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A B S T R A C T   

In the field of stone conservation, a very common direct intervention seeks to increase the water 
repellence of objects. By limiting the interaction between the solid and the water, the possibility 
of alteration due to the action of the water (liquid or solid) as well as that related to the colo-
nisation of surfaces by organisms is reduced. To decrease wettability, chemicals are often applied 
to create a surface layer; however, laser texturing, currently used in different industrial and 
technological fields, could be considered as an alternative procedure, thus eliminating exposure 
to chemicals with varying degrees of toxicity. In this paper, modification of the wetting properties 
of stone surfaces upon texturing induced by a femtosecond laser structuring process was inves-
tigated. Four ornamental stones with different mineralogic and chemical compositions (slate, 
quartzite, granite and marble) and other surface characteristics were laser processed by applying 
different texturing patterns (parallel grooves and matrices of craters) and different irradiation 
parameters. After texturing, variations on the wettability characteristics of the different rock 
surfaces were evaluated by means of static contact angle measurements and modifications on the 
topography were studied via confocal microscopy. Furthermore, potential harmful effects on the 
ornamental stones were evaluated through colour spectrophotometry, petrographic microscopy 
and SEM-EDX. The results indicate two different behaviours in the ornamental stones analysed 
that were statistically confirmed: on the one hand, the group formed by slate, quartzite and 
granite, in which the laser texturing caused a decrease in the contact angle and, on the other 
hand, marble in which laser texturing was able to increase the contact angle above 90◦, giving the 
stone surface a hydrophobic character. The topographic analyses together with microscopy ob-
servations indicate that the grain size, mineral composition, type of fissures and initial surface 
quality of the stones were key in the different wetting behaviour of the laser textured stones.   

1. Introduction 

Water repellents are commonly used in outdoor architectural heritage in order to reduce the interaction between materials and 
water [1], consequently reducing physical and chemical modifications in the materials related to the action of water (hydrolysis, 
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complexation, dissolution, ice-taw stress) and to the metabolism of colonising organisms [2,3]. Hydrophobic surfaces demonstrate a 
notable advantage in outdoor conditions, mitigating undesirable effects (such as colour changes or the growth of microorganisms) due 
to the penetration of water generated by condensation [4–6]. 

Today, compounds that modify the wettability characteristics of a solid surface are attracting a lot of attention. In this sense, 
polymeric resins are usually applied to stone monuments as protective hydrophobic coatings [7,8]; their application by brush or spray 
onto a stone surface creates a coating that confers micro-and nano-hierarchical roughness, which contributes to enhancing the hy-
drophobicity of the solid [9–11], simulating the hydrophobic properties found in nature [12,13]. This micro-nano binary roughness 
can be obtained by adding inorganic nanoparticles (silica, aluminium, tin and titanium oxides) to polymers (generally siloxanes) [6,14, 
15] with the possible addition of surfactants (n-octylamine) and/or organosiloxanes (polymethylsiloxane-PDMS) [16,17]. 

In general, water repellents show several drawbacks as products obtained in the chemical industry: i) they usually contain sub-
stances that are toxic to human health and ii) they can constitute environmental hazards. Moreover, like almost all chemicals applied 
to consolidate, clean or protect stones, water repellents can cause side effects, such as colour changes or a modification in water 
transport through the stone, which can reduce compatibility with the material to be treated [18]. 

Surface structuring by laser processing, both in nanosecond (ns) and femtosecond (fs) pulse regimes, has been widely applied to 
modify the wettability and other surficial properties of different materials like polymers, semiconductors or metals, among others [19, 
20]. Short (ns regime) laser pulses present much larger thermal effects than ultra-short (fs regime) lasers, resulting in large 
heat-affected zones, debris and remelting in the processed area, and consequently less precision and accuracy than ultrafast (fs) laser 
structuring [21–23]. 

Regarding stones, in general, very little research has been reported on laser structuring as an alternative for modifying wettability. 
A nanosecond pulse laser was used to structure a commercial variety of Zimbabwe black granite (a medium-to fine-grained gabbro) to 
increase hydrophobicity [24,25], and, to the best of our knowledge, our group was the first to apply an ultra-short (femtosecond) laser 
for texturing ornamental stones [26]. In that pioneering work, hydrophobicity of a pure marble (Crystal White) was induced by 
femtosecond laser structuring and, in some cases, nearing super-hydrophobic behaviour was obtained. Recently [27], a short and 
long-term evolution of the wettability characteristics of marble upon ultrafast laser texturing was investigated in order to elucidate the 
combined effect of multi-scale roughness and the attachment of chemical species at the surface over time. 

However, due to the versatility of the femtosecond laser structuring process, research elucidating correlations between the surface 
topography generated and wetting response of laser-structured materials is still being intensely investigated [28]. These studies are 
essential in the case of materials, such as natural stone, in which the challenge is their heterogeneity that causes different interaction 
mechanisms of the laser pulses with each type of grain, leading to irregular surface absorption [29]. 

In the research described in this article, for the first time, it was accomplished a comparative analysis of the modification, through 
femtosecond laser texturing process, of the wetting characteristics of four ornamental stones commonly used in architectural cultural 
heritage worldwide (slate, quartzite, granite, and marble). This work has two main objectives: 1) to research the effectiveness of 
femtosecond laser structuring process to attain the hydrophobicity as a function of i) the lithology and the superficial characteristics of 
the four ornamental stones and ii) the texturing conditions (type, periodicity, and size of the structures generated); and 2) to research 
the adverse effects on the physical properties of the stones (i.e. colour) and the stability of the composing minerals through petro-
graphic microscopy and scanning electron microscopy. 

2. Contact angle and wetting phenomena 

When a drop of liquid is set upon a solid’s flat surface, a system of three interfaces is generated; a liquid-vapour a solid-liquid, and a 
solid-vapour interface. The wetting behaviour of a solid surface is driven by the surface free energy at these interfaces, and the contact 
angle θ of the liquid drop with the surface is the main index used to evaluate the wettability of a solid surface [30]. The contact angle is 
defined as the angle between the tangent at three phase point and the solid surface, and it is the key aspect in determining the shape of 
the liquid drop. In ideal systems in which the solid surface is smooth, homogeneous, and rigid the Young contact angle θ0 characterizes 
the equilibrium state of the solid− liquid− vapour. The situation is quite different in real systems because nearly all solid surfaces are 
rough and chemically heterogeneous to some extent. This implies that θ0 is in general not equal to the contact angle measured in an 
experiment. 

On rough surfaces, equilibrium wetting is discussed in terms of the ‘competition’ between complete liquid penetration into 
roughness grooves or holes and the entrapment of air bubbles inside these grooves underneath the liquid. The former is the homo-
geneous wetting regime, usually described by the Wenzel model, while the latter is the heterogeneous wetting regime described by the 
Cassie-Baxter model [31]. The Wenzel equation (Eq. (1)) yields the Wenzel apparent contact angle θW as a function of the Young 
contact angle θ0 and the roughness ratio r that is defined as the ratio of the actual surface area wetted by the liquid and the projected 
planar area (r> 1).

cos θW = r cos θ0 (1) 

Wenzel equation (Eq. (1)) is based on the hypothesis that liquid enters grooves or holes present on the surface, leading to a ho-
mogeneous wetting regime with an increased contact area. This model explains why the contact angle of hydrophilic surfaces (θ0 <90◦) 
decreases with increasing roughness whereas the contact angle of hydrophobic surfaces (θ0 >90◦) increases. 

In the heterogeneous wetting regime given by the Cassie-Baxter model (Eq. (2)), the surface tension dominates the system and is 
energetically favourable for the liquid to form a droplet that rests on the edges of the surface while air fills the space between solid and 
liquid, forming air pockets. Consequently, only a small fraction of the solid surface is in contact with the liquid. The Cassie-Baxter 
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contact angle θCB can be calculated as: 

cos θCB = − 1 + f + rf f cos θ0 (2)  

where f is the fraction of the projected area of the solid surface under the drop that is wetted by the liquid and rf is the roughness ratio 
of the wetted area. When f = 1, rf = r and the Cassie-Baxter equation is equivalent to the Wenzel equation. Therefore, for a given 
surface composition and liquid, i.e. by fixing θ0, the nature of the texture determines the wetting behaviour. It is important to note that 
both equations are correct only if the drop is sufficiently large in relation to the typical roughness scale [32]. 

3. Materials and methods 

3.1. Ornamental stones 

Four different lithologies were selected: a slate, a quartzite, a granite, and a marble (Fig. 1, a-d, respectively). All of them were 
provided by a stone company and we specify the commercial names when available. 

The slate (Fig. 1a) selected is from the Luarca slate geologic formation from the Ordovician period (435–500 mya), which is a 
monotonous succession of black and grey slates with collations of coarse detrital levels [33]. The sample corresponds to the highest 
quality facies used as roofing slate, characterised by a very fine grain, a very homogeneous texture, high fissility, and a lower content of 
metallic sulphides. Its porosity accessible to water (in accordance with UNE EN 1936:2006 [34]) is 0.8%. The selected quartzite 
(Fig. 1b) goes by the trade name Perla Venata and is mined in Brazil. Its pale cream colour with brownish tonalities, associated with the 
presence of fine sand veining, combined with its hardness and low open porosity (0.97% according to the product information sheet) 
make this material a highly appreciated ornamental stone both for interiors and facade cladding. The granite (Fig. 1c) goes by trade 
name Vilachán and is quarried in NW Spain. It is a fine-grained panallotriomorphic heterogranular ademellite with an open porosity of 

Fig. 1. a-d) images of the four selected stones: a) slate, b) quartzite, c) granite, and d) marble; e-f) slate and marble slabs after laser texturing, respectively, indicating 
the 20 textured areas; g-h) micrographs taken via stereomicroscopy of the slate slabs textured with craters (g) and grooves (h); i-j) micrographs taken via stereo-
microscopy of the untextured granite slab (i) and an area textured with grooves (j); k-l) micrographs taken via stereomicroscopy of the untextured marble slab (k) and 
an area textured with grooves (l). The images shown contain the ID of the textured area. 
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2.82% [35]. Finally, the selected marble (Fig. 1d) is the stone commercially known as Crystal White, a Vietnamese white-coloured pure 
marble with an equigranular and fine-grained texture. Its open porosity is 0.01% [34]. 

Therefore, 3 slabs of each stone measuring approximately 10 cm × 5 cm x 2 cm were polished and their surfaces were cut (Fig. 1, a- 
d). Two slabs were sent for laser texturing and the third one was used as an untreated reference stone. 

3.2. Laser texturing 

Laser texturing experiments were performed by means of a computer-controlled galvanometer- and scanner-equipped femtosecond 
pulsed near-infrared laser, and specifically the Spirit system by Spectra-Physics, with an emission wavelength of 1040 nm and pulse 
width of less than 400 fs, as previously used for texturing purposes [26]. The intensity profile at the laser output was near-Gaussian 
(M2 < 1.2) and the diameter of the beam was 1.5 mm with horizontal polarisation (>100:1). The pulse rate can be set from a single shot 
to 1 MHz, with a maximum pulse energy of 40 μJ at 100 kHz. The maximum mean power output is > 4 W. A two-mirror galvanometric 
scanner (Raylase SuperscanIII-15) scans the laser beam on the X- and Y-axes. In this experiment, the beam was focused via an F-theta 
objective lens with a focal length of 160 mm, up to a diameter of 30 μm. In the working plane, the beam polarisation is parallel to the 
Y-axis. Laser surface treatments were performed in the air at atmospheric pressure. 

During the preliminary testing, we determined the parameters most suitable for obtaining uniform textures with similar dimensions 
across the different stones. Once the most suitable parameters for each stone were selected, two types of patterns were generated: a 
matrix of crater-like holes and arrays of parallel grooves. Crater-like holes were obtained through successive laser shots delivered at the 
same point in the surface while grooves were obtained via overlapping holes as the laser beam scanned along the X- or Y-axis. 

To analyse the relationship between the texture generated on the stones’ surfaces and its effect on their wettability, patterns with 
different geometric features (periodicity and pattern depth) were tested, varying the pitch between the structures generated (craters or 
grooves) and the laser power applied. For each stone, the frequency, scan velocity (in grooves) and number of laser shots (in holes) 
remained the same. As mentioned above, this was done in order to obtain similar texturing patterns independent of the type of stone. 
Four laser power values were applied, ranging from 100% of maximum power (4 W) to 40% of maximum power (1.6 W), along with 5 
different pitch distances. The irradiation conditions are given inTable 1. 

In total, for each stone, 20 sections measuring 1 × 1 cm2 were textured with grooves (using one slab; see Fig. 1e) and another 20 
sections measuring 1 × 1 cm2 were textured with craters (a second slab was used; see Fig. 1f). 

Each textured area was identified with a letter indicating the stone (slate-S, quartzite-Q, granite-G, and marble-M), the texture 
pattern (g-grooves, c-crater), the power (from 4 (max.) to 1 (min.)) and the pitch (8 for 80, 7 for 70, etc). For example, Mg_4,5 refers to 
groove-textured marble at maximum power (4 W) with a pitch distance of 50 μm. 

3.3. Analysis techniques 

3.3.1. Ornamental stone characterisation 
For this study, the geochemical, petrographic, and mineralogical characterisation of the stone samples was performed. The 

chemical composition (whole-stone major and trace elements) was obtained by means of inductively coupled plasma mass spec-
trometry (ICP-MS) using an ICP-MS AGILENT 7800. For the analysis, 0.1 g of sample powder was digested with HNO3 + HF under 
pressure in high pressure vessels in a Milestone microwave. 

Qualitatively, the mineralogical composition was obtained via the X-ray powder diffraction analysis (Bruker D8 Advance) of bulk 
stone with CuKα radiation and a velocity of 2θ/min. The equipment used was a Siemens D-500 (40 kV and 30 mA) diffractometer using 
a CuKα radiation (λ = 0.15437 nm) Ni-filter, equipped with the Diffract ATV3 software package. 

A complete petrographic examination was done following standard ASTM C1721-15 [36] in order to describe the mineralogy and 
textures. A Leica DM2500P microscope under transmitted light was used for this purpose. 

3.3.2. Wettability evaluation and laser texture characterisation 
To evaluate the wettability of the textured surfaces, the static contact angle θ was measured with a Phoenix-300 equipped with an 

automatic dosage system and a 6.5x zoom CCD camera. For each textured area and for the reference surfaces, the static contact angles 
of three 4 μL droplets were measured, with a precision of ±0.1◦, following the sessile drop method indicated in Standard EN 828:2013 
[37]. 

The characterisation of the surface texture was carried out with a Sensofar Plu 2300 confocal microscope with an XY motorised 

Table 1 
Laser processing parameter values: mean power, repetition frequency, pattern pitch, scan speed (grooves), and irradiation time (holes) for each of the stones (S: slate, Q: 
quartzite, G: granite, and M: marble) textured with grooves (g) and craters (c).  

Sample power [W] freq. [kHz] pitch [μm] speed [mm/s] time [ms] 

Sg 1.6, 2.4, 3.2, 4.0 2 40, 50, 60, 70, 80 2.5  
Sc 1.6, 2.4, 3.2, 4.0 2 40, 50, 60, 70, 80  16 
Qg 1.6, 2.4, 3.2, 4.0 20 20, 30, 40, 50, 60 10  
Qc 1.6, 2.4, 3.2, 4.0 20 20, 30, 40, 50, 60  6.25 
Gg 1.6, 2.4, 3.2, 4.0 20 30, 40, 50, 60, 70 10  
Gc 1.6, 2.4, 3.2, 4.0 20 30, 40, 50, 60, 70  6.25 
Mg 1.6, 2.4, 3.2, 4.0 50 20, 30, 40, 50, 60 20  
Mc 1.6, 2.4, 3.2, 4.0 50 20, 30, 40, 50, 60  5  
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stage and using a 20× EPI objective (field of view: 637 μm × 477 μm, resolution: 768 pixels × 576 pixels, Z-scan resolution: 0.1 μm). 
Data processing, analysis, and display were carried out using ScientificPython. Two different analyses were carried out using the 
topographies of the different tests:  

1) Determination of the parameters related to the analysis of 3D areal surface texture in accordance with standard UNE-EN ISO 25178- 
2 [38]: Sa, the mean roughness; Sq, the root mean square value of the ordinate values; Ssk, the skewness of the scale-limited surface; 
Sku, the kurtosis of the scale-limited surface; and Sdr, the developed interfacial area ratio, which is a hybrid parameter expressed as 
the percentage of the definition area’s additional surface area contributed by the texture compared to the planar definition area. 
This parameter is directly related to parameter r in Wentzel’s equation (Eq. (1)), given that r = 1+ Sdr.  

2) Fitting the confocal topographies to a periodic succession of Gaussians in order to obtain the average values of the depth zp and 
width wp of the texture patterns. In the case of grooves, the average profile was fitted to a series of equally spaced Gaussians. In the 
case of craters, the surface was adjusted to a series of Gaussians distributed across a two-dimensional lattice. By doing so, we 
obtained the average depth and width values of the patterns, which are more significant than measuring a single groove or crater 
[39]. 

Furthermore, the reference and textured surfaces with the lowest and the highest static contact angles for each stone and pattern 
were observed using a stereomicroscope (SMZ 1000) and carefully cut in order to view them under scanning electron microscopy 
(SEM) with energy dispersive X-ray spectroscopy (EDS) using an FEI Quanta working in secondary electrons (SE) and backscattered 
electrons (BSE) modes. The optimum conditions of observation were obtained at an accelerating potential of 15–20 kV, a working 
distance of 9–11 mm, and a specimen current of 60 mA. Samples were C-coated. Moreover, to characterise the extent of the textured 
pattern in depth, these same samples were embedded in resin and cut perpendicularly to the textured surfaces, preparing both polished 
specimens and thin sections. The polished specimens were C-coated and viewed using SEM-EDS under the above-mentioned optimum 
conditions. Thin sections were viewed under transmitted light with a Leica DM2500P petrographic microscope, describing the 
mineralogy and textures following standard ASTM C1721-15 [36]. 

3.3.3. Effect on stone colour 
Finally, variations in stone colour were analysed in order to evaluate the impact of the laser texturing on the rocks’ properties as 

ornamental stones. Colour changes were evaluated by taking colorimetric measurements using a Minolta CM-700d spectrophotometer 
equipped with SpectraMagicTM Nx software. Colour was expressed in CIELAB and CIELCH spaces [40]. 

The parameters measured were the lightness (L*), which varies from black (0) to white (100); a*, which varies from +60 (red) to 
− 60 (green); b*, which ranges from +60 (yellow) to − 60 (blue); chroma (C*ab), which represents the saturation of the colour; and the 
hue (hab) or tone. Measurements of these parameters were done in Specular Component Excluded (SCE) mode with a spot diameter of 
8 mm, illuminant D65, and an observer angle of 10◦. A total of 9 measurements were taken for each surface in order to obtain statically 
representative results. Compared to the colour of the stone without texturing, the differences (ΔL*, Δa*, Δb*, ΔCab*, and ΔH*) and the 
global colour change (ΔE*ab) were calculated [40]. 

3.3.4. Correlation relationships 
In order to identify the relationships between texturing conditions (type of pattern, laser power and pitch) and the measured 

properties (contact angle, surface texture parameters, and colour), two statistical analyses were applied. To do so, the texturing 
conditions (power and pitch) were defined as predictor variables and the values of the contact angle θ, the surface texture parameters 
zp and Sdr, and the global colour change ΔE*ab were defined as response variables. 

First, a multiple regression analysis was performed to determine whether a change in the predictor variables was related to a 
change in the response variables. The p value of the null probability hypothesis was determined, that is, the probability that this linear 
regression is due to the randomness of the values. This p-value was determined for each one of the predictor variables and for the set of 
them. Linear relationships with probability values less than 5% (significance level of 0.05) were considered significant. In these cases, 
the value of the Pearson correlation coefficient R2 was determined. 

Second, a linear correlation analysis was performed between the response variables and the cosine of the contact angle to determine 
whether they followed the Wenzel or the Casie-Baxter model. The values of the null hypothesis probability p and the linear correlation 
coefficient R2 were obtained. 

4. Results 

4.1. Ornamental stone characterisation 

The slate is made up of phyllosilicates (muscovite, biotite, and chlorite, the latter as porphyrolasts, surrounded by foliation). Some 
quartz and plagioclase were also identified, along with accessories such as tourmaline and opaque minerals. The stone has a 
granoblastic-lepidoblastic texture. Quartz grains are elongated, following the foliation, creating pressure shadows, probably influ-
encing the strength of the stone. The quartzite is made up of quartz and clay minerals. The stone has a granoblastic texture that is 
heavily deformed, with elongated quartz grains and multiple fractures filled with clay minerals. The Vilachán granite is a medium- 
grain granite composed of quartz, plagioclase, and potassium feldspar as its main mineral phases. Muscovite and biotite are the 
most important accessories (the first one is more abundant), along with cordierite, sillimanite, tourmaline, apatite, and zircon. The 
mineralogy does not show much alteration, except for some biotites that have partially transformed into chlorite. The granite has a 
conspicuous foliation, demonstrated by the orientation on micas. Crystal White marble is mainly composed of calcite, with a minimum 
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amount of dolomite. It contains 51.91% Ca (expressed as CaO) and has a loss on ignition of 42.60%. Under petrographic microscopy, 
the purity of the marble is confirmed as well as its mosaic, granoblastic texture, in which individual crystals of calcite meet others with 
somehow indented edges. Table 2 shows the chemical composition of the four stones. 

4.2. Wettability and texturing characterisation 

The values of the static contact angle θ of the four stones after texturing with grooves and craters, and for each of the irradiation 
conditions (power and pitch), are represented in Fig. 2. 

The θ value of the non-textured stones is also shown (Fig. 2a: S-slate, 2b: Q-quartzite, 2c: G-granite and 2d: M-marble). Regarding 
the reference values, the four stones presented static contact angles below 90◦. Slate, quartzite, and marble (Fig. 2a, b, 2d) have close 
values: θslate = 73.4◦ ± 4.7◦, θquartizite = 69.7◦ ± 0.6◦, and θmarble = 66.2◦ ± 5.8◦, however granite (Fig. 2c) had a lower value, θgranite =

45.9◦ ± 6.2◦. Note that these values correspond to stone surfaces subjected to a polished finish, which usually confers mild water-
proofing properties. Polishing is a finishing procedure suitable for low porosity stones, such as slate, quartzite, and marble. However, 
the higher the porosity, the less the polishing effect. Therefore, the granite with the highest porosity showed the lowest θ value due to 
the reduced effectiveness of polishing. 

After texturing, we observed that the contact angles of the slate, quartzite and granite (Fig. 2a, b, and 2c, respectively) decreased 
regardless of the type of pattern, power, and pitch, meaning that the texturing was unable to waterproof these surfaces. Conversely, in 
marble (Fig. 2d), the contact angle θ of all textured areas (except for Mg_1,6, Mg_1,5, and Mc_4,2) increased well above the reference 
value. In all textured areas of the marble, θ reached values above 90◦ with the exception of Mg_4,2, Mg_1,6, Mg_1,5, Mc_4,2, Mc_1,6, 
and Mc_1,4, with it consequently acquiring hydrophobic behaviour [9]. 

It is important to highlight the limited contact angle data obtained from the granite (Fig. 2c), which made it necessary to exclude 
this stone from the analysis. This happened because the drops of water lost balance on the surface of this stone and most of them broke 
as soon as they touched the surface. The difficulty in measuring θ lies in the granite’s texture and, therefore, the limited effectiveness of 
polishing. The three typical granite fissures (inter-, intra-, and trans-granular fissures [41] make the droplets unstable once they come 
into contact with the surface. 

As indicated in Section 2: Materials and Methods, the characterisation of textures was carried out based on confocal topographies, 
adjusting pattern profiles to Gaussian curves. An example of the reconstruction of the surface topography (500 μm × 600 μm) by 
adjusting to a series of Gaussians is shown in Fig. 3, which shows the results for a pattern of parallel grooves with a separation of 60 μm 
generated at the laser’s maximum power of 4 W on samples of slate, quartzite, and marble as well as the different granite minerals. 
Topography data were used to obtain their dimensions (width wp and depth zp) as well as the different surface roughness parameters. 

First, the average surface roughness values Sa were obtained for each polished stone prior to laser texturing in order to obtain a 
reference value for each stone. Specifically, slate had the highest average roughness at Sa = 2.4 μm, followed by granite at Sa = 1.6 μm, 
marble at Sa = 0.25 μm, and, lastly, quartzite at Sa = 0.18 μm. Nonetheless, it is necessary to keep in mind that these values were 
obtained from polished regions of the stones not containing irregularities (fissures, holes …) with dimensions much larger than the 
dimensions of the texturing. The surface roughness values obtained for all texturing conditions are included in Supplementary Data S1. 

To characterise the laser-generated texture, first we focused on the depth zp obtained by the structures, whether grooves or craters, 
given that the width is determined by the diameter of the laser beam and is therefore practically constant in all cases. The zp values for 
the different stones and texturing patterns are given in Fig. 4. 

Table 2 
Chemical composition (major and selected trace elements) of the 4 stones obtained via ICP-MS. BDL: below detection limit; LOI: lost on ignition.  

Compound Slate Quartzite Granite Marble 

SiO2 73.03 95.34 75.36 4.43 
TiO2 (%) 0.76 0.02 0.13 0.01 
Al2O3 (%) 11.39 2.23 13.00 0.07 
Na2O (%) 1.63 0.31 2.94 0.07 
CaO (%) 0.50 0.11 0.57 51.91 
K2O (%) 2.29 0.54 4.69 0.02 
Fe2O3 (%) 5.67 0.46 1.56 0.10 
MgO (%) 1.03 0.07 0.19 0.66 
MnO (%) 0.07 0.01 0.01 0.02 
P2O5 (%) 0.13 0.01 0.25 0.01 
LOI (%) 3.50 0.90 1.30 42.7      

Li (ppm) 99.8 3.5 343.32 1.1 
Cr (ppm) 99.4 414.5 147.36 4.1 
Co (ppm) 21.3 1.2 1.03 0.4 
Cu (ppm) 29.4 10.4 8.73 8.6 
Zn (ppm) 91.3 9.9 65.20 17.4 
Rb (ppm) 25.4 18.4 370.31 0.3 
Sr (ppm) 84.4 19.1 47.11 107.8 
Zr (ppm) 178.6 52.8 74.17 4.0 
Nb (ppm) 16.9 1.5 23.97 BDL 
Ba (ppm) 331.0 24.2 144.17 4.0 
Pb (ppm) 21.6 2.8 35.75 2.9  
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In all cases, we observe that the depth increases along with the power of the laser. Furthermore, we also observe – albeit not as 
clearly – that it increases along with the pitch, indicating that, at smaller spacings, the overlap of the laser shots reduces the height of 
the structures generated. This becomes evident in the case of the 20 μm separation in quartzite and marble. In general, the depth of the 
craters is greater than that of grooves since the laser shots are concentrated at specific points on the surface and not distributed along a 
line. In the case of granite, the values present a higher dispersion and higher error bars due to the presence of cracks and other defects 
in the polished surface. Roughness parameter that best approximates the increase in solid surface appearing both in the Wenzel and 
Cassie-Baxter models (Eq. (1) and Eq. (2), respectively) is Sdr (developed interfacial area ratio). The values of this parameter, also 
obtained via the confocal topographies, are shown in Fig. 5. 

As observable, the general behaviour corresponds to an increase in Sdr with the use of the laser power and, conversely, a decrease in 
Sdr with its spacing. We also observed some higher values in the case of marble compared to the other stones. In general, the Sdr values 
in the groove-patterned surfaces are higher than those of the crater matrix pattern, contrary to what happened with depth zp. 

Table 3 presents the p values (null hypothesis probability) and Pearson correlation coefficient R2 (in parentheses) of the multiple 
regression analysis of the relationship between the predictor variables (power and pitch) and the response variables (θ, zp, Sdr, and 
ΔE*ab) for each of the stones textured with grooves and craters. Moreover, the p values for each response variable are shown along with 
the coefficient sign in parentheses. 

First, Table 3 shows that there were no statistically significant differences between the values obtained with each texture pattern in 

Fig. 2. Static contact angle θ measured by the sessile drop method (EN 828:2013) of the different textured areas: a) slate, b) quartzite, c) granite, and d) marble. Error 
bars length correspond to ± one standard deviation. 

Fig. 3. Reconstruction of surface topography (500 × 600 μm) obtained by fitting the results of the confocal microscopy of a pattern of parallel grooves (pitch: 60 μm, 
power: 4 W) to a series of Gaussians, for the samples of slate, quartzite, marble, and the different granite minerals (quartz, feldspar, and biotite). 
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any of the stones. However, within each texturing pattern, statistically significant differences were observed in the contact angle θ 
obtained at different power and pitch values. For slate and quartzite, in which θ decreased after texturing, we observed that 1) the 
greater the power, the smaller the θ (i.e., negative slope) and 2) the smaller the pitch, the smaller the θ (i.e., positive slope). These 
relationships were confirmed as being statistically significant by the statistical regression analysis. 

Comparing the results obtained for slate and quartzite (Fig. 2a and b, respectively) shows that the texturing of the quartzite caused a 
greater reduction in the initial θ (note that the reference values were similar in both stones): for the groove-textured areas, in quartzite, 
in general terms, values of θ close to 10◦ were achieved after texturing; on the contrary, in slate, the lowest θ obtained after texturing 
was 18◦. 

Marble was the only stone in which texturing increased the contact angle above 90◦ under the majority of conditions. The lowest 
values were obtained at a power of 4 W and a pitch of 20 μm, as well as the power 1.6 W and all the pitches essayed. In this stone, there 
was no statistically significant linear regression relationship between the predictor variables (power and pitch) and the response 
variable θ (contact angle), as the P value p is greater than 1% (above 5%) and the correlation coefficient R2 is close to zero. In the 
groove-textured marble, the condition under which the highest contact angle was achieved (θ = 127.5◦) was that used in Ms_4,5 (100% 

Fig. 4. Texture depth zp obtained from the confocal topographies of the different rocks: a) slate, b) quartzite, c) granite, and d) marble. Error bars length correspond to 

± one standard deviation.. 

Fig. 5. Surface roughness Sdr (developed interfacial area ratio) obtained from the confocal topographies of the different rocks: a) slate, b) quartzite, c) granite, and 
d) marble. 
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laser power, 50 μm pitch), whereas, in the crater-textured marble, the condition producing the highest contact angle (θ = 123.4◦) was 
that used in Mc_4,4 (100% laser power and 40 μm pitch). 

SEM observations support the previous data obtained by confocal microscopy. Fig. 6 shows some of the micrographs taken from the 
SEM analysis of the four stones before and after texturing with grooves and craters, both of surfaces and cross-sectional cuts. 

First, SEM shows the different morphological starting points of the surfaces of each stone. Despite their polished finish, the un-
treated surfaces of slate and granite (Fig. 6a and c, respectively) possess significant irregularities related to their cleavage. The surface 
of the quartzite (Fig. 6b), despite being somewhat more homogeneous, is nonetheless affected by holes corresponding to the veins 
present in the stone. The marble (Fig. 6d) possesses a more homogeneous surface, on which a pattern of fissuring that matches the 
perfect rhombohedral cleavage of calcite grains is clearly present. 

The observation of the textured surfaces (Fig. 6e–h) shows that the uniformity of the patterns (grooves and craters) on the surfaces 
of the slate, quartzite, and granite is very different from that observed on marble (Fig. 6h). On the first three stones, the continuity of 
grooves is not constant across the textured surface (Fig. 6e–g). On the contrary, on the marble (Fig. 6h), the uniformity of the pattern is 
much more constant across the entire textured surface: with the exception of areas containing fractures, the grooves are continuous 
almost along the entire line, and the crater pattern is also uniform and continuous. 

Observing the cross-sectional cuts reveals a few differences. On one hand, the relief of the pattern is less uniform in the case of slate 
(Fig. 6i), quartzite (Fig. 6j), and granite (Fig. 6k). In these stones, the peaks and valleys have different dimensions and angles. In slate 
and granite, we observe that the mineralogy and texture contribute to this irregular pattern. Specifically, in granite, we observe certain 
melted biotite grains which smooth out the relief (Fig. 6k), while in slate the fine grain causes grains to stick out along the profile 
(Fig. 6i). In quartzite, the presence of transgranular fissures interrupts the uniformity of the pattern, as observed in the cross-sectional 
cut of this rock textured with craters (Fig. 6j). On the contrary, the textured pattern of marble is uniform: the peaks and valleys have 
similar dimensions and the edges of the stone are smooth and continuous (Figure 6l). Our observations indicate that the marble 
samples subjected to low laser power and high pitch conserved the stone’s original surface (Figure 6m). We also observe that some 
marble samples textured at maximum laser power have a surface that presents peaks whose edges are likely signs of surface fusion 
(Figure 6n). 

The transmitted light microscopy observations (Fig. 7) corroborate with the above observations. In the case of slate, quartzite, and 
marble (Fig. 7a, b, and d, respectively), transmitted light microscopy shows that all minerals are affected homogeneously because the 
depths of the valleys are similar for the entire textured area. In the granite, this technique shows that the laser produces more pro-
nounced indentations in the surface when biotite crystals are present (Fig. 7c). These show an incipient ‘burning’ mark. The in-
dentations are probably triggered by the pronounced foliation of the granite, as the laser was used against a perpendicular surface of 
the foliation, acting parallel to this foliation. 

Table 3 
p and R2 (in parentheses) values of the multiple regression analysis of the predictor variables (power and pitch) and response variables (θ, zp, Sdr and ΔE*

ab) for each of the 
stones (S: slate, Q: quartzite, M: marble) textured with grooves (Sg, Qg, and Mg) and craters (Sc, Qc, and Mc). The values of the Pearson correlation coefficient of each 
response variable are also shown, with the sign of the coefficient being included in parentheses. Statistically, non-significant regression relationships (p > 0.05) have 
been replaced by a hyphen.  

Sample RV power pitch p (R2) 

Sg θ 4.2e-05 (− ) 1.9e-07 (+) 7.5e-08 (0.85) 
zp 3.3e-10 (+) 0.086 (+) 1.4e-09 (0.91) 
Sdr 5.4e-10 (+) 2.4e-09 (− ) 2.4e-11 (0.94) 
ΔE*

ab 0.00026 (+) 8.6e-05 (− ) 1.2e-05 (0.74) 
Sc θ 0.00022 (− ) 4.9e-10 (+) 9.1e-10 (0.91) 

zp 4e-09 (+) 0.024 (+) 1.4e-08 (0.88) 
Sdr 6.6e-06 (+) 1.5e-06 (− ) 1.3e-07 (0.84) 
ΔE*

ab 2.3e-08 (+) 5.1e-15 (− ) 8.6e-15 (0.98) 
Qg θ 3.1e-06 (− ) 0.0032 (+) 3.3e-06 (0.77) 

zp 3.6e-05 (+) 0.0074 (+) 3.4e-05 (0.70) 
Sdr 0.00028 (+) – 0.0011 (0.55) 
ΔE*

ab 2.2e-05 (− ) 0.068 (+) 5.1e-05 (0.69) 
Qc θ 1e-08 (− ) 0.0025 (+) 2.2e-08 (0.87) 

zp 3.4e-05 (+) – 6.6e-05 (0.94) 
Sdr 0.00025 (+) 0.0031 (− ) 0.00047 (0.89) 
ΔE*

ab 1.9e-05 (− ) 0.0018 (+) 1.1e-05 (0.74) 
Mg θ 0.044 (+) – – 

zp 6.5e-06 (+) 8.5e-05 (+) 1.2e-06 (0.80) 
Sdr 1.9e-05 (+) – 8.1e-05 (0.67) 
ΔE*

ab 
– 0.0025 (− ) 0.0081 (0.43) 

Mc θ – – – 
zp 1.5e-06 (+) 0.023 (+) 3.4e-06 (0.77) 
Sdr 0.0015 (+) 0.002 (− ) 0.00028 (0.62) 
ΔE*

ab 
– – –  

A.J. López et al.                                                                                                                                                                                                        



Journal of Building Engineering 51 (2022) 104176

10

4.3. Effects on stone colour 

Fig. 8 shows the ΔE*ab after texturing the four stones under different conditions. In slate, both patterns (grooves and craters) 
induced visible changes in colour, since ΔE*ab exceeded the visual perception limit established as 3.5 CIELAB units [42]. In 
groove-textured surfaces, almost all treatments produced a ΔE*ab greater than 3.5 CIELAB units, except for the Sg_1,8 surface (Fig. 8a), 
which was the surface that presented the θ closest to the reference value. The results of the statistical analysis (Table 3) confirmed 
statistically significant regression relationships between power and ΔE*ab (positive: the greater the power, the larger the ΔE*ab) and 
between pitch and ΔE*ab (negative: the greater the distance, the smaller the ΔE*ab). In crater-textured samples, the number of laser 
texturing conditions that led to a ΔE*ab greater than 3.5 CIELAB units was notably lower. However, the ΔE*ab of the surfaces treated 
with the lowest pitch was greater compared to that obtained in groove-textured surfaces. The lowest ΔE*ab was obtained in surface 
Sc_1,8, the θ of which was the closest to the reference value. A strong statistically significant regression was obtained between the pitch 

Fig. 6. SEM micrographs of the surfaces of the stones before (a: slate, b: quartzite, c: granite, and d: marble) and after texturing under different conditions (e–h). 
Moreover, the SEM micrographs of cross-sections are also shown (i–n). 
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and ΔE*ab (negative: the greater the distance, the smaller the ΔE*ab). 
In quartzite (Fig. 8b), ΔE*ab after laser texturing was not as high as in slate. In groove-textured surfaces, the areas that suffered from 

the greatest ΔE*ab were those textured at mid-range power levels (3.2 W and 2.4 W) and higher distances (60 μm, 50 μm, and 40 μm). 
As confirmed by the simple regression analysis (Table 3), there was a statistically significant relationship between the power and ΔE*ab 
(with a negative slope) and a less significant relationship between the pitch and ΔE*ab (with a positive slope). In crater-textured areas, 
ΔE*ab was somewhat lower than in groove-textured surfaces; the areas with the greatest ΔE*ab coincided with the areas processed at a 
lower power (unlike in slate and groove-textured quartzite) and at a smaller pitch. In this case, a statistically significant regression 
relationship was found between the power and ΔE*ab; however, as opposed to what happened in the case of slate, this relationship was 
inverse (the higher the power, the smaller the ΔE*ab). 

In granite (Fig. 8c), as in the previous stones, laser texturing produced colour changes. However, ΔE*ab exceeded the visual 
perception limit in fewer cases than for slate and quartzite. There seems to be no relationship between ΔE*ab and the pitch or laser 
power, neither in groove-textured areas nor in crater-textured areas. 

The colour change in the marble (Fig. 8d) after texturing was not as noticeable as that observed in the other three stones: ΔE*ab 
exceeded the visual perception limit in fewer cases than for slate and quartzite. In groove-textured areas, no relationship between 
ΔE*ab and the power was detected (Table 3). In fact, the statistical analysis only detected a statistically significant relationship between 
the pitch and ΔE*ab, which had a negative slope. In the area in which the highest θ was achieved (Mg_4,5, with a value of θ = 127.47◦), 
ΔE*ab was slightly greater than 4 CIELAB units (thus exceeding the visual perception limit), but was not the highest ΔE*ab value. In 
fact, the statistical analysis ruled out the existence of a correlation between θ and ΔE*ab. 

In crater-textured marble (Fig. 8d), ΔE*ab was higher than that recorded in groove-textured surfaces. No statistically significant 
relationship was obtained between ΔE*ab and the power or pitch (Table 3). In the surface with the highest θ (Mc_4,4, with a value of θ 
= 123.39◦), ΔE*ab exceeded the limit of visual perception but its value (slightly greater than 4 CIELAB units) was not one of the highest 

Fig. 7. Micrographs taken via polarized light microscopy of the thin sections of some of the samples irradiated at a higher power: a) slate, b) quartzite, d) granite, and 
d) marble. 

Fig. 8. ΔE*ab of the different textured areas: a) slate, b) quartzite, c) granite, and d) marble. Error bars length correspond to ± one standard deviation.  
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(note that the highest value of ΔE*ab in these cases was 12 CIELAB units). 
Supplementary Data S2 S2 includes the values of the different colour parameters measured (L*, a*, b*, C*ab, and hab) and their 

differences compared to the colour of the reference surface prior to the texturing. 

5. Discussion 

To determine if the stones’ wettability changed and the extent to which this change can be attributed to laser texturing, we 
conducted a correlation analysis of the variables characterising the Wenzel (Eq. (1)) and Cassie-Baxter (Eq. (2)) regimes, and spe-
cifically the cosine of the contact angle cosθ and the surface roughness parameters characterising the texture of each of the stones 
analysed. 

Table 4 shows the p and of R2 values (in parentheses) of the simple regression analysis of the cosine of the contact angle cos and the 
variables zp (the depth of the texture) and surface roughness Sdr (the developed interfacial area ratio). As a global variable, the colour 
change ΔE*ab was also included. 

The results shown in Table 4 demonstrate that there is a statistically significant correlation between cosθ and the depth of the 
texture pattern zp for all cases except for slate containing craters. Furthermore, the slope is positive for slate and quartzite and negative 
for marble. A similar behaviour is found for Sdr, but the craters in the marble are not significant in this case. The sign of the slope 
indicates the wettability behaviour of the rock surface: a positive slope corresponds to a Wenzel regime (i.e., total penetration of the 
liquid into surface grooves) and a negative slope corresponds to the Cassie-Baxter regime (in which microscopic pockets of air remain 
trapped below the liquid droplet). In other words, in granite and quartzite, an increase in the parameters zp and Sdr and, therefore, in 
the surface area of the solid in contact with the liquid is accompanied by a decrease in the contact angle with respect to the polished 
surface. However, the opposite occurs in marble. 

Regarding colour changes, Table 4 shows the existence of a statistically significant correlation between cosθ and ΔE*ab for slate and 
quartzite, but which is not statistically significant for marble. Nonetheless, in the case of slate and quartzite, the slope has a different 
sign, as it is positive in the case of slate and negative in the case of quartzite. 

In the case of slate, laser texturing results in an intense colour change (the stone becomes lighter) reflected in its ΔE*ab value. The 
laser eliminates the polish, and as a result, the shine and black colour accompanying it, with the laser texturing on the surface also 
being visible to the naked eye (Fig. 1g and h). In this stone, a smaller contact angle and therefore a greater Sdr results in a higher ΔE*ab 
value. However, in quartzite, an increase in the texturing does not result in an increase in ΔE*ab. Visually speaking, the effect of laser 
texturing on the appearance of this stone is not as apparent as in the case of slate. In the case of textured marble, independent of the 
values of the different parameters, there is no effect on ΔE*ab. Moreover, visually speaking, the colour change is almost imperceptible 
(Fig. 1k and l). 

These differences in terms of the stones’ colour change following laser processing may be related to the mineralogical composition 
of the stones and their texture, as both of these aspects determine a stone’s colour with and without polishing and following laser 
texturing (although in the latter case, a third variable is involved, specifically the reaction of the component minerals to laser irra-
diation). Slate is very fine-grained and has a characteristic black colour. Polishing intensifies its black colour but texturing causes a 
very notable increase in its lightness (in other words, its surface becomes lighter). Specifically, the colorimetric component that 
changes the most following texturing is the coordinate L* (see supplementary data). This increase in L* can be explained by the effects 
of one of slate’s main components on its appearance, namely its muscovite-sericite content. Therefore, eliminating polishing via 
texturing would return slate’s characteristic shine, which is conferred by small particles of sericite-muscovite. In granite, the overall 
colour change is due to changes in the L* coordinate but also the a* and b* coordinates. As a result, out of the parameters of colour, 
lightness, chroma (colour intensity), and hue (tone), three were modified: granite’s larger grain size combined with the modification 
undergone by the darkest mineral (biotite, which undergoes fusion) and the impact on the iron oxyhydroxides that fill in the cracks in 
this stone (which have an impact on colour following laser irradiation as confirmed in previous research [43]) are the three factors that 
explain the colour change in granite following texturing. In quartzite and marble, the greatest impact of the texturing on colour is 
produced in the L* coordinate (see supplementary data). This is because the laser eliminates the initial shine, which (due to the 
monomineralic nature and very low porosity of these two stones compared to the other two) is already initially very high. 

On the other hand, with respect to the laser’s effects on the different minerals (in the case of granite, quartz, biotite, and k-feldspar 
are the major minerals), the SEM micrographs obtained show that they have different responses to laser processing, resulting in 
different morphologies that can be attributed, among other reasons, to the effect of heat accumulation induced by high-repetition 
pulses [44,45]. This phenomenon is strongly influenced by material properties (thermal diffusivity, reflectivity) and processing pa-
rameters (laser fluence, temporal and spatial displacement). In this sense, the residual laser energy absorbed that did not contribute to 
the ablation process remains, leading to different effects, such as the formation of a thin layer of melt phase [46]. In this sense, this 
research once again confirms that out of the minerals composing the silicate rocks studied, biotite is that most susceptible to alteration 
due to laser irradiation, as its breakdown becomes more intense as the laser power increases and as the distance between the grooves 
and/or craters decreases. Previous research has already observed this greater susceptibility by applying nanosecond lasers [47]. In this 
case, the biotite’s greater susceptibility was attributed to its lower fusion temperature. In the case of ultrashort pulse lasers, previous 
research using a femtosecond laser with 120 fs pulses at 790 with a repetition rate of 1 kHz [29], confirmed mineral alterations in 
granite, although they were much less intensive and more selective, which may show that deterioration with ultrashort short pulse 
lasers reduces the thermal impact. 

The polymineralic nature of granite and slate may cause the texturing pattern on the surface of the rock to be irregular, which will 
affect hydrophobicity. Nonetheless, this polymineralic nature is not the only textural parameter of the stones that makes it difficult to 
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obtain uniform texturing. For example, we observe that the pattern on quartzite is much less uniform than on marble, despite the fact 
that both rocks are monomineralic and start with a similar initial polish (with the initial roughness of quartzite even being slightly less 
than that of marble). The irregularity of the pattern on quartzite may be related to the grain size: in marble, calcite has a grain size of 
around 500 μm, whereas the size of the quartz grains in quartzite is highly heterometric (crystals with sizes varying between 500 μm 
and 30 μm are observed). This difference in grain size is why the negative effects of transgranular fissuring on the uniformity of the 
pattern are much greater in quartzite than in marble. 

Lastly, Table 5 contains the conditions under which the highest and lowest θ values were obtained in each stone, as well as the 
corresponding zp, Sdr, and ΔE*ab values. We observe that in slate, quartzite, and granite the maximum contact angle values (which are 
never greater than 90◦) and the minimum values always decrease compared to the reference value, with the greatest reduction in θ in 
comparison to the reference value occurring at maximum laser power values, and in almost all cases, at the smallest pitch. We also see 
that the greatest reductions in contact angle values occur with the highest zp and Sdr values. As stated, all of this is in line with 
behaviour under the Wenzel regime, in which an increase in Sdr and, therefore, in the surface of the solid in contact with the liquid is 
accompanied by a decrease in the contact angle compared to the polished surface. In the case of marble, the opposite happens, with the 
maximum/minimum contact angle values corresponding to the highest/lowest values in the parameter Sdr in accordance with the 
Cassie-Baxter model. In this stone, the largest θ values are obtained at the highest powers applied and the smallest θ values are 
produced at lower powers. The influence of the pitch is small, except in the case of 20 μm, which corresponds to a separation that is 
smaller than the laser spot size, thus causing the partial destruction of the texturing due to the laser’s effects on neighbouring areas. 
This effect is mainly noted at high powers. 

As stated above, it is necessary to keep in mind that marble starts with a surface with less localised irregularities than the other 
stones and with a contact angle that is already very close to 90◦. As a result, as implicated by the Cassie-Baxter model (Eq. (2)), it is 
more feasible for the texturing to produce an increase in the contact angle, obtaining values that oscillate between 123◦ and 127◦, thus 
increasing the hydrophobicity of the stone. 

An important aspect to note in an analysis of the behaviour of the different stones when subjected to laser texturing, as mentioned in 
the above paragraph, is the effects of the surface irregularities that persist in the stones used despite polishing, which exist on a much 
larger scale than the dimensions of the texturing. These irregularities, which in some cases are measured on scales that are much larger 
than micrometres, compromise the continuity and periodicity of the laser-generated patterns and therefore the potential effects that 
this treatment may have on the stone’s wettability. 

Table 4 
p and R2 (in parentheses) values of the simple regression analysis of the cosine of the contact angle cosθ and the variables zp (depth of the texture fit), surface roughness 
Sdr (developed interfacial area ratio), and global colour change ΔE*ab, for each of the stones (S: slate, Q: quartzite, M: marble) textured with grooves (Sg, Qg and Mg) and 
craters (Sc, Qc and Mc). Statistically, non-significant regression relationships (p > 0.05) have been replaced by a hyphen.  

cosθ Correlation Analysis 

Sample zp Sdr ΔE*ab 

S-g 0.04 (0.46) 7.9e-05 (0.77) 6.5e-07 (0.87) 
S-c – 9.6e-05 (0.76) 1.1e-09 (0.94) 
Q-g 0.0067 (0.59) 0.0011 (0.68) 1.5e-07 (− 0.89) 
Q-c 1.5e-05 (0.96) 0.026 (0.69) 3.4e-05 (− 0.79) 
M-g 0.039 (− 0.46) 0.011 (− 0.56) – 
M-c 0.0077 (− 0.58) – –  

Table 5 
Laser power and pitch conditions under which the highest and lowest θ values were obtained. The zp, Sdr , and ΔE*ab parameters of the laser-textured areas (treated with 
either grooves or craters) and the increase in the contact angle Δθ are also shown. Statistically, non-significant values have been replaced by a hyphen.  

ID Power [W] Pitch [μm] θ◦ [Δθ◦] zp [μm] Sdr[μm] ΔE*ab 

Sg_1,8 1.6 80 (max) 56.61 ± 6.94 (− 16.8◦) 4.95 ± 0.11 0.081 3.38 
Sg_4,5 4 50 (min) 18.66 ± 9.97 (- 54.7◦) 10.22 ± 0.17 0.208 10.88 
Sc_2,8 2.4 80 (max) 44.01 ± 7.30 (− 29.4◦) 16.64 ± 0.08 0.137 1.52 
Sc_4,4 4 40 (min) 18.37 ± 9.25 (− 55.0◦) 19.41 ± 0.1 0.48 12.12 
Qg_1,6 1.6 60 (max) 56.61 ± 10.75 (− 13.11◦) 1.07 ± 0.04 0.016 5 
Qg_3,2 3.2 20 (min) 10.84 ± 0.66 (− 58.8◦) 1.98 ± 0.33 0.057 5.97 
Qc_1,6 1.6 60 (max) 68.45 ± 1.35 (− 1.3◦) – – 7.9 
Qc_4,2 4 20 (min) 13.04 ± 3.25 (− 56.8◦) – – 4.1 
Gg_1,7 1.6 70 (max) 22.34 ± 0.22 (− 21.6◦) 2.4 ± 154.95 0.065 6.81 
Gg_4,3 4 30 (min) 0 11.75 ± 0.63 0.445 5.93 
Gc_1,6 1.6 60 (max) 40.20 ± 0.20 (− 3.3◦) 10.03 ± 0.07 0.047 3.5 
Gc_4,5 4 50 (min) 0 22.67 ± 0.11 0.25 5.21 
Mg_4,5 4 50 (max) 127.47 ± 7.00 (61.1◦) 18.96 ± 0.14 0.591 4.94 
Mg_1,5 1.6 50 (min) 62.50 ± 15.15 (− 3.8◦) 7.63 ± 0.08 0.133 0.48 
Mc_4,4 4 40 (max) 123.39 ± 23.18 (57.1◦) 24.78 ± 0.1 0.487 5.05 
Mc_1,4 1.6 40 (min) 83.71 ± 1.07 (17.4◦) 4.21 ± 0.03 0.056 4.53  
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Conclusions 

In this research, for the first time, the modifications by femtosecond laser structuring of the wetting properties of four ornamental 
rocks with different lithologies and textural characteristics (marble, quartzite, granite and slate) were investigated. The results ob-
tained using similar texturing patterns show a correlation statistically significant between the change in the contact angle θ, which 
characterizes the wettability of the stone, and the generated surface roughness; so that, in the group composed of slate, quartzite, and 
granite laser texturing caused a decrease in the contact angle and, therefore, made the surface even more receptive to water compared 
to the polished one; on the contrary, laser texturing was able to increase the contact angle of marble up to values θmarble ≈ 125◦ thus 
giving a clear hydrophobic behaviour to the stone surface. These changes in contact angle are also correlated with colour change in the 
group composed of slate, quartzite, and granite; while in the case of marble no correlation is observed, and in addition, the texturing 
effects are barely perceptible visually in this rock. 

From this research, it was also concluded that despite of the polished finish of the rock surfaces, the grain size and other petro-
graphic features, such as type of fissures affect the continuity and uniformity of structuring patterns and, consequently, the success of 
this technique as a method to waterproof ornamental stones. In any event, the successful results obtained with marble leave open new 
possibility with other stones, which will require a particular study in each case. Finally, further investigation must be accomplished to 
analyse the temporal evolution of the wetting characteristics of the surface, and the mechanisms (chemical or mineralogical) involved, 
to increase the hydrophobicity of marble up to super-hydrophobic levels. 
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