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Abstract Owing to its ultra-hardness, polycrystalline dia-
mond (PCD) is ideal for the machining of difficult-to-cut ma-
terials. According to ISO 3685, flank wear is the main factor
that leads to tool rejections. In this study, a new theoretical
model was developed by considering both abrasive and adhe-
sive wear in order to investigate the process and mechanism of
flank wear of cutting tools made of different PCD materials.
The width of flank wear (VB) was calculated by solving the
differential equation formulated to describe the rate of flank
wear and its relationship with cutting parameters and the prop-
erties of tool and workpiece materials. To validate the analyt-
ical model, a series of cutting experiments were conducted by
turning titanium alloy Ti6Al4V with customized tools made
of three types of PCDmaterials.Morphological characteristics
of worn areas were analyzed after each cutting test to investi-
gate the wear process and mechanism. It was found that the
wear mechanisms of three different types of PCD tools were
different. Calculation outcomes matched experimental results
when tools made of CTB002 and CTB010 were used.
Obvious deviation was found when the tool made of
CTM302 was used due to the occurrence of large-scale frac-
ture of tool tip in the cutting passes.

Keywords Polycrystalline diamond (PCD) . Flankwear .

Abrasive wear . Adhesive wear . Titanium turning .Wear
mechanism

1 Introduction

Titanium alloys are difficult to machine due to their low ther-
mal conductivity (7 W/m.K) and high chemical reactivity [1].
Severe cutting conditions including high temperature and
highly abrasive interaction at tool/chip and tool/workpiece
interfaces significantly accelerate the rate of tool wear and
cause premature tool [2]. Although new approaches have been
developed to machine titanium components with nonconven-
tional methods [3], conventional machining is still the main-
stream approach in industry because of the risk of thermal
residual stress [4, 5]. Owing to the ultra-hardness and excel-
lent thermal conductivity, polycrystalline diamond (PCD) has
been gradually used as an advanced tool material in cutting
titanium alloys [6, 7]. According to experimental results [8],
PCD tools have much longer tool life compared with WC
tools in machining Ti6Al4V at high cutting speeds (over
200 m/min). However, the existence of extensive compressive
stress, high-speed abrasion, and high temperature at
tool/workpiece interface leads to severe tool wear [9]. It has
been found that [10] fracture of tool tip, abrasion and abrasion
on tool surface, and notching along the cutting edge were the
main wear types of PCD tools. According to Li et al. [11], a
large scale of spalling occurred on the flank face of PCD tools
in milling Ti6Al4V. Based on the experiments of turning
Ti6Al4V, da Silva et al. [12] concluded that the adhesion layer
formed on the tool surface was partially removed by “plucking
action.” Among the different types of tool wear, flank wear,
which is caused by the tool/workpiece abrasion, is one of the
most important indexes that determines the life of a cutting
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tool [13]. Generally, the development of flank wear consists of
three stages: the initial wear process, the steady wear process,
and the intensive wear process [14]. As shown in Fig. 1, the
change of the width of flank wear (VB), i.e., the development
of tool wear, indicates the effective tool life of cutting tools.

In order to describe the relationship between tool life and
cutting parameters, Taylor proposed an empirical model to
define the exponential relationship between tool life and cut-
ting speed [15]. A modified model which defined tool life as a
function of cutting temperature was later proposed by
Takeyama andMurata [16]. Analytical models which take into
account different types of tool wear mechanisms and the
missed material properties have been developed [17]. For ex-
ample, the analytical models proposed by Rabinowicz were
widely used when the tool suffered from different types of
abrasive wear: two-body abrasion and three-body abrasion
[18]. Bhattacharya et al. proposed a wear model considering
the effect of adhesion [19]. In this model, the definition of
“temperature-sensitive zone” (TSZ) and “temperature-insen-
sitive zone” (TIZ) was proposed. In the tool wear model de-
veloped by Choudhury et al. [20], the development of tool
wear in turning processes was described mathematically by
using parameters including index of diffusion, wear coeffi-
cient, and the tool/workpiece hardness ratio. By considering
the combination of abrasive wear and adhesive wear, Wong
et al. [21] developed an empirical model based on the assump-
tion that adhesive wear was the predominant wear type for
flank wear. With the development of synthetic materials,
new models were developed to investigate the wear process
of ceramic tools, polycrystalline cubic boron nitride (PCBN)
tools, and PCD tools. For example, Dawson and Kurfess re-
ported a model of the development of flank wear for uncoated
and coated PCBN tools [22]. Similarly, Huang et al. devel-
oped a model considering the adhesion as the main mecha-
nism for the flank wear process of the PCBN tools, which was
validated by cutting AISI 52100 bearing steel [23].

PCD is a synthetic material made by diamond grains and
binder materials under high pressure and high temperature.
The mechanical properties of PCD vary significantly owing
to the different sizes of diamond particles and the different

proportion of binding materials. The significant difference in
material properties results in a dramatic difference in the frac-
ture of the polycrystalline structure in micro-scale, and leads
to different wear processes and mechanisms in macro-scale.
However, to the authors’ best knowledge, in addition to some
experiment-based investigations, no theoretical model has
been created to describe the flank wear process of different
PCD tools, and little research has been conducted to investi-
gate the different wear mechanisms and processes of PCD
tools caused by different material properties. Since the wear
of PCD materials is a complicated process, it is insufficient to
limit the research to experimental analysis only; theoretical
studies are critical for the in-depth understanding of the wear
mechanism of PCD tools.

This paper presents the development of an analytical model
to investigate the progress and mechanism of flank wear of
PCD tools. This is the first time a model was developed by
considering the combined effects of tool/workpiece abrasion,
adhesion, the dynamic cutting forces, and the properties of
different PCD materials. The model was validated by turning
titanium alloy Ti6Al4V with three different types of custom-
ized PCD tools. Morphology of both worn areas and profile of
chips were examined, and in combination with the analysis of
dynamic cutting force and simulation results, the wear mech-
anism of different PCD tools was investigated. The machined
surface in micro-scale was further checked to discuss the mo-
lecular process between the cutting tool and workpiece in the
development of flank wear.

2 Flank wear of PCD tools

It has been proved that the “diffusive-abrasive” interaction at
the tool/workpiece interface was the main wear mechanism in
machining titanium alloys when using metallic tools [12].

In adhesive wear, a huge amount of heat is generated due to
the deformation of the workpiece material. Under the com-
bined effect of normal stress and high temperature, micro-
welds [24] are formed between the asperities on both tool
flank face and workpiece surface (Fig. 2a). However, for a
metal cutting process using PCD tools, no research was ever
conducted to investigate the micro-weld process between di-
amond and metallic material. The adhesion at the
tool/workpiece interface was ascribed to the molecular pro-
cess [25]; specifically, the titanium-carbon joints formed at the
interface stimulated by the high environment temperature.
Then, the shear of joint could happen on both the tool side
and the workpiece side when suffering from external shear
stress. Workpiece materials would adhere on the tool surface
when the joint shear appears on the workpiece side, while the
tool material would be removed if the shear of joint happens
on the tool side.Fig. 1 Three tool wear processes according to the tool life curve
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Although PCD has ultra-high hardness, the binder material
(cobalt in this study) which acts as both the bridge and bound-
ary of the sintered diamond structure could be softened under
high temperature. Combined with the tool/workpiece abra-
sion, the cobalt-diamond bonds could break, and initial cracks
could be developed at the cobalt-diamond boundaries, leading
to the collapse of the PCD structure [26]. As a result, joint
shear is prone to happen on the tool side and causes material
loss on the tool flank face (Fig. 2).

Abrasive wear is the facial damage caused by the
scratching of either the sliding of hard asperities or the rolling
of hard particles at the tool/workpiece interface. The types of
abrasion could be classified as two-bodymode and three-body
mode according to the status of the abrasion. For the two-body
abrasion, asperities on the harder side, or strongly constrained
hard particles, scratch on the softer side leading to the loss of
material on this side. As is for PCD tools, diamond grains or
fractured sintered diamond structure could be released in the
tool wear processes (Fig. 2). These hard particles roll or slide
together with the titanium alloy at the tool/workpiece inter-
face, and could cause further release of hard particles or ma-
terial loss on the softer surface which is known as three-body
abrasion (Fig. 2).

Furthermore, the adhesive-abrasive wear process of PCD is
influenced by machining dynamics, mainly the dynamic cut-
ting forces [27]. With the development of tool wear, the cut-
ting edge becomes blunt and the shear of the workpiece ma-
terial is difficult, which leads to the increase of cutting forces
in three directions: feed force (axial direction), back force
(radial direction), and main cutting force (tangential direc-
tion). Correspondingly, the increase of temperature and

pressure at the tool/workpiece interface caused by increasing
cutting forces stimulates the adhesive-abrasive wear, which
accelerates flank wear directly [28]. As a result, the dynamic
cutting forces must be considered when developing the model
of the tool wear.

3 Theoretical model

3.1 Tool material loss due to adhesive process

The material loss due to the adhesive process is mainly the
removal of Ti-C joints. The amount of adhesive wear per unit
area can be calculated with the following equation:

Wunit adh ¼ N � Smw � Lmw � P ð1Þ

where

Wunit_adh Tool material loss due to the adhesion per unit area
(mm3/mm2)

N The number of the Ti-C joints per unit area (/mm2)
P Probability of forming a certain size of wear

fragment; this value can be obtained from the
experiments of Rabinowicz [18].

Lmw The length of Ti-C joints (mm)
Smw The average cross area of each Ti-C joint (mm2)

According to the results made by Huang et al. [23], the
actual contact pressure was a measure of the hardness of the
asperities on the softer side. The contact pressure at the cross

Fig. 2 Simplified mechanism of
processes of adhesive wear and
abrasive wear. a Formation of
micro-welds. b Material loss due
to adhesive wear. c Status of
three-body abrasion. d Material
loss due to abrasive wear
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section of the micro-welds, Pac, is equal to the hardness of the
workpiece material, which could be calculated as follows:

Pac ¼ Fm
n

Smw � N � Sfw
¼ Fm

n

Smw � N � ap � VB
¼ Hw ð2Þ

where

Fn Normal force exerted on the flank face (N)
Sfw Total contact area on the worn tool flank face, which

equals to the product of width of flank wear and the
cutting depth (mm2)

ap Depth of cut (mm)
VB Width of flank wear, maximum in this study (mm)
Hw Hardness of the softer material (MPa)
m Adhesive constant depending on the type of

deformation during the wear process (Table 1)

The volume of material loss per unit area caused by adhe-
sive process is expressed as

Wunit adh ¼ NSmwLmwP ¼ Fm
n � N � P � Lmw

Hw � N � ap � VB

¼ Fm
n PLmw

HwapVB
ð3Þ

where the average cross-section area of each micro-weld is

Smw ¼ Fm
n

Hw � N � ap � VB
ð4Þ

Considering that the tool/workpiece contact area in time dt
is the sliding area during this period of machining time, as a
result, the rate of material loss caused by adhesive process in
dt is expressed as

dWadh

dt
¼ ds� ap �Wuint adh

� �
dt

¼ VcapWunit adh

¼ Fm
n VcPhmw
HwVB

ð5Þ

where

Wadh Tool material loss due to the adhesion (mm3)
s Sliding distance (mm)
Vc Cutting speed (mm/min)
dt Time period (s)

3.2 Tool material loss due to abrasion process

Based on the empirical-quantitative model proposed by
Rabinowicz et al. [18], the volume of material loss caused
by three-body abrasion can be calculated with the following
equation:

Wabr ¼ s� Fn � tanθ
K

� Hn−1
w

Hn
t

ð6Þ

where

Wabr Tool material loss due to the three-body abrasion
(mm3)

K Constant depending on the type of abrasion
s Sliding distance (m)
Hw Hardness of the workpiece (MPa)
Ht Hardness of the cutting tool (MPa)
n Constants depending on the ratio of tool/workpiece

hardness
Fn Normal force exerted on the flank face (N)
θ Surface contact angle in the abrasive process, which is

45° in this study

Parameters K and n were selected based on the ratio of tool
hardness and workpiece hardness (Table 2). To consider the
rate of tool material loss due to abrasive wear, the equation
was differentiated on both sides w.r.t. time; as a result, the rate
of material loss caused by the adhesive process in dt is
expressed as

dWadr

dt
¼ ds

dt
� Fn � tanθ

K
� Hn−1

w

Hn
t

¼ Vc � Fn

2:43
� H6

w

H7
t

ð7Þ

Table 1 Adhesive constant [29]

Deformation type Shape of adhesion m

Elastic Layer 0.6

Lump 0.8

Plastic Layer 0.75

Lump 1

Table 2 The constants
K and n [18] Hardness ratio K n

Ht/Hw ≤ 0.8 3 1

0.8 ≤Ht/Hw ≤ 1.25 5.3 3.5

Ht/Hw ≥ 1.25 2.43 7
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3.3 Normal force

Since the normal force is changing in accordance with the
development of flank wear, it is critical to develop an accurate
model to calculate the normal force in each cutting period.
When the cutting edge is sharp, the force exerted normal to
the cutting edge can be calculated according to the classical
shearing and ploughing model [30]

Fns ¼ KnsAþ KnpLedge ð8Þ

In this model, A and Ledge are the area undeformed chip
section and the length of engaged cutting edge, respectively.
The constant Kns is the shearing constant describing the effect
of normal rake on the normal force, and Knp is the ploughing
constant due to clearance friction on the machined surface.
Both constants can be determined by using the method devel-
oped by Wang et al. [31].

With the development of flank wear, the force normal to the
worn flank surface could be regarded as the sum of the normal
force exerted on the blunt cutting edge which was considered
to be the same value as Fns, and the component force exerted
the flank wear area, Fnw (Fig. 3b). The force exerted on the
flank wear area, Fnw, is calculated by the product of the normal
stress σw and the flank wear area Sw:

Fnw ¼ Swσw ¼ ap∙VB∙σw ð9Þ

To estimate stress σw exerted on the worn surface, the frac-
ture of PCD has to be taken into account. Because tool mate-
rial loss in wear process is caused by the fracture of PCD
structure when it suffers from external stress, the relationship
among exerted stress σ, fracture distance r, and fracture tough-
ness KIc can be described as follows [32]:

σ ¼ KIcffiffiffiffiffiffiffi
2πr

p ð10Þ

The geometric relationship between fracture distance r and
increment of flank wear width is shown in Fig. 4. Parameter r
is defined to be equal to the thickness of the removed tool
material layer (r2 − r1) in the wear process of the time period

dt. According to the geometric relationship, r1 and r2 can be
calculated as

r1 ¼ VB1−r1∙tanγð Þ � tanα ð11Þ

r2 ¼ VB2−r2∙tanγð Þ � tanα ð12Þ
where

dVB Increment of flank wear landing in time interval dt;
VB1 Flank wear landing before cutting;
VB2 Flank wear landing after the time interval dt (current

VB)
α Tool clearance angle
γ Tool rake angle

3.4 Wear model

According to the geometric relationship shown in Fig. 4, the
volume of material loss dV caused by flank wear after dt can
be described with the following equation:

dV ¼ ap � 1

2
� VB1 þ VB2ð Þ � r2−r1ð Þ

¼ ap � 1

2
� 2VB2−dVBð Þ � r ð13Þ

When time interval dtwas extremely short, both dVB and r
were small and their product was considered as zero.
Combined with Eqs. 11 and 12, the increment of wear amount
during the time period dt could be written as

dV≈ap � VB� r ¼ ap � dVB� VB� tanγ

1þ tanα� tanγ
ð14Þ

The total volume of material loss due to the adhesive-
abrasive wear process which consists of adhesion and three-
body abrasion during the time interval could be expressed as

dV ¼ dWadh þ dWabr ð15Þ

Fig. 3 Cutting force normal to
the workpiece interface. aNormal
force when the tool is sharp. b
Normal force on the worn flank
face
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Differentiating both sides w.r.t. time, the above equation
(Eq. 15) could be re-written as follows:

dV
dt

¼ dWadh

dt
þ dWabr

dt
¼ C1

VB
þ C2

VB2 ð16Þ

where

C1 ¼ 1−ωð ÞFnVcH6
w

2:43H7
t ap

tanγ

1þ tanα� tanγ

� �

C2 ¼ ωFm
n VcPhmw

Hwap
tanγ

1þ tanα� tanγ

� �
:

where

ω A parameter to describe the proportion of normal force
exerted on the sum area of the micro-welds cross section.
In this study, the value was adopted as 0.5.

The calculation was conducted by using MatLab2016R.
The flow chart of the calculation is shown in Fig. 5. Initially,
the cutting force of sharp tools was calculated by using the
pre-set cutting parameters. Using the properties of PCD ma-
terial listed in Table 3 and the properties of workpiece
Ti6Al4V in Table 5, the amounts of material loss caused by
both adhesive wear and abrasive wear were calculated and the
differential equation describing the relationship between the
flank wear rate and wear volume was developed. The flank
wear in the fixed time interval could be obtained by solving
the differential equation, and this value was used to calculate
the normal force in the next time interval.

4 Experiment

Since the model was developed based on orthogonal cutting, a
series of turning tests were conducted to validate the model
and its capability.

4.1 Preparation of cutting tools

Three types of PCD materials, CTB002 (Fig. 6a), CTB010
(Fig. 6b), and CTM302 (Fig. 6c), manufactured by
Element Six were used as the tool materials. As listed in
Table 3, the sizes of diamond grains of CTB002, CTB010,
and CTM302 are 2 μm, 10 μm, and the mix of 2 to 30 μm,
respectively. The volume percentage of diamond of
CTM302 is 91.4%, which is bigger than that of CTB010
(around 89%) and CTB002 (around 85%). The tool inserts
were firstly cut from a PCD disc into cubic shapes
(7 mm × 7 mm) by wire-cut EDM (W-EDM). After W-
EDM machining, graphitization and tensile residual stress
existed within a certain depth under the machined surface
because of the thermal defects caused by the EDM plasma.
In order to remove the defects in the “heat-affected zone”
(HAZ), flank faces of the inserts were refined by conven-
tional abrasive grinding, which was conducted on a CNC
diamond grinder Coborn RG6-FE. The machining in-feed
for abrasive grinding was around 100 μm to ensure the
HAZ was removed. Parameters of abrasive grinding (feed
rate of 0.2 mm/min and cutting speed of 10 m/s) were
optimized to avoid significant compressive residual stress
in the grinding process. The radius of the cutting edge and
the roughness of machined surfaces are listed in Table 4.

Fig. 5 Calculation process of the model of flank wear

Fig. 4 Geometric relationship between VB and wear volume
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4.2 Selection of workpiece material

The workpiece used in this study was Ti alloy robsmade of Ti-
6Al-4V grade 5 with the dimension of 300 mm in length and
50 mm in diameter. The attractive physical properties
(Table 5), outstanding resistance to chemical erosion, and in-
herent workability make Ti6Al4V most widely used titanium
alloy in industry. However, the strong affinity of titaniumwith
oxygen increases with temperature and the surface oxide layer
increases in thickness at elevated temperatures. Under the
temperature over 800 K, the metal becomes highly susceptible
to embrittlement by oxygen, nitrogen, and hydrogen, which
dissolve interstitially in titanium [34]. As a result, the cutting
experiment was conducted under an 8-MPa coolant (Rocol
Ultracut Clear) to avoid the thermal damages on both cutting
tools and machined surfaces.

4.3 Experimental setup and data processing

The turning experiment was conducted on a CNC lathe
OKUMAGENOS L200E-M (Fig. 7a). Since tool inserts were
shaped into cuboids, the tool geometric parameters were de-
termined by the tool holder: rake angle − 10°, clearance angle
10°, and cutting edge angle 45° (Fig. 7b). The tips of three
tools were sharped with both corner radius and cutting edge
radius being around 5 μm. A specially designed tool fixture
was fabricated with aluminum alloy for the measurement of
cutting force by clamping the tool holder and dynamometer
(PCB Piezotronics 260A01) together as a rigid body (Fig. 7c).

The PCD insert was fastened on the tool holder, and the dy-
namometer was mounted on the base of the tool holder. The
entire experiment was divided into three groups, and the
workpiece was machined with one type of PCD insert in each
group. Each cutting test consists of 14 turning processes, each
of which lasted 50 s. Same cutting parameters which were
practically used in finishing processes with PCD tools in in-
dustry [35] were applied in all experiments: cutting speed
160 m/min, feed rate 0.15 mm/rev, and cutting depth
0.2 mm. Cutting forces exerted on the PCD tool were mea-
sured by a dynamometer (Kistler 5070A) in three directions:
feed force (axial direction), back force (radial direction), and
main cutting force (tangential direction). For each cutting pro-
cess, force signals were firstly acquired by the dynamometer
as analog signal and amplified by the coupler (Kistler 9527B);
a DAQ card (National Instruments 6036E) was used to con-
dition the signal and complete the A/D conversion, and
LabVIEW SignalExpress was used to process the signal.
The acquired cutting force signals were filtered with MatLab
using Chebyshev filtering program to remove noises. The fil-
tered voltage data was converted into force by multiplying the
sensitivities of the dynamometer in each direction.

4.4 Flank wear measurement

After each cutting pass, flank wear, nose wear, and crater wear
were examined by an Alicona optical microscope. Values of
maximum flank wear which are defined as VBs (Fig. 8) were
plotted to reflect the development of tool wear. Tools would be
rejected if they satisfied one of the following tool failure
criteria (ISO 3685-1993): maximum flank wear reached
0.4 mm or any catastrophic fracture appeared on the cutting
edge. The cutting experiment was repeated twice to ensure
reliability of the experimental data, and the VBs after each

Fig. 6 Three types of PCD materials. a CTB002. b CTB010. c CTM302

Table 3 Basic physical properties of PCD materials [33]

Workpiece material CTB002 CTB010 CTM302

PCD layer thickness (mm) 0.5 0.5 0.5

Diamond fraction (vol %) 84.8% 89.7% 91.4%

Grain size (μm) 2 10 2 to 30

Hardness (MPa) 5000 5000 5000

Young’s modulus (GPa) 901 1000 883

Bending strength (MPa) 1999 1741 1131

Fracture toughness (MPa m-1/2) 8.05 8.96 8.34

Thermal conductivity (W m−1 K−1) 239 456 422

Table 4 Sharpness and roughness after grinding

Material CTB002 CTB010 CTM302

Sharpness (μm) 5.42 5.92 6.48

Roughness (nm) 111 121 129

Int J Adv Manuf Technol (2018) 95:719–733 725



cutting passes were measured three times to reduce the error
caused by the measurement.

5 Model validation and discussion

5.1 Model validation

The results calculated with the proposed model and the VBs
measured in the cutting experiments are plotted in Fig. 9 to
show the development of flank wear. It can be seen that the
measured VBs of all three tools increased steadily in a linear
trend, and the development of tool wear caused by the abra-
sive process was steeper than the increase of flank wear
caused by the adhesive process. The VBs were measured after
each 50-s cutting process and plotted with the same time in-
terval (cutting process). The largest VBs were found when the

tool CTB002 was used (186 μm), followed by the VBs of
CTB010 tool (133 μm). The tool made of CTM302 showed
the best resistance to flank wear because of the lowest VB
after 14 cutting passes (124 μm). The measured VBs in-
creased linearly; this trend matches the trend of calculated
results when tools CTB002 and CTB010 were used. As for
the tool CTM302, sudden increments of VB were found after
the 1st, the 9th, and the 14th cutting passes, respectively. The
increments of VBs in the 5th to the 8th cutting passes and the
10th to the 13th cutting passes were insignificant. To validate
the model and to investigate the wear process of the three
different types of tools, a comparison between the calculated
values and experimental results was presented by the percent-
age deviation which was calculated with the following equa-
tion:

Deviation ¼ VBmeasured−VBcalculated

VBmeasured

����
����� 100% ð17Þ

Fig. 7 a Experimental setup of
the turning tests. b Tool holder. c
Designed tool holder

Table 5 Basic physical
properties of Ti-6Al-4V Material Density Hardness (HV) Elastic modulus Poisson’s ratio Thermal conductivity

Ti-6Al-4V 4.43 g/mm3 349 Kgf/mm2 113.8 GPa 0.342 6.7 W/m.K
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According to the results of calculation, the deviations of
CTB002, CTB010, and CTM302 are generally below 10%
except for a few abnormal results which are caused by special
reasons explained in Sect. 5.2. The experimental results of tool
CTB010 distributed along the linearly calculated results indi-
cating that the development of flank wear was dominated by
the adhesive-abrasive process. The measured VBs were larger
than the calculated results considering adhesive-abrasive wear
when the tool CTB002 was used, indicating that the adhesive
wear contributed more in the material loss process of flank
wear. In contrast, the deviations of tool CTM302 was bigger
and the fluctuation irregularly. This abnormal difference was
caused by the large-scale fracture which is discussed in
Sect. 5.2.

The cutting forces in the three directions increased with the
increase of cutting passes. When tools made of CTB002 and
CTB010 were used, the main cutting forces increased from
around 100 N to over 400 N with a near-linear trend
(Fig. 10a). Different from CTB010 and CTB002, sudden in-
creases of main cutting force in some cutting passes were
found when the CTM302 tool was used. The trends of feed
force (Fig. 10b) are similar to that of tangential force. The
cutting force increased linearly when tools CTB002 and
CTB010 were used, while the force experienced sudden in-
creases when the tool CTM302 was used. The thrust force
increased linearly for all three tools (Fig. 10c), the forces of
CTB002 and CTB010 increased with a steeper gradient from
the 1st to the 8th cutting and it experienced insignificant in-
crease afterwards. In contrast, the radial force of CTM302 had
a different trend, and the increment was insignificant in the
first nine cutting passes, while there was a sudden increase in
the 10th cutting process and it became stable again afterwards.

5.2 Discussion

From the development of VBs and cutting forces, it was found
that the wear mechanisms of the tools made of three PCD

Fig. 9 Experimental and calculated results of width of flank wear. a Tool CTB002. b Tool CTB010. c Tool CTM302

Fig. 8 Measurement of flank wear (VB)
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materials were different. To investigate the wear mechanism,
morphological characters of the worn area on the flank face of
each tool were examined by using Philips XL30 Scanning
Electron Microscope (SEM). As shown in Fig. 11a, b, worn
areas near the tips of tools CTB002 and CTB010 were rela-
tively flat, scaled with partial workpiece material after six
cutting passes. The boundary between the exposed area and
the adhesion-rich area on the flank face of tool CTB002 and
the scratches adhered on the worn surface of tool CTB010
demonstrated that a layer of adhesion was ever formed, but
it was partially removed together with some tool materials in
the cutting process. This was similar to the worn morphology
found in the cutting test conducted by Li et al. [36]. As for the
morphology of flank wear after the following eight cutting
passes, a huge amount of titanium alloy stacked on the tool
nose, and the thickness of adhesion layers was bigger than
those formed after six cutting passes were conducted
(Fig. 11, d).

As was proved in the sliding tests and milling processes [10,
37], because of the breakage of diamond-to-diamond bonds and
diamond-to-cobalt bonds, cracks could develop at the interface
of bonded diamond grains and cobalt-diamond interfaces (inter-
granular fracture) of the polycrystalline diamond structure
(Fig. 12a).With the development of cracks, the toolmaterial with
adhered workpiece material was prone to being removed by the
tool/workpiece abrasion as a “spalling” process [8]. In this study,

PCD materials on the flank faces of tools CTB002 and CTB010
were removed “layer by layer” as the cycle of formation and
abrasion of adhesion layer during the flank wear process. Due
to the poor cooling effect, this spalling process was more severe
at the tool/workpiece interface near the tool tips. During the
cutting processes, the heat caused by the deformation of the
workpiece material was increased due to the increase of cutting
force which caused the bluntness of cutting edges. Combined
with the low thermal conductivity of titanium alloy, temperature
near the tips of the tools increased drastically, stimulating the
adhesion of titanium alloy at the tool tips. Compared with
CTB002, the thermal conductivity and fracture toughness of
CTB010 are better due to the higher volume percentage of dia-
mond and larger diamond grains. This made the tool made of
CTB010 more resistant to the “spalling” wear process on flank
face.

In contrast, the wear mechanism of tool CTM302 was dif-
ferent from the tools made of CTB002 and CTB010. Different
from the PCD materials which consist of even-size grains,
CTM302 was manufactured with both small-size and large-
size diamond grains (2 to 30 μm). Due to higher volume
fraction of diamond and larger diamond grains, the tools made
of this PCDmaterial are more resistant to tool/workpiece abra-
sion but more fragile. Based on the results ofMcNamara et al.,
trans-granular fracture (Fig. 12b) could happen at the cleavage
plane in large-size diamond grains when the PCD consisted of

Fig. 10 Cutting forces in different directions. aMain cutting force (tangential direction). b Feed force (axial direction). c Thrust force (radial direction)
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30 μm diamond grains [38]. With the development of inter-
granular fracture and trans-granular fracture, large-scale col-
lapse of PCDmight happen when the tool CTM302 was used.
Instead of the steady spalling process, tool materials were lost
due to the fracture of the tool tip in the cutting process in the
first three cutting passes. This large-scale fracture led to a

significant increase in VB, which explained the significant
deviation between the calculated and experimental results.

Also, the morphological characters of the worn surface
proved that the large-scale fracture kept happening at the tip
of tool CTM302. The SEM image obtained after six cutting
passes shows (Fig. 13a) that the tip was significantly removed

Fig. 11 Wearmechanism of PCD tools. a The tool CTB002 after six cutting passes. b The tool CTB010 after six cutting passes. c The tool CTB002 after
14 cutting passes. d The tool CTB010 after 14 cutting passes

Fig. 12 Fracture of PCD
structure in micro-scale. a Inter-
granular fracture. b Trans-
granular fracture
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by large-scale fracture, leaving a coarse surface at the position
when the tool made of CTM302 was used. It can be seen that
the area of adhesion layer was limited on the flank face. Large-
scale fracture kept happening during the following eight cut-
ting passes (Fig. 13b). The fracture area near the tool tip was
larger without any workpiece material scaled on. Also, the
thick layer of titanium which adhered to the tool at the bound-
ary of fracture indicated that the tool/workpiece contact area
increased before the fracture of the tool tip.

To further investigate the wear process of tool CTM302,
the difference in chip curvature chips which indicated the
changing of tool/chip contact length [39] was analyzed. As
can be seen in Fig. 14, helical chips were generated in the first
cutting test when the tool tip was intact. In the following five
cutting passes, the shape of the chip changed from short-
curled to discontinuous because of the fracture of the tool nose
during the cutting process. Specifically, a coarse worn surface
with a larger rake angle was formed due to the fracture, and

this concave area played the role of a chip breaker stimulating
the formation of discontinuous chips.With the continuation of
the cutting, a coarse concave surface was flattened by the
tool/chip abrasion, which eliminated the chip breaker caused
by the breakage of the tool tip (Fig. 15b). This increased the
tool/chip contact length, and long-curled continuous chips
were prone to being generated from the 7th to the 9th cutting
passes. The fragment chips generated in the last three cutting
passes clearly indicated the appearance of the tool tip fracture
(Fig. 15c).

Machined surfaces were examined after 14 cutting passes
in micro-scale (Fig. 16), and wavy profiles were found on the
surfaces due to the profile of the tool nose. As was found in the
images with larger magnification, there were no obvious flaws
such as fracture or scratches on the machined surface. Also,
the irregular deformation of the peak of the wavy profile in-
dicated that the temperature was extremely high during the
cutting. The aforementioned molecular process [25] between

Fig. 14 Chip morphology after different cutting passes using the tool CTM302

Fig. 13 a Worn area of tool CTM302 after six cutting passes. b Worn area of tool CTM302 after 14 cutting passes
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the titanium alloy and PCD were proved by the results of
energy-dispersive X-ray spectroscopy (Fig. 17). The existence
of carbon proved that the carbon diffused into the machined
surface in the molecular process due to the tool/workpiece
abrasion, and it was found that the atom percentage of the
carbon was different for the surfaces machined by different

PCD tools. Higher percentages were found on the surface
machined by tools CTB002 and CTB010. This proved that
the temperatures during the cutting processes were higher, and
the molecules between the tool material and workpiece mate-
rial were intensive. In comparison, the lower atom percentage
of carbon found on the surface machined by tool CTM302

Fig. 15 Simplified wear process
of PCD tools. a Fracture of tool
tip after six cutting passes. b The
change of tool geometry due to
the fracture of tool tip. c Fracture
of the tool tip after 14 cutting
passes

Fig. 16 Morphology of surfaces machined by different PCD tools in micro-scale
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indicates that the temperature increase caused by the fracture
of tool tip was less significant.

6 Conclusion

An analytical model was developed to investigate the wear
mechanism of PCD tools in metallic cutting processes. The
development of flank wear was calculated by taking into
account tool geometry, cutting parameters, and physical
properties of workpiece and PCD materials. The model
was developed based on the combined influences of
adhesive-abrasive process and the dynamic cutting forces,
and was validated by turning titanium alloy Ti6Al4V with
customized tools made of three PCD materials. The com-
parison between the calculated results and experimental
data showed that the VBs calculated with the proposed
model match the actual values when tools CTB002 and
CTB010 were used. With the development of flank wear,
the effect of abrasive wear became more significant on the
tool made of CTB002. The wear mechanism of the tool
made of CTM302 was different, and this led to obvious
deviation between the experimental and calculated results
in some cutting passes.

By analyzing the morphological characters of worn
areas as well as the chips, it was found that in tools made
of CTB002 and CTB010 worn in a steady “spalling” pro-
cess, the PCD material was removed layer by layer during
the cycle of formation and removal of adhesion layers.
This was in accordance with the linearly increased cutting
forces in tangential direction. Large-scale fracture hap-
pened in the cutting tests when adopting tool CTM302,
and the influence on the tool profile, which changed the
tool/workpiece contact area, resulted in the change of chip
shapes between continuous and discontinuous throughout
the experiment. The examination of the machined surface
in micro-scale showed that no catastrophic damage was
found, and the result of EDS showed that the molecular
process between the three tools and workpiece materials
were different.
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