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Abstract: Reaction-boned silicon carbide (RB-SiC) is considered a new material for large lightweight
ground-based space telescopes due to its high specific stiffness, low thermal deformation, and
excellent optical quality. The excellent mechanical properties of RB-SiC result in the low efficiency
of traditional polishing and mechanical polishing. In this paper, a polishing method for RB-5iC
based on a femtosecond laser is proposed to improve surface quality. A theoretical heat conduction
model was established in the process of femtosecond laser irradiation of SiC. We analyzed the
ablation type and calculated the single-pulse ablation threshold of SiC, which verified the feasibility
of femtosecond laser polishing. Further, the effects of polishing parameters on the polished surface
quality were analyzed by a series of experiments, and the optimal parameters were selected. It
was observed to improve polishing efficiency and can replace the intermediate steps of traditional
mechanical polishing.
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1. Introduction

Due to the development of space optics, the performance and quality of optical
components are significantly affected by the surface quality and texture [1]. Therefore,
the machining of high-precision optical components has become the focus of research.
The reaction-bonded silicon carbide is expected to become one of the most excellent and
viable space optical materials due to its excellent conductivity [2]. However, because of its
high hardness, the high-precision surface polishing of RB-SiC has always been a difficult
processing problem [3].

Nano-scale polishing of optical components can be realized by traditional polishing
methods, including abrasive polishing [4,5], wet polishing [6], magnetorheological polish-
ing [7], and ion beam machining [8]. H. Cheng et al. put forward a magnetorheological
fishing (MRF) [9] process for aspheric silicon carbide mirrors. The surface roughness de-
creased from 34.39 nm to 26.74 nm after 20 h of pre-polishing and then reached 1.14 nm
after 50 h of fine polishing using the MR fluid with diamond power as the nonmagnetic
particle. Zewei Yuan et al. proposed a polishing method for 4H-SiC wafers. In the process
of mechanical polishing, the diamond abrasive of 5 um, 2 pm and 1 um was used to polish

the surface for 30 min each to reduce the surface roughness to about 40 nm, and then
the roughness was reduced to 0.35 nm by photocatalysis-assisted chemical mechanical
polishing (PCMP). The material removal rate is about 0.95 um/h [10]. Akihisa Kubota et al.
used micron-sized diamond abrasive grains for high-precision mechanical polishing of
diamond substrates, and the average roughness (Ra) ranging from ~0.1 nm to 0.3 nm was
easily obtained by controlling the process parameters [11]. The surface roughness at the
nanoscale can be obtained by traditional mechanical polishing methods, but these methods
40/). are complex, time-consuming, and require a demanding machining environment [12].
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In recent years, the femtosecond laser has become an important tool for the new
generation of high-precision polishing because of its excellent focusing ability and extremely
high instantaneous power [13]. However, laser polishing by laser radiation is based on the
remelting of a thin surface layer by laser radiation [14]. Similar to conventional polishing,
laser polishing is a multi-step process. Consecutive process steps are carried out from the
smoothing of milling grooves (macro polishing) up to improving the gloss level (micro
polishing). In addition, crucial for the choice of whether macro or micro polishing will
be used are the initial surface roughness and its spatial wavelength. The sample with an
initial roughness of less than 80 um is more suitable for microscopic polishing [15]. For
micro laser polishing, pulsed laser radiation is used, which is a combination of remelting
a thin surface layer smaller than 5 pm and vaporizing micro edges. In contrast to macro
laser polishing, micro laser polishing is a discrete rather than a continuous remelting
process. In order to better understand the mechanism of femtosecond laser processing,
many scholars have conducted extensive research [14,16,17]. In recent research, A. Temmler
analyzed the effect of pulse duration and repetition frequency on micro-roughness in
the laser micro-polishing of AISI 410 stainless steel. When the frequency is fixed, the
shorter the pulse duration, the better the polishing effect. However, the effects of pulse
frequency and pulse duration on polishing results are not independent of each other. The
shorter the pulse duration, the higher the repetition frequency necessary to achieve the
maximum reduction of surface roughness [18]. Zhang Ru et al. established a regression
model of machining groove width, depth, and material removing rate (MRR), which
can accurately predict the groove width and depth formed by laser scanning the silicon
carbide surface, which is of great significance for improving the roughness of the machining
surface [19]. In 2006, Krzysztof et al. proposed a laser polishing method that can reduce
the roughness of quartz surfaces from 1 pm to less than 1 nm [7]. Qu et al. took the lead
in using a 10 ns pulsed laser to micro-polish metallic nickel surface and found that the
initial surface roughness is an important factor affecting the surface polishing effect [20].
Astrid et al. proposed a method of metal polishing by femtosecond laser, analyzed the
influence of different parameters on the polishing effect, and reduced the micro-roughness
from 0.211 pm to 0.076 pum, which represents a reduction of 64% [17]. Huang. C et al.
proposed a laser-selective polishing of RB-SiC at a fluence between its two phases, they
used a femtosecond laser to selectively remove the Si on the RB-SiC surface, reducing
the surface roughness from 35 nm to 11.21 &£ 0.26 nm [21]. It should be noted that the
RB-SiC applied in femtosecond laser selective polishing (fs-LP) in this experiment was
preprocessed by chemical mechanical polishing (CMP) for about 32 h with colloidal silica
slurry. However, it is still a time-consuming process. So far, there has been little research
on the optimization of polishing parameters for RB-SiC polishing by femtosecond laser,
which is worthy of further exploration.

In this paper, a femtosecond laser polishing method for RB-SiC is proposed. In order
to choose the best laser fluence to get better surface quality, the single-pulse ablation
threshold of SiC was analyzed and calculated by the two-temperature model (TTM). The
influence of different polishing parameters on surface roughness, which include laser
fluence, equivalent pulse number (EPN), scanning interval, and scanning model, was
analyzed. In addition, by optimizing the polishing parameters, the surface quality and
polishing efficiency improved obviously, which laid the foundation for the subsequent
polishing with higher precision.

2. Experimental Details
2.1. Materials and Experimental Conditions

The experiments in this work are performed on 5 mm-thick RB-SiC. The initial state
of the surface after fine grinding exhibits a surface roughness of Ra = 0.2 + 0.02 um and
a maximum roughness depth of Rz = 0.8 & 0.08 pm. The experimental setup consists
of a femtosecond laser source, Carbide from Light Conversion, which is integrated into
a three-axis laser machining system. Two-dimensional processing is enabled by a galvo
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scanner system, the AGV10HP from Aerotech. As is shown in Figure 1, after being shaped
and transmitted by the beam expander and Coude optical path (a light guide path capable
of turning the laser beam to rotate with the axis system), the femtosecond laser converges
to a spot on the surface of the polishing material through the F-theta mirror. Among them,
mirror 2 is mounted on the x-axis of motion and can move along the x-axis direction; mirror
3 is mounted on the x- and z-axes of motion and can move along the x- and z-axes; and the
oscillator and F-theta mirror are mounted on the x-, y-, and z-axes and can move along all
three axes simultaneously. The optical path can achieve both a wide range of processing in
the two-dimensional plane and focusing along the z-axis. In order to make the spatial layout
of the experiment more reasonable, we set up mirror 1. The laser machining parameters
were listed in Table 1. Furthermore, ultrasonic cleaning equipment and electrochemical
cleaning equipment are prepared. Any test in this research should be completed after the
first ultrasonic cleaning with deionized water, followed by anhydrous ethanol for cleaning.

Galvo Scanner

Femtosecond laser

F-theta lens
Mirror 3
Mirror 1

Beam Expander
" Sample

Stage

Mirror 2

g |

Figure 1. Optical path of femtosecond laser scanning.

Table 1. Femtosecond parameters for polishing processing.

Parameters Value
Wavelength A 515 nm
Beam polarization Linear
Pulse energy 0~100 pJ
The full width at half maximum (FWHM) pulse 282 §
. s
duration tp
Laser beam diameter wp (1/¢?) 10 um
Frequency f 60~1000 kHz
Maximum scanning velocity 7000 mm/s
Focal length of the F-theta-lens f; 100 mm

The polished surface morphology was observed by a BX41M-LED industrial micro-
scope from Olympus. The roughness of the polished surface was measured by a SJ-210
roughness meter from Mitutoyo, Japan. A sampling length of 0.8 mm is selected, and five
measurements are taken along two mutually perpendicular directions. The average value
is taken as the measurement result. To avoid measurement errors, measuring at the edge of
the processing area should be avoided as much as possible. Due to the limited experimental
conditions, we measured the samples point by point with the distance measuring lens
of Keyence, selected 2601 (51 x 51) points in the measurement range of 5 x 5 mm, and
simulated the surface topography based on these points.
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2.2. Two-Temperature Model

Prior to the experiment, the TTM in the femtosecond laser ablation process was
introduced, and the ablation threshold of SiC was analyzed with this model. Laser ablation
mechanisms can be roughly divided into two categories, usually by the relaxation time
of acoustoelectric action and laser pulses. When the laser pulse width is greater than the
electroacoustic coupling time, it is called thermal equilibrium ablation, and when the laser
pulse width is less than the electroacoustic coupling time, we call it unbalanced ablation [22].
During femtosecond laser processing, electrons are first accelerated and heated. Then, the
lattice is heated by electron-phonon coupling, and normal energy diffuses into the materials
through phonon-phonon collision [23]. This process is called non-equilibrium ablation. In
this paper, the pulse duration is much less than the electroacoustic coupling time, so that
unbalanced ablation occurs during the irradiation. Typically, thermal equilibrium ablation
can be described by the heat conduction equation, while non-equilibrium ablation can be
described by TTM. Two nonlinear differential equations of TTM can be shown as [24]:

0 92T,
CeETe = Ke<ax;) -8 (Te — Tl) +S(X,t) 1
o ln =k (L0 £ g (T - @
il =K\ 52 g (Te—T

TTM describes the heat transfer among photos, electrons, and lattices using two
coupled nonlinear differential equations. Here, e and ! represent the electronic system
and lattice system parameters, respectively. T, is the electronic temperature, T; is the
lattice’s temperature; C, is the electronic heat capacity, C; is the lattice’s heat capacity;
K, is the electronic thermal conductivity, K; is the lattice’s thermal conductivity, g is the
characteristic parameter of the coupling between the electron and the lattice. S(x, t) is the
heat source term corresponding to the laser pulse and expresses the absorption rate of the
electronic system. Femtosecond laser ablation can be divided into single-pulse ablation
and multi-pulse ablation. When the time interval between two pulses is much longer than
the duration of one pulse, the effect between the two pulses is negligible. The repetition
frequency used in this experiment is 100~500 kHz, according to which the minimum pulse
interval is calculated as 2 x 107° s, much longer than 282 fs. Therefore, the polishing
process in this experiment can be regarded as single-pulse ablation. The thermal absorption
rate of the electronic system for single-pulse ablation can be expressed as [25]:

S(x,t) = \/@- % (1L_pR) -eXP<—4~ln2~ (t_tPZt”>2> -exp(—pr> €)

In the above equations, S(x, t) describes the spatial distribution and temporal evo-
lution of the absorbed laser energy. Here, is the laser fluence; tp is the full width at half
maximum (FWHM) pulse duration, which is 282 fs; R is the reflectivity of SiC; Lp is the
depth of ballistic transportation; x is the depth from the surface. The laser fluence can be
expressed as:

j—— )

T - wo?

Here, the beam radius wy is 10 um, E is the pulse energy.

2.3. Scanning Strategy

The experimental parameters, such as laser parameters, polishing mode, and scan-
ning parameters, will affect the polishing effect. Therefore, the parameters affecting the
experimental results should be analyzed before the experiment. There are fixed ablation
thresholds for different materials; even the surface morphology of the material may affect
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the magnitude of the ablation threshold [26]. The energy distribution of the beam used in
the experiment is a gaussian distribution, which can be expressed as:

P(r) = poe /% 5)

¢o is the fluence of laser beam, 7 is the distance from the center of beam, ¢(r) is the laser
fluence at the distance r from beam center. The relationship between ablation threshold ¢y,
and laser fluence ¢y can be deduced from Formula (5) as:

D? = 2210 2 ©)
Pt
Here, D is the ablation diameter. According to Formula (6), the ablative diameter is
positively correlated with the laser fluence. EPN and laser fluence jointly determine the
amount and efficiency of material removal and then affect the surface quality of the sample.
Equivalent pulse numbers refer to the number of laser pulses irradiated at a certain point
on the sample in the scanning process, which can be expressed as:

wWo

N = - (7)
Here, v is the scanning velocity. According to Formula (6), when ¢y = et/ ¢y, the
groove width is equal to the laser beam diameter. When the scanning interval is less
than or equal to the groove width, full field polishing can be achieved. However, because
the energy distribution of the laser beam is Gaussian, the groove scanned by the laser
is V-shaped rather than U-shaped. As Figure 2a,b shows the surface topography after
scanning with two different pulse densities, the higher the pulse density, the smaller the
surface undulation, and the smaller the surface roughness, the better the surface quality
obtained. The pulse density is related to parameters such as scanning interval, velocity,
and repetition frequency. We need to adjust these parameters to obtain the best surface
quality while ensuring scanning efficiency. In addition, the surface quality is also affected
by scanning mode. As shown in Figure 3, we set the scanning mode to a single direction

and two vertical directions to explore the impact of scanning mode on surface quality.

(a)

(b)

Figure 2. Simulation of surface topography after scanning with different pulse density: (a) Low pulse
density (b) High pulse density.

In addition to some experimental parameters described above that may affect the
polishing effect, underwater femtosecond laser processing [27], inert gas atmosphere fem-
tosecond laser processing [28], water-jet-guided laser processing [29], and other processing
methods have also been studied in depth. Different processing environments will also
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have an impact on surface quality. In this paper, in order to reduce the requirements of the
processing environment, experiments in the above environment are not conducted.

In the introduction, we mentioned that both pulse duration and repetition frequency
have an effect on the polishing effect, and this effect is different for different materials [18].
In this experiment, the limitations of the experimental equipment do not allow us to analyze
their effects, so we set these two parameters to constant values.

Laser polishing area

Laser beam

Scan trajectory

RB-SiC \

Figure 3. Schematic diagram of path planning for femtosecond laser polishing.

3. Results
3.1. Ablation Threshold of Silicon Carbide

According to TTM in Section 2.2, prior to the experiment, the ablation threshold of SiC
was calculated to ensure that the femtosecond laser could be used for polishing. RB-SiC is a
kind of highly dense material obtained by pressing fine particles of SiC and C bonding agent
in a certain ratio into a billet and fully reacting with liquid silicon or vapor-phase silicon
at high temperatures. After the reaction, the carbon inside the material is fully consumed,
but there is still a small amount of silicon residue. By consulting the literature [30], it is
found that the ablation threshold of silicon is much smaller than that of SiC. The laser
fluence required for polishing should be greater than the silicon carbide ablation threshold.
Therefore, the ablation threshold of silicon is not calculated in this paper.

Under conditions that do not affect the calculation, C,, K., C;, K; and R were taken as
constants, and they did not change with temperature [24]. Values of the thermophysical
parameters of SiC are listed in Table 2.

Table 2. Thermophysical parameters of SiC.

Parameters Symbol SiC [31]

Electron-phonon coupling strength [W/ (m3 - K)] I'4 1.12 x 10Y7
Heat capacity of electron [J/ (m® - K)] Ce 78.3
Thermal conductivity of electron [J/(m - K - 5)] K, 27.3

Heat capacity of lattice [J/ (m> - K)] G 1.659 x 10°
Thermal conductivity of lattice [J/(m - K - 5)] K; 324
Reflectivity [1] R 0.8
Thermodynamic equilibrium critical temperature [K] Ty 3973

Depth of scanning trajectory L, Ly 1.37 x 1077

We set the initial temperature of the material lattice and electrons not irradiated by
the femtosecond laser to room temperature, which can be expressed as T,(x,0) = Tj(x,0).
Since S(x, t) is the electron absorption at the surface of the material, while the electron
absorption at the bottom surface of the material is 0. Therefore, the boundary conditions
can be expressed as:

a7,
Ky = (1) ®)
aT,
- Ke7;|x:d =0 (9)

Here, d is the thickness of the sample. According to the phase explosion theory [32],
when the equilibrium temperature of the lattice and electrons exceeds 0.97T;, the sample
undergoes a phase explosion, and the laser fluence that produces this lattice temperature is
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called the ablation threshold of the material. Figure 4 shows the temperature change of the
lattice and electrons when the laser fluence is equal to the ablation threshold. As is shown
in Figure 4, the electron temperature rises rapidly within 100 fs and gradually transfers heat
to the lattice to reach temperature equilibrium, where they eventually balance at 0.9T;. This
process takes about 20 ps. For a femtosecond laser with a frequency of 100 KHz, the interval
between the two pulses is 107> s, and the action process of the first pulse is finished before
the next pulse arrives, so the ablation of the two pulses can be considered independent
of each other. Therefore, the ablation in this experiment can be regarded as single-pulse
ablation, which validates the description of the type of ablation in Section 2.2.

5 x10°
—electronic
—--lattice
4 —0.9Tc
=
23
i
<
i 2
G
=
0 0.5 1 1.5 2
Time t/s <101

Figure 4. Lattice and electron temperature changes with time under threshold fluence.

Figure 5 shows the relationship between the laser fluence and the maximum tempera-
ture of the lattice on the surface of the sample. They are linearly related, and the single-pulse
ablation threshold for silicon carbide is calculated at 0.41 J/cm?. Yang Dong et al. [33] per-
formed a silicon carbide ablation experiment with a femtosecond laser, whose wavelength
is 800 nm and FWHM is 120 fs. They measured the ablation threshold of silicon carbide at
0.52 J/cm?. In this paper, some parameters have been simplified, which causes a certain
gap between the theoretical calculation results and the experimental data.

1500« - o e e e e
0.20 025 030 035 040 045 050

Laser fluence J/em?

Figure 5. Relationship between lattice’s maximum temperature and laser fluence.

Respectively, Figure 6a,b shows the distribution of electron and lattice temperatures
as a function of time and depth. By comparing the two figures, we observe that the
temperature of the electron increases rapidly after laser irradiation due to its small heat
capacity. At the same time, the temperature of electrons decreases rapidly with changes
in depth and time due to their small thermal conductivity. In contrast, the heat capacity
of the lattice is much higher than that of the electron, so its temperature rises slowly, and
its maximum temperature is much lower than that of the electron. Meanwhile, because its

thermal conductivity is higher, the heat around the irradiated point is greatly affected by
the laser.
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(a) (b)
Figure 6. Distribution of temperature with the change of time and depth from the sample’s surface
(a) Lattice (b) Electronic.

3.2. Influence of Laser Fluence and Scanning Pitch on Polishing

In order to analyze the effects of scanning interval and laser fluence on surface rough-
ness separately, we set up a series of single-variable experiments. The surface is irradiated
with a scanning velocity of 150 mm/s, a repetition frequency of 100 kHz, and a laser fluence
of 0.62 J/cm?, with different scanning intervals of 2 ym, 4 pum, 6 um, 8 um, 10 pm. The
surface morphology is shown in Figure 7al-a5. As is shown in Figure 7al-a5, with the
decrease of the scanning interval, the ridges, and inhomogeneity brought by the scanning
interval gradually disappear. Combined with Figure 8a, the roughness also begins to
decrease gradually. However, as the scanning interval becomes smaller, the speed of rough-
ness reduction also begins to decrease. This is because when the scanning interval decreases
to a certain extent, the effect of the scanning interval on the surface roughness begins to
decline. Further reducing the scanning interval has no obvious effect on improving the
surface quality but seriously affects the polishing efficiency. Although the surface quality
is slightly improved when the scanning interval is 2 pm, the scanning time is doubled.
Therefore, by weighing the polishing efficiency and polishing effect, we selected 4 pm as
the optimal scanning interval.

(a4)4pm

(b4)20.673/cm> (b5)0.72J/cm’

Figure 7. Surface morphology under different polishing parameters: (al-a5) Different scanning
intervals (b1-b5) Different laser fluence.

The influence of laser fluence on the surface morphology and the surface roughness is
investigated in Figures 7b1-b4 and 8b. The RB-SiC surface is irradiated by a femtosecond
laser with a repetition frequency of 100 kHz, a scanning velocity of 150 mm/s, scanning
times of 2, a scanning interval of 4 um, and different laser fluences of 0.52 ]/ cm?,0.57]/cm?,
0.62]/cm?,0.67 J/cm?, and 0.72 J/cm?, respectively. As shown in Figures 7b1-b5 and 8b,
with the increase of laser fluence, the ridges on the surface gradually disappear and the
surface morphology becomes uniform, but the surface roughness decreases first and then
increases, reaching its lowest value when the laser fluence is 0.62 J/cm?. When scanning
with a laser fluence slightly above the ablation threshold, some defects and pits were
removed and the surface quality improved. With the increase in laser fluence, the defects
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and pits have completely disappeared, and the ridges formed during the scanning process
have become the main factor affecting the surface quality. When the laser fluence increased
to 0.62 ] /cm?, even though there were still ridges formed by scanning, the surface roughness
reached its minimum. When the laser fluence continues to increase due to the high laser
fluence, the material removed gradually increases, and phases of explosion, ablation,
vaporization, and re-solidification will occur on the surface, causing the filling of defects
and pits with vaporized and re-solidified powder. Materials that solidify after vaporization
will seriously affect the surface quality after polishing, resulting in a rapid increase in
surface roughness.

2201 130 ]
2001 120{ ®
180 1
£ 160 g 1104
= =
;:a 140 é’ 100
120 o0 /
1001
501 \h_ﬁ_‘. 80- \/
60 . T T T T 70 r : s v .
10 8 6 4 2 050 055 0.60 0.65 0.70 0.75
Scanning interval/pm Laser fluence J/cm?
(a) (b)

Figure 8. Curve of surface roughness with the change of polishing parameters: (a) Scanning interval;
(b) Laser fluence.

Therefore, considering the surface morphology and surface roughness after polishing,
the best scanning interval and laser fluence were selected as 4 pm and 0.62 J/cm?.

3.3. Influence of Equivalent Pulse Numbers on Polishing

According to Formula (7), the EPN is determined by repetition frequency, scanning
velocity, and beam diameter. Generally, the beam diameter is controlled by the defocus. In
this experiment, the F-theta mirror can only ensure a uniform beam diameter in the focal
plane, so we fixed the beam diameter at 10 um, which is the beam diameter in the focal
plane. Figure 9a shows the surface roughness values obtained at several different repetition
frequencies and scanning velocities with an EPN of 6.67, a scanning interval of 4 um, a
scanning time of 2, and a laser fluence of 0.62 ] /cm?. There is little roughness difference
between the groups of experiments. When the EPN does not change, the variation in
scanning velocity and repetition frequency has no effect on surface roughness.

A 100kHz, 150mm/s

::'g B 200kHz, 300mm/s 140 — — Scanning velocity
C 300kHz, 450mm/s J— Fe .
92 D 400kHz, 600mm/s Repetition frequency
80 75 77 74 120
ST N :
¥ B 10 /
5 50 P \ / 4
&
= 40 T80 N\ N S /
30
20 60 N =~/
10
0 40
A B C D 3 4 5 6 7 8 9
EPN
(a) (b)

Figure 9. Curve of surface roughness with the change of different polishing parameters: (a) Same
EPN with different repetition frequency and scanning velocity; (b) Different EPN.
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3.4. Influence of Scanning Model and Times on Polishing

In the following experiments, laser fluence of 0.62 ] /cm?, scanning interval of 4 um,
scanning velocity of 150 mm/s, and repetition frequency of 100 kHz are selected as the
best polishing parameters. The influence of the scanning model and times on the surface
morphology and roughness is investigated in Figure 10. However, the surface quality
obtained by scanning two directions perpendicular to each other is better. When measuring
the roughness, we need to measure the roughness in different directions of the polished
surface, find its mean value, and take it as the final surface roughness. When the laser
scans in only one direction, the average surface roughness obtained is higher because the
ridges generated during the scanning process will affect the roughness perpendicular to
the scanning direction. Therefore, we can obtain a lower surface roughness by scanning
along two mutually perpendicular directions.

2404 — — 1w mutually perpendicular directions
220 — — Single direction

200+ =——
1801
£ 160
S 1404
& 1201
100
804 \/
-

60

401

01 2 3 4 5 6 7 8
Scanning times

Figure 10. Curve of surface roughness with the change of scanning times in different model.

As can be seen from Figure 10, when other parameters are optimal polishing parame-
ters and remain unchanged, the surface roughness decreases first and then increases with
the increase in scanning times. With the increase in the number of scans, the surface bumps
and defects are gradually removed. Continued scanning causes the powder created by
the removed material to recondense [34], at which point the femtosecond laser exerts its
welding action.

4. Discussion

According to the above analysis, after optimizing the parameters, femtosecond laser
polishing can effectively reduce the surface roughness of RB-SiC. A laser fluence of
0.62]/cm?, a scanning interval of 4 um, scanning times of 2, a scanning velocity of
150 mm/s, and a repetition frequency of 100 KHz can be selected as the optimal scan-
ning parameters. After scanning two times along two mutually perpendicular directions
with the above polishing parameters, a surface with a roughness value Ra of 43 nm can
be obtained. Figure 11 shows the surface morphology of the different surfaces simulated
by point-by-point measurements. Figure 11a,b show the surface morphology before and
after polishing, respectively. There is a significant reduction in surface roughness, and the
ridges formed by scanning are almost unobservable after optimization of the polishing
parameters. Figure 11b,c show the same surface at different scales. In order to compare
the surface polished by a femtosecond laser with the RB-SiC mirror in practice, we also
measured the RB-SiC planar mirror after optical coating. By comparison with Figure 11c,d,
there is an obvious gap in surface morphology and roughness between the surface polished
by a femtosecond laser and the plane mirror in a practical application.

Table 3 shows the polishing process of diamond abrasive particles for an RB-SiC disc
with a diameter of 60 mm, which takes 9 h for the surface roughness to reach 41 nm [35]. The
polishing parameters were set to the optimal polishing parameters, the surface roughness
reached 43 nm by femtosecond laser polishing, and the polishing time was 2.6 h for a
disc with a diameter of 60 mm. Under the same initial conditions and the same surface
roughness after polishing, the time used for femtosecond laser polishing is about 28% of
that for abrasive polishing, and the polishing efficiency is greatly improved.
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Figure 11. Surface morphology of initial surface, polished surface, and mirror surface: (a) Initial
surface; (b,c) Polished surface; (d) Mirror surface.

Table 3. Abrasive polishing process [35].

Surface Roughness

Step Abrasive Grain Size (Rq) Time
1 W20 162.2 nm 0.5h
2 W7 162.2-56.1 nm 0.5h
3 W7 56.1-41.306 nm 8h
4 WO0.5 41.036-18.753 nm 4h
5 WO0.5 18.753-1.525 nm 10h

Thus, laser polishing of RB-SiC is expected to replace some of the steps in mechanical
polishing, which can greatly improve the polishing efficiency.

5. Conclusions

In this paper, we focus on the optimization of parameters during the polishing of a
RB-SiC surface with a femtosecond laser. The type of ablation in the femtosecond laser
polishing process is analyzed theoretically, and the single-pulse ablation threshold of SiC
is calculated at 0.41 J/cm?. In addition, the effects of polishing parameters on the surface
roughness after polishing were analyzed through a series of experiments. When the laser
fluence of 0.62 J/cm?, the scanning velocity of 150 mm/s, the repetition frequency of
100 kHz, and the scanning interval of 4 um were selected as the polishing parameters, the
surface roughness Ra was reduced from 200 &+ 20 nm to 43 nm after scanning twice along
two mutually perpendicular directions.

The experimental results show that the femtosecond laser polishing proposed in
this paper significantly improves the surface quality and polishing efficiency, and it is
expected to replace part of the traditional mechanical polishing process. Femtosecond
laser polishing has the advantages of simplicity, flexibility, and low requirements for
experimental environments. It provides a new idea for high-performance mirror polishing
of RB-SiC, which is beneficial to the development of ultra-precision processing.
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There are many shortcomings in this experiment. Due to the limitations of the experi-
mental conditions, we were unable to analyze the chemical composition of the polished
surface, which severely restricted us from performing higher precision polishing. Restricted
by the scanning equipment, we were unable to fully utilize the energy of the laser by defo-
cusing, which limited the further improvement of the scanning efficiency. In future research,
we should establish the corresponding simulation model and experimental conditions to
analyze the nonlinear effects of wavelength and pulse duration on the polishing effect by
deeply investigating the femtosecond laser ablation mechanism. Further, optimizing the
experimental design to improve the polishing efficiency while considering the polishing
effect is also the focus of future research.
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