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Abstract
Silicon carbide (SiC) ceramic is becoming widely used in multiple industrial applications, owing
to its exceptional high temperature properties. Yet it is still a challenge to machine SiC using
traditional means without causing damage due to its high hardness and brittleness. In this study, a
subtractive manufacturing technique based on the use of a fiber picosecond laser was employed to
remove material from the reaction bonded SiC surface or create micro-patterns with the minimum
damage to the surface, maximum surface quality and precision. Multiple laser processing
parameters were investigated with the purpose of obtaining deep high-quality cuts with the
minimum surface roughness and the minimum amount of the re-deposited material. The heat
affected zone was analyzed by grazing angle X-ray diffractometry, cross-sectional scanning
electron microscopy, energy dispersive and micro Raman spectroscopy techniques. The cut shape,
depth, surface roughness as well as the kerf width and re-deposition height were assessed using a
3D laser scanning microscopy. The optimum values were established for the focal position, the
laser power, linear speed, wobble frequency, wobble pattern, and number of passes. This study
also identified the processing parameters for shallow and deep high-precision SiC cutting at a
material removal rate of ~2 mm?>/min. The work demonstrated that the developed laser machining
process is an efficient subtractive manufacturing tool that can be integrated into the automated

precision cutting systems for machining hard ceramic materials such as SiC and alumina.
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1. Introduction

A silicon carbide (SiC) ceramic is widely used in the automotive, aerospace, energy sectors,
and defense (e.g., ceramic armour plates) due to its outstanding mechanical, chemical, and
electrical properties [1-5]. SiC is known for having high hardness, high thermal conductivity, low
thermal expansion coefficient and its ability to maintain high strength at high temperatures [6].
Other industrial applications of SiC include corrosion-resistant ceramics [7] and semiconductor
materials [8-11]. Most of these applications necessitate high quality micro-machining [12-15].
There are currently multiple proven ways to machine SiC through subtractive manufacturing,
mainly by electro-discharge machining (EDM) and also by grinding, diamond turning, jet cutting
and laser machining [16]. EDM, grinding and laser machining all offer high material removal rates
(MRR), therefore they are preferable for fast machining of large surfaces [17]. EDM machining
offers great efficiency, but suffers from the formation of micro-pores and micro-cracks. Diamond
turning and grinding both yield great surface finish, but both experience excessive tool wear. This
reduces the quality of the cuts over time as cutting tools start bearing wear marks, which means
they are not ideal for continuous high-precision machining. Plasma and water jet cutting are both
characterized by high MRR and surface quality, but offer poor control of the erosion rate [18].
Laser machining is another non-contact and wear-less machining technique suitable for
architecturing the SiC ceramic [19, 20]. This technique does not require external tooling or media
to remove the material and can be run in a continuous well-controlled manner with minimum
process variations thereby resulting in high-precision cutting [21, 22]. Moreover, conversely to
traditional cutting methods, laser processing requires no mechanical force to be applied, thus
avoiding damage of the workpiece.

Laser ablating a material consists in removing it by irradiation with a laser beam to cause its
vaporization or sublimation. By focusing the correct amount of laser energy on the material’s
surface it is possible to achieve ablation of SiC with minimum energy consumption and low
thermal impact on the original workpiece [23, 24]. Four laser operation modes are currently used
in manufacturing: continuous, quasi-continuous, short (nanosecond) and ultra-short (picosecond
and femtosecond) laser processing. Because of long interaction time, the first two modes usually
result in very large heat affected zones (HAZ) and therefore mainly used for drilling, welding and
heat treatments. Short and ultra-short laser processing yields much better results and well suited

for precise subtractive manufacturing. Nanosecond laser pulses typically remove the material



through its heating, melting and evaporation while often resulting in unacceptably large heat-
affected zones and microcracking. The main difference between short and ultrashort laser
machining is that in the former case the laser radiation interacts with the lattice while in the latter
case it can only interact with electrons [25]. As a result, the ultra-short laser pulse power is readily
absorbed by most of work materials through the “cold” multiphoton absorption process, which
breaks interatomic bonds in the material without causing its melting. If well optimized, ultra-short
laser machining enables almost immediate material transition from the solid to the vapor thereby
significantly minimizing any adverse thermal diffusion and thermal stress effects.

Picosecond pulsed laser machining is characterized by high MRR. However when performed
in air, it often results in material cracking, excessive debris formation, re-deposition of the ablated
material and formation of heat affected zones (HAZ) [18]. To remediate some of these issues,
underwater laser ablation has been studied. Underwater lasering is useful to lower the temperature
of the machined specimen and to reduce the amount of generated debris redeposited on the
specimen surface [18, 26-29]. The requirement to use water as a medium removes the simplicity
and many other advantages of the laser machining technique [27]. Layers of complexity are added
to control the water’s impact on the ablation process. Underwater lasering also generally entails
poorer cut quality because it results in a larger and less focused laser beam typically leading to a
decreased MRR and generation of cracks [18, 27, 28]. Therefore, there is a strong need in
improving the dry ablation machining process and by reducing its downsides such as debris
generation and HAZ formation. However, little has been researched on the methods to avoid the
above complications.

Previous research on dry ablation of SiC was mainly focused on the ablation process and its
effects on the ablated surfaces including changes in the surface hardness [30], laser machining of
specific structures such as micro-holes [31] and Fresnel’s micro-structures [32]. Individual laser
process parameters such as power, were investigated and the quality of the laser ablated cut was
analyzed [33]. In order to achieve high efficiency in ablating precise geometries needed for
industrial applications, the use of pico-femtosecond duration pulses is required [25, 34]. Longer
pulse durations used in nanosecond lasers results in higher MRR, but also cause excessive burning
and melting of the laser machined material. These lasers also result in larger HAZ, poorer cut
quality and more redeposited debris. Short pulse duration (picosecond laser) and ultra-short pulse

duration (femtosecond laser) yield much better results, because a higher proportion of the pulse



energy exceeds the ablation power threshold, which is required for high-precision machining.
When using these lasers, less energy contributes to surface heating and thus minimizes the size of
the HAZ while maximizing vaporization of the material [25, 34]. CO: lasers are rarely used for
short pulse duration applications. Neodymium-doped yttrium aluminum garnet (Nd:YAGQG) lasers
manifest poor energy efficiency and beam quality [31, 33, 35]. Fiber lasers, on the other hand, are
preferable for their excellent short and ultra-short duration pulses and higher efficiencies, without
the need for an inert gas atmosphere [36]. In order to develop a subtractive manufacturing tool for
SiC laser machining to its fullest potential, fiber laser in the picosecond range with a complete
parametric study is required to obtain the maximum MRR and the minimum HAZ size.
Accordingly, in this study, a picosecond laser ablation in air including optimization of the process
parameters (i.e., wobble amplitude, wobble frequency, power, linear speed and number of passes)
is explored to ensure defect-free ablation of SiC with the minimum size if the HAZ size and
smallest amount of the debris.

Silicon carbide components are mainly formed in two ways, reaction bonding and sintering.
Each forming method greatly affects the end microstructure as well as mechanical and high-
temperature properties of the fabricated components. Therefore, it is reasonable to expect that the
machinability of these types of SiC by conventional and laser-based techniques might differ
significantly and a thorough optimization of multiple process parameters is required in order to
create micro-patterns with the minimum damage to the surface, maximum surface quality and
precision for each type of SiC. In the previous studies [22, 37], the optimum process parameters
were established for deep laser cutting of alumina. In this work, an improved manufacturing setup
was explored for precision micromachining of reaction bonded SiC ceramics. Laser process
parameters were optimized to achieve smooth and defect-free deep/shallow cutting patterns by
utilizing the servo motors in the laser head. The optimized equipment setup was aimed at removing
any melted or vaporized material included a cooling system, dust collector, and vacuum
environment. The developed subtractive manufacturing platform maximized MRR and further
minimized the size of the HAZ and the amount of deposits to produce customizable accurate cut
geometries. This subtractive manufacturing platform facilitated production of architectured SiC
ceramics with improved mechanical properties thereby warranting a new state-of-the-art
engineering for high temperature/impact applications of the SiC ceramics in various industrial

applications [38, 39].



2. Experimental Procedure
2.1.  Laser machining procedure
In this study, ceramic tiles with dimensions of 50x50x10 mm?® made of reaction bonded SiC
material with a hardness, density, and purity of 26 GPa, 3150 kg/m>, and 99%, respectively were
procured from Ortech Advanced Ceramics (see Fig. 1). An Ytterbium picosecond fiber laser
(YLPP-25-3-50-R) from IPG Photonics with the minimum laser beam width of 17-20 pm was
used for machining SiC. It delivers 1030 nm wavelength pulses of 3 ps duration and 25 pJ of
energy with a repetition rate of up to 1.83 MHz according to a Gaussian spatial profile. This allows
to produce a beam with the maximum average energy of 50 W. A laser head manufactured by
Aerotech was placed inside a protective chamber within an inert environment, onto a z-stage to
allow for different focal positions while maintaining a certain focal position when performing deep
cutting, as seen in Fig. la. The specimen was placed on a square-shaped holder and secured to it
with screws. The specimen holder was placed on an X-Y stage (manufactured by Aerotech) to
provide movement of the holder according to the designed pattern. A software provided by IPG
Photonics enabled the user to control X-Y-Z movements and micro-positioning of the Aerotech
motion controllers. A Keyence IL-300 laser displacement sensor mounted on the laser head
allowed the user to monitor the distance between the laser head and the specimen with an accuracy
of £10 um. This feature was used to determine the specimen z-positions after their exchange.
Furthermore, a compressed conical air nozzle was placed above the X-Y stage and used to blow
any dust, sparks and fumes away from the specimen surface into a dust collector. The dust collector
was placed above the specimen opposite to the air compressor. This helped to achieve a more
controlled stable laminar air flow of the cooling air above the specimen surface and avoid re-
deposition of dust particles and melted sparks generated during the cutting process. The optimal
air pressure was identified after several experimental trials. Cooling down the sample with the air
during its cutting was used to reduce formation of micro-cracks and melting of the specimen
surface. Within the laser head, two mirrors were mounted on galvo motors to obtain additional
precise and ultra-fast motion of the beam ono the sample. This motion can be used with or without
the X-Y-Z stage motion, as well as enabling the production of wobble patterns (see Fig. 2b). This
helped achieve higher laser scanning speeds with good precision without the need of using the X-
Y Aerotech motion controls thereby increasing their longevity. In order to avoid variation in the

beam size when tilting the laser beam by the servo motors, an F-Theta lens was employed, which



maintained the tilted beam focus on an imaging plane coinciding with the specimen surface. This

lens was utilized for small samples only.
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Figure 1: (a) The schematic of the developed subtractive manufacturing system, and (b) Different wobble patterns,
and (c) Before and after laser processing on SiC tile.

The power provided by the laser system refers to the overall energy delivered per second by the
laser beam. Changing the power is typically achieved by changing the pulse repetition rate (the
number of picosecond pulses emitted by the laser per second). The actual pulse duration and energy
of each pulse in the laser system cannot be modified and remain constant at around 3 ps and 25 pJ,
respectively. The wobble frequency, another important process parameter of the system, defines
the repetition rate of each wave pattern. Increasing the wobble frequency reduces the spacing
between each performed laser cut while the stage is moving. If a very low wobble frequency is
used, then some overlapping consecutively applied cutting patterns occurs. Therefore, one of the
objectives of the study was to establish an ideal combination of the linear speed and the wobble
speed/wobble frequency in order to obtain a high-quality cut. There are four patterns that can be
produced by the galvo motors of the system: straight line, “eight” sign, “infinity” sign, and circle.

The energy density was another important process parameter that had to be optimized. The energy



density is defined as the overall energy per second delivered per specific area of the SiC. This
parameter is highly dependent on both the power input and the linear speed of the specimen: the

faster the X-Y stage moves, the less time the SiC is affected by the laser.

2.2.  Focal point and power optimization

In order to identify the optimum location of the laser focal point with respect to the SiC surface
in terms of the MRR and quality of the cut, different z-positions of the laser head were evaluated.
The cut depth and kerf width were measured by a KEYENCE™ 3D Laser Scanning Confocal
Microscope (Keyence VK-X200) and plotted against different focal positions of the laser head
with respect to the SiC specimen surface measured as a deviation from the “0” focal position
corresponding to the laser beam focal point coinciding with the specimen surface (see Fig. 2a).
The data were collected for the laser power values of 5, 10, and 20 W. It was determined that
powers less than 5 W offered too insignificant cuts and values above 20 W were too powerful.
Indeed, below 5 W, cuts were rarely visible and above 20 W the cuts were so powerful that large
white burn marks were visible to the naked eye. As seen in Fig. 2, only the data for the 5 W width
curve resemble the bell curve while the MRR shows a significant reduction at the “0” focal position
when the laser power is increased to 10-20 W. These data show that at higher laser powers, the
energy is not used efficiently when the laser beam is focused on the specimen surface, and the
MRR is affected negatively, probably because under these conditions. The laser beam energy goes
into melting and redepositing solid particles rather than sublimating the surface. According to Fig.
2, in order to maximize the MRR, the laser beam focus should be repositioned by about 1-1.5 mm
above or below the specimen surface.

Another important aspect of laser machining, is the quality of the cut. As seen in Fig. 2c, the
quality of the cut is superior at “0” focal position. When the laser is a few mm away from this
position, the spread of redeposited material is larger. Instead of vaporizing material at the required
area, the material is redeposited further out on each side of the cut. Therefore, if higher powers are
needed, then the laser beam must be slightly out of focus in order to maximize the MRR. However,
this would not be advisable since the cut quality is reduced considerably and the beam size

increases resulting in a larger kerf widths (see Fig. 2a) and probably larger HAZ.
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Figure 2: (a) Cut depth and kerf width vs. focal position for the laser powers of 5, 10, and 20 W. “Zero” focal
position corresponds to the focal point coinciding with the specimen surface. Negative values of the focal position
correspond to the focal point located below the specimen surface. (b) Surface profile and the measurements (side
view), and (¢) 3D microscopy images for various focal positions (top view).

2.3.  Material characterization

The content of crystallographic phases on the surface of SiC specimens before and after laser
ablation was analyzed by grazing incidence X-ray diffractometry (GI-XRD) at 3° angle in a Bruker
AXS D8 Discovery diffractometer using Cu Ka radiation (A = 0.154056 nm). Phase identification
was carried out using the International Centre for Diffraction Data (JCPDS-ICDD 2022) Powder
Diffraction Files (PDF).

The internal microstructure of the fabricated specimens was analyzed on cross-sectioned

specimens by scanning electron microscopy (SEM) performed in the backscattered electron (BSE)



mode in a Philips XL 30S microscope. Chemical compositional analyses of the fabricated
specimens were performed in the SEM using its energy dispersive spectroscopy (EDS) capabilities.
Cross-sectional samples were prepared using a standard metallographic specimen preparation
procedure based on the cold mounting technique.

Changes in atomic bonding and defect generation at the SiC surface caused by its laser
irradiation during machining were analyzed by micro-Raman technique in a Renishaw in Via
micro-Raman spectrometer. Samples were measured using a 514 nm excitation laser focused to
approximately 1 pm through a 50x objective. The laser power density was limited to 8 kW/cm? to

prevent conversion of amorphous forms to crystalline forms during spectra acquisition.

3. Results and Discussion
3.1.  Effects of laser ablation on SiC material

The effects of laser ablation on the properties of the SiC surface were evaluated under the
following laser irradiation conditions: 10 mm/s linear speed, 1000 Hz frequency, 5 W power, 10
passes and 0.5 mm wobble amplitude for micro-Raman and GI-XRD as well as 10 mm/s linear
speed, 800 Hz frequency, 10 W power, 10 passes and 0.1 mm wobble amplitude for the cross-
sectional SEM.

Figure 3a shows a cross-sectional SEM micrograph of a laser machined grove. The image
demonstrates that laser micromachining provides good control of the profile geometry. The figure
also revealed the presence of the re-deposited material with a thickness varying within 2-10 um.
Individual layers of the re-deposited material formed after each individual laser pass can be
distinguished in a high-magnification image presented in Fig. 3b. Individual particles with dark
BSE contrast and a size of about 1-3 um seen in Fig. 3 consisted of carbon according to the
conducted EDS spot analyses. EDS profiling performed across the HAZ (Fig. 3a, Fig. 4 and Table
1) revealed that the ablated subsurface region is enriched with oxygen to a depth of about 3 um
with its concentration reaching about 10 at%. As seen in Table 1, the oxygen content in the re-

deposited material is even higher and reaches about 22 at%.
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Figure 3: SEM-BSE micrographs of (a) Laser cut made by using 10 passes at 10 W laser power, and (b) a
magnified image of the selected area showing multiple layers of the re-deposited material (green line shows the
location of the performed EDS line scan).
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Figure 4: EDS elemental profile along the line scan shown in Fig. 3b.

Table 1: EDS analyses of elemental concentrations in different surface locations of the laser machined specimen (in

at%).
Location Si C ()
1 45.0 55.0 -
2 21.8 69.0 9.2
3 10.2 68.0 21.8

Figure 5 shows X-ray diffraction patterns of the untreated and laser ablated surfaces. Both

patterns looks almost identical except a peak at 26.6° which is typically attributed to the family of

10



planes in the hexagonal lattice of graphite (PDF 00-56-0159) [40]. According to the XRD analyses,
the presence of this phase in the subsurface regions of the SiC material drastically reduces as a
result of laser irradiation. This can be due to volatilization of free non-reacted carbon particles
typically present in the reactive bonded SiC material through its reaction with atmospheric oxygen
at high temperature. The remaining peaks closely matched the diffraction patterns from the powder
of the hexagonal a-polytype 6H-SiC polytype (PDF 00-29-1131). As seen in Fig. 5, some of the
peaks also provided a close fit with the cubic B-polytype 3C-SiC polytype (PDF 00-29-1131)
suggesting a possible mix of a- and B-SiC phases. Therefore, Raman spectroscopy was carried out
to provide a more accurate identification of the crystalline phases present in the sub-surface region

of the untreated and laser ablated SiC specimens.
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Figure 5: GI-XRD patterns acquired from the untreated and laser machined surfaces of the SiC material.

Raman spectroscopy has often been used to extract various information on the fine structure
of the SiC material including identification of the presence of specific polytypes, structural
disorder, damage, and generated lattice strain [41-43]. Figure 6 shows Raman spectra collected
from the untreated and laser machined areas of the SiC surface. The typical spectra acquired from
the pristine SiC surface (marked as “1” in Fig. 3b) contained four peaks characteristic of the

hexagonal a-polytype 6H-SiC, which is consistent with the results of the GI-XRD analyses (see
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Fig. 5]) while eliminating the possibility of the presence of the cubic B-polytype 3C-SiC in both
the untreated and treated SiC material. The peaks at 769 and 789 cm™ were assigned to E,
(transverse optical, TO) phonon modes and the peak at 969 cm™ was assigned to the A;
(longitudinal optical, LO) mode [42-44]. The second order Raman peak at 147 cm™! corresponded
to Ez planar or transverse acoustic (TA) mode. Raman spectra collected at certain locations within
the untreated area also showed D and G bands associated with carbon phases (see Fig. 6b): the D
band is usually attributed to the disorder or polycrystalline carbon and the G band to the graphite-
like carbon [45, 46]. The presence of carbon in the reaction bonded untreated SiC is consistent

with the results of the GI-XRD analysis presented in Fig. 5.
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Figure 6: (a) Typical Raman spectra acquired from the untreated (marked as “1””) and laser machined (marked as
“2”) areas of the SiC surface, and (b) The spectra collected from some locations within the “1”” area showing the
presence of carbon.

Figure 6b shows the typical Raman spectrum collected within the laser machined area. Because
of the small wavelength of the used excitation laser (514 nm), the expected penetration depth of
the laser irradiation in penetration depth in the analyzed specimen is less than 1 pm [47]. Thus,
based on the cross-sectional SEM presented in Fig. 3, the collected spectra mainly represent a re-
deposited material. Comparison of Raman spectra collected from the laser ablated region with
those acquired from the untreated SiC surface shows the disappearance in the former of Raman
shift peaks associated with the crystalline 6H-SiC in the 760-975 cm™! region, the appearance of a
new peak in the vicinity of 520 cm™ and four broad bands near 155 cm™, 480 cm™!, 770 cm™, and

892 cm’!'. The peak at 520 cm™ can be assigned to the first-order Raman scattering of the

12



longitudinal optical (LO) phonon mode for crystalline silicon (c-Si) while the two broad bands
near 155 cm™ and 480 cm™! are the characteristic features of the amorphous silicon (a-Si) [45, 46].
The third band located near 770 cm™' can be due to amorphization of the 769 and 789 cm™
characteristic peaks E> (TO) of the crystalline 6H-SiC polytype while the fourth broad band
centered at around 892 cm™! could be associated with the A1 axial optic mode of 6H-SiC [47]. The
disappearance of Raman shift peaks associated with the crystalline SiC and the appearance of wide
bands attributed to amorphous silicon in the Raman spectra suggests the possibility of SiC
dissociation under laser irradiation and its consecutive Si oxidation in a very thin (about 3 um)

sub-surface region.

3.2.  Effects of process parameters on cut depth and material re-deposition

When performing cutting using picosecond lasers as opposed to continuous or quasi-
continuous lasers, typically used for welding, the kerf width is usually too small resulting in very
narrow cuts and some undesirable effects such as excessive material re-deposition. In order to keep
the kerf width within the required range, laser wobbling using various patterns and different
wobbling parameters has been used in the study. The effects of the following seven laser
processing parameters on the cut depth and the thickness of the re-deposited material were
evaluated: the focal position (z-height), wobble frequency, wobble pattern, wobble amplitude,
number of passes, linear speed, and laser power. The studied linear speed values included 5, 10,

15, and 20 mm/s.

3.2.1. Wobble frequency

The wobble frequency was tested at different linear speeds and laser powers. The number of
passes and wobble amplitude are kept 10 and 0.5 mm, respectively. The established relationships
were used to eliminate one variable from further consideration while evaluating the remaining
variables. As seen in Figs. 7a and 7b, the faster the laser beam moves along the specimen surface,
the smaller is the depth of the cut because there is less time to vaporize material. There seems to
be no relation between wobble frequency, linear speed and the height of the re-deposition ridge at
a laser power of 5 W. The cut depths are visibly the same for different wobble frequencies in the
5-10 W laser power range. The re-deposition heights vary significantly with the laser beam speed

and slightly with the wobble frequency. As shown in Fig. 8, the minimum relative re-deposition
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and highest quality cut was determined to be 80.
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Figure 7: Depth and re-deposition vs. frequency at different speeds with power of (a) 5 W, and (b) 10 W. (¢) Top
microscopy view of cut profiles (number of passes: 10, wobble amplitude: 0.5 mm).
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Figure 8: Re-deposition vs. wobble frequency for different linear speed (laser power: 10 W, number of passes: 10,
wobble amplitude: 0.5 mm).

Analysis of the effect of the linear speed of the laser beam along the surface on the produced
kerf width at different values of the laser beam power revealed that the produced kerf width at 5
W was smaller than that defined in the laser system by the wobble amplitude set to 500 um (see
Fig. 9a). On the contrary, at 10 W the kerf width was larger than the set wobble amplitude value
(see Fig. 9b). At a laser power of 5 W, it was unclear how the linear speed of the laser beam
affected the kerf width. However, at 10 W, the kerf width increased with increasing linear laser
speed. Overall, 10 mm/s at 10 W seems to be the closest to the desired 500 pm kerf width. There
does not seem to be any strong correlation between the laser wobble frequency and the produced
kerf width. Similarly, for the roughness of the laser-machined surface, a strong correlation was
observed with the linear laser speed when using the laser power of 10 W (see Fig. 9d) while no
such correlation was observed at the lower power of 5 W (see Fig. 9¢). No correlation was revealed

between the surface roughness and wobble frequency in the 4 to 15 mm/s while at a speed of 20
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Surface roughness (um)

mm/s the roughness of the laser-machined surface decreased with increasing wobble frequency.

For the remaining experiments, the laser power of 10 W and the wobble frequency-to-speed ratio

of 80 were used.
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Figure 9: Kerf width vs. frequency at different linear speeds with laser power of (a) 5 W, and (b) 10 W. Surface
roughness vs. frequency at different linear speeds with power of (¢) 5 W, and (d) 10 W (number of passes: 10,
wobble amplitude: 0.5 mm).

3.2.2. Wobble pattern

To study the wobble pattern, the number of passes, wobble amplitude, and laser power are kept

10, 0.5 mm, and 10W, respectively. A strong correlation was observed between the cut depth, re-

deposition height, and linear speed for different wobble patterns for all four evaluated wobble
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patterns (see Fig. 10a). However, as seen in Fig. 10, for different patterns, the correlation between
the re-deposition height and linear speed is more pronounced for the “circle” pattern. There was
no noticeable difference in cut depths for different wobble patterns. This was unexpected, since
different patterns should incur different linear speeds within the pattern trajectory. The “infinity”
and “circle” patterns had the lowest re-deposition heights at lower laser beam linear speeds, while
the “linear” and “eight” patterns had no redeposited material at a speed of 20 mm/s and 1600 Hz
wobble frequency. No correlation was revealed between wobble patterns and kerf widths (see Fig.
10b), but the most accurate kerf widths (closest to the targeted 500 um value set in the laser system
by the wobble amplitude parameter) were obtained when using the “eight” and “linear” patterns.
The “infinity” pattern was found to be the most inaccurate in that regard. As can be seen in Fig.
10c, there was a strong correlation between the laser-machined surface roughness and the linear

laser beam speed when using the “circle” and “eight” patterns.
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Figure 10: (a) Depth/re-deposition, (b) Kerf width, and (¢) Surface roughness vs. wobble pattern at different speeds.
(d) 3D microscopy view of cuts with eight, infinity, circle, and line patterns at 5, and 15 mm/s (laser power: 10 W,

3.2.3. Wobble amplitude

number of passes: 10, wobble amplitude: 0.5 mm).

The effects of the wobble amplitude on the cut geometry and surface roughness are explored

for the “line” and “circle” patterns. The number of passes and laser power are kept 10 and 10 W,

respectively. Figures 11 and 12 show that the re-deposition height and kerf width are similar for

these two patterns. The roughness of the surface machined using the “circle” pattern is much
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smaller than that produced by using the “linear” pattern (see Fig. 12). For the both patterns, the
surface roughness increases with as the wobble amplitude and the related kerf width become
smaller. For the “line” pattern, the cuts seem to be the smoothest at wobble amplitudes of 0.5-0.7
mm. Reduction in the wobble amplitude resulted in a smaller width of the laser cut, smaller area
to ablate, faster material heat-up, higher pressure of the evaporated material and, as a result larger
amounts of the re-deposited material (see Fig. 11). A buildup of the re-deposited material at the
edges of the cut creates concisions when the laser beam irradiates an inclined surface which is
similar to the effect of being out of focus when the beam loses its efficiency and melts the material
rather than vaporizing it. This tendency is shown in Fig. 13, which shows the MRR) plotted as a
function of the wobble amplitude demonstrating that higher wobble amplitude values result in
higher removal rates. The smaller the wobble amplitude and the kerf width, the larger portion of
the cut volume is affected by re-deposition and the laser beam defocusing effect. Once the wobble
amplitude reaches about 0.3 mm, the MRR value shows a saturation trend since the angled edge
represents a smaller part of the overall cut volume. According to Fig. 13, the “linear” wobble
pattern maxes out at 1.6 mm>®/min while the “circle” pattern continues rising with increasing
wobble amplitude. This may be due to a smoother surface roughness near the edges of the cut
produced using the “circle” pattern because the galvo motors turn the mirror in circles continuously
while spending less time when reaching the “circle” pattern edge than when performing the “line”
pattern, which requires the motors to come to an abrupt change in their motion direction each time

when reaching the pattern edge.
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Figure 11: Depth/re-deposition vs. wobble amplitude for (a)”’line”, and (b) “circle” wobble patterns.
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passes: 10).

3.2.4. Number of passes

The investigated effects of the number of passes on the cut depth, kerf width, and surface
roughness of the SiC samples are discussed in this section. The wobble amplitude and laser power
are kept 0.5 mm and 10 W, respectively. The experiments were performed using the “linear” and
“circle” wobble patterns. The first observed effect was a linear increase in both the cut depth and
re-deposition height with the number of passes when using the “circle” pattern (see Fig. 10a).
Reducing the linear speed was found to produce a similar effect on the cut depth as increasing the
number of passes. Indeed, similar depths were obtained with 10 passes at 5 mm/s and 20 passes at
10 mm/s, or 40 passes at 10 mm/s and 80 passes at 20 mm/s. This can be explained by the fact that
the MRR is proportional to the amount of the laser energy applied to a certain area for a given
period of time. As a result, when the laser moves over an area two times faster, it would need to
pass over that area twice.

Furthermore, when using the “circle” wobble pattern, the re-deposition height follows a similar
trend linearly increasing with the number of passes (see Figs. 10a and b). However, when reaching
80 passes, the re-deposition height value does not vary much at different linear speeds, as it was
observed in the case of 10-40 passes, and remains relatively constant at around 50 pm when
increasing the laser speed from 10 mm/s to 20 mm/s. Therefore, at a very high number of passes,

the relative material re-deposition increases with increasing speeds. This can be explained by the
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fact that the use of the high number of passes results in very deep cuts, which impedes material
removal and results in larger amounts of redeposits This also explains a smaller kerf width formed
at a higher number of passes — simply because a larger amount of the ablated material is being
redeposited on the sides of the cut. As seen in Fig. 10c, for 80 passes using the “circle” pattern the
kerf width is much smaller than the targeted 500 um width for all the tested linear speed values
becoming as small as 430 um at 5 mm/s. The surface roughness of the cut produced using the
“circle” pattern noticeably increases with the number of passes, as shown in Fig. 15. This could be
explained by the larger amount of the evaporated material redeposited on the specimen surface in
the form of particles and debris with some of them remaining on the surface of these deeper cuts.
As the cuts become deeper, a larger number of these particles will not be able to escape and become
entrapped within the cut trenches.

As seen in Fig. 14b, when using the “linear” wobble pattern, the effects of the number of passes
on the depth/re-deposition height were very similar to those observed earlier for the “circle” pattern.
The main differences were revealed for the values of the re-deposition height, which appear to be
higher in general than those observed when using the “circle” pattern. Also, the surface roughness
did not follow the same trend as that observed in the case of using the “line” pattern (see Fig. 14c).
Both the re-deposition height values and the surface roughness of specimens cut using the “line”
pattern were unusually high at the linear speed of 5 mm/s. Instead of observing a continuous
increase in the surface roughness with the number passes in the studied range, the lowest surface
roughness was observed at the number of passes of around 20. It was suggested that the laser beam
was able to smoothen the specimen surface when increasing the number of passes from 10 to 20
in the case of using the “linear” pattern. It is possible that in general this particular pattern offers a
less smooth movement when compared to the “circle” pattern and forms sharper straight cuts

resulting in rough surfaces even when using a smaller number of passes.
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Figure 14: Depth/re-deposition vs. number of passes: (a) Circular wobble pattern, and (b) Linear wobble pattern. (c)
3D microscopy view of cuts with 10, 20, 40, and 80 passes at 15 mm/s (laser power: 10 W, wobble amplitude: 0.5
mm).
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“Linear” wobble pattern (laser power: 10 W, wobble amplitude: 0.5 mm).

3.3.  SiC laser cutting vs. alumina laser cutting

In order to further investigate characteristic features of laser ablation of SiC ceramics, a similar
laser cutting procedure was applied to another ceramic material — alumina. The authors have
investigated different effects of laser processing parameters on the shape and quality of alumina
cuts [22, 37]. The wobble amplitude and laser power are kept 0.5 mm and 20 W, respectively. In
general, the cuts produced in alumina were much shallower than those produced earlier in SiC
using the same process parameters. This can be explained by the fact that the used alumina sheets
were translucent (i.e., semi-transparent) whereas the SiC material was opaque. As a result, almost

all the laser energy applied to the SiC specimen’s surface was used for material ablation. As seen
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in Fig. 16a, at the laser linear speed of 15 mm/s and higher the laser was barely able to remove any
material from the alumina surface. Even at 10 mm/s, more than 10 passes were needed to achieve
any noticeable MRR. It was also noted that the alumina MRR followed a more linear trend with
increasing energy density whereas the MRR of SiC increased in a more exponential fashion. This
can be due to the fact that compared to alumina, SiC has a higher absorption coefficient and thermal
conductivity. This can also explain a larger difference in the kerf widths for these two materials
(Fig. 16b). As seen in Fig. 16¢c, SiC demonstrated more melting and re-deposition compared to
alumina, clearly seen at high number of passes, which affected the kerf width. The higher re-
deposition rate of SiC means that the material was being redeposited on the specimen surface
adjacent to the cut as well as directly within the cut volume. As a result, the kerf width in the SiC
shows significant changes with the linear speed value, especially large at 80 passes (Fig. 16b). On
the contrary, the kerf width in alumina remains nearly unchanged in the entire range of linear
speeds and used number of passes and congregate just above the targeted width of 500 um. A
similar behavior is demonstrated by the surface roughness, whose variation is less pronounced in
alumina compared to SiC probably because it endures less re-deposition of coarse particles as well

as less micro-cracks due to heating and expansion.
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Figure 16: Comparison of SiC and alumina for different passes (10, 20, 40, and 80 passes) and linear speed (5, 10,
15, and 20 mm/s): (a) Depth, (b) Kerf width, and (¢) Surface roughness. (d) 3D microscopy view of alumina and
SiC cuts (laser power: 20 W, wobble amplitude: 0.5 mm).

4. Conclusions

In this study, various laser processing parameters were investigated in terms of their effect on
the ablation of the reaction bonded SiC using a picosecond laser. According to the performed
cross-sectional SEM, micro-Raman and GI-XRD analyses, the surface of the laser machined
reaction bonded SiC material is covered with a re-deposited material of a thickness varying in the
2-10 pm range and consisting of an amorphous material with high oxygen content. The very top
layer of the laser machined SiC surface is enriched with oxygen to a depth of about 3 pm. The sub-
surface region in general retains its original 6H-SiC crystalline structure while the residual carbon
in the reaction bonded SiC undergo volatilization.

The laser power and laser linear speed were found to be the most critical process parameters
because they strongly affected the resulting depth, shape, and surface roughness of the produced
cuts. Changing the linear speed proportionally changed the average power delivered per second
per the surface area unit thereby affecting the MRR and the way in which the ablated material was
removed. As a result of the study, the following laser cutting process conditions were identified as
capable of producing deep, clean, and concise cuts in the SiC ceramics:

e Focal position: in order to produce deep cuts, the laser beam should be slightly out of focus

with respect to the specimen surface in order to maximize the cut depth. Very deep cuts were
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found to suffer from lower quality in terms of the amount of the redeposited material and
surface roughness.

The wobble feature: was found to be capable of increasing the size of the ablation areas at
faster linear speeds. It was established that in order to achieve the minimum value of the re-
deposition height, the ratio between the wobble frequency and the laser linear speed should be
kept close to 80.

The wobble pattern: It was found that in general, with small variations all the studied wobble
patterns were capable of producing plausible results. “Circle” and “infinity” patterns produced
cuts with lower relative re-deposition heights at low linear speeds while “linear” and “eight”
patterns resulted in no material re-deposition at high linear speeds. When using “linear” and
“eight” patterns, the kerf widths remained nearly unchangeable in a wide range of process
parameters.

Wobble amplitude: Varying the wobble amplitude had a strong effect on the cut depth, kerf
widths, height of the redeposited material and the roughness of the machined surface. Deeper
cuts offered smaller kerf widths at the cost of larger amounts of the redeposited material and
increased surface roughness.

Energy density controlled by the number of passes: Decreasing the energy density reduced the
relative material re-deposition. However, at a high number of passes, the re-deposition sized
increasing with further energy density increase. For the “line” pattern, the re-deposition height
increased linearly with increasing energy densities showing no signs of reaching the limit.
Ceramic material: At the same settings, the used picosecond laser was able to cut SiC to a
larger depth than alumina because of the higher laser energy absorption of the latter, but
resulted in a larger amount of the redeposited material and higher surface roughness.

Higher re-deposition rate of SiC was usually accompanied by material melting rather than
sublimation and generation of micro-cracks, which caused increase in the surface roughness
and decrease in the kerf widths.

High linear speeds are recommended for producing smooth shallow cuts in SiC ceramics.
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