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Abstract Polycrystalline diamond (PCD) tools have
been widely used in industry because of its ultra-
hardness and high abrasion resistance. Electrical dis-
charge grinding (EDG) and conventional abrasive grind-
ing are currently the two main processes to manufacture
PCD tools. However, PCD tools fabricated by the two
methods show different cutting performance. This paper
investigates the quality and performance of PCD tools
manufactured by the two methods in turning titanium
alloy. Flank wear, crater wear, tool nose wear, and their
mechanisms were investigated; residual stress and
graphitization were analyzed quantitatively by using Ra-
man spectrum. Although PCD tools machined with the
two methods do not have obvious big difference in vis-
ible surface quality, serious tool wear was found on the
surface and cutting edge of the conventionally ground
PCD tool, while PCD tools machined with EDG process
showed better tool wear resistance. Through analysis of
Raman spectrum, compressive residual stress of
0.54 GPa was found on the surface of conventionally
ground PCD tool. In contrast, larger tensile residual
stress was found on the PCD tools manufactured with
EDG process.

Keywords Polycrystalline diamond (PCD) . Electrical
dischargemachining (EDM) . Electrical discharge grinding
(EDG) . Tool wear . Residual stress . Graphitization

1 Introduction

Advanced materials such as titanium alloys and carbon fiber-
reinforced plastic (CFRP) have found wide applications in
aviation industry owing to their excellent mechanical proper-
ty, low weight-strength ratio, and high erosion resistance.
However, titanium alloys are difficult to machine due to their
low thermal conductivity and high chemical reactivity which
adversely affect tool life, cause premature tool failure, and
eventually lead to very low efficiency [1]. The recommended
cutting speed for machining titanium alloys using high-speed
steel (HSS) is over 30 m/min. This cutting speed can be in-
creased to 60 m/min when adopting tungsten carbide (WC)
tools [2]. However, when applied in high-speed cutting (larger
than 100 m/min) in the finishing process, the tool life becomes
unacceptably short: some tools can only last for a fewminutes.
With the progress in material science, polycrystalline diamond
(PCD) has been gradually applied in industry to make high
performance cutting tools. The significant hardness (over 8,
000 HV), low friction coefficient, and excellent thermo-
conductivity of diamond of up to 500 W/mK at 300 °C make
it one of the most promising tool material for machining tita-
nium alloys and CFRP [3]. Experimental results have proven
that PCD tools have much longer tool life than tungsten car-
bide tools in machining Ti6Al4V with the same cutting speed
(100, 200, and 300 m/min) [4].

However, due to the extreme hardness, it is extremely dif-
ficult to grind PCD tools to shape, particularly when the work
holding space is limited on small complex parts. Abrasive
grinding and electrical discharge grinding (EDG), a variation
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of electrical discharge machining (EDM) process but with a
rotational electrode, are the two major methods utilized in
industry to manufacture PCD tools. Conventionally abrasive
grinding process provides high surface quality and a long tool
life, but its machining efficiency is extremely low. EDG is a
non-contact thermal erosion process in which the material is
removed by a series of recurring electrical discharges between
the electrode and the electrically conductive workpiece, in the
presence of a dielectric fluid. Due to the different material
removing mechanism of EDG and abrasive grinding,
PCD tools manufactured with these methods are of dif-
ferent qualities and show different performances in ma-
chining titanium alloys.

Tso and Liu [5] found that PCD inserts fabricated by con-
ventional grinding had longer tool life. In contrast, for
EDG’ed tools, one of the problems encountered was the ther-
mal residual stress which was caused by the mismatch of
thermal expansion coefficient between diamond particles
and cobalt [6, 7]. Residual stress within the PCD layer is
generated in both sintering and grinding processes; its value
indirectly affects the quality and performance of PCD tools
[8]. According to Yahiaoui et al. [9], tensile residual stress in
the PCD layer could cause inner cracks, weaken the strength
of diamond to diamond bonding, and reduce tool wear resis-
tance. It was assumed that the thickness of PCD layer influ-
enced the distribution of residual stress in the entire PCD layer
of an insert [10]. In other words, the distribution of residual
stress depended on the thickness ratio of PCD layer and tung-
sten carbide substrate. Moreover, the size of PCD grains af-
fected residual stress on PCD surface as well. Larger compres-
sive residual stress existed within PCD layer made of bigger
diamond particles (for example 30 μm) [11]. Another thermal
defect after EDG process is graphitization. This will happen
when temperature reaches 973 K with cobalt as its catalyzer,
and this conversion is detrimental to tool quality because it
weakens the strength of diamond and causes irreversible vol-
ume expansion [12, 13].

Cheng et al. had conducted comprehensive research in var-
ious types of wear in applying PCD tools and found that the
development and modes of tool wear depended on the mate-
rial of workpiece. The dominant tool wear mechanism in ma-
chining aluminum alloys tended to be abrasion and chipping
caused by impurities on the grain boundaries, which led to
severe edge rounding and significant flank wear, while, in
cutting copper, the predominant tool wear was crater wear,
which was related to an increase in temperature on the rake
face. In the cutting of electroless plated nickel, micro-chipping
of the cutting edge was significant. The chemical effect was
predominant when machining steel [14]. For the machining of
titanium alloy, the wear types are various and are affected by
multiple factors. The cutting environment is severe due to its
inherent property of low thermal conductivity. Furthermore,
the element Ti is chemically active and has affinity to many

tool materials [15, 16]. Cutting tools can be worn by abrasion,
chemical erosion, diffusion, build-up edge (BUE), build-up
layer (BUL), and other wear modes [17]. Based on the exper-
iments of turning Ti6Al4V, Rosemar et al. [18] analyzed the
wear mechanism and tool life of PCD tools. Severe crater
wear and adhesion were found in the worn area, and it was
assumed that these results could be attributed to the combina-
tion of attrition and diffusion–adhesion mechanism: adhesion
wear occurred between the surfaces of workpiece and tool
clearance face. Other studies also proved that high cutting
temperature, which could exceed 800 K at cutting edge when
the cutting speed was 190 m/min [19], accelerated the rate of
chemical diffusion, and this process resulted in the formation
of a titanium-carbide layer [20, 21]. Finally, this layer and
some amount of tool material were removed by “plucking
action,” thus accelerated tool wear on the rake face. According
to Cheng et al. [22], the high cutting temperature decreased the
cohesive energy of carbon and weakened the C–C bond of
diamond, which reduced the strength of the microstructure
of diamond. In another research conducted by Amin et al.
[23], a comparative experiment of milling titanium alloy
Ti6Al4V with WC-Co and PCD tools, respectively, was car-
ried out. The main wear mechanism ofWC-Co tools generally
included diffusion and superficial plastic deformation. Diffu-
sion, abrasion, and notching were the main wear modes found
on the surface of PCD tools. Honghua et al. [24] analyzed
surface integrity and tool life by milling TA15 with PCD in-
serts. Their experimental results showed that value of flank
wear (VB) increased by over 0.2 mm after 80 min when the
cutting speed was 350 m/min. Adhesion and micro-chipping
were found on PCD surface. The adhesion of tool material
indicated a strong bond at tool/workpiece and tool/chip interface,
this effect combined with a relatively high temperature reduced
the yield strength of PCD tool and led to the development of nose
wear and flank wear. Spalling was found on the surface of PCD
cutting tools when the cutting speed increased to 375m/min. The
mechanism of PCD tool wear was mainly the interaction be-
tween adhesive wear and abrasive wear [25].

Although extensive research has been conducted to inves-
tigate the wear mechanism of PCD tools, the majority research
is focused on the tool wear modes of conventionally ground
PCD tools and how cutting parameters affected the develop-
ment of tool wear. The wear mechanism and wear modes of
PCD tools machined by EDG process are rarely investigated.
Moreover, no thorough researches on the influence of invisi-
ble defects such as graphitization and large residual stress
which may inflict sever damage to PCD tools in harsh ma-
chining conditions have ever been conducted.

This paper investigated the wear mechanisms and cutting
performance of PCD tools machined with different methods
and strategies. Wear resistance and cutting performance were
examined by turning titanium alloy Ti6Al4V. To compare tool
quality before and after the cutting tests, tool geometry,
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residual stress, and the level of graphitization were measured
intermittently in each test. Different wears including flank
wear, nose wear, and crater wear were investigated. The rela-
tionship between defects caused by tool manufacturing pro-
cess and the evolution of wear was analyzed.

2 Experimental setup

2.1 Preparation of cutting tools

In this study, PCD inserts made of CTB010 (Element Six),
which are widely used for metal works in manufacturing in-
dustry, were tested in turning titanium alloy Ti-6Al-4V. The
basic physical property of the PCD is shown in Table 1. The
inserts were prepared in two steps:

Step 1 PCD strips (3 mm in thickness) were wire-cut from a
circular PCD disc; rectangular PCD inserts (7.0mm×
7.0 mm) were made by further slicing the PCD strip
(Fig. 1) into small inserts.

Step 2 PCD inserts were machined with two different
methods: conventional abrasive grinding (CAG)
and EDG.

Figure 2a, b shows the CAG and EDG processes, respec-
tively. The conventional grinding was conducted on a com-
puter numerical control (CNC) Diamond Grinder (COBORN
RG6-FE). The grinding feed rate was 0.2 mm/min, and the
grinding speed was 20 m/s. The EDG process was conducted
with a commercial EDG machine (ANCA EDGe). To

investigate the effects of different EDG parameters, two dif-
ferent EDG machining methods were adopted: a two-step
method including a roughing and a finishing process and a
three-step method which includes a roughing, a semi-
finishing, and a finishing process. The roughing process is to
achieve the highest machining efficiency by removing the
workpiece material as fast as possible using large electric cur-
rent and large in feed rate, while the finishing process is to
maintain PCD surface quality by using small current and slow
in feed rate to eliminate stressed and graphitized PCD struc-
ture. The detailed machine parameters are shown in Table 2.

The morphological parameters of PCD inserts after EDG
and conventional grinding were examined with an Alicona
(IF-EdgeMaster) optical microscope. As shown in Fig. 3, 3D
images of each cutting tool were taken for further geometric
analysis. The measurement of surface roughness, clearance
angle, and radius of cutting edge was conducted by using
software “Edge Master.” The edge radii of PCD inserts ma-
chined with different methods are listed in Table 3. Before the
cutting test, residual stress on the machined surface of each
PCD insert was measured using PerkinElmer Raman Station
400F. Raman values were acquired with a 100-μm laser spot
to analyze the types of carbon and residual stress on the ma-
chined surface.

2.2 Turning experiments

Figure 4 shows the equipment and the setup in turning of
titanium alloy with PCD tools. The turning experiment was
conducted on a CNC lathe (OKUMA GENOS L200E-M). A
PCD insert was fasten on a tool holder which was clamped on

Table 1 Basic physical properties of CTB010

Diamond grain size Thermal conductivity Thermal diffusion Density Diamond fraction Cobalt fraction

10 μm 459 W/m K 0.24×10−3 m/s2 4.08 g/cc 89.7 % 10.3 %

Fig. 1 a The Dophen wire-EDM
machine. b A PCD strip
(CTB010). c PCD inserts
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a designed tool fixture (Fig. 4a). A dynamometer (PCB
Piezotronics 260A01) was mounted on the base of the tool
holder (Fig. 4b) for measuring the change of machining force
during the cutting process. The dimension of the titanium
alloy workpiece (Ti-6Al-4V grade 5) is 200 mm (L)×50 mm
(D). Its basic physical properties and chemical composition
are listed in Tables 4 and 5. The titanium alloy workpiece
would be machined with three types of PCD inserts with same
cutting parameters which were often used for the finishing
process of turning Ti-6Al-4V [2]:

Cutting speed, 160 m/min (1,074 RPM)
Feed rate, 0.15 mm/rev
Cutting depth, 0.2 mm

Coolant of normal pressure was applied to reduce the cut-
ting temperature. In order to check the evolution of tool wear,
the morphology of each cutting tool was examined after turn-
ing consecutively for 1, 2, 3, and 4 min during the experiment.
Tools would be rejected according to the following ISO3685
tool failure criteria: nose wear, VN=0.4 mm; average flank
wear, VB=0.4 mm; notch wear, VC=0.6 mm; roughness of
flank surface, R=1.6 μm; and any catastrophic fracture on
cutting edge.

Cutting force was recorded by a force measurement
system during the entire machining process. Force sig-
nal was recorded by a dynamometer as voltage signal
and transferred to the laptop via an amplifier (PCB
Piezotronics 480A22) and DAQ card (National Instru-
ment 6036E), then processed by the software LabVIEW
SignalExpress (Fig. 5b). The acquired voltage signals
were filtered using the software MatLab (Fig. 5c) and
converted into force values by multiplying the sensitiv-
ity of the dynamometer in each direction. The

dynamometer could measure the forces exerted in three
directions (Fig. 5a): feed force (X direction), back force
(Y direction), and main cutting force (Z direction),
which were the components of actual cutting force in
the turning process.

Alicona optical microscopes and scanning electronic mi-
croscope (SEM) were utilized to check tool wear and surface
quality after machining. Images of worn areas of workpieces
and the elements of adhered materials were recorded so that
the performance of cutting tools could be compared.

3 Experimental results and discussion

Tool wear and surface profile of the workpiece after being
machined continuously for 1, 2, 3, and 4 min were recorded
in the turning experiment. In general, wear modes such as
flank wear, nose breaking, BUE, BUL, fracture, and cutting
edge roundness which are caused by different mechanisms
including mechanical, thermal, chemical, and possible electri-
cal effects as predicted by Oosthuizen et al. were examined
[2]. Residual stress and the phase of carbon after grinding
were analyzed using the data from Raman spectrum.

3.1 Mechanism of flank wear

Flank wear reflects the friction between the workpiece surface
and flank face of the cutting tool. Figure 6 shows the worn
areas on the flank faces of three types of PCD tools after
machining for 10 min. The acquired images (×50, Alicona
EdgeMaster) show that flank wear on the tool surfaces was
caused by the abrasion between PCD flank face and the sur-
face of the workpiece. The most serious wear is found on the
flank face of the conventionally ground insert. It can be seen in

Fig. 2 a PCD inserts ground on
the diamond grinder. b PCD
inserts machined on ANCA
EDGe grinder

Table 2 Machining parameters
for two-step EDG and three-step
EDG processes

Step Two-step grinding (current/in feed) Three-step grinding (current/in feed) (μm)

1 12A/150 μm 12A/150

2 1A/40 μm 4A/40

3 1A/30
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Fig. 6a–d that tool wear developed from a narrow area around
cutting edge into a large triangular area. For the PCD tool
manufactured with the two-step EDG process (Fig. 6e–h), the
trend of tool wear development was similar to that of the abra-
sively ground PCD insert but with amuch smaller abrasive area
which indicated that the tool–workpiece contact area was small.
Also, it can be seen that the length of nose wear was just a half
of that of conventionally ground insert, which means that tool
wear rate at this area was smaller duringmachining. In contrast,
tool wear resistance of the PCD tools machined with the
three-step EDG process was better than the tools machined
with other two methods: the initial length of flank wear was
smaller (Fig. 6i) and the worn surface was limited to the area
around the cutting edge, not much PCD material near the tool
nose was removed in the entire cutting process (Fig. 6i–l).

The change of VB values andmain cutting force (Z direction)
reflects the evolution of flank wear of different PCD inserts.
According to Fig. 7a, the VB values of all the inserts, measured
at the position about 100 μm away from tool nose, were around
50 μm (after 1 min) and developed in different rates in the
following 9-min turning. To be specific, conventionally ground
PCD have the most serious flank wear rate, the increase of VB
showed a linear trend during the machining. After 10 min, its
VB reached near 320 μm which was the largest among all the
three tools. The evolution of flank wear of the tool machined
with the two-step EDG method has a similar trend but not as
severe as the conventionally ground insert. Its VB starts at
35.6μmafter 1min, which was the lowest among all three tools,
increased to 220.47 μm linearly after 10 min. Also, the VB of
the two-step EDG’ed insert after 10-min is similar to that of
conventionally ground one after 6 min. It is shown that the tool
machinedwith the two-step EDGprocess has a better flankwear
resistance than the conventionally ground PCD tool. The
smallest VB after 10 min was obtained by using the three-step
EDG’ed PCD insert. Its wear curve was similar to the standard
wear trend which includes an initiation, a steady, and a severe
wear process. After 10 min, a VB of 117.04 μm was achieved.
This was the lowest value and indicated the best wear resistance

Fig. 3 3D images (×50) of tool nose and cutting edge machined with conventional grinding and EDG. a Conventional grinding. b Two-step EDG. c
Three-step EDG

Table 3 Cutting edge radius of three PCD inserts after machining

Machining methods Cutting edge radius (μm)

Conventionally ground 5.6

2-step EDG 4.18

3-step EDG 3.22
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of this type of tool. The component of cutting force in Z direction
reflects the difference in the development of flank wear as well.
Generally, the change of Z direction force has the similar trend as
that of VB values for each PCD insert (Fig. 7b). As flank wear is
caused by the tool/workpiece abrasion, the increase of friction
area leads to the raising of cutting force in Z direction. All the
forces initiated around 100 N and went up to different values
during the cutting process. Largest cutting force was foundwhen
turning Ti6Al4V with the CAG’ed PCD insert (293 N after
10-min turning), and the force in turning the alloy with the
two-step EDG’ed tool was smaller (215 N after 10-min turning)
but had a similar trend. In contrast, the variation of cutting force
in Z direction with the three-step EDG’ed insert was not obvi-
ous, which were 119, 136, 146, and 161 N, respectively, in each
step of the experiment, there conformed to the change of VB
values on the flank face of the three-step EDG’ed insert.

As shown in Fig. 6l, obvious notch wear was formed at the
end of flank wear area on the flank surface of the three-step
EDG’ed insert, while this was not found when turning with the
conventionally ground PCD tool and the tool machined with the
two-step EDG process. SEM images of regions near the tool

nose (Fig. 8) show more detailed information about the flank
wear. It can be seen that material adhered to the worn flank face,
some of them was removed by abrasion and attrition, and fresh
PCD surface was exposed and led to further wear process. Re-
sults of energy-dispersiveX-ray spectrum (EDS) analysis (Fig. 9)
show that the accumulated material is titanium alloy. This indi-
cates that serious diffusive-abrasive wear happened in this area.
The adhesion of titanium was the main factor that contributed to
flank wear. According to the theory of Bhaumik et al. [26],
adhesion happened frequently when there was chemical affinity
betweenworkpiece and tool surface. This caused further material
diffusion between the workpiece and cutting tools. Because of
the feeding movement of the cutting tools, high temperature and
high compressive stress were generated between the surface of
workpiece and flank surface which accelerated the diffusion and
attrition process [27]. Although the temperature on flank face
was lower than the temperature on clearance face, abrasion on
flank face was constant and lasted longer, and the constant and
long time contact provided sufficient time for diffusive-abrasive
reaction. Also, PCD is sensitive to high temperature, and around
36 % of its hardness can be reduced when machining

Fig. 4 Equipment used in the
turning experiment. a Assembled
tool fixture. b 3D model of the
designed fixture. c Experimental
setup of the turning test

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

Ti-6Al-4V 4.43 g/cc 349 113.8 GPa 0.342 6.7 W/m K
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temperature rises from 300 to 500 K [28]. Even though coolant
was applied in themachining, the instantaneous temperature near
the cutting edge and tool nose was still high enough to weaken
the diamond structure on flank face. As a result, flank wear was
formed and developed by the continuous cycle of adhesion, dif-
fusion, and the removal of this layer. Especially, when compared
with EDG’ed inserts, abrasion between the cutting tool and
workpiecewasmore severe becausemore adhered titaniumwith-
in worn area of conventionally ground PCD was removed.

3.2 Tool nose wear analysis

As the landing area of flank wear, nose wear rate is generally
higher than flank wear rate [29]. It was found that different
degrees of nose wear occurred after 10-min turning (Fig. 10).
To be specific, CAG’ed tools suffered most serious tool nose
wear (Fig. 10a), and the worn area extended nearly to the
boundary between PCD layer and the WC substrate. For the
two-step EDG’ed tools (Fig. 10b), the mass loss around tool
nose is less than that of conventionally ground tools, and the
worn area near the tool nose of three-step EDG’ed insert is
smallest (Fig. 10c), which means that EDG’ed tools have bet-
ter nose wear resistance than the conventionally ground tools.

In Fig. 8, notching near tool nose is found along the second-
ary cutting edge of all three samples as well. On a cutting tool,
tool nose suffers the maximum cutting temperature whichmight
cause thermal softening of material if it is high enough. Sreejith
et al. [30] proved that notching near tool nose was produced by
the oxidation wear combined with high temperature. From the

result of EDS analysis at the notching area (Fig. 11), titanium
and oxygen present at worn area. This indicates that chemical
reaction between titanium alloy, carbon, and oxygen contributed

Table 5 Basic chemical composition of Ti-6Al-4V

Ti Al V Fe C O N H

88.3 % 6.5 % 4.3 % 0.3 % 0.1 % 0.3 % 0.05 % 0.02 %

Fig. 5 a Cutting force model of turning [14]. b Force signal acquired by the software “LabVIEW SignalExpress.” c Force signals filtered by “MatLab”

Fig. 6 Intermittent images of flank wear on tools manufactured with
different methods. a CG tool after 1 min. b CG tool after 3 min. c CG
tool after 6 min. d CG tool after 10 min. e Two-step EDG’ed tool after
1 min. f Two-step EDG’ed tool after 3 min. g Two-step EDG’ed tool
6 min. h Two-step EDG’ed tool 10 min. i Three-step EDG’ed tool after
1 min. j Three-step EDG’ed tool after 3 min. k Three-step EDG’ed tool
after 6 min. l Three-step EDG’ed tool after 10 min

Int J Adv Manuf Technol (2016) 85:825–841 831



(a) 

(b) 

1min 3min 6min 10min
 2-Step EDG (µm) 35.6 63.96 122.48 220.47
 3-Step EDG (µm) 44.91 76.21 84.38 117.04
CAG (µm) 53.7 126.56 205.77 318.53

0
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150
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250

300

350

VB
 

Flank Wear a�er Each Stage

1min 3min 6min 10min
CAG (N) 121.2436 142.1134 204.12652 293.171
2-Step EDG  (N) 103.3552 125.2188 177.69144 215.05832
3-Step EDG  (N) 119.65352 136.1506 146.28736 161.59188
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200
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300

350
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rc
e 

Measured Force  in Z Direc�on

Fig. 7 a VB values of different
inserts in each stage of
experiment. b Force in Z direction
in each step of turning experiment

Fig. 8 SEM images (×1,000) of
rake flank face after 10-min
turning. a CAG’ed tool. b two-
step EDG’ed tool. c Three-step
EDG’ed tool
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to notching around the tool nose. Also, this phenomenon proved
that the temperature at the tool nose was very high, although
coolant was applied in the turning process.

As shown in Fig. 12a, the change of nose wear shows similar
trend as that of flank wear. Specifically, the values of VN of all
three inserts start at nearly the same value (around 50 μm). The
worst result was acquired by using conventionally ground PCD
with a VN value reaching nearly 400 μm, which was the big-
gest one. In contrast, the VBs of the two-step EDG’ed insert
were 71 μm (after 3 min), 140 μm (after 6 min), and 250 μm
(after 10 min). The tool machined with the three-step EDG
process showed the best wear resistance, the trend of wear
development was steady, and it was only 87.14 μm after
10-min turning, which was even smaller than the maximum
value of flank wear. It was also found that, in the conventionally
ground and two-step EDG’ed PCD inserts, the development of
wear around tool nose was faster than on the flank face, which

indicates more abrasive reaction occurred near tool nose in
turning titanium alloy. However, in the three-step EDG’ed
PCD insert, the VBs grew more rapidly than the VNs, showing
a better wear resistance at tool nose than on flank face.

The development of tool nose wear led to the change of
cutting force in Y direction (Fig. 12b) and affected the profile
of machined surface at the same time. It is known that peaks
and grooves were generated by the successive movements of
tool nose at intervals of feeds [31]. Therefore, the examination
of surface profile is able to provide important information
about tool wear: the fracture of tool nose during turning causes
the variation of cutting force and continuously causes contin-
uous changes in the depth of grooves on the workpiece sur-
face. According to Fig. 12b, the cutting force in Y direction
increased significantly when turning workpiece with both
CAG’ed PCD tool and two-step EDG’ed tool. This is reflected
by the decreasing of the groove depth after 10-min machining

Fig. 9 EDS analysis of elements accumulated on worn flank surface of three-step EDG’ed tool after 10-min turning

Fig. 10 Enlarged images of flank
face after 10-min turning (×50,
“Alicona,” EdgeMaster). a
CAG’ed tool. b Two-step
EDG’ed tool. c Three-step
EDG’ed tool
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(Figs. 13b, c and 14b, c). Compared with the groove depth
achieved in the 1-min machining, there was a decrease of
around 20 μm. This was caused by the material lose on the
CAG’ed PCD tool nose which led to larger force in Y direction

in removing workpiece material. However, for the grooves
machined by the three-step EDG’ed insert, it decreased less
than that of machined by the CAG’ed insert: the depth was
kept around 100 μm (Figs. 13a and 14a), which meant a

Fig. 11 EDS analysis of elements composited on worn clearance surface of conventionally ground insert after 10-min turning

(a) 

(b) 

1min 3min 6min 10min
 2-Step EDG (µm) 29.6 70.77 139.94 249.05
 3-Step EDG (µm) 48.02 55.51 70.88 87.14
CAG (µm) 51.7 121.61 247.25 392.67
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200
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Nose Wear a�er Each Stage

1min 3min 6min 10min
CAG  (N) 12.44061 17.07797 29.02809 41.51329
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3-Step EDG  (N) 13.73372 16.40912 16.45371 16.81043
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Fig. 12 a Values of VN (tool
nose wear) after each step of
turning experiment. b Force in Y
direction in each step of turning
experiment
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relatively intact tool nose was retained. The change of back
force (Y direction) proved this assumption as well. The back
force for the first minute cutting was around 12 N and in-
creased only 5 N during the following 9-min cutting. This
meant its tool nose was sharp enough and no increase in cut-
ting force was caused in the following cutting process.

3.3 Crater wear analysis

It is known that PCD has high resistance to crater wear under
normal cooling condition. However, tool wear was found after
10-min turning on the rake face of all cutting tools. Figure 15
illustrates the tool wear on rake surface and cutting edge of each
PCD insert. It is clear that the level of cutting edge blunt and

crater wear on the rake face are different among the three types
of PCD tools. The cutting edge becomes blunt owing to the loss
of tool material on the rake face near the cutting edge (Fig. 15d,
g, and i). It can been seen in the SEM images that severe crater
wear occurred in the 10-min turning process: there was titanium
adhesion near cutting edge and a “hollow area” near the worn
cutting edge of the CAG’ed tool (Fig. 8a). It has been proved that
this type of wear is generated by chemical diffusion at tool/chip
interface [1]. It is thermally activated and developed by remov-
ing the adhesivematerial by plucking action. Theworn profile of
the conventionally ground PCD surfacewas similar to that found
by Rosemar et al. [15]. Also, because the rate of chemical diffu-
sion and adhesion depends on the temperature at tool/chip inter-
face [27], it is reasonable to assume that the temperature at the

Fig. 13 Depth of workpiece
surface after 1-min turning by a
three-step EDG’ed tool, b two-
step EDG’ed tool, and c
conventionally ground tool

Fig. 14 Depth of workpiece
surface after 10-min turning by a
three-step EDG’ed tool, b two-
step EDG’ed tool, and c
conventionally ground tool
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worn area was higher and the chemical reaction was severe in
turning titanium with conventionally ground PCD tools. How-
ever, different from conventionally ground tool, crater wear of
EDG’ed tools was less serious in the 10-min machining.

Figure 15 shows that the large area of BUL and BUE on the
cutting tools particularly the tool ground with the three-step
EDG method. A thick titanium alloy layer was formed after
3-min turning, and this layer became even larger when the ex-
periment was finished (Figs. 15j–l and 16). BUL was formed
on the rake surfaces, and this was the cause that led to the
decrease in the development of wear on their rake faces. As
aforementioned, the development of diffusive-adhesive wear
depends on the temperature at the tool/chip interface. During
the turning process, the thermal effect caused by the deforma-
tion and friction at tool/chip interface was small, and this
could be proven by the shape of chips (Fig. 17). Compared
to the chips generated by conventionally ground inserts which
were twisted together, the chips created by EDG’ed PCD in-
serts were regular and the radii of curves were smaller. Espe-
cially for the three-step EDG’ed PCD inserts, the chips were
segmented during 10-min machining. The curvature of chips
represents the tool-chip length, it is an important parameter
which contains information about the contact between chip
and rake face. A shorter tool-chip contact led to better coolant
penetration [15]. According to Minton et al. [32], the temper-
ature at tool/chip interface is over 1,300 K in dry cutting;
therefore, applying coolant is necessary when PCD tool is

used because the high temperature can accelerate diffusive-
adhesive process and deteriorate the strength of PCD tools
[24]. The adhered titanium alloy on the rake face of the
three-step EDG’ed insert means that only a part of BUL was
softened and removed, and leaving most part of BUL adhered
on rake surface because the cutting temperature was lower
than when the other two types of PCD tools were applied.
As a result, the residual BUL left on the rake face stopped
the further development of crater wear, preserving an intact
rake surface on the EDG’ed insert [20]. This can be proved by
the wear at tool nose and its cutting edge. It can be seen that,
on the EDG’ed PCD inserts, the cutting edge near tool nose
was well kept and abraded titanium could be found on nearby
surfaces (Fig. 16b, c). On the other hand, the edge of conven-
tionally ground tool along nose direction was abraded serious-
ly; a blunt edge with large nose radius was found after the
entire turning process was completed (Figs. 15d and 16a).

Furthermore, relative temperature of each tool can be indi-
rectly predicted based on the profile of peaks and grooves
shown in Fig. 18. The shape of grooves machined by the
conventionally ground tool (Fig. 18c) was non-uniform after
10-min machining: titanium alloy was “squeezed” along the
direction of feed. In contrast, the profiles of the groove ma-
chined by the three-step EDG’ed tool (Fig. 18b) and the
two-step EDG’ed PCD tool (Fig. 18a) were still symmetric.
According to Oosthuizen et al. [2], the temperature on tool
face was over 1,000 K. Although coolant was applied, the

Fig. 15 Wear on tool nose and
cutting edge after each step of
turning experiment (“Alicona”
EdgeMaster ×50)
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temperature around tool nose was high enough to soften the
workpiece material. Therefore, this phenomenon was because
the material at tool/chip interface and tool/workpiece interface
which was softened at high temperature at tool/workpiece
interface was moved along with cutting tools under the force
in the feed direction. The asymmetric profiles of surfaces ma-
chined by conventionally ground tools proved that the tem-
perature was higher than those of EDG’ed tools. High tem-
perature caused by friction and large feed force accelerated the
diffusive-abrasive process and led to larger wear areas on
flank face and rake face of the conventionally ground tool.
From the profiles of EDG’ed tools, it can be predicted that
the temperature around EDG’ed tool nose areas was not as

high as that at conventionally ground tool nose. Moreover, a
thicker layer of workpiece material adhered to the tool surface
and tool nose, and this prevented the direct contact between
PCD and high temperature workpiece material. Thus, the ad-
hered layer reduced the area of worn surface and preserved
intact tool noses of EDG’ed tools during the turning process.

3.4 Effects of residual stress and graphitization

Based on the discussion in Section 3.1, it is found that PCD
tool machined by the three-step EDG process has the best
wear resistance. It ended up with the lowest VB and VC after
10-min turning. For EDG’ed and conventionally ground PCD

Fig. 17 Chips after 10-min
turning. a CG tool. b Two-step
EDG’ed tool. c Three-step
EDG’ed tool

Fig. 16 SEM images of rake face
after 10-min turning. a CG tool. b
Two-step EDG’ed tool. c Three-
step EDG’ed tool
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tools, the difference in quality does not exist only in surface
roughness and the sharpness of cutting edge but also in the
residual stress on the tool surface.

To analyze the residual stress, Raman spectrum of each
PCD insert was measured before the cutting test. The shift
of Raman value stands for the existence of residual stress on
PCD surface. The results (Fig. 19) show that that both abra-
sive grinding and EDG were able to ease the compressive
condition of residual stress on the PCD layer. Furthermore,
from the Raman spectrum of each tool, graphite was detected
to exist on the machined surface. The peak of graphite was
higher for both EDG machined tools in comparison to that of
the conventionally ground PCD surface (Fig. 19).

For each PCD tool, the value of Raman shift was measured
three times, and the average values of recorded data were used
for calculating the residual stress in PCD layer. The calcula-
tion of residual stress is based on the following equation [33]:
σ ¼ − vs−vrð Þ=χ ð1Þ
where σ is the residual stress (positive means compress stress,

negative means tensile stress), vs is the measured Raman shift
value of the diamond, vr is the unstressed Raman value (1,
330/cm), and χ is the coefficient of stress-induced frequency
shift (1.98 GPa/cm).

Figure 20 shows the Raman shift value obtained from the
PCD inserts. Tensile residual stress of 3.01 and 1.71 GPa was
found on the two-step and three-step eroded PCD tools, re-
spectively. On the other hand, compressive residual stress of
0.54 GPa was found dominating the surface of conventionally
ground PCD tools. By comparing the performance of two-step
and three-step eroded PCD tools, it was found that the residual
stress significantly affected tool performance. In this study,
PCD tools machined with three-step EDG process had lower
residual stress and had achieved 1.5 times better wear resis-
tance (considering the flank wear) than the two-step PCD after
10min in the turning process. Because residual stress exists
at cobalt/diamond interface, the strength at this area is
weak. Residual stress with a big value favors crack
propagation in grain boundaries and leads to diamond

Fig. 19 Results of Raman
spectrum on flank surface of three
PCD inserts after filtering

Fig. 18 Profiles of cutting edges
and machined grooves after 10-
min turning. a Two-step EDG. b
Three-step EDG. c
Conventionally ground
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grain decohesion. This weakened structure reduces the
abrasion resistance of machined surface. Under the im-
pact of extrinsic constant loading, material near cobalt/
diamond interface worn away first and some inter-
granular cracks are produced [34]. As a result, bigger
value of residual stress caused more unstable structure
within the PCD layer.

According to Fig. 19, it can be seen that different car-
bon phases including graphite (around 1,600/cm), polycrys-
talline diamond (1,330/cm), and nano-crystalline diamond
(around 1,250/cm) were found on machined PCD surfaces.
Nano-sized diamond was found in the layer of convention-
ally ground PCD, while this structure did not exist in the
PCD manufactured with EDG process. In conventional
grinding, exerted shear stress and compression did not af-
fect the existence of the nano diamond particles. However,

in the EDG process, due to the thermal effect generated by
plasma, nano diamond particles were converted to graphite
and were removed in the machining. Yingfei et al. [35]
found that diamond-graphite conversion was one of the
reasons causing diffusive tool wear on flank face. The
quantity of graphite can affect the strength of PCD struc-
ture and reduce its abrasion resistance as well. The peaks
of graphite in Fig. 18 show the graphitization in tools
machined by the two EDG processes. In the turning pro-
cess, graphite on the top surface was removed by the
abrasion, and the underneath layer of graphite weakened
the strength of cutting edge and tool nose and accelerated
the fracture and material loss in these areas.

Different from PCD tools machined by the EDG pro-
cess, residual stress in the conventionally ground PCD
tools was compressive, and the level of graphitization
was the lowest. However, the tool performance of con-
ventionally ground PCD was the worst among all the
tools. Figure 21 presents the condition of tool nose after
20-s turning which indicated the initiation of tool wear.
In Section 3.2, it was found that there was obvious
material loss at the nose in the conventionally ground
PCD tool, while the tool noses of the EDG’ed inserts
were relatively intact and workpiece material adhered
around tool noses. The appearance of significant frac-
ture mode at the early machining step is a good indica-
tion of the occurrence of internal cracks that typically
associated with the grinding process. The micro-cracks
caused by the compressive stress initiated the wear on
flank face and tool nose, and these defects accelerated
the development of fracture, which led to the develop-
ment of tool wear.

Fig. 20 Raman peaks of the PCD surface of three PCD inserts

Fig. 21 SEM images (×2,000) of
tool nose after 20-s turning. a
Conventionally grinding tool. b
Two-step EDG’ed tool. c Three-
step EDG’ed tool
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4 Conclusion

Different levels of tool wear were found in PCD tools
manufactured with conventional abrasive grinding, two-step,
and three-step EDG processes. The wear included flank wear,
tool nose wear, crater wear, and edge chipping.

Conventionally ground PCD suffered the most serious tool
wear among all three types of PCD tools. In contrast, the least
worn was found on flank face, rake face, and cutting edges of
the tools machined with the three-step EDG process.

Flank wear of PCD tools was caused by chemical diffusion
and abrasion between tool surface and workpiece in turning
titanium alloy which was activated by the high temperature at
tool/workpiece interface. The largest VB and VC which were
found on the surface of the conventionally ground PCD tool
indicated that its cutting temperature was highest in the ma-
chining. The size of worn areas on rake surface also proved
that higher tool temperature led to more serious crater wear.
Among all three types of PCD inserts, conventionally ground
PCD inserts generated the highest temperature during turning.
This accelerated the development of tool wear and increased
cutting temperature in return.

By analyzing surface profile of the grooves cut by the three
types of PCD tools, it was found that there was an obvious
decrease in the depth of grooves cut with conventional ground
PCD tool and the tool ground with the two-step EDGmethod.
This phenomenon proved that the wear at tool nose of these
two tools was more serious than that of the tools ground with
the three-s tep EDG method. The temperature at
tool/workpiece interface of conventionally ground and two-
step EDG’ed inserts was highest as proved by the asymmetric
profile of the grooves.

Residual stress and graphitization were investigated
through Raman spectrum measurement. Residual stress in
the conventionally ground PCD was compressive stress; its
value was larger than the residual stress in the EDG’ed tools.
Residual stress in the EDG’ed PCD tool was tensile stress and
its value was smaller.

Residual stress is one of the factors that accelerated the
flank wear of PCD tools. The stress at cobalt/diamond inter-
face made the structure unstable and reduced the wear resis-
tance of PCD tools. PCD inserts with bigger residual stress
have larger worn area on the flank face after machining. Nano-
sized diamond particles found in conventionally ground PCD
tools weakened the strength of diamond structure. While, in
the EDG’ed PCD tools, this structure did not exist because of
the thermal effects of EDG. However, graphitization in
EDG’ed PCD tools was more obvious because of the
high temperature of plasma which led to large scale of
conversion of carbon phases. The presence of graphite
affected the stability of diamond structure. EDG’ed
PCD tool with less graphitization showed less worn in
the machining of titanium alloy.
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