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Abstract
In recent years, the influence of pulsed laser interaction with material has become a research
hotspot. The micromachining of polycrystalline diamond with pulsed laser is a very important
research direction. This study scrutinized the ablation threshold and chemical modification of
PCD irradiated by UV nanosecond laser, which were not investigated before. Irradiated a bulk
PCD in air using a UV nanosecond laser source to perform multi-pulse processing at a
wavelength of 355nm. Based on the linear relation between the laser pulse energy density with
crater diameter the Gaussian distribution of the laser intensity on the cross-section the ablation
threshold of PCD was determined to be about 3.7326 J/cm2. And also investigated that the
photochemical processing of UV nanosecond laser irradiation of PCD the sp3 structure
transforms to the sp2 graphite phase. So, this study contributes a theoretical and experimental
reference for the UV nanosecond laser micromachining of PCD material in research and
manufacturing industries.
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1. Introduction
Diamond is the extremely hardest material with randomly orientated diamond particles in a
metal matrix, has record value thermal conductivity at room temperature, high hardness, sound
velocity, and carrier mobility[1]. It is widely used in aerospace, military, electronics, precision
machinery, as a cutting tool material[2] for a variety of industrial applications and other fields.
Because of the extremely high Mohs hardness of diamonds[3], it is very hard for traditional
machining to realize its precise machining. On the contrary, laser as a unique kind of non-contact
processing method with high peak power, more limited thermal damage, high precision
processing, and specific processing range can cut PCD and other hard material efficiently[4-7].
With the evolution of laser micromachining technology, particularly pulse lasers have earned
much more consideration although there are some constraints[8, 9]. So pulsed laser ablation is one
of the most famous manufacturing methods which is widely used for precision machining or in
semiconductor industries. Currently, several researchers have studied the laser processing of
diamond. Xing et al.[10] used a nanosecond pulsed laser to process micro-groove on the surface of
a polycrystalline diamond. They found that the height of the micro-groove increases with
increasing laser power and decreasing with scanning speed and repetition rate. Ren. J et al.[11]
suited, the accuracy of nanosecond laser ablation for general precision machining, and Compared
to ultrashort laser ablation, nanosecond laser ablation is more efficient and consequently more
suitable for general precision machining processes.
Additionally, diamonds undergo phase transitions due to laser irradiation. The laser ablation
of diamond takes place via surface graphitization due to a combined thermal and photochemical
effect[12]. G. Eberle et al.[13] were processed a good quality diamond and polycrystalline diamond
by different laser action, and studied the thermal effects of different pulse width laser processing
on the polycrystalline diamond and analyzed ablative mechanism qualitatively and quantitatively.
Kononenko[14] illustrated the diamond graphitization phase change model system to determine
the laser parameters that influence the graphitization of diamond. Chen[15] elaborated the phase
transition model, summarized the graphitization and material ablation mechanism of pulsed laser
on the micromachining diamond material. Still, there is no precise experimental research status is
not well studied to verify the graphitization of polycrystalline diamond, and if there is
experimental support, it will provide a great guide for UV nanosecond laser processing of
diamond. Therefore, this paper is based on the research of laser microfabrication on
polycrystalline diamond mechanism and combined with experiments to reveal the internal
chemical modification of PCD before and after UV nanosecond laser processing.

2. Materials and Methods
In this experiment, the UV nanosecond laser micro/nano processing system INNO FOTIA355-OEM-2 was utilized, to investigate the diamond graphitized phase transitions and
micro/nanostructures. The core wavelength of the laser from this device has a 355nm, a pulse
width of 10ns, a repetition frequency range of 40- 150kHz, an average maximum power of 10W,
and a quality factor of M2 =1.11. The pictorial view of the UV nanosecond laser processing
system is shown in Figure 1. The laser beamed from the laser device passed through the beam
expander, the aperture, serval mirror lens, and lastly entered into the two-dimensional scanning
galvanometer, which can focus the laser light and control to transfer on the sample surface. The
beam expander was used here to settle the divergence angle of the laser. Aperture can enhance
the laser spot shape.
The diamond sample used in the experiment was polycrystalline diamond and processing
size of 10× 5× 2mm. Before processing, the sample was ultrasonically clean with acetone,
absolute ethyl alcohol, and deionized water for 10 to 15 minutes. To remove dust particles and
feculence from the surface and then air-dried. Afterward, fixed the sample on the twodimensional mobile platform to be processed. Describe the laser scanning path in scan master
design software to control the scanning galvanometer to move the laser as an expected route.
High-quality processing of PCD material to achieve for the various application. The sample was
cleaned again with the same method to remove the processing residues after processing. Then
finally, the cutting morphology was identified, and analyze through X-ray photoelectron
spectroscopy (XPS) before and after laser treatment to comprehend out the internal chemical
modification means phase transition induced by the UV nanosecond laser.

Figure 1 Schematic diagram of UV nanosecond laser machining system

3. Results and discussion
3.1) Mathematical modeling of ablation threshold
When the nanosecond laser is used to process the machining of a polycrystalline diamond,
only the energy of the light spot is increase to etching of the material, the material will be
removed. So, the ablation threshold is the basic and inherent parameter and minimum laser
energy/ fluence of a laser source. Threshold theory[16] asserts that the ablation threshold of the
pulsed laser has a very small deviation, and the ablation threshold is the lowest laser energy
density when the materials can be damaged by the laser[17, 18]. Meanwhile, the nanosecond laser
interacts with the processed sample in the form of pulses, the diamond surface interacts with the
ablation to induce the chemical modification of the processed material, so the needed lowest
power of the nanosecond laser in the processing process requires to be higher than the ablation
threshold. It is necessary for producing ablation on the surface of a material. The light energy of
nanosecond laser is Gaussian is shown in Fig 2, and the energy density at the center of the focus
is high peak energy density (F0Pk ). The peak value of nanosecond laser energy density with single
pulse energy (Ep) relation is described below.

Figure 2. Energy distribution of gaussian beam
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D2 is the square of the micropore diameter, ωo is the laser beam waist radius, Fth is the
ablation threshold of the material, and Ep is the single pulse energy. Based on the above
mathematical analysis, the logarithmic value of laser single pulse energy and square value of the
etching micropore satisfy linear relation. Therefore, the same processing condition laser beam
spot radius after the nanosecond laser focusing is equal. Moreover, the ablation threshold of the
material is constant value under nanosecond laser, the second term in equation 1-2 is constant.
Micro-hole diameter obtained by nanosecond laser ablation at single and multi-pulse energies,
measured experimentally and calculated which can be used to calculate the ablation threshold of
PCD material.

Figure 3 ln (EP) and square of micropore diameter at numbers of pulse.

To investigate the interaction between the nanosecond laser and the diamond during the
ablation processing, it is essential to determine the ablation threshold of the diamond under the
laser. Following the same processing conditions, the waist radius and material ablation threshold

after the nanosecond laser focusing are fixed values, and the established linear correlation
between single pulse energy and machined micropore is based on the equation 1-2. Measured the
square diameter of each micropore and calculated the single pulse energy at different numbers of
pulse was plotted as shown in Fig 3. We said that the square of the micropore diameter increases
with different numbers of pulses at a single pulse power density of UV nanosecond laser. At the
same time calculate the radius of the etched micropore and the square of the micropore diameter
and single pulse laser power density under each number of pulses was calculated. We concluded
that the laser beam spot radius value of each number of pulses is close to the laser beam spot
radius, which can be a certain value as considered. So, high energy of laser and multiple pulses
are used, the laser energy required for ablative materials will be lower than the ablation threshold
when single pulse energy is used[19]. This phenomenon can be described by the logarithmic
relationship between the cumulative number of pulses and the cumulative etching threshold for
the number of pulses can be obtained.
Fth  N  =Fth 1  NS-1

ln  N  Fth  N   =S  ln  N  +ln  Fth 1 

1-3
1-4

The logarithm of the N number of pulses and the logarithm relation of the ablation threshold
was fitted linearly as shown in Fig 4. Under the cumulative effect of the number of pulses, the
single pulse ablation threshold value was obtained Fth (1) = 3.7326 J/cm2 with corresponding
cumulative coefficient S = 0.985. So, verified that the measured value of the ablation threshold
under the number of pulses was accurate and reliable. Determined that the ablation threshold of
single-pulse laser energy density is higher than the number of pulses. It’s necessary to use single
pulse laser energy for permanent removal of material and get micro-hole with high depth.

Figure 4 Cumulative effect of the number of pulses.

3.2) Chemical modification
The diamond crystal belongs to the cubic crystal system, which has a face-centered cubic
(FCC) cell structure; the other four carbons form covalent bonds. At present, it is commonly
used in diamond material characterization techniques, which has an important feature of the Xray photoelectron spectrometer analysis technique is not only the possibility to identify chemical
elements but also to perform a quantitative analysis of the material. The ablation process of laser
interacting with material starts with internal structure means the electrons of the material[20].
Additionally, at the time of laser irradiation of polycrystalline diamond, the cause why
graphitization occurs during polycrystalline diamond machining is that the electrons of the
surface absorb energy with the assistance of inverse bremsstrahlung[21]. The atomic absorption
energy of sp3 in the diamond structure attains the transition energy and bounce to the binding
state of sp2[22]. likewise, at the same moment due to the graphitization phase, the distance
between neighboring carbon atoms increases after the transition to the energy level, the phase
change region density will decrease, which change the chemical properties of the material. So,
based on the above polycrystalline diamond ablation threshold calculation, used 355nm
wavelength UV nanosecond laser with high energy density processed the PCD in the clean
atmospheric environment, and analyzed the components before and after the laser machining.
The ESCALAB Xi + multi-function XPS was used to characterize the PCD samples before
and after the laser micromachining. The excitation source is ALKα, during the operating
condition of the vacuum pressure is maintained at ~10-6 Pa with the 1 eV acquisition step. In Fig
5 is show the full XPS energy survey spectrum of PCD samples before the ablation. It can be
seen from the whole survey of the energy spectrum, there are two high peaks and some small

peaks in the sample, the two high peaks show carbon (C) and oxygen (O) elements which is the
most abundant element in the sample. The small peaks show the other elements which are in
very less amount, it can't count. So, from the whole energy spectrum, it can be seen that the
sample is mainly composed of Carbon and Oxygen.

Figure 5 Polycrystalline diamond XPS energy survey spectrum

Fig 6 is a full energy survey spectrum of C 1s of the sample and divided based on the
original peak. C1s spectrum fitted in thermo Avantage software, divided into five characteristic
peaks at 284.62, 285.63, 286.96, 288.24, and 289.90 eV, respectively. The strong peak at the
binding energy of 286.96 eV may be attributed to C-C/Sp2 diamond-like, it is 40.7 % in content.
At the binding energy 284.62 eV belongs to the C=C bond, content is 26.56 %, and at the
binding energy 285.63 eV attributed to Sp3 which belongs to diamond 18.6 % content. At the
binding energy 288.24 eV attributed to satellite/C-O bond, content is 11.05 %, and at the high
binding energy 289.90 eV belongs to carbonyl (C=O) bond or O-C=O bond, which is 3.05 %
content. So, recognized that the element in PCD in the form of C-O, and there’s no other
composition.

Figure 6 XPS energy survey spectrum before ablation

Fig 7 shows the full energy spectrum of O1s of the sample. It can be seen from the figure,
the strong peak is located at the binding energy of 531.1 eV, and the peak shape is proportional
to the original peak. The content of oxygen on the surface of the PCD may be due to the free
oxygen in the atmosphere is adsorbed on the surface of the PCD or during the preparation
processing of PCD during the liquid phase of organic solution. Besides, figure out that the
carbon atom in the PCD has connected with oxygen atom chemically single bond or a double
bond and has free oxygen adsorbed on the surface. The irradiation of nanosecond laser of PCD in
the atmosphere, the air has a batch of oxygen, which makes the diamond carbon atoms in the
absorption of energy after the transition and can be connected with the carbon atom and a large
number of oxygen atoms. Hence, recognized that after irradiation, phase change of graphitization
on the processed region of PCD, and the internal chemical modification (binding modes of atoms)
also change.

Figure 7 O1s XPS energy spectrum

The PCD sample was ablated by UV nanosecond laser and examined the post-processing
area by XPS. Got full energy spectrum of PCD as shown in Fig 8. From the full energy spectrum,
as can see that, the ablation area has the same two high peaks as achieved before the laser
ablation. And there is no other element peaks and no transition phase of another element in the
PCD after laser initiation in the atmospheric condition.
Fig 9 shows the C1s full energy survey spectrum of the ablated region of the PCD sample.
It's divided based on the shape of the original peak and fitted into four characteristic peaks. The
strong peak which located at the binding energy of 284.8 eV attributed to the C=C/Sp2 bond
81.6 % content, called graphite phase carbon. The characteristic peak at binding energy 286.4 eV
attributed to the satellite/C-O with the content of 11.2 %, and the characteristic peak at binding
energy 288.4eV attributed to O-C=O bond, the content is 7.06 %. The characteristic peak located
at the binding energy 284.8 eV has a very big difference from the un-ablated region of the PCD
sample, and this characteristic peak has not yet been described in the research and is not
precisely defined. In this study, considering the processing environment, assume that sp3 changes
to sp2 after the laser ablation.
Fig 10 shows the energy spectrum of O1s of the post-processing region. In the figure, as can
be seen, that the characteristic strong peak is located at binding energy 531.1 eV. The shape of
the peak is almost proportional to the SUM, which shows that the binding energy form of the
oxygen atoms did not change before and after the laser ablation.

Figure 8 XPS energy survey spectrum after laser machining of polycrystalline diamond

Figure 9 C 1s XPS energy survey spectrum after the ablation

Figure 10 O 1s XPS energy spectrum

In Fig 11 the comparison between the XPS full energy survey spectrum before and after the
UV nanosecond laser ablation. From the analysis of the energy spectrum, as can be seen, that the
spectrum before and after the ablation is the same fundamentally, even the position of the two
high peaks is not reduced. So, the results explain that the element in the PCD material before and
after the laser ablation is fundamentally identical. But the content of carbon and oxygen elements
in the laser-ablated region improved a lot. However, the contents of carbon elements increased
significantly and the contents of oxygen elements a little bit increased at the same time. This
means that after the laser ablation process the carbon element in PCD absorb oxygen from the
atmosphere. And due to the laser ablation the sp3 changes to sp2 which is called the chemical
modification (mechanism of the graphitization phase transition) of PCD after laser ablation. So,
this result is in great agreement with the proposed hypothesis.

Figure 11 XPS energy survey spectrum before and after the laser ablation

4. Conclusion
A UV nanosecond laser emitting at a wavelength of 355nm has been used to determine the
ablation threshold and chemical modification of PCD diamond. The onset of micropore
formation is seen to take place at single pulse energy 3.7326 J/cm2 with corresponding
cumulative coefficient S = 0.985. The etching rate as well as micropore formation at this energy
fluence are observed as a subtle process and not a sudden removal of material. So, the measured
value determined that the ablation threshold under the single-pulse laser energy density is
accurate and reliable for PCD processing. Through XPS survey spectrum characterized the
chemical modification before and after the UV nanosecond laser ablation of PCD and the
modification of carbon atom structure convert from sp3 to sp2. These modifications disclose the
mechanism of transition after laser irradiation of PCD to the graphitization phase.
To broaden the application of laser processing of diamond material, interaction mechanism
between laser and PCD material, graphitic and rich nature of carbon laser micromachining sites
has encouraged further investigations into the use of laser micromachining for diamond materials.
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