 – 1.11 ± 0.17

aThe K -factor values for PCD(A) and PCD(B) correspond to the honed condition. Typical K -factors for the as-received condition were comparable to the PCD(C) grade.

Table 3
PCD insert grades and corresponding thermal and mechanical properties. At the request of the manufacturer, PCD grain size along with thermal conductivity, transverse rupture
strength, and fracture toughness properties have been normalised with respect to the highest value displayed across the various grades.

Grade
type

Avg. grain
Size

Grain
distribution

Thermal conductivity Transverse rupture
strength

Fracture toughness

20 ◦C 500 ◦C 1000 ◦C

PCD(A) 0.03 Unimodal 0.36 0.56 0.14 1.00 1.00
PCD(B) 0.33 Unimodal 1.00 0.80 0.24 0.79 0.67
PCD(C) 0.07–1.00 Multi-modal 0.93 0.88 0.26 0.65 0.70

of the cutting edge (Fig. 1b). This yields the force components in the
cutting, Fc and tangential directions, FcN:
[

𝐹𝑐
𝐹𝑐𝑁

]

=

[

−𝑠𝑖𝑛(𝜙) 𝑐𝑜𝑠(𝜙)

𝑐𝑜𝑠(𝜙) 𝑠𝑖𝑛(𝜙)

] [

𝐹𝑓
𝐹𝑓𝑁

]

(1)

here, the angular position of the cutting edge upon engagement with
the workpiece, 𝜙𝑒𝑛 is given by:

𝜙𝑒𝑛 = 90◦ − 𝑐𝑜𝑠−1
[

(𝑅 − 𝑎𝑒)∕𝑅
]

(2)

where R is the cutter radius. Upon exit of the cutting edge with the
workpiece, 𝜙𝑒𝑥 = 90◦, corresponding to a chip thickness, t0 = 0.

3. Results and discussion

3.1. Wear performance of the PCD and carbide grades

Flank wear as a function of total cutting time when machining with
the carbide tooling is plotted in Fig. 4. The two grades show similar

Fig. 3. Schematic illustrating the machining and workpiece setup with cutting force
data acquisition hardware.

performance for the two coatings when machining at the more con-
servative parameter set, with VBMax < 125 μm after 50 min of cutting
(corresponding to a material removal vol. of 29 cm3). When increasing
the feed rate, the wear rates for both grades increased significantly.
Better performance was displayed by the MS2050 in comparison to the
F40M grade, with respective tool lives of 32 min (23.4 cm3) and 27 min
(19.7 cm3) attained when applying a flank wear criteria of VBMax = 200
μm.

The flank wear evolution attained during machining with the
PCD(A) grade is shown in Fig. 5a. Increasing the cutting speed and
simultaneously reducing the feed rate is shown to have a beneficial
effect on tool life until parameters of Vc = 450 m/min and fz =

0.0134 mm/z are reached. Beyond this, continuing to increase the
cutting speed and reduce the feed rate is shown to have a detrimental
effect on tool life. The flank wear rates for the PCD(B) and PCD(C)
grades are shown in Figs. 5b and c, respectively. The tool life attainable
during machining with each of these grades is considerably shorter than
that of the PCD(A). Optimum cutting parameters to achieve the longest
tool life for these grades were found to be 500 m/min, 0.012 mm/z.
However it is notable that for the PCD(C) grade in particular, marginal
improvements in tool life were attainable through altering cutting
parameters.

The evolution in morphology of the wear observed on the carbide
tooling is shown in Fig. 6. The wear scars experienced by both grades
are located predominantly at the nose of the tool, corresponding with
the region of the cutting edge which engages the uncut chip. No wear
features were visible further along the cutting edge. During the early
stages of tool life, a more significant loss of tool material can be seen
to occur when machining with the MS2050 grade. As cutting time in-
creases, the loss of tool material in both cases increases at a gradual rate
and is dominated by wear directly to the cutting edge, contributing to
an increase in VBMax. For both grades, the wear morphologies observed
suggests mechanically driven wear mechanisms are responsible for tool
degradation. As the total cutting duration increases beyond 26 min,
differences in the performance of the two grades becomes apparent,
with the MS2050 grade continuing to wear gradually, whereas the
F40M grade experiences severe chipping.

The wear morphology progression for the PCD(A) grade when ma-
chining at the optimum parameter set is shown in Fig. 7a. During
the early stages of machining, the loss of tool material is negligible.
Wear features include notching (Fig. 7a-i) and adhesion, leading to the
formation of an adhered layer of material at the cutting edge (Fig. 7a-
ii). As the cutting duration increases, the loss of a layer of material from
the rake face, near to the nose of the tool, can be seen to have occurred
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Fig. 4. Flank wear progression with increasing cutting time comparing the coated
carbide grades.

(Fig. 7a-iii). Similar wear features, involving flaking of material from
the rake face have been observed during PCD turning [27,28,34] and
milling of Ti–6Al–4V [30]. However, in the case of milling, this has
only been at cutting speeds exceeding 250 m/min. The generation of
this feature can be attributed to a mechanism referred to as ‘spalling’,
whereby tool material is lost through a cyclic process of workpiece
adhesion followed by the removal of the adhered layer along with the
pull-out of welded PCD grains.

The wear morphology experienced by the PCD(B) and PCD(C)
grades when machining at 500 m/min, 0.012 mm/z are shown re-
spectively in Figs. 7b and c. Loss of tool material due to mechanical
fracture at the cutting edge is shown to be the predominant wear mech-
anism. Unlike the coarser grained PCD grades, the fine grained PCD(A)
material is able to provide the longest tool life due to its ability to
resist degradation mechanisms dominated by mechanical fracture and
operate under conditions where the thermal load is more pronounced.
This was not observed for the PCD(B) and PCD(C) materials, whereby
mechanical failure was shown to be the predominant tool degradation
mechanism throughout the parameter range investigated.

The superior performance of the PCD(A) grade compared to the
coarser grained PCD can be attributed to the greater fracture toughness
and rupture strength properties displayed by the fine grain size. Such
properties are critical during the intermittent cutting processes, to resist
fracture initiation due to cyclic mechanical stresses subjected to the
cutting edge. The higher levels of thermal conductivity possessed by
the coarser grades, which, in some instances, have proven to provide
better resistance to chemical and diffusional wear during turning [25],
can be seen to be of secondary importance during milling due to the
higher rates of wear when the tool is subject to mechanical fracture
compared to spalling.

For the PCD(A) material, a transition from mechanical fracture to
a spalling dominated wear mechanism was observed as cutting speed
was increased and the feed rate was simultaneously reduced. Fig. 8
shows how the wear morphology changes as cutting speed is increased
from 400 to 500 m/min, highlighting an increase in adhered material
and spalling as cutting speeds are increased beyond 450 m/min. When
machining at higher cutting speeds, spalling was shown to have initi-
ated at an earlier point in the overall life of the tool. Specifically, when
machining at speeds of 500 and 600 m/min this feature initiated after
7.5 and 1.9 min, respectively.

The tendency for increased spalling as the cutting parameters shift
from low speed/high feed to high speed/low feed milling can be at-
tributed to a combination of possible factors. The reduction in feed rate
will result in a smaller contact area between the cutting edge and uncut

Fig. 5. Flank wear progression with increasing cutting time for the: (a) PCD(A), (b)
PCD(B), and (c) PCD(C) tool grades. (aPCD(A) comparison at 450 m/min, 0.0134 mm/z
and bPCD(B) comparison at 500 m/min, 0.012 mm/z).

chip. This will result in an increase in the concentration of contact
stresses applied at the cutting edge, this location is shown in Fig. 8ii and
iii to be where adhered material is most concentrated. This increase in
local pressure between the tool and uncut chip will promote adhesion of
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Fig. 6. Wear morphology for the: (a) F40M and (b) MS2050 grades when machining at 60 m/min, 0.10 mm/z.

the workpiece material. Additionally, flaking of tool material identified
further up the rake face from the cutting edge is expected to have
been promoted by an increase in cyclic thermal/mechanical loads
resulting from higher cutting speeds. This effect was demonstrated by
Li et al. [30] to result in a similar rake wear tendency. It is expected
that wear to the cutting edge in the adhesion dominated region may
have also contributed to flaking at the rake face due to a degradation
of the local structural integrity of the insert.

Fig. 9 provides a comparison showing the wear performance for
each of the tool grades included in the study at cutting parameters
which achieved their longest tool life. It is notable that the comparison
of tool life focuses on the flank wear metric and does not account for
material loss at the rake face. During the early stages of overall tool
life, the greatest resistance to flank wear was achieved by the PCD(A)
and F40M grades, which were shown to have the lowest wear levels
measured up to a total cutting time of 21 min. However, as the total
cutting time increases towards the end of tool life, the MS2050 grade
was shown to offer the longest tool life (32 min, 23.4 cm3) compared
to the PCD(A) (24 min, 17.5 cm3). The rapid increase in wear rate
for the PCD(A) tool occurring following tc = 21 min can be attributed
to the onset of mechanical fracture resulting from fatigue stresses
concentrated at the cutting edge. During the spalling wear cycle, tool

material is lost from the rake face contributing to a deterioration of
the cutting edge and a rise in cutting forces, making the tool more
susceptible to mechanical failure.

3.2. Cutting force response

For the following analysis, the measured cutting forces have been
transformed from the workpiece co-ordinate system to the co-ordinate
system fixed to the rotating cutting edge by the transformations given
by Eq. (1). This yields the force components subjected to the cutting
edge in the cutting, Fc and tangential directions FcN. An example of
the cutting force response versus instantaneous cutter position 𝜙, when
machining with the MS2050 tool is shown in Fig. 10. The cutter
engagement period is highlighted and is clearly visible from the sharp
force transient which corresponds with cutting edge engagement, 𝜙𝑒𝑛
= −31.3◦. Following this peak, a fall in cutting force can be observed,
particularly in the Fc and FcN directions as the cutting edge sweeps
through the uncut material. This can be attributed to the reduction in
the uncut chip thickness during the engagement period. At the point
where the cutting edge exits the material, 𝜙𝑒𝑥 = 90◦, forces fall to near
zero. During the rotational period where the cutting edge is disengaged
with the workpiece, the Fc force component remains near zero, whereas

Fig. 7. Wear morphology for the: (a) PCD(A) grade when machining at 450 m/min, 0.0134 mm/z, and the (b) PCD(B) and (c) PCD(C) grades when machining at 500 m/min,
0.012 mm/z.
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Fig. 8. Wear scar morphology of the PCD(A) tooling showing the transition from fracture to spalling dominated wear as the cutting speed is increased. (a) Shows an SE image of
the cutting edge when machining at 400 m/min, 0.015 mm/z following t0 = 11.2 min, (b) - 450 m/min, 0.0134 mm/z following t0 = 11.2 min, and (c) - 500 m/min, 0.012 mm/z
following t0 = 7.47 min. BSE images of the cutting edges in (a) - (c) are provided in (i) - (iii) showing the presence of Ti-54M workpiece material (light) adhered to the PCD
cutting edge (dark).

in the FcN and Fp directions a low level of cutting force is maintained
due to rubbing contact between the newly machined surfaces and the
cutting edge. The small gradual increase observed in FcN during the
out-of-cut period is expected to be a result of the cutting edge rubbing
over material machined during the previous pass of the tool.

A comparison between the cutting force response versus total cut-
ting time for the MS2050 and PCD(A) tool materials, when machining
at parameters which allow for their respective optimum tool lives, is
shown in Fig. 11. The data plotted corresponds to the peak cutting
forces observed at 𝜙𝑒𝑛. Comparing the two tools shows considerably
higher forces when machining with the WC–Co insert and this trend
can be seen for all three force component directions. The main factor
contributing to this difference in force response can be attributed to

Fig. 9. Flank wear progression with increasing cutting time comparing PCD and coated
carbide grades at the parameters which achieved the longest tool life at a MRR =

0.73 cm3/min.

the contrast in cutting parameters employed when machining with the
two tools. Due to the difference in wear characteristics, optimum pa-
rameters for machining of titanium alloys with WC–Co tooling employ
significantly higher feed rates and lower cutting speeds than those
achievable with PCD tool materials. The greater uncut chip thicknesses
associated with this higher feed rate machining will contribute to
greater cutting forces, particularly in the Fc direction.

The cutting force contribution associated with workpiece ploughing
is also expected to have had a role on the differences in cutting forces.
Ploughing is promoted when the ratio between the cutting edge radii
and un-cut chip thickness is higher, as under such circumstances a
greater portion of the un-cut chip is locally subjected to a negative
rake angle and has a higher tendency to pass beneath the cutting
edge rather than forming the chip [35]. The MS2050 inserts featured
an edge radii, r0 = 55 μm. When machining at fz = 100 μm/z, the

Fig. 10. Cutting force response for the MS2050 tool in the ‘as-received’ condition when
machining at 60 m/min, 0.10 mm/z. Forces have been transformed into the co-ordinate
system fixed to the rotating cutting edge.
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Fig. 11. Cutting force response with increasing cutting time comparing the performance of the MS2050 (60 m/min, 0.10 mm/z) and PCD(A) (450 m/min, 0.0134 mm/z) grades.
MRR = 0.73 cm3/min in both cases.

Fig. 12. Cutting force response showing the influence of cutting parameter selection comparing the performance of the PCD(A) and PCD(B) grades with edge geometries in their
‘as-received’ condition.

ratio for r0/fz = 0.55. For the PCD(A) tooling the edge radii was
significantly sharper, r0 = 8 μm. However, the feed rates employed were
considerably lower, fz = 13.4 μm/z, resulting in a ratio for r0/fz = 0.60.
These values would suggest that the ratio of ploughing induced cutting
forces is roughly similar when machining with either the PCD(A) or
MS2050 tooling. As the cutting forces associated with chip formation,
Fc are considerably higher when machining with the WC–Co tooling,
the overall force magnitude associated with ploughing will be greater
than those induced during machining with the PCD tools. This effect
can be observed in Fig. 11, which indicates a significant increase in
forces in the ploughing dominated FcN and Fp directions versus the Fc
direction when machining with the MS2050. In comparison, the cutting
force response for the PCD(A) tooling shows similar forces in each of
the FcN, Fp and Fc directions.

The influence of cutting parameter selection on the force response
during machining with the PCD(A) grade in the non-honed condition
is shown in Fig. 12. To ensure that the affects of any edge geometry
alteration resulting from tool wear did not influence the results, data
was taken when using a new cutting edge from the average peak cutting
forces during the first 10 rotations of the tool following initial cutter
engagement (i.e. at tc → 0). The error bars shown represent ±1 standard
deviation from these data. A strong correlation is apparent showing a
decrease in cutting forces in the feed, Ff and normal, FfN directions
as the cutting parameters transition from low speed/high feed to high
speed/low feed conditions. The axial cutting forces, Fp however remain
more consistent through the transition in cutting parameters. This
reduction in cutting force response can be primarily attributed to a

reduction in the uncut chip thickness and a reduced chip load on
the cutting edge. It is notable that this reduction in cutting forces
corresponds with an improved wear performance in the mechanical
fracture dominated wear region as cutting speed increases from 200
to 400 m/min. This suggests that a reduction in the cyclic fatigue
stresses subjected to the cutting edge has had a favourable effect on
tool life, when operating in the fracture dominated wear region. To
further enhance tool life, changes to the cutting strategy from climb
milling, as used in the present study, to an up milling (thin-to-thick
chip generation) approach may be considered. This may be beneficial at
reducing both fracture and adhesion/spalling tendencies of PCD tooling
by reducing the cyclic impact loading, which acts on the cutting edge
in the Ff and FfN directions.

When machining at low cutting speeds/higher feed rates, fracture of
the cutting edge was revealed to be the predominant wear mechanism
for the PCD grades. In addition to the aforementioned effects of feed
rate and higher chip load contributing to mechanical failure of the tool,
the tendency for fracture to occur when machining at these parameters
could also be partially attributed to lower workpiece temperatures
associated with the slower cutting speeds. Increasing the workpiece
temperature during machining of alloys such as Ti–6Al–4V, through
workpiece pre-heating [36] and laser assisted machining [37], have
been demonstrated to offer benefits to tool life due to thermal softening
of the workpiece and a reduction in cutting forces. Similar benefits
arising from thermal softening of the workpiece, resulting from increas-
ing the cutting speed, could also provide improvements in PCD tool
life in the present study. Based on the abrupt reduction in mechanical
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Fig. 13. Change in cutting edge radius with increasing cutting time during machining
with the MS2050 (60 m/min, 0.10 mm/z) and PCD(A) (450 m/min, 0.0134 mm/z)
grades.

fracture experienced by the cutting edge and the onset of spalling as
cutting speeds increased from 400 to 450 m/min, thermal softening
alone may not be fully responsible for the transition in predominant
wear mechanism. Should temperatures within the primary shear zone
have reached the 𝛽 transitional temperature (∼950 ◦C for Ti-54M) the
strength of the workpiece would have reduced at a higher rate than
during thermal softening in the 𝛼+𝛽 phase region. This is due to the
increase in the available slip systems in the 𝛽 phase [38].

Fig. 13 shows the change in cutting edge geometry for the two
cutting tool materials with increasing cutting time. A strong posi-
tive correlation between the cutting edge radii and tc is shown for
the MS2050 insert as chipping to the cutting edge contributes to a
degradation in the cutting edge geometry. For the PCD(A) tool, a
general positive trend is also observed, however, more fluctuation in
the cutting edge radii measurement is evident. This can be attributed
to the spalling wear mechanism, whereby tool material is lost mainly
from the rake face rather than directly at the cutting edge. Based
on these changes in cutting edge microgeometry, the positive trends
observed between cutting force and cutting time shown in Fig. 11, can
be explained due to the increase in the ploughing effect as the cutting
edge radii increases. This is particularly evident when comparing the
trends for the different force components. Whereas a strong trend is
evident in the FcN and Fp directions, the Fc component remains mostly
unaffected by the deterioration in edge geometry, as the influence
of ploughing on Fc is less significant than in the normal and axial
directions.

3.3. PCD wear mechanisms

Fig. 14 shows the wear morphology of the PCD(A) insert grade
during the early stages of overall tool life (tc = 3.74 min) when ma-
chining at 450 m/min, 0.0134 mm/z. In Fig. 14a, particles of adhered
material, on a scale of ∼10–50 μm, are clearly distinguishable along the
cutting edge where the rake and flank faces meet. The adhered material
is located predominantly along the region of the cutting edge which
contacts the wall and floor of the workpiece material. Fig. 14b shows a
high resolution image of the same cutting edge highlighting a location
where adhered material has been plucked from the tool to leave a rough
dimpled wear surface on the rake face of the tool. The dimples visible
in this worn region shows a cylindrical type dimple morphology, which
are on a similar scale to the PCD(A) diamond grain particles ∼1 μm.
This suggests that the removal of adhered particles has resulted in pull-
out of diamond grains from the Co binder matrix by delamination, or
flaking, of tool material from the rake face resulting in spalling.

Fig. 14. Images of the PCD(A) cutting edge when machining at 450 m/min,
0.0134 mm/z following tc = 3.74 min. (a) Shows a low resolution BSE image
highlighting the presence of adhered material (light) along the PCD cutting edge (dark).
(b) Shows a higher resolution SE image at a location where adhered material has been
removed from the tool highlighting pull-out of PCD grains from the rake face.

Fig. 15 shows the wear morphology of the PCD(A) insert grade
during the intermediate stages of overall tool life (tc = 11.2 min)
when machining at 450 m/min, 0.0134 mm/z. At this stage in the
life of the tool, flaking of material from the rake face of the tool can
be observed, which can be attributed to spalling. Flank wear is also
observable with material loss occurring at a location directly adjacent
to the wear scar on the rake face of the tool. It is assumed that the
loss of material at the rake face occurring during the initial stages of
the life of the tool (as shown in Fig. 14b) has resulted in a localised
region of higher cutting stresses, causing fracture of material from the
flank face. High resolution imaging of the rake face, shown in Fig. 15b
and c, reveals a shelf-like feature, which has formed directly at the
periphery of the rake face. It is expected that the formation of this
feature is a result of the continuation of the spalling mechanism con-
centrated at the region of the cutting edge that engages the uncut chip.
Unlike the crater wear morphology reported by Lindvall et al. [27]
during turning of Ti–6Al–4V, the wear scar is more localised and the
surface of the wear region displays evidence of severe diamond grain
pull-out, rather than the smooth crater surface reported during the
turning application. The dominance of spalling, rather than diffusion
driven wear predominant during turning, is expected to be an effect of
intermittent cutting edge engagement during milling, which provides
less opportunity for diffusion. This is due to the absence of continuous
sliding contact between the chip and rake face, as well as an effect
of highly periodic cutting conditions (such as temperature and force)
which encourage the removal of adhered workpiece material. Further
work should be focused on investigating the contribution of diffusion
driven wear in the present milling application and its significance as
the tool is predominantly exposed to spalling induced grain pull-out.

Fig. 16 shows the wear morphologies of the PCD(B) and PCD(C)
tool materials when machining at 500 m/min, 0.012 mm/z. Loss of
the PCD tool material can be predominantly attributed to mechanical
fracture located at the flank face of the tool. The level of fracture
can be seen to be more severe for the PCD(B) grade, however at this
early stage of tool life it is difficult to conclude that this grade is more
susceptible to fracture due to variability in the material properties for
different cutting edges. Similar to the PCD(A) grade, adhered material
can also be identified along the cutting edge, however, this has not
contributed to diamond grain pull-out or the formation of the spalling
related wear feature identified on the rake face of the PCD(A) tooling. It
is expected that this is due to the lower fracture toughness possessed by
the coarser grained PCD(B) and PCD(C) grades. This reduced resistance
to fracture has meant that large multi-grained particles of tool material
have been able to break away from the tool, along with any adhered
material, prior to the occurrence of the adhesive/abrasive spalling wear
mechanism.
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Fig. 15. SE images of the PCD(A) cutting edge when machining at 450 m/min, 0.0134 mm/z following, tc = 11.2 min. (a) Shows a low resolution image of the cutting edge
highlighting the location where spalling has occurred, (b) and (c) show higher resolution images of the spalling induced wear feature.

Fig. 16. SE images of the (a)–(b) PCD(B) and (c)–(d) PCD(C) cutting edges when machining at 500 m/min, 0.012 mm/z following tc = 3.74 min.

3.4. Performance of the honed PCD grades

The wear rates for the honed PCD(A) and PCD(B) grades are shown
in Fig. 17. The results presented show the tool performance when
machining at the parameter sets found to offer the longest tool life
for the non-honed tools. For both grades, higher rates of wear were
measured when the edge radii was increased from the ‘as-received’
geometry. Observations for the results for the honed PCD(A) grade
(Fig. 17a) show a sharp increase in VBMax, corresponding with the onset
of mechanical fracture to the cutting edge. As the edge hone radii is
increased, fracture of the cutting edge can be seen to occur at an earlier
stage in the life of the tool (at tc = 10 min for r0 = small, and at tc =
5 min for r0 = med.).

The increased tendency for mechanical fracture of the cutting edge
can be attributed to an increase in cutting forces. Specifically, as the
cutting edge radius is increased, the ratio between cutting edge radii
and the uncut chip thickness increases significantly. This results in an
increase in the area of the uncut chip subjected to a negative rake angle
which promotes ploughing of the workpiece material and therefore an
increase in FcN and Fp forces. As highlighted in the earlier discussion,
PCD tools have shown to be highly susceptible to mechanical damage,
which has been promoted by the increase in cutting forces acting
normal to the cutting edge profile. These findings suggest that in this
application, any potential advantages of reinforcing the cutting edge
through honing are outweighed by an increase in mechanical loads and
causing cutting edge fracture.

3.5. Workpiece material response

The microstructural response of the Ti-54M workpiece material fol-
lowing machining with the PCD and WC–Co tooling is shown in Fig. 18.
The micrographs provided show the workpiece microstructure in the
plane normal to the cutter feed direction, Vf and have been annotated to
show the cutting direction, Vc. The response of the workpiece material
following machining with the PCD(A) tool grade as cutting speed is
increased from 200 to 600 m/min and the corresponding feed rate is
reduced from 0.03 to 0.01 mm/z is shown in Fig. 18a–c, and highlights

Fig. 17. Flank wear progression with increasing cutting time showing the influence of
edge hone radius for: (a) PCD(A) grade at 450 m/min, 0.0134 mm/z, and (b) PCD(B)
grade at 500 m/min, 0.012 mm/z.
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a reduction in severe plastic deformation (SPD) as cutting parameters
transition to higher cutting speeds. SPD can be distinguished by sweep-
ing of grains in the cutting direction as they approach the machined
surface. Such deformation has shown to be typical of 𝛼+𝛽 titanium
alloys such as Ti–6Al–4V [2,39] and Ti-54M [40] following machining.
The micrographs provided have been annotated to highlight the depth
of the SPD layer thickness and show deformation penetrating to a
depth of 4 μm when machining at 200 m/min which reduces to 2
μm as the cutting speed is increased to 450 m/min. At 600 m/min
any near surface deformation of the microstructure becomes difficult
to distinguish from the bulk. It is notable that an increase in SPD layer
thickness also corresponds to a greater degree of shear strain in the
cutting direction which is highlighted by the 200 m/min condition.

The microstructural response following machining with the MS2050
WC–Co tooling at more conventional cutting parameters (60 m/min,
0.1 mm/z) is shown in Fig. 18d. In this instance the microstructure
displays a SPD layer penetrating to 4 μm, similar to that of the PCD
machined material at 200 m/min. However, unlike the PCD machined
material, the level of compressive strain which can be observed in the
material machined with the WC–Co tooling is much more significant.
The 𝛼p grains, which displayed an equiaxed morphology in their unaf-
fected state, can be seen to be severely deformed as they approach the
machined surface, suggesting that higher levels of compressive strain
in comparison to the PCD machined material.

To understand the effect of cutting tool material and parameter
selection on the workpiece’s metallurgical response it is necessary to
consider their influence on the thermal and mechanical conditions the
workpiece surface is subjected to. The analysis discussed in Section 3.2
highlighted that the cutting forces associated with PCD machining were
considerably lower compared to those during machining with WC–Co
tooling, this was due to the sharper cutting edge as well as the high
speed/low feed rate cutting strategy. These lower cutting forces were
attributed to a reduction in the ploughed layer thickness and ploughing
associated cutting forces, both of which have been shown to be linked
to shear and compressive imparted strain on subsurface workpiece
material [35]. This explains the findings from the metallurgical char-
acterisation, which showed more severe microstructural deformation
following WC–Co in comparison to PCD machining. The reduction
in SPD layer thickness observed during machining with the PCD(A)
tooling as cutting parameters transition from the low speed/high feed
rate to the high speed/low feed rate strategy could also be explained
by the reduction in the magnitude of cutting forces associated with
ploughing as well as a reduction in the ploughed layer thickness at
lower feed rates. However, as shown in Fig. 12 the change in the Fp
force component is negligible over the transition in cutting parameters.
This suggests that another factor may also be responsible for the
material response observed. Brown et al. [35] demonstrated that during
orthogonal milling, strain rate hardening had a dominant effect over
cutting speed driven thermal softening of the workpiece material as
cutting speeds were increased from 20 to 80 m/min. It is possible that
at the extremely high strain rates associated with the cutting speeds
employed in the current work that a strain rate hardening effect has
increased the workpiece’s resistance to plastic deformation. If this is
the case, it would suggest that workpiece thermal softening may not be
as significant as expected due to the competing strain rate hardening
mechanism. Therefore, the observations made regarding cutting forces
in Section 3.2 may be predominantly attributed to the effects of feed
rate and chip load rather than softening mechanisms.

The observations of a reduction in SPD at higher cutting speeds
for the PCD(A) tool (Fig. 12a–c) can be attributed to a combination
of a reduction in chip load at the low feed rates employed when
machining at higher cutting speeds and the aforementioned effects of
strain rate hardening, increasing the workpiece’s resistance to defor-
mation. Further work involving similar trials performed at a single
feed rate would be beneficial in assessing the contribution of cutting

Fig. 18. BSE images showing the severity microstructural deformation induced during
machining in the plane normal to the feed direction after machining with the following
tooling: (a) PCD(A) ‘as-received’ (200 m/min, 0.03 mm/z), (b) PCD(A) ‘as-received’
(450 m/min, 0.0134 mm/z), (c) PCD(A) ‘as-received’ (600 m/min, 0.01 mm/z), (d)
MS2050 ‘as-received’ (60 m/min, 0.10 mm/z), and (e) Med. hone PCD(A) (450 m/min,
0.0134 mm/z). Higher magnification images of (a)–(e) are provided respectively in
(i)–(v).

Table 4
Surface roughness metrics comparing surfaces generated with the PCD(A) and MS2050
tool grades.

Tool grade Vc
[m/min]

fz
[mm/z]

Sa
[μm]

Sq
[μm]

Ssk
[μm]

Sku
[μm]

MS2050 (As-rec.) 60 0.1000 0.638 0.812 0.181 3.680
PCD(A) (As-rec.) 200 0.0300 0.646 0.821 0.169 3.391
PCD(A) (As-rec.) 450 0.0134 0.495 0.635 0.145 3.658
PCD(A) (As-rec.) 600 0.0100 0.477 0.625 0.085 3.986
PCD(A) (r0 = Med.) 450 0.0134 0.592 0.769 0.179 3.977

speed driven thermal softening and strain rate hardening effects on the
machining response of the workpiece.

The effect of cutting edge hone applied to the PCD tooling is
shown by Fig. 18e. Comparisons to the subsurface condition following
machining with the sharp tool as similar cutting parameters shows that
the increased cutting edge radii has contributed to higher levels of SPD
which can also be attributed to the ploughing mechanism.

Topographical surface roughness metrics associated with the sur-
faces generated for the metallurgical assessment are provided in
Table 4. The PCD tooling and high speed/low feed rate machining
strategy show capabilities at generating a higher surface finish quality
with a reduction in arithmetic, Sa and root mean square Sq height dis-
tribution. Additionally, skewness Ssk is reduced suggesting a reduction
in asperity heights associated with feed marks on the machined surface.
Negligible differences in kurtosis Sku were observed. The improvements
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in surface roughness when machining with the PCD vs. the WC–Co
tooling as well as the improvements during PCD machining when
employing the high speed/low feed rate machining strategy can be
attributed to a reduction in feed rate. The assessment of the surface
machined with the honed PCD tooling also highlights that the sharp
cutting edge is also advantageous in achieving a higher surface finish
quality.

The results from the surface integrity assessment show promising
findings for the use of PCD tooling and high cutting speed/low feed rate
machining strategies for titanium alloy finishing applications. Whereas
from a tool life standpoint, the negligible performance improvement
would make it difficult to justify the use of PCD, in finishing appli-
cations where manufacturers seek to generate surfaces which display
metallurgical properties which are unaltered from the bulk material,
PCD may offer an effective alternative to WC–Co tooling.

4. Conclusions

This study has compared the performance of PCD and WC–Co tool-
ing in a square shoulder milling application of Ti-54M. The influence
of PCD grain size, cutting edge radii, and cutting parameter selection
on tool life, cutting forces, and workpiece material response have been
investigated. The main conclusions which can be drawn from this
research are as follows:

1. At a similar MRR, PCD tooling demonstrated comparable flank
wear resistance properties compared to WC–Co tools up to a
total cutting time of 20 min. WC–Co tooling however, offered a
longer overall tool life compared to PCD, due to its better wear
resistance in the later stages of the life of the tool.

2. Mechanical fracture of the cutting edge was shown to be the
predominant wear mechanisms for the PCD tooling at lower cut-
ting speeds with a transition to an adhesive driven mechanism
at higher cutting speeds. This mechanism exhibited adhesion
of the workpiece material to the cutting edge followed by its
subsequent removal, resulting in pull out of PCD grains from
the Co binder matrix. This type of wear is typically referred to
as spalling and in the present study was initiated when a cutting
speed of 450 m/min and feed rate of 0.0134 mm/z was reached.
Increasing the cutting speed and simultaneously reducing the
feed rate beyond this was shown to increase spalling driven
wear.

3. Optimum tool life for the PCD tooling was achieved at cut-
ting parameters of 450 m/min, 0.0134 mm/z, corresponding to
the point where the predominant tool degradation mechanism
shifted from mechanical fracture to spalling.

4. The cutting force response during PCD machining shows a re-
duction in peak cutting forces as cutting parameters transition
from high feed/low speed to low feed/high speed conditions.

5. This reduction in cutting forces was shown to improve PCD tool
life in the chipping dominated wear regime (200–400 m/min).

6. A fine PCD grain size demonstrated superior tool life in this
application. This was attributed to the higher fracture toughness
associated with this grade.

7. Increasing the cutting edge radius of the PCD tooling was shown
to have an adverse effect on tool life, with increased cutting edge
radii yielding higher cutting forces and an increased tendency for
cutting edge fracture.

8. When employing cutting parameters which prolong tool life,
it has been demonstrated that cutting forces can be signifi-
cantly reduced when machining with PCD tooling at high cutting
speed/low feed rate cutting parameters compared to WC–Co
tooling at conventional parameters. This has resulted in a work-
piece material response which displays significantly lower levels
of microstructural damage when machining with PCD tooling,
which was attributed to a considerably lower ploughing cutting
force component due to the sharp cutting edge radii and low feed
rate.

It is important to emphasise that findings made in this study are
based on the specific cutting application and insert geometry used. Al-
terations to these parameters may lead to cutting conditions where the
wear mechanisms observed in the present work are less dominant and,
under such circumstances, other PCD grain sizes may offer superior tool
life. Future studies on PCD tool performance in milling applications
should explore up milling strategies to determine their effects on tool
wear mechanisms and possible benefits on tool life.
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