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Abstract: The ancient building complex in Wudang Mountain, China, is known as the “Museum
of Ancient Chinese Architectural Accomplishments”. However, the valuable stone components are
preserved in open or semi-open environments and environmental factors such as rain seriously
threaten its sustainable conservation. In this context, a femtosecond laser processing method has
been demonstrated to be able to prepare hierarchical micro-nano structures on the stone surface
to regulate its wettability, achieving the purpose of sustainable conservation. In this paper, the
processing mechanism and performance of the femtosecond laser on green schist, a local stone
material in the Wudang Mountain, are systematically investigated. It is found that green schist, as a
typical non-homogeneous material, exhibits significant differences in its absorption of femtosecond
laser with different compositions. Among them, quartz, chlorite, and muscovite are the three main
compositions, and they are mainly characterized by cold ablation, thermal melting, and expansion
under the irradiation of the femtosecond laser (238 fs, 100 kHz, 40 uJ, 33 pum, 500-40,000 pulses),
respectively, and it is difficult to achieve a uniform and stable surface structure. Based on this, we
prepared grooves with a spacing of 100400 um by scanning the femtosecond laser. Through the
characterization of surface morphology, elemental composition, and three-dimensional structure, the
processing mechanism of the hierarchical micro-nano structures of green schist under the irradiation
of the femtosecond laser is comprehensively revealed. Finally, the wettability modulation result of
water contact angle up to 147° is achieved by processing the grooves with an optimal spacing of
400 um. The results of this research are of guiding significance for the sustainable conservation of
ancient buildings and cultural relics.

Keywords: sustainable conservation; Wudang Mountain; femtosecond laser; superwetting surface;
water contact angle

1. Introduction

The ancient building complex in Wudang Mountain, China, known as the “Museum
of Ancient Chinese Architectural Accomplishments”, represents the pinnacle of artistic
achievements in China, spanning a millennium. The stone components in the Wudang
Mountain, such as stone pillars, beams, and Sumeru Seats, have both functional and
symbolic significances, showcasing exceptional skill and artistic value in prehistoric China
stonework [1,2]. However, these historic stone components, mostly preserved in open or
semi-open environments and affected by rain and other environmental factors, are now
showing varying degrees of deterioration, which has compromised the historical value
of cultural relics [3]. Therefore, how to scientifically and sustainably conserve the stone
components in Wudang Mountain has become a new challenge.
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A common approach to the sustainable conservation of stone components is to prepare
water repellents on the material surface to minimize the physical or chemical reaction of
acidic or alkaline water acting on the substrate by controlling the contact between the
material surface and water [4,5]. To achieve hydrophobicity, it is necessary to reduce the
free energy of the material surface while also increasing the roughness of the material
surface [6]. In this context, polymeric resins are commonly used as hydrophobic coatings
for stone component conservation. The micro-nano structures of plants with hydrophobic
properties in nature are often used as a reference, and close structures can be achieved by
brushing or spraying a polymeric resin coating to create a micro- and nano-hierarchical
roughness, thus obtaining hydrophobic properties [7,8]. However, the water repellents
adopted usually contain ingredients that are hazardous to humans or the environment
or alter the structure of the stone component itself and are not yet a widely adopted
method [9]. Therefore, environmentally friendly hydrophobic structures have become of
new interest. For example, by adding the non-toxic lauric acid into the substrate to reduce
the surface energy and then covering stainless steel mesh to obtain rough hierarchical
structures, a superhydrophobic surface exhibited water contact angle (WCA) of 153° could
be obtained [10]. Alternatively, sand modified with stearic acid to provide low surface
energy and sandpaper polishing to provide a superhydrophobic rough structure could
result in a superhydrophobic WCA of 154° too [11]. These novel approaches can enhance
the hydrophobic properties of materials, but they all require the addition of new coatings
to the surface of stone components, which is not usually an appropriate option for the
sustainable conservation of cultural relics.

In recent years, superwetting surfaces, i.e., superhydrophobic/superhydrophilic sur-
faces, have received tremendous attention from researchers [12-14]. Up to now, a number of
methods have been developed for the fabrication of superwetting surfaces, including coat-
ing [15,16], templating [17], electrospinning [18], etching [19], and laser processing [20,21].
Among many methods, laser processing has become a research hotspot for the prepara-
tion of superwetting surfaces due to its high precision, non-contact, and environmentally
friendly properties [22]. At present, the laser processing method has been widely used
to prepare hydrophobic structures on a variety of material surfaces, such as metals [23],
ceramics [24], glass [25], etc., while laser processing of hydrophobic structures on stone
material surfaces is still in its infancy. In this regard, to the best of our knowledge, the
earliest study was reported in 2017 by A. Chantada et al. The possibility of preparing
hydrophobic structures on the surface of Zimbabwe black granites by nanosecond laser
was explored. Zimbabwe black granites are principally composed of quartz, calcium-rich
plagioclase feldspar, and orthopyroxenes, containing also small proportions of biotite and
diopsides. Different absorption of laser by different compositions led to rougher surfaces,
which reduced the WAC, and thus, made it difficult to develop effective hydrophobic
properties. However, it was found that the hydrophobicity of the surface was enhanced at
a low roughness due to the formation of smaller micro- and nanostructures constituting air
pockets (the water is not able to penetrate the grooves owing to the surface tension of the
droplet, leaving them full of air). Ultimately, the WCA could be increased by 45% using a
532 nm nanosecond laser (from 58°to 84°) [26]. In addition, an organically modified silica
coating to reduce surface energy before the nanosecond laser processing proved to further
enhance the hydrophobic properties [27].

In terms of laser-matter interactions, the ultrafast laser-matter interaction usually
reflects smaller thermal effects, especially for some non-metallic materials (e.g., quartz
composition in the stone materials). Ultrafast lasers are also able to form selective cold
ablations, which allow for an overall higher processing quality [28]. In this context, the
ultrafast laser processing method is also an alternative use in the preparation of super-
wetting structures on stone material surfaces [29-31]. As early as 2019, Ana J. Lopez
et al. [30] processed structures, such as grooves and holes, by femtosecond laser on the
marble (Crystal White) surface and explored the corresponding wettability. Unlike previ-
ous studies, this marble contains high-purity calcite, which embodies a uniformly white,
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equigranular structure, thus allowing the formation of stable micro-nano structures by the
processing of the femtosecond laser. As a result, after exploring different femtosecond laser
processing parameters, the WCA of the marble surface was increased from 66° to 134°,
and in some cases, even the contact angle values close to superhydrophobic behavior were
obtained. This work realized the transition from hydrophilic to hydrophobic behavior of
the marble surface and explained the mechanism, considering the Cassie-Baxter model of
wettability. It is also suggested that the ultrafast laser prepared air pockets between the
marble surface and water droplets by processing a hierarchical structure, thus realizing
hydrophobic behavior [30]. Drawing on the superhydrophobic structure on the surface of a
lotus leaf, in 2022, Rocio Ariza et al. [31] processed similar micro-nano structures on the
marble surface by grooving with a femtosecond laser. A femtosecond laser with a repetition
rate of 500 kHz was adopted to maximize the nonlinear absorption and heat accumulation
effects. In this context, a hierarchical structure formed by grooves with different spacing
(micro-roughness, tens of micrometer depths) and covered by a flake-like morphology
(nano-roughness) was processed on the marble surface, belonging to the typical hierarchi-
cal micro-nano structures. Meanwhile, the interesting result of increasing hydrophobicity
of the marble surface with time (close to 300 days) was observed, although the sample
surface presented hydrophilic properties after the femtosecond laser processing. It was
concluded that the laser processing triggered two different effects: an “initialization” of the
chemical state of the surface that turns much more reactive (likely because of the thermal
decomposition of CaCOj3 at the near-surface of the laser-treated region) and an increase in
the surface-to-volume ratio, favoring the extent of incorporation of water (hydroxylation)
and (likely) C-H contaminants. Eventually, the WCA was able to stabilize at approximately
140° after close to 8-11 months [31].

However, in the case of natural stones used for the stone components, as is the case
with the green schist mostly used in the Wudang Mountains, they are typically non-
homogeneous materials. In the femtosecond laser processing of micro-nano structures,
it is more common that the mechanisms of the interaction of the femtosecond laser to
different grains are different, thus creating non-homogeneous surface structures through
irregular surface absorption. Taking this into account, Ana J. Lopez et al. [29] explored
the wettability embodied by the femtosecond laser processing of four different materials
(slate, quartzite, granite, and marble)] and found that only the compositionally stabilized
marble embodied a certain amount of hydrophobic properties. For the other three materials,
due to the heterogeneity nature of the materials, irregular patterns were formed, affecting
the hydrophobic properties of the material surfaces. These irregularities were measured
on scales much larger than micrometers, which affected the continuity and periodicity of
the laser-processed patterns, and thus the potential effect that this treatment may have
on material wettability [29]. Recently, the structural characteristics of different stone
compositions processed by femtosecond laser ablation have been further analyzed [32].
It can be found that some researchers have already explored the different responses of
non-homogeneous stone materials to ultrafast laser irradiation from the perspective of
laser-matter interaction and tried to apply them in the wettability regulation.

In this paper, taking green schist, a non-homogeneous stone material from Wudang
Mountain, as an example, we systematically investigated the surface characteristics and
processing mechanisms of different material compositions of green schist. Based on this,
the differences in the micro-nano structures and corresponding wettability properties
formed under different femtosecond laser parameters are explored, and ultimately, a
superhydrophobic result was achieved.

2. Materials and Methods
2.1. Materials
The stone components of the ancient building complex in Wudang Mountain are

mostly constructed of green schist [3]. In these experiments (Figure 1), the green schist
samples with a size of 30 mm x 30 mm x 6 mm were formed by wire electrical discharge
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machining (WEDM) cutting large green schist with a line-cut spacing of 1.5 mm (Figure 1b).
Therefore, millimeter-width textures were formed on the surface of the initial samples.
As examined by plane and cross-polarized light microscopy, the green schist (transverse)
samples were found to consist of quartz, chlorite, muscovite, black mica, carbonate, and
a small amount of dusty carbonaceous material. The three main compositions are 40%
quartz, 35% chlorite, and 15% muscovite. The sample has a complex composition and is a
typical non-homogeneous material, the WCA of the untreated sample is 42° (Figure 1b).
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Figure 1. Femtosecond laser processing micro-nano structure for the green schist. (a) Femtosecond
laser processing system. (b) Green schist and its surface microstructure. (¢,d) Micro-nano structure
processed by the femtosecond laser.

2.2. Experimental Setup

The stone components of ancient building complexes in Wudang Mountain are mostly
in open or semi-open environments and usually exhibit surface flaking, with rain and
high humidity being among the main causative environmental factors. Borrowing from
the micro-nano superhydrophobic structure on the surface of lotus leaves, we consider
processing a similar hydrophobic structure on the sample surface by femtosecond laser
to achieve the purpose of conservation. The femtosecond laser (HR-Femto-IR-60, Huaray,
Wuhan, China) used for processing the micro-nano textures on the green schist surface has
a wavelength of 1035 nm, pulse duration of 238 fs (M? < 1.3). After passing through three
total reflectors (reflectivity 99.6%@1035 nm), the laser beam with a diameter of 2 mm enters
the two-axis high-speed galvanometer scanner system (14A1064, Zhibo-Tech, Shenzhen,
China). The focused beam diameter on the green schist surface is calculated to be 33 um by
using a focus lens with a focused length of 80 mm [33]. A repetition rate of 100 kHz and a
pulse energy of 40 pJ are used to process the sample (Figure 1a).

As a basis for laser processing textures on the green schist surface, we first tested
the ablation morphology formed under the irradiating of the femtosecond laser with
different pulse numbers to analyze the new phenomena that non-homogeneous samples
may present. Based on this, we further explored the micro-nano structural features of the
non-homogeneous samples and their corresponding hydrophobic properties by processing
group holes and grooves on the sample surface. Figure 1c,d show the results of femtosecond
laser processing. Repeated scanning by the femtosecond laser (10 times), while ablating
the surface of the sample, the accumulation of localized heat caused the formation of
molten parts.

2.3. Instruments and Characterization

The 3D morphology and surface profiles were investigated by a laser confocal micro-
scope (Olympus, DSX1000, Tokyo, Japan). After the laser processing, a thin layer of silver
particles was deposited on the surface by spraying before the subsequent sample analysis.
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The morphologies of the sample surfaces were characterized using an MIRA3 LMU scan-
ning electron microscope and backscattered electron microscopy (SEM and BSE, TESCAN,
Brno, Czech Republic). Elemental analysis was performed by an energy-dispersive X-ray
spectroscopy (EDS) installed in the SEM. The apparent water contact angle (WCA) was
measured by an optical tensiometer (One Attension, Biolin Scientific, Espoo, Finland),
whose built-in CCD camera can output the test images. The WCA results of samples were
tested one day after laser processing. The volume of the water droplets tested was 4 pL.

3. Results and Discussion
3.1. The Ablation Performance of Femtosecond Laser to Green Schist

Small craters of varying depths are generally formed by the ablation of the femtosecond
laser with different pulse numbers at the same pulse energy [34]. However, the ablation
performance of the femtosecond laser to the green schist shows completely different results
(Figure 2a). The number of femtosecond laser pulses irradiating on the sample surface
increased from 500 to 40,000. Since the samples are typically non-homogeneous materials,
the diameter and morphology of the craters are not related to the number of pulses, but
rather to the different compositions in the ablation region. After we analyzed different
ablation diameters and morphologies obtained by the femtosecond laser ablation, the
processed green schist surface can be summarized into three typical ablation features
(Figure 2b—d). As the regions marked with triangles in Figure 2a, the ablation morphology
mainly shows craters (the diameter is about 35 pm) with high circularity and minimally heat-
affected zones (Figure 2d). It is a typical cold processing feature of the femtosecond laser,
where the ablated region exhibits very sharp edges. Among the three main components
of green schist, quartz belongs to non-metallic materials. The absorption of the quartz to
femtosecond laser is dominated by the nonlinear absorption, while the heat conduction
effect is weak, and thus, its processing is mainly dominated by localized ablation [35].
Therefore, the regions marked by the triangles can be recognized as the ablated quartz
material.

!

Figure 2. Femtosecond laser ablation of the green schist with 20,000-40,000 pulses. (a) Distribution of
ablation craters, where the triangularly marked regions are the ablation results of the quartz, and the
regions marked by circles are the ablation results of the muscovite (SEM image). (b) Ablation results
of the chlorite. (c) Ablation results of the muscovite. (d) Ablation results of the quartz.

Another highly distributed ablation morphology shows the craters with a diameter of
100 um and a high heat-affected zone (Figure 2d). Melted spheres of different diameters
(hundred nanometers to 30 pm) recooled on the sample surface and formed hierarchical
micro-nano structures. Considering the composition and content of the green schist, the
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morphology and quantitative distribution of this ablated region suggest that it is the result
of femtosecond laser ablation of the chlorite composition. In fact, chlorite is rich in metallic
elements, such as Fe and Mg, so the absorption to the femtosecond laser is dominated by
linear absorption. Therefore, femtosecond laser ablation of chlorite reflects a high thermal
effect under the irradiation of the 100 kHz femtosecond laser, and the chlorite is more
easily removed by femtosecond laser ablation [36,37]. In addition, there are a few regions
where the ablation morphology is dominated by the large thermal melting and thermal
expansion, partly accompanied by ablated craters, typically as shown in Figure 2c. This is
the morphology formed by the femtosecond laser ablation of the muscovite composition.
In addition to containing a large amount of SiO,, muscovite also contains Al,O3 and K;O.
Under the irradiation of the femtosecond laser, some metal compounds can form effective
absorption. The absorbed laser energy will have a heating effect on the 5iO, through the
heat conduction, eventually leading to localized expansion and ablation.

After elucidating the different ablation performances between different compositions
of green schist to femtosecond laser, further processing of arrays of craters spaced 125 um
apart in the aspect direction is achieved in the range of 6 mm x 6 mm. Meanwhile, to
further distinguish the different morphologies of compositions under the femtosecond
laser ablation, we further analyze the sample surface with a BSE image (Figure 3a). There
is a clear color distinction between metallic compounds and non-metallic materials, and
the quartz can be clearly distinguished from a variety of compositions, such as chlorite
and muscovite. Also, the boundary between the femtosecond laser ablation region and the
non-ablation region can be clearly defined in the figure (Figure 3a).

Figure 3. Femtosecond laser ablation of the green schist with 5000 pulses, which forms an array
of craters spaced 125 um apart in the longitudinal and transverse directions. (a) Distribution of
ablation craters (BSE figure). (b) Ablation results of the chlorite. (c) Ablation results of the muscovite.
(d) Ablation results of the quartz.

Differences in ablation morphologies formed by the multiple compositions of the green
schist are more pronounced in the case of the formation of crater arrays by femtosecond laser
processing. Typical regions are shown, labeled A-C in Figure 3a. Region A is dominated by
chlorite, and the melting phenomenon formed on the sample surface is more obvious under
the high thermal effect, while the diameter of the craters formed by the ablation increases
significantly (about 60 pm). Also, under the processing of the crater arrays, chlorite also
embodies a higher thermal effect under the irradiation of the femtosecond laser, and a
stable connection is formed between different ablation craters. As a result, the surface of
the ablated region becomes smooth after heating and cooling, and there are no spherical
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spatters appearing on the sample surface (Figure 3b). In addition, muscovite is usually
distributed in the strips of chlorite, and we can also find a small amount of muscovite in the
middle of chlorite in region B. The irradiation of the femtosecond laser causes the muscovite
composition in this region to exhibit more pronounced thermal expansion, while the central
region is ablated and impacted by the femtosecond laser to show cavities (Figure 3c) [38].
On the other hand, in Figure 3d, the quartz composition forms more stable craters under
the femtosecond laser ablation. It is noticeable that part of the quartz contains a small
amount of chlorite composition, and the melting of this part of the chlorite formed under
the irradiation of the femtosecond laser is also more pronounced.

From the performance of the femtosecond laser single-point ablation of green schist
described above, it is clear that the green schist, a material with complex compositions,
especially as it contains some metallic and some non-metallic compounds, presents a
significantly different response under the irradiation of the femtosecond laser. Trying
to achieve a regular micro-nano structure by using the single-point ablation seems to be
a challenge.

3.2. The Grooving Performance of Femtosecond Laser to Green Schist

Femtosecond laser processing of parallel grooves at a scanning speed of 60 mm/s is
performed to further explore the performance of femtosecond laser processing method in
grooving non-homogeneous green schist (Figure 4a). Due to the difference in electrical
conductivity between the different compositions of green schist, multiple compositions,
such as quartz and chlorite/muscovite, can also be distinguished under the SEM image
of the processed groove. Among them, the quartz composition is less conductive, and
this part is mainly dominated by a bright white color in the SEM image. The depth and
width of the grooves formed are relatively small in the quartz composition due to its lower
absorption to the femtosecond laser. Among the results obtained from the femtosecond
laser grooving, we selected a region (region A) for analysis, as shown in Figure 4b—d. This
region consists mainly of chlorite with some quartz (shown by the white box in Figure 4b)
and muscovite (region C). The width of the grooves formed in the quartz composition is
about 18 um, the width formed in the chlorite composition is about 40 um (Figure 4c), and
the width formed in the muscovite composition is about 8 um (Figure 4d).

The differences in laser absorption and thermal conductivity of the three compositions
form a significant difference in the ablation, thermal melting, or thermal expansion char-
acteristics, which are essentially the same as those under femtosecond laser single-point
ablation. Among them, the ablation morphology of the chlorite composition is dominated
by the cold ablation (Figure 4c), and the surface of the material after femtosecond laser
processing shows a representative groove structure, with high stability [39]. Consequently,
the femtosecond laser grooving of chlorite composition does not reflect the same high
thermal effect as in Figures 2b and 3b. The high-speed scanning of the femtosecond laser
is equivalent to about 500 femtosecond pulses irradiating at each position. It reduces the
deposition of localized femtosecond laser energy compared with the femtosecond laser
ablation with 5000 pulses, thus effectively controlling the thermal effect. On the other
hand, the muscovite composition forms some melting under the high-speed scanning
of the femtosecond laser, accompanied by smaller localized ablation (Figure 4c), Thus,
the femtosecond laser grooving of muscovite composition is still dominated by typical
thermal processing.

For a non-homogeneous material, such as green schist, measuring the surface elemen-
tal content and corresponding distribution after femtosecond laser grooving can accurately
verify that the multiple types of morphologies correspond to which types of material com-
positions. We can focus on the EDS results of the regions not ablated by the femtosecond
laser, which are almost unaffected by the femtosecond laser irradiation, in addition to
being subjected to lower thermal conduction. The results of the elemental composition and
content distribution of some of the grooved structures are shown in Figure 4e. Through
the preliminary determination of SEM and BES images, as mentioned before, the main
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composition of the selected region is chlorite, and a small amount of muscovite is included
in the upper left corner of the region. In the EDS results, except for the labeled region
(Figure 4e), the elements in the selected region are mainly dominated by O, Si, Mg, Al,
and Fe, which is consistent with the main composition of chlorite and is also the same as
the results of our determination through SEM and BSE images. In addition, the content
and distribution of the multi-species elemental composition of chlorite in this region are
stable, which is the reason why the formation of a stable groove structure can be observed
in Figure 4a,b. The region marked in Figure 4e, which mainly contains the elements O,
Si, Al, K, and Na, is consistent with the elemental species of the muscovite composition.
The morphology of the region is also consistent with the thermal melting and expansion
phenomena embodied in the muscovite composition under femtosecond laser ablation.

Quartz

200pm

Figure 4. Results of the femtosecond laser grooving of the green schist, where the grooves are spaced
at 125 pm in the aspect direction. (a) Characterization of the laser grooving. The reason the quartz
component in the image looks to be at a different height than the other compositions is because of
poor conductivity in that area, not a raised structure. (b) Localized enlargement in (a). (¢,d) Localized
enlargements in (b). (e) EDS and elemental mappings of the processed region.

In the processing of green schist by the high-speed scanning of the femtosecond laser,
the scale of the grooves formed by different compositions varies, but the overall groove
structure remains stable, which offers the possibility of realizing hydrophobicity. Among
them, green schist has a high quartz content, and the processed quartz shows a limited
groove depth and almost no micro-nano structures similar to those formed under the
thermal accumulation (Figure 1c,d). In addition, the chlorite composition also reflects
typical cold processing under femtosecond laser ablation. The processed region forms a
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localized hierarchical micro-nano structure, but the overall depth is limited, and most of
the region is still predominantly planar (Figure 4e). The muscovite composition forms a
melt based on the single scan of the femtosecond laser and sputters some of the melt by
the impact of the femtosecond laser ablation. Some regions form a micro-nano structure
similar to the surface of the lotus leaf by depositing the melt [31]. However, the content
of muscovite is only about 15%, which makes it difficult to play a decisive hydrophobic
performance on the sample surface. The focus of the femtosecond laser grooving should
thus be further on the quartz and chlorite compositions. For example, the thermal effect of
the femtosecond laser ablation on the chlorite and quartz compositions should be increased
by decreasing the scanning speed or increasing the scan numbers. After testing, we found
that by lowering the scanning speed, e.g., to 10 mm/s, the femtosecond laser scanning strips
off a certain thickness of material by the ablation and does not result in the formation of the
desired three-dimensional micro-nano structure. Consequently, we adapt the approach of
multiple scanning of the femtosecond laser to gradually enhance the thermal effect on the
chlorite composition. At the same time, we also hope to form three-dimensional micro-nano
structures in the quartz composition under the multiple ablations of the femtosecond laser.

The results obtained from 10 scans of the femtosecond laser are analyzed with SEM and
BSE images (Figure 5a,b). Similar to the results in Figure 4, the quartz composition shows
bright white under SEM image. Multiple scans and ablation of the quartz composition by
the femtosecond laser gradually form a groove structure, and the ablated region forms a
typical micro-nanostructure that resembles raised cones (Figure 5b). Since the Rayleigh
length of the femtosecond laser after focusing is calculated to be 648 pum [33], the laser
fluence can remain stable when the ablation depth is increased by multiple scans. At the
same time, the processed region will be subjected to the impaction of the femtosecond
laser-induced plasma shock wave, and then the ablation region will show a V-shaped
structure under multiple scans [21]. As a result, the final structure on the sample surface
resembles a cone, while the ablation and deposition over several scans create a typical
micro-nano structure (Figure 5(b1)). In addition, part of the region forms heat accumulation
under multiple scans, and the surface morphology is dominated by melting (Figure 5(b2)).
The morphology of this melted region is close to that of the femtosecond laser ablation
of the quartz composition, but it is more similar to the ablation results formed under the
mixing of different compositions, which will be further explained by the analysis of the
EDS results later. On the other hand, the morphology of the processed chlorite composition
is dominated by protruding structures with a diameter of 20 um because of the high
absorption (labeled with white boxes, Figure 5a,c). In addition, the muscovite composition
forms a more pronounced melting under multiple scans. Unlike the structure formed by
a single scan (Figure 4d), all the processed muscovite composition in the region shows
melting under multiple scans. It indicates that the high thermal effect and heat conduction
of the muscovite compositions under femtosecond laser ablation causes the compositions
in the non-processed region to reach the melting state as well.

Moreover, a region containing multiple compositions (region A) is used to analyze
the surface elemental content and corresponding distribution. Partially separated quartz
and chlorite are distinguished based on ablation morphology, brightness, and element
distribution (labeled in Figure 5e). This region is a mixture of several compositions, with
some regions containing high levels of the elements Mg, Fe, and K. By analyzing the
elemental distribution of Si, we found that the composition in Figure 5e (labeled as yellow
dashed line) is dominated by quartz but also contains some chlorite (elemental Al) and
muscovite (elementals K and Na). It suggests that the green schist, a non-homogeneous
material, especially the actual samples we obtained for use as stone components, which in
addition to embodying independent distributions of multiple compositions, also has some
regions that are a mixture of multiple compositions.
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Figure 5. Results of the femtosecond laser grooving of the green schist, where 10 scans are adopted.
(a) Characterization of the laser grooving (SEM image). (b) Localized enlargement in Figure 4a,
where bl and b2 are figures at different magnifications. (¢) Overall distribution of laser grooving
(BSE image). (d) Localized enlargement in Figure 4c, where d1 and d2 are figures at different
magnifications. (e) EDS and elemental mappings of the processed region.

In general, although the compositions of green schist are complex, the overall grooving
structures are relatively regular under the processing of single or multiple scans of the
femtosecond laser. The ablation morphology of the three compositions, quartz, chlorite,
and muscovite, can be taken as the typical features, and the ablation features of other
regions containing multiple compositions will shift between these three typical ablation
features. Both single-scan and multiple-scan femtosecond laser grooving results can obtain
desirable micro-nano structures on the green schist surface. However, due to the difference
between the high laser absorption of chlorite and muscovite compositions and the low laser
absorption of quartz compositions, it is difficult for the femtosecond laser to homogeneously
process the hydrophobic structures on the surface of green schist that is similar to the surface
of lotus leaves.

3.3. Characterization of Surface Wettability after the Femtosecond Laser Grooving

In general, high roughness and low surface energy are the keys to obtaining super-
hydrophobic surfaces [21]. For the modulation of the surface wettability of the stone
components, one method is to keep the samples in air for a long time to obtain high
hydrophobicity after processing the micro-nano structures [31], and the other is to add hy-
drophobic coatings on the surface [27]. After we process and characterize the femtosecond
laser grooving samples with different groove spacing, we also further analyze the corre-
sponding wettability. It can be observed that different compositions on the sample surface
show different colors and morphologies after processing (Figure 6a), and the droplet can be
retained on the sample surface with a large contact angle when measuring the wettability
(Figure 6(a,al)). This suggests that although the different compositions of green schist show
different morphologies under femtosecond laser processing, including both macro and
micro-nano structures, the sample surface can exhibit better hydrophobicity.
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Figure 6. Wettability characterization and analysis after the femtosecond laser grooving. (a) The
sample surface after processing by the femtosecond laser with different groove spacings, (al) is the
image of the water droplet on the green schist surface with a groove spacing of 400 um, and (a2) is
the result of water contact angles obtained with different groove spacings. (b,c) 3D morphology and
surface profiles of the green schist surface with groove spacing of 400 um, where (b) is the edge of
the region, and (c) is the center of the region. (d) SEM image of the green schist surface with groove
spacing of 400 pm. (e) SEM image of the chlorite composition processed by the femtosecond laser.
(f,g) EDS and elemental mappings of the processed chlorite composition.

Contrary to our previous expectation, the maximum contact angles obtained after fem-
tosecond laser processing of different groove spacings are not obtained when the spacing is
minimum (100 um in our experiments) but when the spacing is maximum (400 um in our
experiments, 147°), as shown in Figure 6(al,a2). Considering the groove spacing of 400 um,
which is much larger compared to the femtosecond laser spot size of 30 pm, the sample
surface is mostly dominated by non-ablated regions after the femtosecond laser processing.
The 3D morphology and surface profiles of the processed sample are further analyzed,
as shown in Figure 6b,c. Since the surface of the sample is obtained by SEDM with a
line-cut spacing of 1.5 mm, the surface of the sample shows high and low undulations
in the millimeter scale range (Figure 6(b2,c2)). At the same time, the femtosecond laser
processing region is dominated by grooves with a width of several tens of micrometers
and a depth of about hundred micrometers (81.199 um in Figure 6(b2) and 124.352 um in
Figure 6(c2)). In contrast, the non-femtosecond processed region is predominantly planar,
with some regions deposited with sputtered spherical particles formed by the ablation of
the femtosecond laser to the chlorite composition (Figure 6d,e, the chlorite composition can
be determined from Figure 6f,g).

As a result, femtosecond laser processing at a groove spacing of 400 um resulted in a
few mm-hundred pm-few pm hierarchical structures. The large area of the non-processed
region also ensured the stability of the distribution of this hierarchical micro-nano structure
on the sample surface. The above mechanisms are believed to be the main reason for the
high contact angle obtained on the chlorite surface after femtosecond laser processing of
the 400 pm spaced grooves.
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4. Conclusions

As an important cultural relic, the stone components of the ancient building complex in
Wudang Mountain are of great value for its sustainable conservation significance. We take
green schist, a typical multi-composition, non-homogeneous material as an example, and
carry out a study on the mechanism and application of the femtosecond laser processing of
the non-homogeneous material. The main conclusions are as follows.

(1) The three compositions of green schist, quartz, chlorite, and muscovite show multiple
types of performances under irradiation of the femtosecond laser. The nonlinear ab-
sorption of the femtosecond laser by the quartz composition reflects the cold ablation
performance. The linear absorption of the chlorite composition reflects cold ablation
(500 pulses) and melting (5000 pulses). The muscovite composition reflects typical
thermal heating, melting, expansion, and ablation.

(2) Due to the differences between the multiple compositions of green schist, the femtosec-
ond laser single-point ablation does not result in the formation of a regular micro-nano
structure on the sample surface. However, the scanning of the femtosecond laser
can reduce the effect of compositional differences in the laser ablation performance,
providing the possibility of high-performance laser processing of non-homogeneous
material.

(3) The multiple scanning of the femtosecond laser reduces the thermal effect of the
femtosecond laser on the green schist and is thus suitable for the preparation of
structures with varying groove spacing. In particular, the sample surface processed at
a groove spacing of 400 um obtains a high contact angle (147°), which is related to the
formation of hierarchical micro-nano structures by the ablation of the femtosecond
laser.

We believe that understanding the different structural characteristics of non-homogeneous
materials formed by femtosecond laser processing, regulating the femtosecond laser parame-
ters to obtain stable processing performance, and realizing a certain degree of hydrophobicity
is expected to provide a completely novel method for the sustainable conservation of stone
cultural relics. Later studies will further investigate the changes in hydrophobic properties of
the sample surface under the action of air and rain over a long period of time (months, years,
etc.). The laser shaping method will also be further explored to rectify the existing point spot
into a line spot, thus improving the processing efficiency of the surface texture and facilitating
the further development of related mobile and portable equipment.
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