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Micro-grooves  were  machined  onto  a single-crystal  diamond  surface  by laser irradiation  with  a  nanosec-
ond  pulse,  and  the  resulting  damage  was  investigated.  The causes  of four  different  forms  of  damage  have
been  identified  and examined;  cracking,  ripple  formation,  groove  shape  deformation  and  debris  depo-
sition.  Cracking  is caused  by a rapid  temperature  change;  ripples  by  interference  of  the  laser  reflected
from  the  groove  walls;  groove  shape  deformation  by enhanced  absorption  of  the  laser-induced  plasma;
deposited  ablation  debris  by two different  ablation  regimes.  Cracking  and shape  deformation  is  reduced
at  the  center  of  the groove,  which  is very  smooth  and  ripple-free  for line  irradiations  using  a  single  pass.
d:YAG laser
aser processing
icromachining

ingle-crystal diamond

These  results  provide  useful  information  for reducing  the  laser-induced  damage  in diamond  and  creating
damage-free  micro-grooved  diamond  cutting  tools.

©  2016  Elsevier  B.V.  All  rights  reserved.
hermal ablation
roove formation
urface microstructure

. Introduction

Micro-grooves have become an increasingly significant surface
icrostructure in a wide range of fields, especially in bio-medical

cience. Micro-grooves have been shown to cause cell alignment
Wilkinson et al., 2002), enabling the growth of well-orientated
ells for use in tissue repair. Moreover, Korin et al. (2009) have
hown that they may  protect sensitive cells from the detrimen-
al effects of fluidic shear stress and thus enable the cultivation
f sensitive cells. Furthermore, Frenkel et al. (2002) have pre-
ented machining of micro-grooves onto the surface of implants
such as joint replacements) as a method to improve osseointe-
ration and thus to lengthen implant life span. Micro-grooves are

 highly useful surface texture but they are difficult to machine
n specific kinds of materials. Micro-grooves are conventionally
rocessed by photolithography which has given rise to problems
uch as limited groove geometry, accuracy and usable materials.
aser machining involving the direct irradiation of grooves into a
etal surface has also been attempted, but Fasasi et al. (2009) have

emonstrated a few problems including groove wall deformation

nd re-solidification pockets due to melting, as well as a large heat
ffected zone (HAZ). Alternatively, cutting micro-grooves on met-
ls with a diamond tool is not only more accurate but is also able to
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E-mail address: yan@mech.keio.ac.jp (J. Yan).

ttp://dx.doi.org/10.1016/j.jmatprotec.2016.12.032
924-0136/© 2016 Elsevier B.V. All rights reserved.
reduce the thermal effect compared to laser machining (Yan et al.,
2009).

Fabricating micro-grooves on the surface of a diamond tool is
also very important. Previous studies have shown that processing
micro-grooves onto the rake face of a cutting tool can be effective in
improving cutting fluid retention of the tool surface (Sugihara and
Enomoto, 2009), reducing the friction force (Obikawa et al., 2011)
and the required cutting force (Kawasegi et al., 2009). However,
there have not yet been many attempts to make micro-grooves on
the cutting edge of a tool. By grooving the cutting edge of tools, it
becomes possible to transfer the edge shape onto the substrate sur-
face. The grooved tools can be used to transfer the micro-grooves
onto metal materials, making the machining of micro-grooves
much more rapid, precise and without burr formation. Unlike the
direct fabrication of micro-grooves on metal by laser irradiation,
the wall deformation and re-solidification pockets due to melting
are not of much concern in the cutting process with a diamond tool.

It is possible to create such a micro-grooved tool using laser irra-
diation. It is known that diamond transforms into graphite and is
ablated by laser pulses. However, it is important to determine the
optimal laser parameters in tool processing so as to avoid the gen-
eration of a HAZ and subsurface damage (SSD). Eberle et al. (2015)
have stated that the HAZ and SSD will cause the tool to exhibit

reduced performance, reduced tool life, reduced wear resistance
and greater required cutting force.

The laser machining of diamond has been a subject of great
interest for the past several decades. Previous studies have estab-

dx.doi.org/10.1016/j.jmatprotec.2016.12.032
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmatprotec.2016.12.032&domain=pdf
mailto:yan@mech.keio.ac.jp
dx.doi.org/10.1016/j.jmatprotec.2016.12.032
YANJ
テキストボックス
Downloaded from Yan Laboratory, Keio University at http://www.yan.mech.keio.ac.jp. Redistribution is subject to copyright licence from the journal publisher.




3 ls Processing Technology 243 (2017) 299–311

l
m
l
w
t
t
b
f
o
t
t
c
m
e
l
o
p
l
t
o
h
e
g
o
t
d
t
d
o
m
c

2

N
m
1
F
u
t
s
p
s
t
u
v
o
T
f
w
C
S
a
3

t
i
w
s
a
t
t
c
w

Fig. 1. Laser irradiation schematic for micro-grooving on diamond.
00 N. Takayama, J. Yan / Journal of Materia

ished that a femtosecond pulsed laser is more suitable for precision
anufacture of extremely small surface structures compared to a

onger pulse, as they allow for the use of lower photon energies
ithout loss of precision (Dumitru et al., 2002) or spatial resolu-

ion (Preuss and Stuke, 1995). Chichkov et al. (1996) have shown
hat sharp, well-defined (in other words, damage-free) patterns can
e ablated. This is due to the reduced thermal effects of an ultra-
ast pulse; strong electrostatic ion repulsion force causes break-up
f di-electric surfaces, accounting for the nonthermal nature. Fur-
hermore, Stuart et al. (1996) have demonstrated that the ablation
hreshold is lower for a femtosecond pulsed laser. However, pro-
essing costs for a femtosecond laser are much higher and the
aterial removal rate much lower than for a nanosecond laser,

specially when machining a deep groove or a large-size structure,
ike a cutting tool. Thus, to create a micro-grooved tool, a nanosec-
nd pulse would be more appropriate if used along with a damage
revention method. Previous studies discussing the nanosecond

aser irradiation of diamond have focused on developing an abla-
ion model (Rothschild et al., 1986), where surface graphitization
f diamond is followed by sublimation or reaction. Konov (2012)
as reported on the relation between ablation rate and laser flu-
nce and Kononenko et al. (2005) have discussed the laser-induced
raphitization of diamond. Despite extensive research on nanosec-
nd pulsed irradiation on diamond, the formation mechanism of
he laser-induced damage and the conditions for reducing the
amage have not been clarified. Hence, it is important to fur-
her address this issue in order to develop methods to prevent
amage during nanosecond pulsed irradiation. The ultimate aim
f this study is to develop a damage-free method to machine
icro-grooves and other micro-structures into diamond to fabri-

ate high-performance cutting tools.

. Experimental method

The laser used in the following experiments was  LR-SHG, a
d:YAG laser pumped by LD, from MegaOpto Co., Ltd. It has a
aximum power output of >1W and a pulse width of 15.6 ns at

 kHz, a wavelength of 532 nm and a spot diameter of 85 �m.
or the following experiments, a pulse frequency of 1 kHz was
sed. The laser output energy has an approximate Gaussian dis-
ribution. The laser was controlled using a galvanometer scanner
ystem with a Miramo controller made by YE Data Inc. Laser motion
rograms were created using GmcLib.DLL 2.0 software and FFFTP
oftware was used to download these programs to the galvanome-
er scanner system. The laser beam was focused onto a stage
sing an f� lens. The diamond used was prepared by chemical
apor deposition (CVD) in rectangular samples with dimensions
f 4 × 3.5 × 1.12 ± 0.02 mm.  The surfaces were flat and polished.
he irradiated surface was the (100) Miller surface. All the other
aces also had an equivalent crystal orientation. The groove depth

as measured using the MP-3 laser probe made by Mitaka Kohki
o., Ltd. And the surface structure was observed by the Inspect S50
canning Electron Microscope (SEM) made by FEI Company. The
tomic structure was identified by a Raman spectrometer (NRS-
100 by JASCO Corporation).

The diamond sample was placed on a base with an opening so
hat the lower surface was not in contact with the stage surface, as
ndicated in Fig. 1. As diamond is a transparent material at the laser

avelength used, when the diamond was placed directly onto the
tage, the laser energy was absorbed by the stage surface, leaving
n irradiation mark on the stage. The heat accumulated by the stage

hen affected and machined the diamond, also leaving an irradia-
ion mark on the lower surface of diamond. In this case, the laser
annot directly machine the diamond and no meaningful results
ould be obtained. By using the base, no irradiation marks was
Fig. 2. Schematic of SEM observation area on the groove formed by laser irradiation.

produced on the stage or lower diamond surface, showing that the
heat absorbed by the stage would not affect the diamond. Line irra-
diations, 300 �m in length, were performed at a constant scanning
speed of 2 mm/s. These line irradiations were first performed with
varying laser fluence. Laser fluence was changed in the range of
5.0–8.4 J/cm2. A lower boundary of 5.0 J/cm2 was chosen as an even
lower fluence of 4.2 J/cm2 did not produce a clear groove. The low-
est fluence was chosen for all the subsequent experiments as it
produced the least cracking. The number of passes (or the num-
ber of times the line irradiation was repeated) was  varied in the
range of 2–60 passes. The irradiated surfaces were covered in debris
so they were cleaned by being placed in a solution of nitric, sul-
phuric and perchloric acid (in a volume ratio of roughly 1:5:3) and
heated to ∼200 ◦C. This cleaning process removed the debris and
was performed before SEM and laser probe observations.

3. Results and discussion

3.1. Cracking behavior

Many cracks were observed on the irradiated surfaces. The
schematic for SEM observation is illustrated in Fig. 2. Different sized
cracks were formed depending on the laser fluence. As shown in
Fig. 3a–d, the cracking region size increased with increasing laser
fluence. Upon closer examination, 2 different types of cracks were
visible. First, as presented in Fig. 4a, there was a region of wide,
open cracks near the groove edge. Second, as shown in Fig. 4b,
there were thin straight cracks closer to the center. At the low-

est fluence of 5.0 J/cm2, no open cracks were visible; instead, there
were thin, bent cracks near the groove edge. It appeared that these
cracks were similar in structure to the wide, open cracks due to their
position and their lack of straightness. Furthermore, as presented
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Fig. 3. SEM images of cracks formed near the edge of the groov

n Fig. 4c, there was a smoothed, crack-free region in the center of
ach groove. The difference between the 2 different crack types can
e explained by looking at the depth that they exist. The wider open
racks occur at a shallower depth of ∼1 �m.  These open cracks are
asily propagated over a large area even with a low laser fluence.
rack propagation is facilitated by the existence of a near-surface
efect layer that is formed during polishing. Therefore, despite the
urface appearing to be damage-free, it is likely that a ∼1 �m layer
f pits, scratches and potential micro-cracks exists under the pol-

shed surface as shown by Lee (2011). The thinner cracks seen in the
roove produced by irradiation using 8.4 J/cm2 laser fluence, most
ikely originated from deeper, smaller defects, and thus require a
reater laser fluence to be propagated.

Here, it is necessary to understand the mechanism behind crack
ropagation. As diamond is not a good absorber (theoretically
peaking, it is a transparent material at the wavelength used),
loembergen (1973) showed that laser absorption is initiated from
he near-surface defects such as cracks, pores and impurity inclu-
ions. Moreover, Feit and Rubenchik (2004) showed that cracks
ypically contain nano-absorbers, such as polishing slurry and
bsorbing particles attracted by dangling bonds, which are able to
bsorb the laser energy. The energy absorbed generates high tem-
eratures in absorbing areas within the laser spot. This temperature

ncrease �T,  between the initial sample temperature and the max-
mum temperature induced during laser irradiation, leads to a high
riaxial stress S:

 = ˛E�T
(1)
1 − 2v

here � is the thermal expansion coefficient, E is the Young’s mod-
lus of elasticity and � is Poisson’s ration. As the laser energy has

 Gaussian distribution, �T  and S depends on the distance from
en using a laser fluence of: (a) 5.0, (b) 6.0, (c) 7.2, (d) 8.4 J/cm2.

the spot center. Brittle materials are susceptible to catastrophic
fracture under conditions of large temperature changes induced
by laser irradiation (Johansen et al., 1995). The crack propagation
can be described in the following mechanical model presented by
Hasselman (1969). The material is assumed to be entirely brittle
and to contain mechanical flaws in the form of Griffith microc-
racks. The total energy Wt per unit volume is the sum of elastic
energy and the cracks’ fracture energy. Assuming that the cracks
are penny-shaped, the total energy is described in the following
equation:

Wt = 3(��T)2E0

2(1 − 2v)

[
1 + 16(1 − v2)Nl3

(1 − 2v)

]
+ 2�Nl2 (2)

where E0 is the Young’s modulus of the crack-free material, l is the
crack length and N is the number of cracks per unit volume. The
crack instability condition is:

dWt

dl
= 0 (3)

Beyond this minimum value, the crack length is shown to
increase with �T.  A greater laser fluence leads to greater absorbed
energy and a greater temperature change. Therefore, longer cracks
are produced when using a greater laser fluence. The SEM images
of Fig. 3 agrees with this, where larger cracks were found at higher
fluences.

In addition, as presented by Sack (1946), critical fracture stress
(the minimum stress required to initiate fracture) St for a penny-
shaped crack can be written in the following way, given that G is

the strain energy release rate:

St =
[

GE0

2(1 − v2)l0

] 1
2

(4)
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ig. 4. Closer examination by SEM of cracks formed near the edge of the groove usi
egion in the center of the groove.

hen the initial crack length l0 is small, the fracture stress is larger.
his explains why the thin cracks, which were initially not visi-
le, were not propagated at a low laser fluence. Lower fluences
ould not induce high enough temperatures and thus stress to cause
ropagation of thin cracks.

The cracks and smooth region were further considered by mea-
uring the cross-section profiles of the grooves and the results are
hown in Fig. 5. The intensity at the edge of the groove is the
blation threshold. This is followed by a region of cracking and
hen a smooth region exists in the center. Therefore, smoothing
ffects occur at a higher fluence than cracking. Within the cracking
egion, the crack propagation depth is greater than the ablation
epth. Therefore cracks remain in the substrate even after irra-
iation. However, in the smooth region, as a greater amount of
nergy is irradiated, the ablation depth becomes greater and com-
lete removal of the cracking layer becomes possible. Additionally,
he thermal diffusion depth L, or the distance a temperature change
ropagates within a single pulse due to thermal conduction, is esti-
ated to be roughly 2 �m from the relation L = (˛t0)1/2 where � is

hermal diffusivity and t0 is the pulse width (Zahedi et al., 2015).
s we have observed crack propagation and therefore evidence of

emperature change at a greater depth, we can assume that the
umulative heating effect of multiple pulses led to an increasing
T.

As it is the irradiation of a single-crystal material that is being
nvestigated, it is imperative that the effect of crystal orientation is
lso considered. The laser irradiation of other crystalline materials

as shown that fracture mostly occurred along the natural cleav-
ge plane (Johansen et al., 1995). Diamond normally cleaves on the
111) plane (Spriggs, 2002), thus it is expected that cracking is likely
o occur along this plane. To investigate the effect of the cleavage
aser fluence of 8.4 J/cm2 showed: (a) large area cracks, (b) thin cracks, (c) a smooth

plane, a circular groove was  irradiated using the same parameters
as the other experiments and a laser fluence of 8.4 J/cm2, result-
ing in a groove as shown in Fig. 6. Upon close examination of the
cracks, it was observed that the cracking direction, taken relative
to the laser scanning direction, changed every 45◦ of the groove.
As shown in Fig. 7a–c, at the point 90◦ from the irradiation starting
point, where the laser scanning direction is perpendicular to the
〈100〉 direction, the cracks are generated at an angle to the laser
scanning direction. On the other hand, as shown in Fig. 7d–f, at the
point 45◦ from the irradiation starting point, where the laser scan-
ning direction is perpendicular to the 〈110〉 direction, the cracks
are generated perpendicular to the laser scanning direction. The
cracking direction was shown to change every 45◦ following the
same pattern. This resulted in the cracking direction being constant,
regardless of laser scanning direction, thus appearing to be depen-
dent on some inherent material property. This property could be
crystal orientation and the prominent cracking direction could be
along the plane (111).

All of the above experiments produced a groove with a smooth
region at the center of the groove. This means that irradiation by the
beam center produces a damage-free groove. Therefore, it may  be
possible to create damage-free grooves by employing a mask with
a rectangular hole onto the irradiation surface. By irradiating the
edges of the mask, the beam center can be used to form the groove
edges, which will hopefully result in a damage-free rectangular
groove.
3.2. Ripples formation

During laser irradiation using a single pass, the surface was
either cracked or smooth. However, ripples were observed within
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Fig. 5. Cross-sectional profile of grooves produced by varying laser fluences.
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ig. 6. SEM image of the 1 mm diameter circular groove, irradiated by a laser fluen

he groove for irradiation with 5 passes and above, as indicated in
ig. 8. It is important to note here that they were only observed
nside the groove; although the area outside the groove had also

een irradiated, there were no ripples detected. The ripples formed
ere parallel to the laser scanning direction and were observed on

oth the groove walls and the groove bottom. The distance between
.4 J/cm2. The angle, crystal orientation and observation regions are indicated.

the ripples was  0.4–0.5 �m,  which is close to the laser wavelength
of 532 nm.

Previous studies have reported the formation of similar peri-

odic surface structures. These are known as laser-induced periodic
surface structures (LIPSS) and they are generally formed perpendic-
ular to the incident electric field (Bonse et al., 2002). The distance
between each ripple (in other words, the period of the structure)
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Fig. 7. SEM images of cracks formed near the edge of the circular groove at an angle of 90◦ or the 〈100〉 direction: (a) the entire groove, (b) the outer edge, (c) the inner edge,
and  of 45◦ or the 〈110〉 direction: (d) the entire groove, (e) the outer edge, (f) the inner edge. The laser scanning direction is shown by a white arrow.

Fig. 8. Ripples observed on the groove walls and bottom produced by irradiation with 20 passes and a laser fluence of 5.0 J/cm2.



N. Takayama, J. Yan / Journal of Materials Processing Technology 243 (2017) 299–311 305

Fig. 9. SEM images of the ripples formed when diamond was  irradiated using an argon stream.
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ig. 10. Cross-sectional profile of grooves produced by 5 passes at 5.0 J/cm2 and for
 pass at 8.4 J/cm2.

as been shown to be closely related to the incoming laser wave-
ength (Ashkenasi et al., 1998) and also the refractive index of the
rradiated material (Jia et al., 2005). It is currently accepted that
he LIPSS originate from the interference of the incident laser (an
lectromagnetic wave) with some form of surface scattered wave,
xperimentally demonstrated by Wu et al. (2003). However, the
ystem in this study uses circular polarization and Guosheng et al.
1982) have mentioned that ripples are not formed when a circular
olarization is used.
An alternative cause of ripple formation is the interference of
he laser-induced plasma and the incoming laser beam. In order
o determine whether this was the cause of these ripples, another
Fig. 11. Schematic for constructive interference and ripple formation.

experiment was  conducted. The experiment for 50 passes was
repeated using a 0.3 MPa  argon gas stream in order to remove the
plasma formed during irradiation. Despite the use of the gas stream,
the ripples remained as shown in Fig. 9.

As the initially considered causes of the ripples were all shown

to be irrelevant, ripple formation was  considered in relation to
groove depth. Fig. 10 presents the cross-sectional profile of the
groove formed by 5 passes at 5.0 J/cm2 and by 1 pass at 8.3 J/cm2.
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Fig. 12. Cross-sectional profile of grooves pro

his shows that the ripples form when the groove depth is above
 certain value. With a greater depth, the groove wall is steeper.

hen the walls are steep, the light is reflected from the groove
alls and these reflected light rays interfere with each other within
he groove. Mildren (2013) showed that diamond has a reflectivity
f ∼17%. This interference creates an intensity distribution with a
eriod equal to the wavelength.

Fig. 13. The bottom of the groove produced by 20 passes at
d by a varying number of passes at 5.0 J/cm2.

To describe this process in detail, initially the groove wall is
rough and can be seen to contain ripples of many different periods.
However, when light is incident on and reflected from ripples with
a period equal to the wavelength �, the light path difference is equal

to roughly n�, where n is an integer. The light interferes construc-
tively via the mechanism illustrated by Fig. 11 and the intensity
reaches a maximum. The ripples with a period of � gradually

 a laser fluence of 5.0 J/cm2, where cracking is visible.
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Fig. 14. Groove depth in relation to the number of passes.

ecome more pronounced so that ripples remain after irradiation.
hus ripples are formed when the groove walls are steep enough to
ause significant internal reflection and interference. Prevention of
ipple formation is possible by processing straight walls or titling
he sample to prevent laser reflection.

.3. Groove shape evolution

Fig. 12 shows the results of measuring the cross-sectional profile
f the groove for irradiations with varying pass numbers. As the
umber of passes was increased, the groove no longer had a near-
aussian profile. This deviation has several characteristics. Up to 10
asses, the groove was a comparatively smooth curve. At 20 passes,
he groove walls became steeper but the center is still smooth. This

ay  be because less laser energy is absorbed on a smooth surface
ompared to a cracked surface. Above 20 passes, the groove profile
ecame V-shaped. The gradient of the groove walls do not change
nd ablation is concentrated at the groove bottom.

Some cracks are visible as in Fig. 13. Additionally, there seems
o be a limit to the groove depth produced as indicated in Fig. 14.
his transfer in laser-induced phenomena from material removal
y ablation (20 passes and below) to crack propagation (above 20
asses) can be explained using the following mechanism. From
he research of Kononenko et al. (1998), it is known that deep
tructures result in reduced ablation as absorption by the plasma
ecomes enhanced. In deep grooves, plasma movement becomes
estricted and the plasma remains in the groove. It blocks fur-
her laser energy from reaching the substrate surface. Therefore,
ven if the diamond is irradiated with many passes, the plasma
revents further material from being ablated. Moreover, it is pos-
ible that, due to enhanced absorption, heat accumulation occurs
ithin the plasma. Laser energy absorbed by the plasma is con-

erted into internal energy of the plasma and radiated onto the
ubstrate surface (Carpene et al., 2010). This heating of the sur-
ace appears to have caused increased crack propagation. To reduce
hape deformation and plasma induced cracking, a single pass
hould be used. For a deep groove, a higher fluence may  be
eeded.

.4. Debris deposition

To examine debris deposition, we observed the irradiation
roove before the cleaning process. Fig. 15a shows the debris depo-
ition around the groove produced by irradiation of 20 passes. The

ebris formed a cloud around the groove, and from the Raman spec-
rum shown in Fig. 16a, the debris was identified to be disordered
raphitic carbon as it exhibited a D band at 1356 cm−1 and a G band
t 1589 cm−1 (Knight and White, 1989). This is a very interesting
essing Technology 243 (2017) 299–311 307

result as, although previous studies have discussed the formation
mechanism of graphite (Jeschke et al., 1999), they have not focused
on the deposition of the graphitic debris cloud. As shown in Fig. 15a,
the cloud contained a variety of particles. In the region closest to the
groove, there were few particles. It is likely that the laser-induced
plasma shielded this region from the deposition of debris particles.
In an ambient gas, high plasma plume pressure drives its initial
expansion as if it were occurring in a vacuum (Schou et al., 2007).
Therefore this initial high pressure prevented debris deposition.
As presented in Fig. 15b, only a very thin layer of extremely small
(∼submicron size) debris particles were deposited in this region. As
presented in Fig. 15c, at the edge of this flat region, there were many
large (∼10 �m)  debris particles. As these particles are large, they
may  have been too heavy to travel any further. Beyond this wall of
large particles, many small round particles were observed, shown
in Fig. 15d. They appeared to be a coagulation of even smaller circu-
lar particles. As the distance from the groove increased, the particle
size decreased, as indicated in Fig. 15e. The Raman spectra of these
regions of debris were further examined. The shielded inner region,
shown in Fig. 15b, exhibited a larger D/G intensity ratio compared
to the outer region as shown in Fig. 16, indicating a greater amount
of graphitic debris in the outer region. As a side note, Kuznetsov
et al. (1999) stated that (100) surface of diamond requires much
more atomic rearrangement to form a graphite plane compared to
(111) and (110) surfaces. Thus it is possible that the results show
the least laser-induced graphite out of irradiation of all other crystal
planes.

It is possible that the laser-induced graphite reacted with the
surrounding oxygen to produce CO2. This reaction occurs favorably
at temperatures below the sublimation temperature of graphite.
However, Rothschild et al. (1986) have found that the formation of
volatile products such as CO2 eliminated the amount of graphitic
residue. As much residue was  found on the machined surface, it
may  be concluded that not much of the graphite was chemically
reacted.

Relating these observations to the cracking mechanism, it is pos-
sible to create a model representing the surface morphologies after
irradiation as illustrated in Fig. 17. It is possible to divide the mor-
phology into the following categories: a debris deposition zone, a
laser unaffected zone, a cracking zone, and a smooth zone.

In addition to debris around the groove, some debris was
observed inside the groove even after cleaning as presented in
Fig. 18. This type of debris was small (∼1 �m),  irregularly shaped
with sharp edges and were observed for a pass number greater
than 20. This may  be the result of spallation, demonstrated by
Körner et al. (1996), where elastically stored energy enables unsta-
ble crack growth and pieces of diamond are broken off in a violent
and explosive process.

These observations enabled the identification of two  types of
debris produced in the irradiation of diamond. First, there were
round graphitic carbon particles deposited outside of the plasma
generation area. Second, they were smaller irregular diamond
debris left behind inside the groove. This indicates that perhaps
ablation of diamond occurs via two paths; one is the thermal
graphitization of diamond and its subsequent sublimation, and the
other is the direct explosive ablation of diamond, possibly during
rapid, unstable crack propagation. Rothschild et al. (1986) proposed
a thermal mechanism for ablation where a transformation from
diamond to graphite (a highly absorbing material) occurs, followed
by sublimation. However, the experimental results here suggest
that diamond itself is also ablated in a mechanical process without
graphitization. Graphitic debris can be removed by cleaning but to

prevent the formation and deposition of diamond debris, a low pass
number should be used.
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Fig. 15. SEM images of debris produced at 5.0 J/cm2 with 20 passes: (a) the entire groove, (b) thin layer of debris deposition, (c) large debris particles, (d) small round parricles,
(e)  decrease in particle size.
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l
b
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G

. Conclusion

Four types of damage have been identified in nanosecond pulsed
aser irradiation on single crystal diamond. Cracking is caused

y a rapid temperature change within the material. The ripples
re formed by interference of the laser reflected from the groove
alls. The groove shape deformation and its deviation from a
aussian cross-section is due to enhanced absorption by the laser-
induced plasma. Finally, the deposited ablation debris is composed
of two types, round graphitic carbon particles and smaller irregu-
lar diamond particles, which is indicative of two  different ablation
regimes. Cracking and shape deformation is reduced at the center
of the groove, which is very smooth and ripple-free for line irradi-
ations using a single pass. Graphitic debris can be easily removed
by a cleaning process. These findings of the causes of laser-induced
damage and the mechanism of surface formation provide useful

information for development of new method for damage preven-
tion.
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Fig. 16. Raman spectra of: (a) the debris cloud and (b) the shielded inner region, formed around the groove produced with laser irradiation with 5.0 J/cm2 and 20 passes.
Note  that (a) shows a stronger graphite peak compared to (b).

Fig. 17. Model of surface morphologies after irradiation.
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Fig. 18. Debris on the walls of the groove pr
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