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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Reaction-bonded silicon carbide (RB-SiC) is gaining increasing attention due to its exceptional mechanical
properties contributed by the dispersion of hard silicon carbide (SiC) and silicon (Si), which has been extensively
applied in aerospace and automobile industries. Fabrication of micro/nano structures on the RB-SiC surface can
endow it some specific functional properties, but conventional manufacturing procedures face challenges due to
the intrinsic hard-brittle nature of RB-SiC. In the present study, various micro/nano structures, including dome-
like particle structures, micro-cone structures and the spider web-like film, are fabricated on the RB-SiC surface
by nanosecond pulsed laser irradiation under different experimental conditions. Comparative experiments are
performed to explore the effects of laser power and scanning speed on the microscopic morphology and chemical
composition. Consequently, the ablation mechanism is clarified. The formation of micro-cone structures covered
by the spider web-like film can result in a wettability transition of the RB-SiC surface from hydrophilicity to
superhydrophilicity. In addition, by introducing the spider web-like film, the reflectivity of the RB-SiC surface is
increased by an impressive 83% or more in the wavelength range of 200 to 2500 nm. This study provides a
method for improving the surface properties of RB-SiC substrates using a laser-based approach, which is
anticipated to expand their application prospects as functional materials.
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1. Introduction machining and chemical etching, have been extensively applied to

generate micro/nano structures on the surfaces of various materials.

Reaction-bonded silicon carbide (RB-SiC) is a two-phase composite
material consisting of silicon carbide (SiC) particles bonded by a silicon
(Si) matrix. As an exceptional ceramic material with extremely high
strength and hardness, outstanding chemical attack resistance and
excellent stability, it has a wide range of applications in the automobile,
aerospace, aviation, military and other cutting-edge fields [1-5]. Addi-
tionally, benefitting from the unique properties of large band gap, high
thermal conductivity, and breakdown voltage, RB-SiC has also been
widely used as a semiconductor material for the preparation of
high-speed power devices such as high-voltage diodes and thyristors
[6-8]. Fabrication of micro/nano structures on the surface of materials
can effectively improve its service performance and functional proper-
ties [9-12]. Conventional machining methods, such as mechanical
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Kong et al. [13] prepared frustum ridge structures and frustum pillar
structures on the surface of PMMA using an ultra-precision raster milling
technique, which converts an intrinsically hydrophilic surface into a
superhydrophobic one. By ultrasonic chemical etching in combination
with boiling, hydrangea-like micro/nano structures were fabricated on
the aluminum surface, which improved corrosion resistance as well as
anti-icing/frosting performance [14]. However, the conventional
machining methods mentioned above are not suitable for surface pro-
cessing of RB-SiC. Because RB-SiC is harder than the majority of
machining tool materials, surface damage and tool wear are serious
during the machining process [15,16]. Furthermore, the Si and SiC
contained in RB-SiC have different physical and chemical properties,
making the selection of chemical reagents for the chemical etching
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Fig. 1. Surface characterization of the RB-SiC sample: (a) optical micrograph; (b) Raman spectral curves.

process difficult [17].

Based on the aforementioned issues, it is critical to develop a method
for manufacturing micro/nano structures on the RB-SiC surface because
conventional processing technology is not qualified for high-quality and
high-efficient processing [18]. Currently, laser processing technology
has gained widespread recognition and utilization owing to its unique
advantages such as non-contact processing, no tool wear, and wide
adaptability of the machined materials [19,20]. Additionally, laser
processing technology also demonstrates the advantages of simplified
operation, rapid processing, and environmentally friendly [21,22].
Consequently, laser processing technology is an effective way of dealing
with hard-brittle materials [23]. When the applied laser intensity ex-
ceeds the ablation threshold of the RB-SiC material, the RB-SiC is
removed via vaporization or decomposition, and micro/nano structures
can be formed on the surface following condensation deposition
[24-26]. For example, Tushar et al. [17] fabricated geometrically
aligned cones on the RB-SiC surface by nanosecond pulsed laser irradi-
ation, and the effects of laser irradiation parameters on the surface
morphology were investigated. By femtosecond pulsed laser irradiation,
laser-induced periodic surface structures (LIPSS) and condensation
structures were fabricated on the RB-SiC surface, and a preliminary
model was established to describe the ablation and removal mechanism
[27]. Although laser irradiation is an effective technique for preparing
micro/nano structures on the RB-SiC surface, the ablation process and
mechanism are complex because RB-SiC is a two-phase material. In
addition, the types of micro/nano structures obtained by laser irradia-
tion of SiC are very limited at present, and their associated functional
properties need to be further developed.

In this study, taking advantage of the difference in physical proper-
ties of Si matrix and SiC particles contained in RB-SiC, some novel
micro/nano structures, including dome-like particle structures, micro-
cone structures, and spider web-like films, were prepared on the sur-
face of RB-SiC by nanosecond pulsed laser irradiation. The microscopic
morphologies and chemical compositions of surface micro/nano struc-
tures obtained under different laser irradiation conditions were
comparatively investigated. In addition, the formation mechanism of
various micro/nano structures was discussed. Finally, the influence of
the micro/nano structures on the surface wettability behavior and op-
tical properties was studied. This work paves an avenue for under-
standing the laser-matter interaction and modulation of surface
functional properties of RB-SiC.

2. Materials and experiments

The RB-SiC samples used in experiments are cuboid with the size of
20 mm x 20 mm x 5 mm. Before laser irradiation, the samples were
magnetorheologically polished to a smooth surface (with a relatively
low surface roughness (Sa) of 0.124 pm) to detect the distribution of SiC

Table 1

Laser processing parameters.
Laser medium Value
Wavelength (nm) 1064
Spot size (um) 43

Power (W)

Scanning speed (mm/s)
Frequency (kHz)

Pulse width (ns)

4.0,7.6,11.2,14.7,18.4,22.0
10,20,30,40,50,60

700

7

and Si phases in RB-SiC. Fig. 1(a) shows an optical micrograph of the RB-
SiC surface where the SiC particles (gray) and Si matrix (white) can be
identified. The majority of large-scale SiC particles do not directly bond,
and there are Si and relatively small-scale SiC particles in the interval.
The chemical composition of the RB-SiC sample was characterized by a
Raman spectroscopy, and the corresponding Raman spectral curves are
depicted in Fig. 1(b). The results showed that the Raman peak at around
520 cm ! are observed, which corresponds to the Si phase. While there
are two prominent peaks at around 786 and 969 cm ™}, both of which
correspond to the SiC phase [28].

The laser irradiation equipment used in this study is a nanosecond
pulsed laser (SP-050P-A-EP-Z-F-Y, SPI Lasers, UK) with a wavelength of
1064 nm and a pulse width of 7 ns. During laser irradiation, the RB-SiC
surface was vertically irradiated by the laser beam with Gaussian energy
distribution (M2 < 1.6). The experiments were carried out under at-
mospheric conditions. The specific laser parameters are summarized in
Table 1. Two sets of comparative experiments were designed to inves-
tigate the evolution of surface micro/nano structures formed by nano-
second pulsed laser irradiation, one in which the laser power was varied
while other parameters remained constant, and the other in which the
laser scanning speed was varied while keeping other parameters con-
stant. After laser irradiation, the generated micro/nano structures were
observed using a tungsten filament scanning electron microscope (SEM,
JSM-IT5004A, JEOL, Japan), and laser scanning confocal microscope
(LSCM, OLS5100, Olympus, Japan) was used to photograph their three-
dimensional (3D) topography. Energy dispersive X-ray spectrometer
(EDS, EX-74600U4L2Q, JEOL, Japan), Raman microspectrometer
(DXR3, Thermo Fisher Scientific, USA) and X-ray diffractometer (XRD,
D8 Advance, Bruker, Germany) were performed to study the composi-
tion of the surface micro/nano structures. The contact angle of water
with the surface was measured using an optical surface analyzer
(OSA60, LAUDA Scientific, Germany), and the surface reflectivity was
characterized by a spectrophotometer (PE lambda 750, America).
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Fig. 2. SEM images of the micro/nano structures formed at various power levels: (a;-az) 4.0 W; (b;-b3) 7.6 W; (c;-c3) 11.2 W; (d;-d3) 14.7 W; (e1-e3) 18.4 W; (f;-f3)
22.0 W.
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Fig. 3. 3D topographies of the micro/nano structures formed at various power levels: (a) 4.0 W; (b) 7.6 W; (c) 11.2 W; (d) 14.7 W; (e) 18.4 W; (f) 22.0 W.
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Fig. 4. The cross-sectional profile curves of the marked line in Fig. 3(a)-(f).

3. Results and discussion

3.1. Effects of laser parameters on the microscopic morphologies of
micro/nano structures

Fig. 2 displays the scanning electron microscopy (SEM) images of the
micro/nano structures formed at various laser power levels. When the
surface is exposed to nanosecond laser irradiation at a relatively low
laser power of 4.0 W, no visible laser irradiated tracks are detected, as

observed in Fig. 2(al) and (a2). However, when the laser power is
increased to 7.6 W, an abundance of dome-like particle structures of
varying sizes emerges on the RB-SiC surface (see Fig. 2(b2)). At the same
time, narrow sheet structures are distributed on both sides. Further
increasing the laser power results in the formation of periodic micro-
cone structures on the surface, as demonstrated in Fig. 2(c1) and (c2).
Interestingly, these micro-cone structures appear to be coated with a
spider web-like film. It is worth noting that the thin spider web-like film

[\
o

v =10 mm/s
/=700 kHz

15+ #=7ns

W

The height of micro-cone structures (um)
=
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Fig. 5. Variations in the height of micro-cone structures as a function of
the power.
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Fig. 6. SEM images of the micro/nano structures formed at different scanning speeds: (a;-az) 20 mm/s; (b;-bs) 30 mm/s; (c¢;-c3) 40 mm/s; (d;-d3) 50 mm/s; (e;-e3)

60 mm/s.

only exists on the surface of the micro-cone structures and is not present
in the pits on either side. When the laser power reaches to 14.7 W,
compared to Fig. 2(c2), the underlying micro-cone structures become
less discernible due to the presence of thicker spider web-like film that
has formed on its top surface (Fig. 2(d2)). Furthermore, the pits on both
sides of the micro-cone structures are also covered by the spider web-
like film, as depicted in Fig. 2(d3). As the laser power is increased to
18.4 W or more, the spider web-like film on the top layer gradually
weakens, and the micro-cone structures become more apparent, as
illustrated in Fig. 2(e3) and (f3).

Fig. 3(a)-(f) presents the 3D topographies of the laser-irradiated re-
gions corresponding to Fig. 2(a)-(f), respectively. Fig. 4 depicts the
corresponding cross-sectional profile curves. It is evident that the
nanosecond laser irradiation with a relatively low power (0~7.6 W)
does not result in the formation of periodic micro-cone structures. Only
when the power exceeds 11.2 W, relatively uniform micro-cone struc-
tures appear on the RB-SiC surface. The height of the micro-cone
structures is measured to investigate the evolution of characteristic
size in the surface micro/nano structures, and the results are shown in

Fig. 5. The statistical data obtained from the cross-sectional profile
indicate that as the laser power increases, the height of the micro-cone
structures gradually increases to a maximum value of 15.73 pm, fol-
lowed by a subsequent decrease, while the width gradually increases. A
possible explanation for the initial increase in both the height and width
of the micro-cone structures may be that the increased laser power
causes more materials to melt and subsequently recast at the edge of the
melt pool, with the corresponding formation of larger and wider micro-
cone structures [29,30]. Furthermore, the subsequent decrease in the
height of the micro-cone structures may be attributed to the evaporation
of a large amount of molten material when the laser energy is exces-
sively high [31-33].

Next, the influence of laser scanning speed on the formation and
evolution of micro/nano structures is investigated and analyzed. Based
on the previous discussion, it is found that nanosecond laser irradiation
at a laser power of 14.7 W produces micro-cone structures with the
greatest height, while higher laser energy will result in a large amount of
materials being ablated and removed. To mitigate the ablation of RB-SiC
surface under laser irradiation, the scanning speed for irradiating the
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Fig. 7. 3D topographies of the micro/nano structures formed at different scanning speeds: (a) 10 mm/s; (b) 20 mm/s; (c) 30 mm/s; (d) 40 mm/s; (e) 50 mm/s; (f) 60
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Fig. 8. The cross-sectional profile curves of the marked line in Fig. 7(a)-(f).

RB-SiC surface is increased in this study.

Fig. 6 depicts the SEM images of surface micro/nano structures ob-
tained by laser irradiation at different scanning speeds. Combining
Figs. 6 and 2, it is seen that when the scanning speed is equal to or higher
than 20 mm/s, only micro-cone structures are formed on the RB-SiC
surface and spider web-like film is not present. At the same time, par-
ticle structures with varying sizes are attached to the surface of micro-
cone structures, exhibiting an irregular distribution.

Furthermore, when the scanning speed is set at 40-60 mm/s (Fig. 6

36281

(c3)-(e3)), microcracks are observed on the laser irradiated regions.
There are two main reasons for the emergence of these microcracks. On
the one hand, after laser irradiation, an uneven distribution of heat leads
to an uneven thermal expansion and high residual stress. When thermal
stress exceeds the fracture strength of the RB-SiC, microcracks are
formed to alleviate the stress [34]. On the other hand, RB-SiC is prone to
surface and subsurface damage during the forming and machining
processes, and the microcracks are prevalent [35,36]. These pre-existing
microcracks cannot be fully filled and repaired by low-energy laser
irradiation, and are exposed on the laser irradiated surface.

The 3D topographies and corresponding section profile curves of the
micro/nano structures formed at different scanning speeds are depicted
in Figs. 7 and 8, respectively. The experimental results indicate that
nanosecond laser irradiation at all selected scanning speeds can induce
the formation of periodic micro-cone structures. Additionally, the height
of micro-cone structures decreases as the scanning speed decreases. This
is due to the increased pulse overlap caused by the slower scanning
speed, which results in more laser energy acting on the RB-SiC surface.
Thus, a greater proportion of the molten material evaporates rather than
being ejected outward to form micro-cone structures [29]. In addition,
the decrease in scanning speed also prolongs the maintenance time of
high irradiation temperature levels in the irradiated region, which may
result in partial ablation and removal of the formed micro-cone struc-
tures [32]. The above results show that although the formation of pe-
riodic micro-cone structures does not depend on the laser scanning
speed used, the change of scanning speed significantly affects the
microscopic morphology and geometric dimension of the laser-induced
micro/nano structures.
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Table 2
Elemental composition of laser irradiated regions obtained under different
power levels.

Element C (at%) O (at%) Si (at%)
original 40.86 0 59.14
40W 37.58 16.22 46.20
7.6 W 30.93 30.64 38.43
11.2W 18.65 52.98 28.37
147 W 16.50 55.96 27.54
18.4 W 17.11 55.07 27.82
22.0W 17.61 54.68 27.71

3.2. Characterization of chemical composition

As depicted in Fig. 2, distinct micro/nano structures were obtained
by irradiating the RB-SiC surface in the air using a nanosecond laser at
varying power levels. To investigate the chemical composition of these
micro/nano structures, EDS regional analysis was conducted to deter-
mine the elemental composition of the regions shown in Fig. 2(a2)-(f2).
The atomic content of each element is listed in Table 2, which provides
valuable information regarding the composition of the micro/nano
structures formed at various power levels. When the surface was irra-
diated by a nanosecond laser with relatively low power (0 - 7.6 W), the
change in the carbon element was minimal, with only a slow decrease
from 40.86% to 30.93%, as the laser power increases from 0 to 7.6 W.
This suggests that low-energy laser irradiation does not induce signifi-
cant decomposition of the SiC contained in RB-SiC, and only Si is ablated
due to its low melting point. In contrast, when the laser power exceeds
11.2 W, the atomic element of C element is significantly reduced, and
there is little disparity in the elemental composition of the laser irradi-
ated regions. At the same time, it is essential to note that the atomic ratio
of O/Si of surface micro/nano structures obtained by nanosecond laser
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irradiation with power ranging from 11.2 to 22.0 W is roughly 2:1,
which suggests that SiO; may constitute the majority of the micro-cone
structures and spider web-like film.

Furthermore, the elemental compositions of the laser irradiated re-
gions shown in Fig. 6 (a2)-(e2) were acquired by EDS to investigate the
effects of scanning speed on the chemical composition of the laser-
induced micro/nano structures. It is seen from Fig. 9(a) that as the
scanning speed increases, the content of C and Si elements decreases,
while the content of O element shows an opposite trend, i.e., lower
scanning speeds result in a higher degree of oxidation on the surface. To
further investigate the chemical composition evolution induced by laser
irradiation, the elements distribution along the marked line in Fig. 2(d2)
was measured, and the corresponding results are shown in Fig. 9(b). The
results demonstrate that the content of C element is negligible, whereas
the variations in content of Si and O elements are closely correlated,
which further support that the micro-cone structures mainly consist of
silicon oxides. Fig. 9(c) displays the EDS mapping results of surface
micro/nano structures formed at different scanning speeds. The Si and O
elements are mainly enriched on the surface of the micro-cone struc-
tures, and their content is relatively low in the center of laser irradiated
tracks. This may be due to the following reasons: during nanosecond
laser irradiation, there might not be adequate time for oxygen molecules
to effectively enter the irradiation center; On the other hand, due to the
high energy density in the center of laser irradiated region, the gener-
ated silicon oxide may evaporate and be removed from the RB-SiC
surface [32,37]. The above findings support the hypothesis that silicon
oxides make up the majority of the micro-cone structures and offer
important details about the distribution of elements and oxidation levels
across the analyzed region.

The results of EDS tests show that laser irradiation of RB-SiC in air
introduces oxygen on its surface, which may change its phase compo-
sition. To confirm this and further investigate the phase composition

500

v=10mm/s P=147W _8
400 | f =700kHz £,=7ns Si
300 [
200
100
0 et e A A i
0 30 60 90 120 150

Distance (pum)

Fig. 9. (a) Variations in elemental content of the laser irradiated regions as a function of scanning speed. (b) Elements distribution along the marked line in Fig. 2
(d2). (c) EDS mapping results of surface micro/nano structures formed at different scanning speeds.
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Fig. 10. Raman spectral curves of the micro/nano structures formed at
different (a) powers and (b) scanning speeds.

evolution induced by laser irradiation, Raman tests were performed on
various micro/nano structures, including the dome-like particle struc-
tures in Fig. 2(b2), the spider web-like film in Fig. 2(d3), and the micro-
cone structures in Fig. 6(a3) and 6(e3). Fig. 10(a) presents the Raman
spectral curves of these micro/nano structures. For comparison, the
Raman spectral curve of the original surface is also included. As shown
in Fig. 10(a), for the dome-like particle structures, a distinct peak is
observed around 520 cm ™!, which corresponds to the monocrystalline
silicon. This indicates that the dome-like particle structures primarily
consist of Si. In addition, the peak intensity of the monocrystalline Si is
higher than that of the original surface. To further illustrate the reasons
for this phenomenon, a comparative analysis of the diameters of the Si
matrix contained in the RB-SiC sample shown in Fig. 1(a) and the laser-
induced dome-like particle structures illustrated in Fig. 2(b2) was

a 400

b

Aave=0.588 pm

N

1.0 2.0
Diameter (pm)

30 40 50 6.0
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performed. As shown in Fig. 11, the diameter of Si matrix contained in
the RB-SiC sample is concentrated within the range of 1 pm, with an
average size of approximately 0.588 pm. In contrast, the dome-like
particle structures exhibit a concentration of diameters ranging from 2
to 6 pm, with an average size of roughly 5.601 pm. This difference in
particle size indicates that Si generated from the decomposition of SiC
and the original Si matrix contained in the RB-SiC sample works
together to form dome-like particle structures, making its Raman peak
intensity higher than that of the original surface. Being different from
the Raman curve of the dome-like particle structures, the Raman curves
of the spider web-like film do not exhibit any Raman peaks. Combined
with the EDS test results presented in Fig. 9, it can be concluded that the
spider web-like film is most likely composed of amorphous SiO,.

Fig. 10(b) presents the Raman spectral curves of the micro/nano
structures formed at different scanning speeds, which shows the same
evolution law as the Raman spectral curves shown in Fig. 10(a).
Compared to the original surface, the peak intensity of SiC phase in the
laser-induced micro-cone structures obtained at a relatively high scan-
ning speed (60 mm/s) decreases, while the peak associated with
monocrystalline Si increases. This finding suggests that SiC is decom-
posed into Si and then recast to form micro-cone structures on the sur-
face. As the scanning speed is further decreased, both the Si and SiC
peaks disappear. This may be due to the molten Si reacting with oxygen
in the air to form amorphous SiOy, which then recasts to form micro/
nano structures on the surface, resulting in the absence of detectable
crystalline substances.

To confirm the presence of the amorphous SiO, and further
demonstrate the effects of laser power and scanning speed on the phase
composition of surface micro/nano structures, XRD tests were per-
formed on the laser irradiated regions shown in Fig. 2(b2), 2(d2), 2(f2),
and 6(c2). As illustrated in Fig. 12, the original RB-SiC surface primarily
consists of 6H-SiC and Si. After irradiation with a nanosecond laser at
different power levels or scanning speeds, the surface still contains 6H-
SiC and Si, but their relative content varies with the laser parameters.
For instance, compared to the original surface, when the laser power of
7.6 W or scanning speed of 60 mm/s is applied, the content of 6H-SiC
decreases while the content of Si increases. This observation provides
further confirmation that SiC undergoes melting and decomposition at
high temperatures. Further increasing the power to 14.7 W or decreasing
the scanning speed to 10 mm/s results in a further reduction in the peak
intensities of 6H-SiC and Si phases. Additionally, a low-intensity char-
acteristic peak of amorphous SiOs is observed near 20 = 22° in the XRD
spectrum [38]. This phenomenon suggests that increasing the power or
decreasing the scanning speed causes more melting and decomposition
of 6H-SiC, resulting in the generation of more molten Si. The molten Si
then reacts with oxygen in the air, resulting in the formation of SiO,.
When the power is further increased to 22.0 W, the intensity of 6H-SiC,
Si, and amorphous SiO; exhibits a slightly decreasing trend. This could
be attributed to the increased laser energy acting on the surface, which

200

Aaye=5.601 pm

Diameter (um)

Fig. 11. Histogram of particle diameter: (a) silicon matrix shown in Fig. 1(a); (b) dome-like particles illustrated in Fig. 2(b,). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 13. XRD pattern of the powder scraped off the laser irradiated region.

causes the melting and decomposition of a small number of large-scale
6H-SiC. Additionally, a significant amount of Si and SiO, formed
through bonding and reaction evaporates at high temperatures. Since
the white amorphous SiO; layer covered on the micro-cone structures
may be very thin and thus difficult to detect by XRD, it was scraped from
the laser irradiated regions and then collected as white powders for XRD

Ceramics International 49 (2023) 36276-36288

testing. The corresponding results are shown in Fig. 13, where a broad
and diffuse scattering peak is identified as SiOs.

Based on the above test results, the correlation between the content
of the ablation products and the laser parameters could be established.
Under relatively weak laser energy, the ablation products formed on the
RB-SiC surface primarily consist of Si, which exists in the form of micro-
cone structures and dome-like particle structures. As the laser power or
scanning speed is adjusted to increase the laser energy, the predominant
ablation products become amorphous SiO,, which can be observed in
the form of micro-cone structures, particle structures, and spider web-
like film. Even when the laser energy is further increased, the ablation
products still mainly consist of SiO,. However, at this stage, their con-
centration reduces significantly, perhaps as a result of the evaporation
and dissipation of partially melted materials at high temperatures.

3.3. Mechanism of laser ablation of RB-SiC

During laser ablation of RB-SiC, a variety of intricate interactions
occur between them, involving physical process such as material
decomposition, evaporation, ejection and solidification of the molten
substances. Fig. 14 depicts the interaction process and mechanism be-
tween laser and RB-SiC material. As shown in Fig. 14(a), the nanosecond
pulsed laser generates spot energy with a Gaussian distribution. When
the laser irradiates the RB-SiC surface, the laser energy is absorbed due
to the photothermal effect [39], resulting in rapid heating and melting of
the RB-SiC. Initially, when the local temperature is insufficient to melt
the material, no visible laser irradiated track appears on the RB-SiC
surface, as depicted in Fig. 2(a2). As the temperature continues to in-
crease, the SiC starts to decompose into solute carbon and liquid silicon
[40]. As the temperature further increases, more material melts, leading
to the expansion of the molten pool. At the same time, the heat is
transferred to the surrounding region. When the temperature of the
molten pool exceeds the evaporation temperature of the RB-SiC, large
amounts of Si and SiC vaporize and create a gaseous vapor cloud above
the molten pool, as illustrated in Fig. 14(b). This vapor cloud generates
recoil pressure on the molten pool [41], which propels the movement of
molten materials from the center towards the periphery of the pool.
Additionally, Marangoni convection is also an important factor influ-
encing the flow of molten materials, which is related to the surface
tension. It causes the molten materials to flow from regions of low
surface tension to regions of high surface tension. Previous studies [29,
42] have demonstrated an inverse relationship between surface tension
and temperature. Due to the Gaussian energy distribution of the laser
beam, the temperature distribution in the melt pool is uneven, with the
highest temperature in the central region and the lowest temperature in
the edge region. As a result, Marangoni convection pushes the molten
materials from the center of the melt pool towards its edges. Moreover,
the flow of molten material is also influenced by gravity. The effect of
gravity, in contrast to Marangoni convection, is to hinder the outward
flow of molten materials. When the laser energy is relatively low, the
combined effect of recoil pressure and Marangoni convection is insuf-
ficient to overcome the gravity. As a result, the molten materials are
expelled and recast in the pits, forming dome-like particle structure
depicted in Fig. 2(b3). As the laser energy increases, the enhanced recoil
pressure and Marangoni convection enable a backward outward flow
against the gravity, causing the molten materials to cold cast on the
surface and form micro-cone structures, as seen in Fig. 2(c3). At this
stage, the intensified recoil pressure directly expels a portion of the
molten material from the molten pool onto the surface, leading to the
formation of particle structures with varying sizes, as illustrated in Fig. 6
(c3). In Fig. 14(c), when the laser energy is relatively high, the molten
materials in the pool flow towards the edge and recasts, resulting in the
formation of micro-cone structures. Simultaneously, two chemical re-
actions occur. First, a large amount of molten carbon vaporizes and
combines with oxygen in the air, producing carbon monoxide or carbon
dioxide that dissipates into the atmosphere. Second, a significant
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Fig. 15. The contact angle test results as well as the surface roughness of the original and laser irradiated surfaces.

amount of silicon in the molten pool evaporates at high temperatures to
from Si vapor, which chemically interacts with oxygen to produce
amorphous SiO,. These SiO, particles primarily exist as very fine par-
ticles. Some SiO particles dissipate into free space due to their initial
kinetic energy [43]. The remaining particles fall back onto the recast
surface under atmospheric pressure and gravity, subsequently forming a
thin layer composed of SiOz (i.e., spider web-like film), as shown in
Fig. 2(d3)- (f3).

3.4. Surface wettability

It has been established that the surface micro/nano structures have a
considerable impact on the surface wettability [44-46]. A1 pL droplet of
deionized water was employed to investigate the influence of the
micro/nano structures on the surface wettability behavior of the RB-SiC
surface. Fig. 15 shows the contact angle test results as well as the surface
roughness of the original and laser irradiated surfaces. The contact angle
of the original surface is approximately 56°. As the laser power in-
creases, the contact angle decreases. Once the laser power exceeds 11.2
W, the surface exhibits superhydrophilicity, with a contact angle of 0°.
From Fig. 15, it can be observed that as the laser power increases within
the range of 0-14.7 W, the surface roughness gradually increases.
However, once the applied power exceeds 14.7 W, the surface roughness
shows a decreasing trend. The calculation of the apparent contact angle
based on Wenzel’s mode can be performed using the following approach

[47]:
(3-1

cos 6 =r cos 0,

Where the roughness factor r is defined as the ratio of the absolute
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Fig. 16. XPS spectra patterns of the original and laser irradiated surfaces.

surface area to the projected area, the contact angle 6 represents the
angle formed between the water droplet and the textured surface, and
6y denotes the contact angle on a smooth surface. The increase in surface
roughness increases the contact regions between water and the surface.
This increased contact area facilitates the diffusion of water droplets on
the surface [48]. Another important reason is that the micro-cone
structures and the spider web-like film make it easier for water
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Fig. 17. The high-resolution core-level spectra of Si2p of laser irradiated surfaces with various power levels: (a) original surface; (b) 7.6 W; (c) 14.7 W; (d) 22.0 W.

droplets to flow and dissipate on the RB-SiC surface due to their large
specific surface area.

To further investigate the reasons for the superhydrophilicity of the
modified RB-SiC surface, X-ray photoelectron spectroscopy (XPS) tests
were conducted on the laser-irradiated regions depicted in Fig. 2(b2),
(d2), and (f2). The corresponding XPS spectra patterns are shown in
Fig. 16, and the presence of Si, C, and O lines in the analyzed regions can
be observed. As the laser power increases, the O content initially rises
and then falls, but remains higher than that of the original surface.
Numerous studies [49,50] have consistently shown that an increase in O
content contributes to improving the hydrophilicity of the material
surface. Fig. 17 exhibits the high-resolution core-level spectra of Si2p.
The Si element primarily exists in the forms of Si-O (102.1 eV), Si-C
(100.4 eV), and Si-Si (98.9 eV) on the original RB-SiC surface [51].
Upon irradiation of the RB-SiC surface with a nanosecond laser at 7.6 W,
the intensity of the Si-O bond increases significantly, leading to a
remarkable reduction in the contact angle from 56° to 9.8°. When the
power exceeds 14.7 W, the intensity of the Si-O bond exhibits a sharp
rise, and only the Si-O bond is present in the Si2p spectrum. As a result,
the contact angle maintains a constant value of 0°. Moreover, the
presence of SiO,, with its high surface energy, plays a crucial role in
maintaining stable wetting behavior [52]. These testing results indicate
that nanosecond laser irradiation can induce the transition from hy-
drophilicity to superhydrophilicity, which can be attributed to a com-
bination action of surface micro/nano structures and chemical
composition. The preparation of superhydrophilic surfaces is expected
to expand the application prospects of RB-SiC materials, such as
anti-fogging, anti-fouling, and directional fluid transportation.

3.5. Optical characteristics

The reflectivity of material has a significant influence in determining
its ablative properties. To explore the effects of fabricated micro/nano
structures on the reflectivity of the RB-SiC surface, reflectivity tests were
carried on the surfaces depicted in Fig. 2(b1) and 2(d1). In addition, the
reflectivity of the laser irradiated surface shown in Fig. 2(d1) scraped off
the spider web-like film was also tested to demonstrate the effect of SiO2
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Fig. 18. Reflectivity of the original and laser irradiated surfaces.

on the reflectivity. The reflectivity test results on the above-mentioned
surfaces are shown in Fig. 18. The results demonstrate varying degrees
of increased reflectivity on the irradiated surface. Particularly, the
reflectivity of the surface irradiated by a nanosecond laser with a power
of 14.7 W exhibits an increase of 83% or more in the wavelength range
of 200 to 2500 nm. This increase in reflectivity can be attributed to the
presence of dome-like particle structures and the dense SiO5 film, which
act as barriers for incident light wave. Furthermore, the high reflectivity
of SiO, itself plays a significant role in enhancing the overall reflective
properties. In addition, removal of the spider web-like film from the
laser irradiated surface results in a significant decrease in reflectivity,
even slightly below that of the original surface. In addition to the
removal of high-reflectivity SiO, films, the reflectivity of the laser irra-
diated surface after scraping is lower than that of the original surface
may be due to the difference in surface roughness. Fig. 19 displays the
3D morphologies of the original surface and the laser irradiated surface
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after scraping, where the laser-irradiated surface after scraping exhibits
a higher surface roughness. The increased surface roughness leads to
stronger diffuse reflection of light, resulting in a slightly lower reflec-
tivity compared to the original surface.

4. Conclusions

In summary, the RB-SiC surface was irradiated by a nanosecond
pulsed laser with various experimental conditions in an atmospheric
environment, and the surface micro/nano structures, chemical compo-
sition, surface wettability, and surface reflectivity of the laser irradiated
surfaces were characterized and comparatively analyzed in detail. The
main conclusions are as follows:

(1) As laser power increased and the energy reached the ablation
threshold of RB-SiC, various micro/nano structures gradually
developed on the RB-SiC surface, including dome-like particle
structures, micro-cone structures, and the spider web-like film.
The change of laser scanning speed does not affect the formation
of uniform micro-cone structures, however, there were signifi-
cant differences in surface morphology and element composition.
In both EDS and XRD measurements, a variety of levels of abla-
tion and oxidation are observed on the surface under laser irra-
diation at varying scanning speeds. Low scanning speeds result in
more ablation of material and high oxygen content.

The formation of micro-cone structures is the result of the rapid
solidification of the molten material after it is pushed upward to
the surface under the action of recoil pressure and Marangoni
flow. Spider web-like films are generated as a result of oxidation
of silicon vapor initially which was then deposited on the micro-
cone structures due to atmospheric pressure and gravity.

The micro-cone structures are mainly composed of Si and SiO».
The O element content of micro-cone structures irradiated by
nanosecond pulsed laser with different parameters is different.
Moreover, the spider web-like film is composed of SiO, and
dome-like particle structures are mainly composed of Si.
Compared to the original surface, the hydrophilicity of the laser
irradiated surface is enhanced, even reaches superhydrophilicity,
which can be attributed to the increased specific surface area
associated with the formation of the micro/nano structures as
well as the existence of SiO5 components.

The dense SiO; film is conducive to blocking of laser incidence,
resulting in a surface reflectivity increase of 83% or more
compared to the original surface. In addition, after removing the
SiOs film, the surface reflectivity can be restored to the same level
of the original surface.
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