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ARTICLE INFO ABSTRACT

Polymer-derived ceramics (PDCs) are promising high-performance materials for various applications, yet their
brittleness represents major drawback in their machining. Femtosecond laser pulse ablation is non-contact rapid
processing method used in precision machining of PDCs. Herein, two laser parameters (laser energy fluence and
rotational speed) were investigated to achieve laser—material interactions and machining characteristics via
machine single circular lines, blind holes, and through-holes in polymer-derived SiAICN ceramics. With the
decrease in rotational speed, the morphology of single circular lines gradually roughened and heat-affected zone
was produced. Varying ablation rates were obtained at different energy fluences. For blind holes, three different
ablation regions were observed. As the energy fluence increased, blind holes gradually transformed into through-
holes. Through-holes with near-cylindrical profiles and minimal collateral damage were obtained. Ablation
debris deposited around through-holes were indicative of N release, breaking of Si-N and C-C bonds, and for-
mation of SiO,. Laser ablation of PDCs led to the formation of laser-induced surface structures, bubble pits, stripe
structures, molten materials, and sphere-like particles.
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1. Introduction

Polymer-derived ceramics (PDCs) are promising materials for mi-
croelectromechanical system applications owing to their excellent
properties, including high-temperature stability, excellent oxidation/
corrosion resistance, and semiconducting characteristics [1-3]. How-
ever, microelectromechanical systems based on PDCs fabricated by
micro-casting, lithography, and photopolymerization [4-6] suffer from
shrinkage and deformation issues [7]. In addition, these components
can only be fabricated with limited thickness, and the pyrolysis process
usually leads to residual stress, which can cause deformation and cracks
[6]. However, PDCs become hard and brittle after pyrolysis, leading to
machining difficulties by conventional machining methods. Ultra-fast
laser machining has been applied in recent years in the fabrication of a
wide variety of materials and shapes due to its high machining accuracy
and quality [8]. Therefore, using the ultra-fast laser pulse seems sui-
table for the fine processing of PDCs.

Among the ultra-fast laser pulse, femtosecond pulse lasers are
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preferred in laser machining over their pico- and nanosecond counter-
parts commonly used for fine micromachining of metals, polymers, and
ceramics [9-11]. When a femtosecond laser pulse is used in practical
applications such as drilling, cutting, and scribing, the influence of the
laser parameters on the machining characteristics on different materials
must be assessed to obtain the desired results. Different laser-material
interactions occur due to the differences in material properties [12].
Kamlage et al. [13] developed high-quality drilling processes for metals
involving the generation of laser-induced metal vapor and small metal
particles (debris), the transformation of laser pulses into light filaments,
and low-fluence finishing. Different machining parameters were in-
vestigated in for femtosecond laser drilling of SiC/SiC composites,
leading to a better quality surface morphology and machining results
[14]. Similarly, given the different thermal properties of Al,O3 and AIN
ceramics, different surface ablation morphologies were obtained using
femtosecond laser micromachining [15,16]. Moreover, the possible
removal of Al,0; was induced by intense thermal stress with little
melting, while the ablation of AIN was caused by melting and re-
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solidification. Nevertheless, since the amorphous features of PDCs differ
significantly from those of metals and ceramics, their ablation behavior
and morphologies under femtosecond laser pulse must be appropriately
investigated to ensure the suitability of the technique.

Herein, Al-doped SiCN (SiAICN) ceramics were selected as sub-
strates owing to their low porosity and high oxidation/corrosion re-
sistance at high temperatures [17,18]. The prism-rotary scanning mode
is an important processing mode in industrial femtosecond laser de-
vices, which was used to produce ring line and helical line scanning
[19,20]. The machining characteristics of the prism-rotary scanning
mode were investigated in detail when machining single circular lines,
blind holes, and high-quality through-holes. Based on these laser ma-
chined patterns, the effects of the energy fluence and the rotational
speed on the machining characteristics of SIAICN ceramics were studied
in detail, including the machining morphology and the underlying
mechanism, thus fully assessing the ablation behavior of SiAICN cera-
mics. The laser-material interactions and the effects of certain para-
meters of the femtosecond laser pulse on the fine processing of PDCs
materials were also studied.

2. Experimental
2.1. Preparation of SiAICN

Commercially available polysilazane (HTT1800, Kion, Huntingdon
Valley, PA, USA) and aluminum isopropoxide (AI[OCH(CH3),]3) (Acros
Organics, Thermo Fisher Scientific, USA) were used as starting mate-
rials (at a 90:10 wt ratio) to synthesize the SiAICN precursor. The re-
sulting mixture was continuously stirred at 120 °C for 6 h.
Subsequently, dicumyl peroxide (2 wt%) was added to accelerate the
cross-linking and heat curing processes; the produced bubbles were
thoroughly removed under vacuum for 12 h. Translucent polymer rods
were subsequently prepared by pouring the mixture into a Teflon mold
and maintaining at 130 °C for 4 h. Discs of 1-1.5 mm in thickness were
obtained by cutting the polymer rod with a low-speed diamond saw
(SYJ-150, MTI Corporation, CA, USA) and pyrolyzed at 1000 °C for 4 h
in a tube furnace (GXL-1100X, MTI Corporation) under ultrahigh-purity
nitrogen protection. Fully dense SiAICN ceramics of 0.5-1 mm in
thickness and 9 mm in diameter were finally obtained. The SiAICN
ceramic wafers were polished (roughness below 10 nm) and cleaned
with alcohol in an ultrasonic bath.

2.2. Laser machining experiments

A four-axis ultrafast laser micromachining instrument (LMM-50,
Xi'an MicroMach Technology Co., Ltd., China) was used for the laser
processing experiments. A regenerative amplified Yb-doped solid-state
ultra-fast laser system was used to generate a femtosecond laser pulse
with a wavelength of 1030 nm and a pulse duration of 290 fs The re-
petition rate was fixed at 100 kHz. The laser beam was applied to the
sample surface with a focal length of 116.69 mm. The sample was
mounted on a XYZ-translation stage and the laser beam was focused on
the machining layer during the laser processing [19]. All the machining
processes were carried out in ambient atmosphere.

Energy fluence is commonly used to assess the laser processing of
materials. For a Gaussian laser beam, the peak fluence &, can be ob-
tained as follows:

@y = 2E,/(r X w?) 1
where E, and o are the pulse energy and the spot radius, respectively
[21].

Three processing patterns were employed herein using the prism-
rotary scanning mode of laser machining, namely single circular lines,
blind holes, and through-holes. In the case of single circular lines, the
rotational speed varied from 400 to 2400 rpm for three different energy
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fluences (1.14, 2.28, and 4.57 J/cm?). The maximum rotational speed
limitation for this machine was 2400 rpm. The machining time was
fixed to 0.25 s and the diameter of single circular lines was 415 pm. The
diameter of the micro-holes was set at 350 um, with a rotational speed
of 2400 rpm and an energy fluence variation from 1.14 to 9.14 J/cm?.
The machining time for blind holes was 1 s. To achieve high-quality
through-holes, the materials were removed by multilayer laser ma-
chining using the helical drilling strategy. In order to achieve sustained
processing, the machining device was moved up and down to adjust the
position of the laser beam along the processing axial direction. The
feeding speed along the Z-axis direction was 50 um/s.

2.3. Microstructure analysis

The morphologies of the laser-treated samples and the elemental
composition of the debris were assessed by scanning electron micro-
scopy (SEM; S4700, Hitachi, Japan) equipped with energy dispersion
spectroscopy (EDS). X-ray photoelectron spectroscopy (XPS; K-Alpha,
Thermo Scientific, USA) was used to detect the phase structure and
chemical bond states of the laser-treated samples and untreated sam-
ples. Three-dimensional (3D) optical profilometry (ST400, NANOVEA,
USA) and micro-computed tomography (MU2000-D, YXLON, German)
were used to identify the morphologies of the single circular lines and
cross-section features of the micro-holes.

3. Results and discussion
3.1. Effect of rotational speed on single circular lines

Rotational speed has an effect on the laser process and can be di-
rectly adjusted during experiments. Owing to the incubation effect of
semiconductors, an ablation threshold fluence related to the pulse
number incident on the sample can obtained [22]. For a Gaussian pulse
profile, the effective laser pulse number (Ny) is determined by the
traverse velocity (v), the pulse repetition rate (f), and the Gaussian laser
spot radius (w), according to the formula [21]:

Negr = 7/2 X fo/v

where the laser pulse spacing is significantly lower than w, f = 100 kHz
is the repetition rate of the femtosecond laser, and the spot radius is of
~16.75 pum. Herein, for a rotational speed of 2400 rpm, Ns was ~40,
increasing to ~240 at a rotational speed of 400 rpm. N is equivalent
to the accumulated laser pulse fluence per unit length for a pulse with a
Gaussian intensity profile, and therefore the machining behavior of
femtosecond laser pulse depends on the rotational speed.

The single circular lines machined on the surface at different rota-
tional speeds with an energy fluence of 2.28 J/cm?® were observed
(Fig. 1). The machining circular lines were 420 pm in diameter and
were obtained at 0.25 s. The arc length increased with the rotational
speed. At 2400 rpm, minor damage by laser machining was produced.
The target SiAICN ceramics quickly transformed into high-speed plasma
following the absorption of laser energy, which was subsequently
ejected thereby removing the materials. After laser machining, some
ablated materials returned to the surface and re-condensed, and a
minimal amount of debris found adhered onto the irradiated area
(Fig. 1a). As the rotational speed decreased, more materials were ab-
lated and more debris deposited on the surface of the irradiated area
(Fig. 1b-d). Moreover, molten material adhered to the margin of the
circular lines (Fig. 1d), possibly indicating that the ablation of SiAICN
ceramics was related to melting. Except for the molten material, the
laser-induced stripes, covered with nanoparticles, were observed at the
bottom of the circle lines oriented in parallel to the moving direction of
the laser; this observation could be mainly related to the polarization of
the laser beam, the energy fluence and Nz [23-25]. Moreover, some
cracks and irregular microstructures were observed at the bottom of the
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Fig. 1. SEM and 3D topography images of SiAICN ceramics after single circular line machining with 2.28 J/cm? at different rotational speeds: a 2400 rpm, b
2000 rpm, ¢ 1600 rpm, d 1200 rpm, and e 800 rpm. SEM images of SiAICN ceramics after single circular line machining at 800 rpm at an energy fluence of £ 1.14 J/

cm? and g 4.57 J/cm.2

circle lines at low rotational speed of 800 rpm (Fig. le). Given the
Gaussian distribution of the laser pulse, the energy distribution on the
target surface is highly heterogeneous, with the ablation being focused
on the center area of circle lines. Therefore, for excessively high Neg
values, cracks would be generated under the ablated layer as a result of
thermal stress and thermal shock at the bottom of circular lines [26]
(Fig. 1e). The region where the cracks formed, called heat-affected zone
(HAZ), could be regarded as the result of excess heat caused by a high
Neg. The generation of HAZ reduces the machining quality in femto-
second laser precision processing. It has been suggested that the HAZ is
formed when the accumulated laser fluence on the irradiated area ex-
ceeds a certain threshold. Therefore, in order to obtain the certain
threshold energy, energy fluences of 1.14 J/cm? and 4.57 J/cm? were
used to fabricate single circular lines at different rotational speeds in
range of 400-2400 rpm. At an energy fluence of 1.14 J/cm? and the
rotational speed of 800 rpm, the laser-irradiated area showed no cracks
and minimal molten material adhered onto the edge (Fig. 1f). There-
fore, at 1.14 J/cm?, the HAZ did not form at rotational speeds higher
than 800 rpm. Moreover, cracks and material fracture were observed
when energy fluence increased to 4.57 J/cm? (Fig. 1g), showing more
severe ablation behavior. In multipulse processing, the total amount of
accumulated laser energy seems to be responsible for the ablation
morphology characteristics. Of note, the ablated morphologies of cir-
cular lines were similar at the machining parameters of 1.14 J/cm?,
800 rpm, and N ~120 (Figs. 1f) and 2.56 J/em?, 1200 rpm, and Negr
~80 (Fig. 1d). The energy fluence of 1.14, 2.56, and 4.57 J/cm? cor-
respond to 5, 10, and 20 pJ/pulse, respectively. The total accumulated
pulse energy is briefly calculated by N X single pulse energy. Based
on the ablated morphology for SiAICN ceramics, when the laser energy
is less than 600 pJ per unit area, single circular lines without HAZ were
obtained, and 600 pJ were treated as a threshold for the formation of
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HAZ at these specific laser parameters. Therefore, in order to avoid
collateral damage, high rotational speeds are preferred (e.g.,
2400 rpm).

The depth and width of machined circular lines are two major
measurement parameters to assess the degree of ablation. The 3D
profiles of laser-machined single circular lines at 2.28 J/cm? with dif-
ferent rotational speeds were observed, and the width and depth of
circular lines were defined (Fig. 2f). The width of circular lines was of
~35 um and did not change with changing rotational speed. The depth
of these Gaussian-profile circular lines was measured and plotted as a
function of N (Fig. 3). A linear relationship between the etching depth
and N was fitted, with the slope expressing the ablation rate. Ablation
rates of 137, 206, and 320 nm/pulse were obtained for the three dif-
ferent energy fluences used herein (1.14, 2.28, and 4.57 J/cm?, re-
spectively). A good fitting was obtained for an energy fluence of 1.14 J/
cm?®. The ablation rates showed nonlinear growth with the increasing
energy fluence. At high energy fluence and low rotational speed, a
greater amount of ablated material and debris were generated in the
circular lines, forming a deep structure with HAZ. During laser pro-
cessing, as the ablated depth increased, the laser pulse energy decreased
due to greater absorption by restricted plasma and debris [21]. Thus,
when the laser pulse arrives at the bottom of the circular lines, the
energy was diminished, resulting in a reduced ablation rate. These
deductions combined with the observed microstructure by SEM, sug-
gested that a machined depth of under 10 pm would lead to the for-
mation of high-quality single circle lines without HAZ for SiAICN
ceramics. Thus, for the machining of blind holes and through-holes, a
rotational speed of 2400 rpm was suggested to achieve high-quality
machining.
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Fig. 2. 3D profiles of laser-machined single circular lines on SiAICN ceramics with 2.28 J/cm? at different rotational speeds: a 2400 rpm, b 2000 rpm, ¢ 1600 rpm, d

1200 rpm, and e 800 rpm f Definition of width and depth of circular lines.
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Fig. 3. Etching depths as a function of the effective laser pulse number for
different energy fluences.

3.2. Effect of energy fluence for blind holes

In contrast to the machining of single circular lines, the helical line
scanning was used to fabricate micro-holes, wherein the laser beam is
scanned from the center to the margin [19]. With the aim to achieve
SiAICN ceramics with high-quality micro-holes, helical drilling was
employed to machine micro-holes through layer-by-layer removal. SEM
images of laser-machined blind holes (350 pm in diameter, 1 s,
2400 rpm) obtained with the helical line scanning and different energy
fluences (1.14, 1.83, 2.28, 4.57, and 9.14 J/cm?) were shown in Fig. 4.
The ablated morphology of laser-induced periodic surface structures,
molten materials, and cracks was observed following the formation of
femtosecond laser-machined blind holes. The laser-irradiated area was
divided into three sections: central, transition, and fringe regions (I, II,
and III, respectively, in Fig. 4b). In the central region, a deep pit was
generated at low energy fluence and deepened with increasing energy
fluence (Fig. 4c). Especially at high energy fluences (Fig. 4e), the
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extended tip in the central region penetrated through the whole
ceramic matrix, generating a through-hole. Once the blind holes were
transformed into through-holes, the generated plasma and debris were
directly ejected from the bottom of the SiAlCN ceramic, significantly
increasing the ablation rate. Although a through-hole was fabricated at
9.14 J/cm?, an unexpected HAZ with cracks was generated due to in-
tense laser ablation. Moreover, the through-hole profile was non-cy-
lindrical and coarse, indicating that the laser parameter is not appro-
priate for the machining of through-holes. Compared to the rapid
variation of the depth in the central region, the profile of the transition
region was relatively flat. At low energy fluences, laser-induced peri-
odic surface structures were randomly generated at the transition re-
gion (Fig. 4a). EDS analysis showed that the layer was composed of Si,
Al, C, N, and O, indicating the deposition of the debris on the unaffected
layer (insert, Fig. 4a). However, at high energy fluences, these struc-
tures disappeared and the transition area became coarser due to severe
ablation (Fig. 4c). In the fringe region, a large amount of molten ma-
terial adhered at the periphery of the laser-machined blind holes
(Fig. 4b). This molten material exhibited a columnar morphology, with
the width increasing with the increase in energy fluence, and was
shown to be composed of Si, Al, C, and O (inset Fig. 4d). During the
ablation process, N is released, while other elements with relevant
compositions are deposited. The existence of C and the increasing of C
content (EDS data in Fig. 4a and d) were attributed to insufficient
oxygen in ambient atmosphere during such rapid laser-machined pro-
cessing. Thus, the ablated morphology of blind holes was obtained and
their morphology evolution was helpful to understanding through-hole
drilling.

3.3. Effect of energy fluence on through-hole drilling

Based on the above studies of single circular lines and blind holes,
the fabrication of high-quality through-holes will require enough laser
energy to remove the materials and decrease the degree of machining
damage. Multiple layer removal was a more useful method to machine
through-holes [20]. During laser processing, the focused laser beam
moved along the Z axis. Therefore, the feeding speed was set at 50 pm/s
for sufficient removal. The rotational speed was set at 2400 rpm in
order to exert minimum thermal damage, and different energy fluences
(1.14, 1.83, 2.28, 3.43, 4.57, 5.71, 6.86, 8.00 and 9.14 J/cm?) were
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Fig. 4. SEM photos of the SiAICN ceramics laser machined at different energy fluences: a 1.14 J/cm?, b 1.83 J/cm?, ¢ 2.28 J/cm?, d 4.57 J/cm?, and e 9.14 J/cm>.
The second column includes zoomed images of images in the first column.
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Fig. 5. SEM images and EDS patterns of the laser-drilled micro-holes without ultrasonic cleaning.

used. Micro-holes of 350 um in diameter were machined via helical
drilling without ultrasonic cleaning (Fig. 5). The formation of ma-
chining debris near the micro-holes was closely related to the femto-
second laser machining mechanism. SEM showed that the formed
debris was present in three particular morphologies, namely sub-micro
sphere-like particles, filaments, and bubble pits (Fig. 5); the latter were
exclusively found near the holes. These bubble pits served as exhaust
holes for gaseous species, such as NO and CO, produced by the reaction
between plasma and oxygen [19]. The filaments and sphere-like par-
ticles were likely formed by SiO, or SiO in combination with other
elements, including Al as assessed by EDS. The microstructure of the
region away from the through-holes was composed of the micro sphere-
like particles and filaments (Fig. 5f). Therefore, following laser pro-
cessing, the N atom was abandoned and other elements were oxidized
and deposited around the holes.

The characteristic XPS spectra of the surface of untreated SiAICN
ceramics and laser-treated samples showed that the peak position of
N1s at 397 eV was only observed on the untreated surface, thus con-
firming the release of N during laser processing (Fig. 6). The decrease in
relative intensity of the Cls peak indicated the rupture of the C-C bond.
The deconvoluted XPS spectra of the Cls peak of the untreated SiAICN
ceramics and laser-treated surfaces showed four peaks at 283.4, 284.6,
285.4, and 287.7 eV, corresponding to C-Si [27], G-C (sp?) [28], C-C
(sps) [27], and C-N [29] bonds (Fig. 7). After laser machining, the Si-C
bond and C-N bond disappeared, with peaks observed at 284.6, 285.4,

Ols
Cls
Untreated

n

=3

=

%7 Nls

g

E Si2p Si2s V\""\

1 1 1 1 1
0 100 200 300 400 500 600
Binding Energy(eV)

and 288.5 eV, in line with C-C (sp?), C-C (sp®), and O-C=0 [30]
bonds. XPS high resolution spectra (Si 2p) of the untreated samples
showed three peaks at 100.5, 102.1, and 103.6 eV, corresponding to
Si-C [29], Si-N [31], and Si-O [29] bonds (Fig. 8). The Si-N bond was
dominant and the content of Si-C and Si-O is relative less based on the
microstructure of SiAICN precursor [32], corresponding to the XPS
result of Si 2p prior to laser treatment. Following femtosecond laser
treatment, only two peaks were observed at 102.6 and 103.6 eV for
SiOx [27] and Si-O, indicating that the Si-N bond was ruptured and
oxidized into Si-O bonds. Therefore, laser processing leads to the re-
lease of N, the formation of SO, and SiOy, and the breaking of Si-N and
C-C bonds.

The formation of laser-induced debris could be explained by the
multi-photon absorption theory [33]. For semiconductors, the laser
intensity (ca. 10'® W/cm?) is sufficient to motivate plasmas from the
irradiated surface with the laser pulse used herein (290 fs [34,35]. The
laser consisted on a large amount of photons, which the energy of
photons in a laser with a wavelength of 1030 nm is ca. 1.2 eV. Ac-
cording to the microstructure of SiAlCN ceramics and the XPS results
above, the SiAICN ceramics show mostly Si-N and C-C bonds with
average binding energies of 355 and 347 kJ/mol, respectively (ca.
3.6 €V in both cases). Thus, SiAICN ceramics require at least three
photons to break the Si-N and C-C chemical bonds. Following laser
irradiation, the amorphous SiAICN ceramics structure is destroyed and
transformed into free atoms, forming a high-speed plasma after
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Fig. 6. XPS patterns of untreated and laser-treated SiAICN ceramic surfaces.
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Fig. 7. XPS high resolution spectra (C 1s) of untreated and laser-treated SiAICN ceramic surfaces.
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Fig. 8. XPS high resolution spectra (Si 2p) of untreated and laser-treated SiAICN ceramic surfaces.

absorbing the laser energy. These plasmas are ejected from the irra-
diated area and subsequently react with O atoms of the surrounding air
and the oxygen in SiAICN, generating oxidation products such as SiOy,
CO,, Al,03, and NO,. As expected, gaseous oxidation products such as
CO, and NOy escape and SiOy and Al,03 condensate on the surface after
the ablation process. Besides, given the inadequate oxidation during the
laser process, some C atoms were retained and deposited in the debris.

Surface-deposited debris was easily removed after ultra-sonic
cleaning due to their weak surface absorption force. The entry and exit
sides of the through-holes and their two-dimensional (2D) cross-sec-
tions after ultrasonic cleaning were observed by SEM (Fig. 9). The
diameter of through-holes was set at 350 um. As clearly observed, a
HAZ was unavoidably generated near the through-holes on the entry
side. At low energy fluence shown in Fig. 9d, the diameter of the holes
decreased from the top to the bottom, and the exit of the holes pre-
sented a coarse circular geometry with some deposited debris. The low
energy fluences used herein were not sufficient to fabricate through-
holes with a near-cylindrical profile. From the results of fabrication of
blind holes (Fig. 4), the laser beam firstly penetrated through the
SiAICN ceramics in the center area, corresponding to the results in
Fig. 9d. Thus, the exit holes were firstly formed in the center and en-
larged with the increasing of energy fluence. When the energy fluence
was higher than 4.57 J/cm?, the diameter remained nearly unchanged
along the depth of the hole, revealing a near-cylindrical profile. The
diameter of holes on the entry and exit sides was measured and shown
to increase with increasing energy fluence (Fig. 10), providing a wider
exit for the debris to leave the through-holes. The changed diameter of
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holes in the entry side was the result of strong distortion and divergence
on the laser beam, thereby increasing the intensity of the etching pro-
cess around the entrance [36]. In addition, the through-holes showed a
good circular geometry in both the entry and exit sides, shown in Fig. 9c
and d. However, at an energy fluence of 9.14 J/cm?, cracks generated at
both the top and bottom sides as a result of the excessive accumulation
of laser energy. Therefore, an energy fluence ranging from 5.72 and
8.00 J/cm? would be suitable for the formation of high-quality through-
holes.

The microstructures of the HAZ around the holes were observed
after drilling at 4.57 and 9.14 J/cm? (Fig. 10). At 4.57 J/cm?® (Fig. 11a
and b), the HAZ showed two different sections, namely a porous section
and a thermal extension section. The porous section is always found at
all machined through-holes. In the porous section, a large amount of
bubble pits were generated at the HAZ, serving as escape channels for
gaseous products during laser ablation. However, at 9.14 J/cm?, some
cracks generated in the thermal extension section were not expected
(Fig. 11c), which caused the material to break (Fig. 11d). The formation
of cracks is the result of high local stress induced by thermal shock at
high energy fluence. The width of the HAZ was defined as the width of
the porous section in low energy fluence or the maximum length of the
crack at high energy fluence; further, the HAZ width was shown to
increase with energy fluence (Fig. 11e). The generation of HAZ could be
explained by a local heating effect [37]. During the femtosecond laser
processing, the SiAICN ceramics are heated with insufficient time be-
tween each pulse spacing for efficient cooling at high energy fluence.
The heat subsequently diffuses into the surrounding area, inducing a
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Fig. 10. Diameter of the holes and taper as a function of energy fluence.

local heating effect in the inner layer. The porous section or cracks were
then generated due to the excessive accumulated laser energy. Prior to
the formation of through-holes, the laser-induced plasma and debris are
only sputtered from the entry side, which is restricted in deep and
narrow spaces. More laser energy is absorbed by the restricted plasma
and debris; they converted into heat and then transfer to the hole's
sidewall in such deep structures, generating a HAZ or even cracks on
the entry side. Once through-holes have been formed, the laser-induced
plasma and debris are directly removed along the direction of laser

100pum

(c) 4.5%—J/—01115

(c) 4.57 J/em®

100pm
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:"IO(V)Ei %

(d) 2.28 J/em?

Bottom side

100um 100pm

beam, with the local heat effect no longer being important. Therefore,
the HAZ with porous section is not found on the exit side (Fig. 9).

4. Conclusions

Herein, single circular lines, blind holes, and through-holes were
fabricated on SiAICN ceramics by a femtosecond laser pulse. The ma-
chining characteristics and processing quality were closely related to
the energy fluence and rotational speed. For single circular lines, an
absorbed total laser energy of less than 600 pJ and an ablated depth of
less than 10 pm were suggested to reduce the debris, laser-induced
stripes, molten material, and cracks. Ablation rates of 137, 206, and
320 nm/pulse at 1.14, 2.28, and 4.57 J/cm? were obtained. For blind
holes, three different ablation regions were observed. The evolution
from blind holes to through-holes was demonstrated with the pre-
ferential extension of the pit in the central region with increasing en-
ergy fluence. During through-hole drilling, a HAZ with a porous section
and thermal extension section was observed, and its width increased
with increasing energy fluence. In order to obtain high-quality through-
holes, a rotation speed of 2400 rpm and energy fluences of between
5.72 and 8.00 J/cm? are suggested to ensure the machining quality. A
laser-material interaction was demonstrated by the presence of laser-
induced debris, which appeared in three morphologies, namely sub-
micro sphere-like particles, filaments, and bubble pits. EDS and XPS
showed that N was released, Si-N, Si—-C and C-C bonds were broken,
and SiOy, C and Al,O3 were deposited. The present study plays a vital
role in understanding the processing of laser-machined PDCs and
guiding the precision machining of these materials.
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