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1. Introduction

Binder-less polycrystalline diamond (BLPCD) was developed in
2003 [1] and was evolved as an extremely high performance tool
material in 2012 for machining non-ferrous materials [2]. Since
BLPCD has superior mechanical properties (high hardness, high
wear resistance, isotropic mechanical strength, etc.) to that of
conventional diamond materials such as single crystalline
diamond (SCD) and binder containing polycrystalline diamond
(PCD), it is the best material to be used for milling tools
[3]. However, it is difficult to produce such milling tools in a
productive way due to its veryhigh hardness and wear resistance.
Although electrical discharge machining (EDM) is known to be
one of the most practical ways for machining hard materials, it
is not applicable for BLPCD due to its electric non-conductance
[4]. A method utilizing a reaction between diamond and iron
may be applied [5]. The productivity, however, may not be
satisfactory.

This paper investigates the feasibility of machining BLPCD by
laser both by physical experiment and by numerical simulation
and the applicability of laser machining for mass production of
BLPCD tools is evaluated. The laser used in the study was the
femtosecond pulsed laser (FSPL) expecting the excellent surface
quality to be generated by the ablation effect of FSPL [6,7]. Also, the
differences between the surfaces machined by FSPL and surfaces

2. Experiment setup and procedures

The experimental study was performed by using FSPL and N
Table 1 shows the major parameters of the lasers used. The BLP
tool blanks (diameter: 1.2 mm, thickness 0.65 mm) shown
Fig. 1(a), were used in the experiments. Fig. 1(b) shows 

experimental setup when the tool blank was machined by F
Fig. 1(c) shows the entire view of the work bench with laser be
used for the experiments. The laser beam power and polariza
was adjusted by optical attenuator and half and quarter w
plates and then the beam was guided by dielectric mirror
galvanometer scanner to generate the scanning beam, wh
moves at more than 1 m/s speed in X–Y plane. The work bench
four-axis (XYZ linear and B axis rotary).

In the experiments, two types of laser beam irradiation aga
the BLPCD target were used. One type is so-called ‘‘nor
irradiation’’ in which the laser beam was irradiated normal to

Table 1
Typical parameters of lasers used in the experiments.

FSPL [8] NSPL [9]

Pulse width 350 fs 140 ns

Wavelength 1045 nm (IR) 1064 nm
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Since binder-less polycrystalline diamond (BLPCD) has no macro cleavage planes and highest hardne

is desirable material for micro milling tools. However, fabricating micro tools made of BLPCD

conventional method such as grinding is very time consuming due to its extremely high hardness. 

paper describes the successful results obtained in our recent study on productive machining of BL

using femtosecond-pulsed laser (FSPL). The ablation effect of BLPCD by FSPL has been studied

conducting a series of experiments. Also, the predictability of ablation effect of FSPL when machi

BLPCD has been evaluated by introducing numerical analysis model.
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studied.
Focal spot diameter 40 mm (IR)

20 mm (SHG)

40 mm

Average power <10 W <100 W

Pulse energy <50 mJ <1000 mJ* Corresponding author. Tel.: +15308671178.

E-mail address: kyamazaki@ucdavis.edu (K. Yamazaki).

Please cite this article in press as: Ogawa Y, et al. A study on machining of binder-less polycrystalline diamond by femtosecond pulsed
laser for fabrication of micro milling tools. CIRP Annals - Manufacturing Technology (2016), http://dx.doi.org/10.1016/
j.cirp.2016.04.081

http://dx.doi.org/10.1016/j.cirp.2016.04.081

0007-8506/� 2016 CIRP.

http://dx.doi.org/10.1016/j.cirp.2016.04.081
mailto:kyamazaki@ucdavis.edu
http://dx.doi.org/10.1016/j.cirp.2016.04.081
http://dx.doi.org/10.1016/j.cirp.2016.04.081
http://www.sciencedirect.com/science/journal/00078506
http://dx.doi.org/10.1016/j.cirp.2016.04.081


surf
irrad
dire
beam
poli
thes
mac
pock
as s
chos
in th
larg
‘‘Edg
‘‘par
cylin
edge
mas
on o

3. E

3.1. 

NSPL

I
and 

pock
eval

Fig. 2
tool.

Table
Targe

Ma

Sur

Edg

Pos

m

Y. Ogawa et al. / CIRP Annals - Manufacturing Technology xxx (2016) xxx–xxx2

G Model

CIRP-1490; No. of Pages 4

Ple
las
j.c
ace to be machined. The other type is referred to as ‘‘parallel
iation’’, where the laser beam is irradiated in the parallel

ction to the surface to be machined by using the side of the
. ‘‘Parallel irradiation’’ has been known as ‘‘laser grinding’’ to

sh the surface of hard materials [10]. By selectively using one of
e two types irradiation, experiments have been carried out by
hining three types of primitive geometries. These are
eting, sharp edge creation and cylindrical turning respectively

hown in Fig. 2. These three types of geometry primitive were
en by considering the necessary local geometries to be formed
e typical micro milling tool. ‘‘Pocketing’’ is mainly used to cut

e part of BLPCD tool blank by ‘‘normal irradiation’’ of the beam.
e creation’’ is to be used for creating the sharp cutting edge by
allel irradiation’’. ‘‘Cylindrical turning’’ is to finish the outer
drical surface by ‘‘parallel irradiation’’ in the vicinity of cutting
. Table 2 shows the typical productivity and quality target for

s-production of the micro ball end mill made of BLPCD based

than 0.001 mm3/s. With this MRR, the diameter 1.0 mm ball end
mill can be fabricated from 1.2 mm diameter cylindrical BLPCD
tool blank and machining time is about 10 min.

Fig. 3 shows the machined surface observed by SEM. When
machining by NSPL with average power more than 6 Watts, a lot of
debris or re-solidified materials left on the machined surface as
shown in Fig. 3(a), while they were not observed on the surface
machined by FSPL as shown in Fig. 3(b). The re-solidified problem
became even severer as higher average power NSPL was applied
and limited the maximum speed. Fig. 4 shows the relationship of
MRR and surface roughness Ra with respect to laser average power.
Ra was measured after removing debris left on the surface.

Although the targeted MRR could be achieved by both NSPL and
FSPL, the targeted surface roughness Ra could only be achieved
with FSPL. Ra stayed within 0.3 mm range regardless of the laser
power as shown in Fig. 4(b). As a result, it has been concluded that
required both MRR and surface roughness for rough machining of
BLPCD can be achieved only by FSPL.

3.2. High quality surface generation by parallel irradiation of FSPL

Since the best surface roughness Ra with normal irradiation
with FSPL was 0.2 mm, which is not satisfactory for quality
required for finishing the BLPCD surface, machining experiments
by FSPL parallel irradiation were conducted. It is a well-known fact
that irradiating the laser beam parallel to the surface to be
machined is effective to improve the surface quality [10]. The
experiments were performed by two types of polarization and two
kinds of laser wavelength. Fig. 5 shows the machined surfaces
observed by SEM. As shown in Fig. 5(a), the surface machined by IR
FSPL with linear polarization clearly indicated the laser induced
periodic surface structure (LIPSS). It is a typical phenomenon
observed when the surface is machined by FSPL [11]. It is known
that the LIPSS varies depending on polarization and wavelength

Fig. 1. Views of work bench for experiments.

. Schematics of 3 types of laser machining methods for fabrication of BLPCD

 2
ted productivity and quality for BLPCD micro ball end mill.

terial removal rate >0.001 mm3/s

face roughness Ra Roughing process < 0.3 mm

Finishing process (Edge formation) < 0.05 mm

e sharpness <R1 mm

t process after laser

achining

No or minimum post processing

by electrolysis for removing thin

graphitized layer if it exists.

Fig. 3. Machined surfaces obtain by (a) NSPL (average power: 6 W) and (b) FSPL

(average power: 5 W) normal irradiation.

Fig. 4. Comparison of average surface roughness Ra and MRR by NSPL and FSPL.

Pulse pitch: 2 mm constant.
Fig. 5. SEM images of FSPL parallel-machined surface with (a) IR linear polarization,

(b) IR circular polarization and (c) SHG circular polarization.
ur internal survey.

xperimental results

MRR and surface roughness obtained by normal irradiation of

 and FSPL

n the experiments, the first, the material removal rate (MRR)
obtained average surface roughness (Ra) when machining a
et on BLPCD by NSPL and FSPL normal irradiation were

uated. Both lasers were IR. The target MRR was set to more
ase cite this article in press as: Ogawa Y, et al. A study on machin
er for fabrication of micro milling tools. CIRP Annals -
irp.2016.04.081
[12,13]. When the circular polarization IR FSPL was used, the LIPSS
was almost invisible resulting in the improvement of Ra from
0.16 mm to 0.096 mm as shown in Fig. 5(a) and (b).
ing of binder-less polycrystalline diamond by femtosecond pulsed
 Manufacturing Technology (2016), http://dx.doi.org/10.1016/
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The best surface quality was achieved by using circular
polarization SHG. The Ra was about 0.022 mm as shown in
Fig. 5(c). Eventually, we successfully achieved target requirement
specification for surface roughness of finishing (<0.05 mm). The
pulse pitch dependence of Ra under the two types of laser and two
types of polarization is summarized in Fig. 6.

The pulse pitch is defined with Eq. (1).

Pulse pitch ¼ vscan

f PR

(1)

where vscan is scan speed of laser (mm/s) and fPR is pulse repetition
rate (s�1).

3.3. Sharp edge formation

Using the conditions found for highest surface quality,
feasibility test of edge formation was performed and formed edge
was measured by point autofocus measuring instrument [14].
Fig. 7(a) shows the 3D profile of the edge formed by FSPL. The
sharpness of the edge is shown in Fig. 7(b). The sharpness of the
edge was R0.8 mm. It satisfies target requirement (<R1.0 mm)
given in Table 2.

3.4. Raman spectroscopy

Raman spectroscopy was used to evaluate the chemical state
change after laser irradiation.

The measured spectra are shown in Fig. 8. In case of NSPL, large
two peaks were observed at 1350 cm�1 and 1580 cm�1. Those
peaks correspond to the D-band and G-band of sp2-bonded of
graphite respectively. This indicates that the thermally induced

graphitization process occurred by NSPL irradiation. The thickn
of graphitic layer formed by NSPL was found to be 2–5 mm
comparison of the before and after the removal of graphitized la
by cleaning with acid. For the machined surface by FSPL, o
diamond (1333 cm�1) peak was observed. This result is consis
with the reference paper [16]. By considering the fact that 

optical penetration depth of graphite for incident light used for
Raman spectroscopy (l = 532 nm) is about 50 nm [15], 

thickness of formed graphitic layer by FSPL machining was fo
to be much less than 50 nm.

3.5. Rough tool shape formation

Using the machining conditions obtained from the experime
mentioned above, the feasibility study of the fabrication of BLP
micro ball end mill was performed by machining the tool bl
into the rough shape of ball end mill. Fig. 9(a) shows the sha
hemisphere generated by FSPL cylindrical turning. The roundn
of the hemisphere was about 0.7 mm (Fig. 9(b)). Then, the top 

portion was removed by FSPL normal irradiation and the ro
shape of the ball end mill was obtained as shown in Fig. 9(c). Ac
machining time to obtain the shape in Fig. 9(c) from the tool bl
was about 20 min.

4. Numerical simulation for dynamics of laser ablation

To establish a fundamental understanding of the laser abla
mechanism of BLPCD, a two dimensional Finite Difference T
Domain (FDTD) numerical scheme was adopted for the analy
The detail of scheme is available in the paper by Zohdi [17].

The governing equation to be solved is the first law
thermodynamics;

r v̇ ¼ �r�q þ rz 

where z is a source term, u, the temperature, and v = rcu, 

internal energy. The heat flux, q, is given by Fourier’s law, (3

q ¼ �Kru 

where K is the material conductivity. A Beer–Lambert schem
used to model the intensity of the laser pulse at a laser depth, x*
a given absorption coefficient, a;

IðxÞ ¼ I0e�
R x�

0
adx

Ablation is modelled via a reduction of material den
governed through a rate equation,

Fig. 6. Comparison of parallel processed surface roughness (Ra).

Fig. 7. Measured results of best finished edge by parallel FSPL with SHG irradiation.

Fig. 9. (a) SEM image of hemispherical shape formed with FSPL, (b) Roundne

hemispherical shape measured along the line shown in (a), (c) SEM image of r

shape of ball end mill formed with FSPL.
(5)
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Fig. 8. Raman spectra after laser machining.
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ṙ ¼ �Cabl
u

uabl

� �
for u > uabl

where Cabl is a rate parameter, and uabl the ablation temperat
Material properties are then scaled by the ratio of reduced den
to un-ablated density. Graphitization is modelled using a sim
rate equation however, to allow for a more direct compariso
the two lasers, the thermally stimulated graphite region was o
tracked and the material properties in the region were 

modified.
ing of binder-less polycrystalline diamond by femtosecond pulsed
Manufacturing Technology (2016), http://dx.doi.org/10.1016/
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s BLPCD is a relatively new material, the correct absorption
ficients for FSPL or NSPL are not well known. To determine
opriate values, simulations with various absorption coeffi-
ts were executed using the laser parameters used in the
riments until the simulation results approximately matched

 experimental results for ablation depth and graphite
ation depth. For FSPL, an absorption coefficient of

107 m�1 gave results consistent with the experiments. The
 absorption coefficient for FSPL can be explained by a
bined effect of multi-photon and excited state absorption.
ng a FSPL pulse, laser absorption initially occurs through
ti-photon absorption mechanisms. The time scale at which this
rption occurs however creates a state of high-density electron

tation, greatly increasing the absorption coefficient of the
erial [18,19]. For NSPL, the absorption coefficient was also

ated to be 8 � 107 m�1. It is similar to the absorption for
ly oriented pyrolytic graphite (HOPG) [20]. This can be
ained by the occurrence of thermally stimulated graphitiza-

 during the relatively longer pulse duration.
sing the determined absorption values, a comparison between
nosecond (t = 140 ns) and femtosecond (t = 350 fs) duration
e was performed. The laser energies, chosen to match the
es used in the physical experiment, were 25 mJ and 500 mJ for

 and NSPL with a Gaussian beam profile. The thermally
ulated graphite region formation was tracked but the material
erties in the region were not modified to simplify the
parison of the two lasers.
ig. 10 shows the thermal distribution and graphitization/
tion area after laser irradiation by FSPL and by NSPL. Here, it is
med that ablation of diamond occurs when the maximum
perature reaches more than 4800 K [21], and graphitization
rs when the temperature stays between 2000 K [20] and

0 K. Because the ablation temperature of the diamond is not
r, we assumed it from the phase diagram of carbon and the
rence [21]. In the case of FSPL, the laser supplies all its energy
re thermal diffusion begins, which results in the ablation
out any graphitization. In the NSPL case, heat diffusion occurs
me with the pulse resulting in lower peak temperatures and

formation of a graphitization layer at both the bottom and side

pulse energy for FSPL was also investigated. For increasing energy
levels, very little changes in graphite formation occurs for the FSPL
case while for the NSPL case greater, more dispersed graphite and
ablation zones are noted. This implies increasing the power for the
FSPL will lead to increased MRR with no significant increase in the
size of the graphitization.

5. Conclusion

Aiming at mass-produce of high performance micro milling
tools made of BLPCD (binder-less polycrystalline diamond),
machining of BLPCD by nanosecond and femtosecond pulse lasers
was comparatively studied by experiments as well as by
simulation with numerical analysis approach. It turned out that
the femtosecond pulse laser with circular polarization is the best
laser for successful machining of BLPCD resulting in 0.022 mm
average surface roughness with almost no graphitization surface
layer and almost 0.004 mm3/s material removal rate.
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