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Abstract:



Currently, removal of graffiti from stone monuments is a particularly challenging task. Lasers, being highly controllable and precise tools with minimal chemical waste, offer a key solution in this respect and a significant amount of research has been dedicated to this subject. Studies related to the laser cleaning of carbonate stones (such as limestone and marble) reported the extraction of the graffiti layer, although minimal damage to the substrate can be also detected. Recently, research efforts have been focused on the cleaning of granite, which is a complex stone due to its grained and polymineralic texture. Tests involving different wavelengths indicated that the effectiveness of the cleaning procedure is highly dependent on two components: The composition of the binding medium of the graffiti and the fissure system of the granite. In that direction, the aim of this paper is to investigate and to compare the cleaning effectiveness of two wavelengths emitted from a nanosecond (ns) Q-Switched Nd:YAG laser system (IR at 1064 nm and UV at 355 nm), as well as their simultaneous application at different energy density ratios FIR/FUV. The effectiveness of this combined methodology has been shown in several other cases; i.e., for the removal of pollution crusts from carbonate stones (marble). For this study, three different in composition graffiti paints (blue, black, and silver) were applied on a fine-grained granite originating from the NW Iberian Peninsula. Prior to the irradiation tests, the damage thresholds of the granite, as well as the extraction thresholds of the graffiti, were determined. Then, several tests involving a variety of parameters (fluence value, number of pulses, etc.) were performed and the most satisfactory irradiation conditions from each individual wavelength as well as their combination were compared, based on graffiti extraction level and any damage induced on the granite forming minerals. The analytical techniques used for the evaluation were stereomicroscopy, color measurements in CIELAB and CIELCH color spaces, Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS) and confocal microscopy. The experiments indicated the superiority of the combined laser cleaning regarding blue and black graffiti extraction.
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1. Introduction


Graffiti is one of the most immediate threats encountered on heritage monuments worldwide and its cleaning is considered by the entities responsible for the heritage protection as one of the most demanding conservation issues [1]. The necessity of methods to completely extract the graffiti paints safeguarding the original surfaces was discussed in scientific projects focused on the optimization of cleaning methodologies, as well as on the development of protective anti-graffiti coatings [1,2,3,4,5,6].



Graffiti is, by its nature, a particular over-layer to remove because of the presence of pigments of different color and chemistry, and also because its penetration into the stone bulk is inevitable. Conventional cleaning methods, involving the use of chemical products and mechanical tools, do not completely remove the paint and at the same time they can be rather aggressive to the stone surface [2]. Lately, laser radiation has been evaluated as a feasible alternative tool for the elimination of graffiti due to its high precision and control during cleaning, as well as the possibility for automated cleaning processes [7,8,9,10,11,12,13,14]. Recent studies have been focused on the determination of optimum laser cleaning parameters and procedures for graffiti paint removal [15,16,17,18].



Most studies refer to the laser removal of the commonly used graffiti paints on marble, limestone, sandstone, mortar, and brick substrates [16,19,20,21]. The fundamental and harmonic wavelengths (1064 nm, 532 nm, and 355 nm) of Nd:YAG laser systems have been employed and it was shown that the cleaning effectiveness varied for each case depending on the color of the graffiti, the laser wavelength, and the substrate material.



Nevertheless, the bibliography on laser cleaning of graffiti from granitic rocks is limited. Granitic rocks (considering as the richest plutonic rocks in quartz and K-feldspar) are commonly used to construct the architectural and archaeological heritage on the NW Iberian Peninsula. Commonly to the rest of the world, granitic monuments are highly exposed to graffiti vandalism thus urging research attention. Furthermore, their grained texture and polymineralic character pose several difficulties upon any cleaning attempt, including laser cleaning. Each forming mineral (quartz, K-feldspar, plagioclase, biotite, and muscovite) presents different absorption properties to laser light and upon irradiation different ablation effects may be induced, thus jeopardizing the cleaned surface. This particularity has been discussed upon initial experiments to remove over-layers from granite. Specifically Delgado Rodrigues et al. [22] reported the damage and spallation of the biotite planes upon the removal of iron-black films by means of Nd:YAG lasers (1064 nm and 532 nm) and, similarly, Ramil et al. [18] recently reported that the 355 nm Nd:YVO4 laser cleaning effectiveness of granites depends on the relative amount of each silicate on the surface to be irradiated.



Regarding graffiti laser cleaning on granite, recent scientific works indicated that UV lasers (Nd:YVO4 and Nd:YAG at 355 nm) can remove the paint layers from the surface of the stone, the chemical composition of the graffiti being the factor that influences the cleaning result the most. Moreover, the effectiveness of graffiti laser cleaning is hindered, similarly to all the stones, by the penetration depth of the paint into the fissures. Satisfactory results have been reported for blue, black, and red graffiti applied on a coarse-grained Rosa Porriño granite [15,23], a fine-grained Vilachán granite [15] and a medium- to coarse-grained Silvestre granite [17]. Comparatively to conventional mechanical and chemical methods, laser cleaning was considered successful regarding the level of paint extraction; however, evidence of damage was found on the granite forming minerals, such as melting of the biotite grains, fracturing of the quartz grains and, in case of the black paint removal, a possible change in the hydration state of the iron oxides and oxyhydroxides present into the fissures [15,17,23]. Ramil et al. [18], in an attempt to overcome the limitations posed by the polymineralic nature of the granite employed multi-pulse scanning irradiation protocols and reported that (1) all graffiti colors were satisfactory removed from quartz and K-feldspar grains with 0.1–0.2 J·cm−2; (2) the efficiency of paint removal from plagioclase grains depended on the color and was achieved for laser fluence values from 0.1 to 1.0 J·cm−2; and (3) melting features were detected on biotite grains even for fluence values as low as the recorded graffiti removal threshold (0.06 J·cm−2). Note that experiments to remove silver graffiti were not satisfactory: A translucent film, rich in aluminum particles and easily visible under naked eye was detected on the laser treated surfaces [15].



To overcome potential damages to the different granite minerals and to achieve a satisfactory cleaning result, further research is required, and, in this respect, other laser cleaning methodologies should be investigated. The simultaneous use of two laser wavelengths that are differently absorbed by the involved materials was thus considered. Such an approach may also circumvent other side effects that have been reported upon laser cleaning experiments of graffiti, i.e., yellowing observed because of 1064 nm irradiation of sandstone to remove nitrocellulose, acrylic and alkyd paints [16]. The tests designed and performed in the present study are based on a methodology developed for the removal of black crusts from different stone substrates [12,24] and rely on the simultaneous use of the fundamental (1064 nm) and the third harmonic (355 nm) wavelengths of a Q-switched Nd:YAG laser at various fluence ratios (FIR/FUV). The presented methodology was adjusted for the specific over-layer and substrate materials, and in this respect the cleaning effect of each wavelength was investigated based on its individual action and as a part of the combined beam. The best results obtained for each wavelength and their simultaneous use were compared and discussed with respect to the level of graffiti extraction and damage induced to the granite-forming minerals.




2. Materials and Methods


2.1. Granite and Glass Slabs


One of the most common granitic stones encountered in the cultural heritage of NW Iberian Peninsula, commercially called as Vilachán, was used. It is a fine-grained panallotriomorphic heterogranular granite [25], composed of quartz (47%), potassium feldspar (10%), plagioclase (15%), biotite (7%), muscovite (18%) and accessory minerals (3%). The grain size ranges between 2 mm and 0.3 mm. Open porosity (accessibility to water following [26]) is 2.82%. Ten 10 cm × 10 cm × 2 cm slabs were used: One reference slab to determine the damage thresholds of the granite and nine painted slabs to determine the optimum laser parameters and to evaluate the results for the different graffiti.



Moreover, three 10 cm × 10 cm × 0.5 cm glass slabs were used to determine the extraction thresholds of the graffiti paints.




2.2. Spray Graffiti Paints and Painting Procedure


Three spray graffiti paints by Montana Colors® (Barcelona, Spain), already characterized in [15], were selected. Graphite black (RAL code: R-9011), Ultramarine blue (R-5002) and Silver chrome (R-7001) have a high content of carbon, over 50%. As reported in [15,17] blue and black graffiti paints have an organic base of alkyd and polyester type, while silver chrome has an organic base of polyethylene type.



Three granite slabs and one glass slab were painted with each graffiti color. The graffiti application was performed with the following methodology: An initial layer was sprayed for 10 s at distance of 15 cm from the sample. After 24 h the same procedure was repeated and then, the samples were air-dried at laboratory conditions (18 ± 5 °C and 80% ± 10% RH) for 1 month. The thickness of these paint films is estimated to be below 50 µm.




2.3. Laser System and Parameters


The system used for the laser cleaning trials was a BMI Q-switched Nd:YAG system (5022 DNS10 serie, B.M. Industries, Le Plessis-Trévise, France) modified by the IESL-FORTH to operate at the fundamental (1064 nm) and the third harmonic (355 nm) wavelengths individually, and simultaneously [12]. The pulse length was 6.5 ns and the repetition rate was 1–3 Hz. The laser beams were focused to a spot of approximately 2 mm × 2 mm as measured on a polyvinylchloride-unplasticized PVC (LS428734 VCS, Goodfellow, Huntingdon, UK) sheet with 0.5 mm thickness. All irradiation tests were performed in dry conditions.



An automated XYZ system for moving the object in front of the laser beam was designed at IESL-FORTH (Heraklion, Crete, Greece) for the purpose of these experiments. The software, customarily developed by means of LabVIEW, allows the operator to define the area to be treated and control parameters related to the number of pulses applied at the same spot and their relative positioning when the laser beam is moving to an adjacent area (percentage (%) of overlapping).




2.4. Experimental Methodology


Initially, ablation thresholds of the black, blue, and silver graffiti on painted glasses and the unpainted granite were determined. For this purpose, a series of spot irradiation experiments were performed on these reference samples. These tests were performed for each wavelength (1064 nm and 355 nm) to specify the range of fluence values to be used. The ablation (extraction) threshold of the graffiti corresponds to the lowest fluence value that induces changes on the material and it is calculated by recording any modification on the surface of the graffiti (color changes, texture modifications, etc.) upon single-pulse irradiation at increasing fluence values. Fluence (F) is expressed by means of: F = E/S in J·cm−2, being E the output energy of the laser system and S the surface of the irradiation area. The extraction thresholds of the graffiti paints were determined through single pulse irradiation tests using varying fluence values from 0.1 up to 1.0 J·cm−2 (see Table 1) on painted glass slabs. The use of glass slabs was considered in order to study the extraction of the graffiti paint layer without any side-effects due to the penetration of its binding medium into the stone substrate. The ablation (damage) threshold of the granite was defined as the lowest fluence value that causes no alterations to biotite (such as melting, opening of the exfoliation planes or extraction of grains). Biotite is the most sensitive mineral to the laser beam radiation [18,22] and this susceptibility is related to its high optical absorption along with its relatively low melting point 650 °C [27]. However, the fine grain size of the Vilachán granite studied herein (as can be seen in Figure 1a), makes unfeasible the determination of the ablation threshold through single spot irradiation. For this reason, areas of 1 cm × 1 cm were irradiated using 1–2 laser pulses. The fluence values tested ranged from 0.6 up to 2.3 J·cm−2 for 1064 nm and from 0.2 up to 1.0 J·cm−2 for 355 nm (see Table 1) in close relation to the observed damage for each wavelength.


Figure 1. Micrographs obtained by means of stereomicroscopy (1) and SEM (2 and 3) of the reference granite (a) and the granite surfaces treated with a ns Nd:YAG laser at 1064 nm at different fluence values: (b) 1.1 J·cm−2; (c) 1.2 J·cm−2 and (d) 1.5 J·cm−2. Images numbered with 1 show the arithmetic average height, Ra (µm) taken with confocal microscopy. Images numbered with 3 depict the biotite crystals in detail, in order to describe the absence or the presence of indicative melting textures. The scale bar of stereomicrographs is 1 mm.
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Table 1. Extraction thresholds for the three graffiti paints and damage thresholds for granite at 1064 nm and 355 nm. Range of tested fluences for both wavelengths for the unpainted granite and the graffiti painted glass slabs are also shown together with the calculated theoretical threshold values for the three paints (described in Section 3.2).





	
Sample

	
Wavelength (nm)

	
Range of Tested Fluence Values (J·cm−2)

	
Threshold (J·cm−2, 1 p)

	
Theoretical Threshold (J·cm−2)






	
Granite

	
1064

	
0.6–2.3

	
1.1

	
–




	
355

	
0.2–1.0

	
0.7

	
–




	
Blue Graffiti

	
1064

	
0.1–1.0

	
0.5

	
0.333 ± 0.048




	
355

	
<0.1

	
0.027 ± 0.001




	
Black Graffiti

	
1064

	
<0.1

	
0.009 ± 0.002




	
355

	
<0.1

	
0.012 ± 0.001




	
Silver Graffiti

	
1064

	
<0.1

	
0.030 ± 0.001




	
355

	
<0.1

	
0.011 ± 0.001










The identified ablation thresholds were then validated on the real scenario (graffiti on granite), and cleaning methodologies (fluence values, number of pulses and scanning parameters) were determined for the investigated samples. Each laser parameter was tested through the irradiation of spots and areas (1 cm × 1 cm) with varying number of pulses and was preliminary evaluated. The results provided the basis for the determination of the FIR/FUV ratios to be tested for the simultaneous combination of the two wavelengths. An important limitation in this respect is that the total fluence value (Ftotal = FIR + FUV), for each FIR/FUV ratio, must not exceed the ablation threshold of the granite for each of the individual wavelengths [12,13].



The conditions that allowed us to obtain the most satisfactory cleaning results were selected and applied on areas of about 4 cm × 4 cm to allow a detailed and multi-analytical evaluation of the paint extraction and the possible damage induced on the rock.




2.5. Analytical Techniques


A Nikon SMZ800 stereomicroscope (Tokyo, Japan) and a Dino-Lite Digital microscope (New Taipei City, Taiwan) were employed to determine the ablation thresholds of the graffiti paints on glass slabs, the damage thresholds of the reference granite as well as to evaluate the cleaning level of the painted granitic samples, on both irradiated areas of 1 cm × 1 cm and 4 cm × 4 cm. It was also possible to assess the damages induced on the rock substrate, when the irradiation conditions exceeded the threshold fluence values, as for example grain extraction, melting or other alteration features (opening of biotite exfoliation planes etc.). This preliminary assessment allowed us to identify the most satisfactory conditions for further evaluation.



The composition, morphology, and thickness of the graffiti layers before and after laser radiation as well as the damages in the granite-forming minerals after laser treatment were further evaluated under scanning electron microscopy (SEM). For this purpose, small fragments (approximately 3 cm2) from the painted surfaces before and after the laser irradiation, as well as their cross sections (embedded in resin and polished), were analyzed. A Philips XL30 SEM (Amsterdam, The Netherlands) coupled with an energy dispersive X-ray spectrometry (EDS) (Oxford Inca Energy 300 SEM, Oxfordshire, UK) was used; both secondary electrons (SE) and backscattered electrons (BSE) modes were applied to observe the samples. Carbon-coated samples were visualized at an accelerating potential of 15–20 kV, a working distance of 9–11 mm and specimen current of ~60 mA.



The roughness variation of the surfaces due to its interaction with the laser beam was evaluated by confocal microscopy (PLu 2300 Sensofar® optical imaging profiler, Co Meath, Ireland) in the 4 cm × 4 cm treated areas. Images of the treated surface were collected using an EPI 10X-N objective a speed of 1×, an overlapping of 25%, a depth resolution of 2 mm and a lateral resolution of 1 nm. The dimension of the measured area was 4.14 mm × 3.10 mm. After the data acquisition, it was processed with Gwyddion 2.47 software to calculate the arithmetic average height, Ra [28]. Standard deviation values were also calculated. Roughness data of the unpainted granite and the painted granite with the three colors were used as a reference and were compared with the values recorded from the irradiated areas. In addition, roughness measurements were also employed for the identification of the ablation thresholds.



Color measurements in CIELAB and CIELCH color spaces [29], performed with a Minolta spectrophotometer CM-700d (Osaka, Japan) equipped with CM-S100w (SpectraMagicTM NX) software, were taken on the uncoated granite and the graffiti painted granite samples after the laser treatment. For each sample, the area of 4 cm × 4 cm was used, taking a total of 15 random measurements per area to obtain statically consistent results [30]. L* (lightness varying from black to white), polar coordinates a* (red-green) and b* (yellow-blue) and C*ab (chroma, saturation or color purity) were obtained in specular component included (SCI) mode, for a spot diameter of 8 mm, using illuminant D65 and with an observer angle of 10°. In order to assess the cleaning effectiveness, color differences (ΔL*, Δa*, Δb*, ΔC*ab) and global color change ([image: ]) were computed considering the color of the unpainted granite surface as reference color (procedure is based on the [29]. Therefore, the higher the ΔE*ab the greater the laser effectiveness in removing the graffiti.



Fourier transform infrared spectroscopy (FTIR) was applied to detect graffiti remains after the laser treatment in small fragments (approximately 3 cm2), based on the identification of functional groups previously assigned to the graffiti paints. FTIR data were collected in reflectance mode using a Thermo Nicolet® 6700 (ThermoFisher, Waltham, MA, USA) in the 4000–400 cm−1 region, with 4 cm−1 resolution.





3. Results


3.1. Damage Thresholds of the Vilachán Granite


The damage thresholds of the granite subjected to both wavelengths were determined by means of stereomicroscopy, roughness measurements and SEM. Figure 1 shows several micrographs of the granite subjected to 1064 nm laser irradiation at different fluence values; micrographs of the untreated granite (Figure 1a) are also shown for comparative purposes. The laser irradiation at fluence values up to 1.1 J·cm−2 (Figure 1b) did not cause visible damage in the granite: The characteristic yellowish-brown color of stone remained intact (Figure 1(b1)) and no changes were found on the biotite grains (Figure 1(b2,b3)). Conversely, the granite surfaces subjected to 1064 nm laser irradiation at fluence values above 1.2 J·cm−2 (Figure 1c,d) presented several signs of damage:

	
The characteristic yellowish-brown color of the rock lost intensity, as detected by stereomicroscopy (Figure 1(c1,d1)).



	
Biotite grains melted, as seen by SEM, especially for high fluence values (Figure 1(c3,d3)).



	
The roughness of the surface was modified especially when high fluence values were employed; SEM micrographs at low magnification (Figure 1(c2,d2)) show wide and deep valleys on the rock surface upon extreme irradiation conditions. The surface roughness (Ra) was increased due to the extraction of mineral grains (also verified by stereomicroscopy and SEM-Figure 1(c1,d1) from 14.89 ± 0.79 µm (reference surface—Figure 1(a1) up to 25.20 ± 0.63 µm (at 1.5 J·cm−2—Figure 1(d1)).








Therefore, the damage threshold of the Vilachán fine-grained granite for the IR (1064 nm) wavelength was determined to be 1.1 J·cm−2 (Table 1). Following the same evaluation protocol for the 355 nm, the damage threshold was defined to be 0.7 J·cm−2 (Table 1).




3.2. Extraction Thresholds of the Graffiti Paints


The extraction thresholds of black and silver graffiti were determined through stereomicroscopic observation to be lower than 0.1 J·cm−2 for both wavelengths (Figure 2, Table 1). In contrast the threshold for the blue graffiti varied depending on the laser wavelength; at 355 nm it was defined to be below 0.1 J·cm−2 and at 1064 nm 0.5 J·cm−2 (Figure 2, Table 1), as it was shown that paint extraction initiates above the 0.6 J·cm−2 (Figure 2). This difference could be associated to the different laser absorption properties of the blue paint in the two laser ablation regimes. It has also to be noted that upon the irradiation tests on the painted glass slabs, the graffiti paint was removed leaving behind a thin translucent film possibly attributed to remaining binding medium. Different results have been noticed for the painted granite as will be discussed later (Section 3.5)


Figure 2. Micrographs taken under stereomicroscopy of the single pulse spots performed at different fluence values (F) on the graffiti painted glass slabs. Results for the two wavelengths evaluated (355 nm and 1064 nm) are shown (For interpretation of the references to color, the reader is referred to the web version of this article).
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The ablation thresholds have also been calculated by measuring the pulse energy for every fluence value used along with the corresponding spot size, as recorded on the three glass slabs covered with graffiti. For Gaussian beams Liu et al. [31] reported that the threshold energy (Ethr) can be calculated through the semi logarithmic plot of the energy (E) dependence on the spot size (of d diameter). The beam radius wo, at the 1/e of the Gaussian beam distribution, corresponds to the slope of the linear fit of the data, while the intercept at the value of threshold Energy described by the relationship: [image: ]. The ablation thresholds calculated agree with the microscopic determination of the fluence and are also shown in Table 1.




3.3. Characterization of Graffiti Layers on Granite


Visualization of the samples under SEM indicated that, although the graffiti paints formed a continuous film on the stone, different textures could be discriminated depending on the composition of the paint (Figure 3):

	
Blue graffiti (Figure 3a and its EDS spectrum). These films, rich in C, Si, Ti and Mg, were characterized by a mixture of scales of different sizes and shapes embedded in a C-rich matrix.



	
Black graffiti (Figure 3b and its EDS spectrum) appeared as a homogeneous film composed exclusively of carbon.



	
Silver graffiti (Figure 3c and its EDS spectrum) was composed of laminar shaped particles (<10 µm in size) rich in Al.







Figure 3. SEM micrographs of the graffiti layers on the granite from the surface (left) and the corresponding cross-sections (right). EDS spectra of the respective paints are also shown: (a) blue; (b) black and (c) silver graffiti paints.
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The thickness of the graffiti layers varied depending of the color: 20 ± 10 µm for blue (Figure 3a) and 40 ± 10 µm for black and silver graffiti paints (Figure 3b,c).




3.4. Determination of the Irradiation Conditions


Taking into account the determined damage thresholds of the granite and the extraction thresholds of the graffiti films, the cleaning conditions for the single wavelengths and for the combination with different FIR/FUV ratios were planned (Table 2). Areas of 1 cm2 were irradiated using a variable number of pulses. The number of pulses for the graffiti samples was decided based on the different absorption properties of each color and also the thickness of the paint layer on the granite.


Table 2. Irradiation conditions for the extraction of blue, black, and silver graffiti paints from the Vilachán granite.





	
Single Wavelength Irradiation




	
Wavelength (nm)

	
Fluence Values Tested (J·cm−2)

	
Selected Conditions per Graffiti Color:

Fluence Values in J·cm−2 (Number of Pulses)




	
1064

	
0.4–1.2

	
Blue

	
1.0 (150)




	
Black

	
1.0 (28)




	
Silver

	
0.5 (9)




	
355

	
0.2–1.0

	
Blue

	
0.4 (90)




	
Black

	
0.4 (60)




	
Silver

	
0.5 (9)




	
Irradiation Using the Two Wavelengths Simultaneously




	
 FIR/FUV Ratio

	
Fluence Values Tested (J·cm−2)

	
Selected Conditions per Graffiti Color:

Fluence Values in J·cm−2 (Number of Pulses)




	
1/1

	
0.2/0.2

	
–

	
–




	
0.3/0.3

	
–

	
–




	
0.4/0.4

	
–

	
–




	
1/3

	
0.1/0.3

	
Blue

	
0.1/0.3 (27)




	
Black

	
0.1/0.3 (18)




	
0.2/0.6

	
–

	
–




	
0.3/0.9

	
–

	
–




	
3/1

	
0.3/0.1

	
Black

	
0.3/0.1 (18)




	
Silver

	
0.3/0.1 (12)




	
0.6/0.2

	
–

	
–




	
0.9/0.3

	
–

	
–











3.5. Evaluation of the Graffiti Laser Cleaning-Tests


Stereomicroscopic observation on the 1 cm2 treated areas (Figure 4b–k), allowed us to identify the most satisfactory cleaning conditions (for each wavelength alone and their combination, see Table 2), in terms of graffiti extraction with minimum damage to the stone. These conditions were then selected to be applied in areas of 4 cm × 4 cm, for further analysis whose results comparatively to the original unpainted surface (Figure 4a) are discussed hereafter:

	
Blue graffiti (Figure 4b–d). In the 1064 nm regime, the best laser cleaning result was obtained with 150 pulses at 1 J·cm−2, although blue remains were still visible. In the 355 nm regime, 90 pulses at 0.4 J·cm−2 resulted into satisfactory cleaning. The best condition for the simultaneous application of both wavelengths was achieved with the FIR/FUV ratio 1/3 and fluence values of 0.1 and 0.3 J·cm−2 respectively (27 pulses). Irradiation involving 355 nm (either alone or in combination with the 1064 nm) always removed the graffiti paint; however, the characteristic yellowish-brown color of the rock appeared faded/altered when compared to the reference surface.



	
Black graffiti (Figure 4e–h). Both laser beams removed the black graffiti layer efficiently. The most favorable results were obtained at 1064 nm with 28 pulses at 1 J·cm−2 and, at 355 nm, with 60 pulses at 0.4 J·cm−2. Interestingly, the simultaneous application of both wavelengths gave similar results for the ratios 1/3 and 3/1: Specifically, the area irradiated with FIR/FUV = 0.3/0.1 J·cm−2 (18 pulses) appeared visually similar to the one cleaned with FIR/FUV = 0.1/0.3 J·cm−2 (18 pulses). Regarding the damage on the granite, the yellowish color of the rock was intensified after the irradiation at 1064 nm; this same effect, although not as intense, occurred with the combined beams. Conversely, the irradiation with 355 nm caused a slight fading of the original color of the stone.



	
Silver graffiti (Figure 4i–k). None of the experiments were able to eliminate silver paint. Moreover, in contrast to the irradiation of the other graffiti paints, an intense ablation plume was observed during the irradiation. The treated surfaces appeared darker than the untreated rock; a continuous film (in which remnants of silver color were clearly identified) was detected by stereomicroscopy on the surfaces cleaned at 355 nm. Despite the unsatisfactory cleaning outcome, several parameters were selected to be further analytically examined aiming to approach the reason for such a result; 9 pulses of 0.5 J·cm−2 for the 1064 nm and 355 nm individually and 12 pulses of FIR/FUV = 0.3/0.1 J·cm−2 for their combination with a FIR/FUV ratio 3/1.







Figure 4. Digital photographs (scale bar of 1 cm) of reference granite (a); blue (b–d); black (e–h) and silver (i–k) painted samples treated with the selected conditions at 1064 nm (IR), 355 nm (UV) and their combination. Detailed irradiation conditions are shown in Table 2. For silver graffiti, detailed images taken with stereomicroscopy (scale bar of 1 mm) are also shown: 1064 nm (l); 355 nm (m) and their combination (n) (For interpretation of the references to color, the reader is referred to the web version of this article).
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Colorimetric differences (ΔL*, Δa*, Δb*, ΔC*ab) and global color changes (ΔE*ab) of the surfaces irradiated with the selected laser parameters are shown in Table 3. The differences were computed considering the unpainted granite as reference. Therefore, the lower the ΔE*ab, the more similar the color of the treated surfaces to the original (i.e., the more effective the laser cleaning). In general, the color change after all the laser treatments was mainly due to a decrease of the L* coordinate, indicating a darkening of the color of the rock. In parallel, the other color parameters showed different trends depending on the irradiation wavelength/s as well as the color of the graffiti:

	
Blue graffiti. Negative Δa* and Δb* values were obtained, indicating a loss of the original yellowish-brown hue of the rock. Specifically, negative Δb* values (particularly for the 1064 nm cleaning tests) are indicative of unsuccessful cleaning level and blue graffiti remnants on the surface. The most satisfactory result, based on CIELAB characterization, corresponds to the cleaning with 355 nm (ΔE*ab = 6.15 CIELAB units).



	
Black graffiti. Noticeable positive Δb* values were obtained upon IR irradiation as well as its FIR/FUV = 3/1 combination. This change indicates an increase to the intensity of the original yellowish color of the rock. Conversely, negative Δb* values were obtained upon single UV irradiation and its FIR/FUV = 1/3 combination, indicating fading of the original granite color. These results agree with stereomicroscopic observations. The surfaces cleaned with the IR beam or the combined beams with the higher IR contribution, exhibited increased ΔE*ab (>11 CIELAB units), while the surfaces treated with the UV beam or the combined beams with the higher UV contribution, showed lower ΔE*ab (~9 CIELAB units) and, in consequence, they are closer to the reference. In this sense, the treatment with UV irradiation would be the most effective in removing the black graffiti.



	
Silver graffiti. The darkening observed by stereomicroscope is confirmed from the values of ΔL*, and consequently the ΔE*ab, which are the highest ones among all the samples (up to 25 CIELAB units). This darkening effect was most intense upon UV irradiation (as an individual beam or combined with IR). Moreover, 1064 nm resulted into the lowest ΔE*ab (14.84 CIELAB units), although the cleaning of silver graffiti was not satisfactory.







Table 3. Colorimetric differences (ΔL*, Δa*, Δb*, ΔC*ab) and global color changes (ΔE*ab) of the surfaces irradiated with the selected conditions. The differences were computed considering the unpainted granite as reference. Detailed info on fluence values and pulses for each irradiation condition can be found in Table 2.





	
Graffiti

	
Wavelength

	
∆L*

	
∆a*

	
∆b*

	
∆C*ab

	
∆E*ab






	
Blue

	
IR

	
−10.67

	
−4.40

	
−5.98

	
−3.60

	
13.00




	
UV

	
−5.60

	
−0.59

	
−2.48

	
1.10

	
6.15




	
FIR/FUV: 1/3

	
−6.63

	
−0.59

	
−2.56

	
−0.07

	
7.13




	
Black

	
IR

	
−11.66

	
1.26

	
7.72

	
8.26

	
14.04




	
UV

	
−8.49

	
0.14

	
−0.65

	
−8.45

	
8.52




	
FIR/FUV: 3/1

	
−11.78

	
0.68

	
1.88

	
2.58

	
11.95




	
FIR/FUV: 1/3

	
−9.29

	
0.00

	
−1.95

	
−3.82

	
9.50




	
Silver

	
IR

	
−14.59

	
0.56

	
2.67

	
5.29

	
14.84




	
UV

	
−25.92

	
0.28

	
−2.60

	
−5.27

	
26.05




	
FIR/FUV: 3/1

	
−23.39

	
0.60

	
−0.52

	
2.10

	
23.41










Taking into account that the cleaning effectiveness is characterized by low ΔE*ab, it is confirmed that none of the irradiation tests could recover the original color of the granite. However, this does not mean that laser cleaning was totally ineffective; a possible explanation for the high ΔE*ab values measured is the amount of graffiti that has penetrated the cracks, being consequently inaccessible to the laser beam. In this sense, the use of ΔE*ab as an index of effectiveness of graffiti laser cleaning on granite should be applied with caution. However, the information offered by the L*, a* and b* variations allows us to attribute the color changes detected at certain observations (i.e., the presence of remains for blue graffiti, the enhancement of yellowish coloration on the surface after black paint extraction and silver graffiti remains).



FTIR spectra of all surfaces (reference granite and graffiti, as well as the surfaces irradiated with the selected conditions) are depicted in Figure 5. In blue and black graffiti paints spectra (Figure 5a,b), the alkyd nature is reflected on the bands at 2925 cm−1 and 2854 cm−1 corresponding to C–H asymmetric stretching vibrations of alkanes [15,32]. From 1717 cm−1 to 1070 cm−1, bands assigned to esters were detected: 1717 cm−1 corresponding to the stretching vibration C=O and bands in the 1651–1071 cm−1 corresponding to C–O–C group vibration stretching. The detection of a strong band at 1290 cm−1 and several effects around 1200–1100 cm−1 indicated the possible presence of esters of unsaturated aliphatic fatty acids [32]. In case of the silver graffiti paint (Figure 5c), reflectance bands assigned to functional groups C–H, C=O and C–O–C are less represented in accordance with previous literature [15], thus confirming the polyethylene nature of this paint.


Figure 5. Fourier transform infrared (FTIR) spectra (reflectance mode) of the surfaces irradiated with the selected conditions with 1064 nm (IR), 355 nm (UV) and their simultaneous use (in various FIR/FUV ratios) to remove blue (a); black (b) and silver (c) graffiti paints. FTIR spectra of the reference granite and the graffiti paints are also shown for comparative purposes. Detailed information on fluence values and pulses for each irradiation condition can be found in Table 2.
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The evaluation of the cleaning efficiency using FTIR spectra yielded de following results:

	
Blue graffiti (Figure 5a): Effects assigned to blue paint (functional groups C–H, C=O and C–O–C) were identified only on the surfaces cleaned with IR radiation. On samples treated with UV beam (either single UV or simultaneously with IR), only the bands typical of silicates were detected.



	
Black graffiti (Figure 5b): FTIR spectra of functional groups assigned to this paint were detected only on the surfaces treated with the single IR beam and its FIR/FUV = 3/1 combination. These organic remains could contribute to the increase of the yellowish tone of the rock detected by stereomicroscopy and confirmed by color measurements.



	
Silver graffiti (Figure 5c): The spectra obtained does not allow us to consistently evaluate the effectiveness of the cleaning of this paint, because the high reflectance of the Al-rich particles masked the bands of the organic groups of the binder. Despite this, after laser cleaning the bands at 2925 cm−1 and 2854 cm−1 (corresponding to C–H asymmetric stretching vibrations of alkanes) are slightly increased. This indicates that a significant amount of Al particles has been extracted, thus making it possible for the FTIR to detect the organic fraction of the paint which remains on the surface (and is also observed under stereomicroscopy and SEM).








FTIR spectra of the surfaces painted with blue and black graffiti cleaned with IR radiation or its FIR/FUV = 3/1 combination, showed a band around 3740 cm−1 which is attributed to O–H groups coordinated with metals [32]. Rivas et al. [15] attributed this effect to the laser induced modification of the hydration state of the iron oxyhydroxides, covering the fissures in this stone. The yellowish-brown color of Vilachán granite is due to the presence of Fe oxyhydroxides that cover the fissures, textural feature typical on Hercynian granites of NW Iberian Peninsula [33]. The intensification of this coloration after the laser treatment could be attributed to a change of the hydration level of this Fe-rich oxyhydroxides, in addition to the presence of organic remains on the surfaces.



SEM–EDS analysis allowed the identification of graffiti remains on the surfaces by means of the detection of the characteristic chemical elements of each paint (see Section 3.3. and Figure 3): C, Si, Ti and Mg in the case of blue, C in the case of black and C and Al in the case of silver graffiti. The overall results are discussed here:

	
Blue graffiti (Figure 6a–c). No remains of this paint were found on the surfaces treated with the simultaneous use of both wavelengths (FIR/FUV ratio 1/3) (Figure 6c). Therefore, this condition is identified as the most efficient one, in accordance with stereomicroscopy and FTIR. Conversely, on areas irradiated with the IR beam, paint remains were detected (Figure 6a) and, at lesser extent, remains were also found on the surface irradiated with the UV beam (Figure 6b).


Figure 6. SEM micrographs of the areas treated with the selected conditions to extract blue (a–c) and silver (d–f) graffiti paints using 1064 nm (IR) (a,d); 355 nm (UV) (b,e) and their simultaneous use (c,f). Graffiti remains are pointed out with arrows. Detailed information on fluence values and pulses for each irradiation condition can be found in Table 2.
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Black graffiti (Figure 7). C-rich deposits (solid black deposits in Figure 7a) and a C-rich film (greyish coloration in Figure 7a) were detected on the surfaces irradiated at 1064 nm. On areas treated with the combined wavelengths at FIR/FUV ratio 3/1 (Figure 7c,d), even though a C-rich film was also detected (Figure 7d), less amount of C-rich deposits was identified (Figure 7c) comparatively to the surface treated with 1064 nm irradiation (Figure 7a). On areas irradiated with the two wavelengths simultaneously at FIR/FUV ratio 1/3 (Figure 7e,f) only discrete C-rich deposits were identified (solid black remains on Figure 7e). Finally, on the sample treated with single UV beam, no C-rich remains were detected (Figure 7b).


Figure 7. SEM micrographs of the areas treated with the selected conditions to extract black graffiti using 1064 nm (IR) (a); 355 nm (UV) (b) and their simultaneous use: (c,d) FIR/FUV ratio 3/1 and (e,f) FIR/FUV ratio 1/3. Graffiti remains are pointed out with arrows. Detailed information on fluence values and pulses for each irradiation condition can be found in Table 2.
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Silver graffiti (Figure 6d–f). After IR irradiation (Figure 6d), a C-rich film was clearly detected on the surface. Irradiation with UV (either as a single beam—Figure 6e—or in combination with IR—Figure 6f), this film was accompanied by a large number of Al particles distributed throughout the surface. This finding was also reported in [15] after the treatment of the same graffiti with a Nd:YVO4 at 355 nm.








On the areas treated with the selected conditions of single IR (Figure 8a) and UV (Figure 8b) beams, melting of biotite was confirmed. Conversely, the simultaneous use of both wavelengths seemed to slightly reduce the melting of biotite planes, making it possible to find intact (non-melted) exfoliation planes (Figure 8c,d).


Figure 8. SEM micrographs of biotite grains on some areas treated with the selected conditions to extract blue (a,b), black (c) and silver (d) graffiti. (a,b) show melted biotite grains and (c,d) intact biotite grains. Detailed information on fluence values and pulses for each irradiation condition can be found in Table 2.
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Figure 9 shows the arithmetic average height (Ra, µm) of the areas treated with the selected laser conditions for each individual wavelength (IR and UV) and their simultaneous use (FIR/FUV). Ra for the reference granite and for the non-irradiated graffiti painted surfaces are also shown for comparative purposes.


Figure 9. Ra (µm) of the areas treated with the selected laser conditions to extract blue, black, and silver graffiti paints using 1064 nm (IR), 355 nm (UV) and their simultaneous use at different FIR/FUV ratios. The roughness values of the reference granite and non-irradiated graffiti surfaces are provided. Standard deviation values are also shown. Detailed information on fluence values and pulses for each irradiation condition can be found in Table 2 (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Non-irradiated graffiti painted surfaces show Ra values slightly lower than the reference granite. Therefore, the paint has a smoothing effect on the original roughness of the stone. This is more evident for the blue and black graffiti paints; the highest Ra of the silver painted surface could be related to the existence of the Al-rich particles dispersed in the C-matrix, as was observed by SEM in the cross sections while blue and black paints were continuous, homogeneous, and fine-grained.



After the cleaning of blue graffiti with the selected conditions, an increase of the Ra values was detected. The surface that showed a value for Ra closer to the value of the reference granite was the one treated with the two wavelengths simultaneously (FIR/FUV ratio 1/3); on the contrary, the surfaces cleaned with 1064 nm showed the highest Ra indicating damage to the rock.



The surface roughness of the black graffiti surfaces irradiated with 355 nm as well as the simultaneously combined beams (FIR/FUV: 1/3 and 3/1) was slightly reduced. This could be due to (1) the laser induced melting of biotite, which would soften the surface or (2) the presence of a homogeneous film covering the surface, remnant of the graffiti paint.



Observation of cross-sections under SEM (Figure 10) allows us to better interpret the Ra results. Surfaces painted with blue graffiti and treated with laser (Figure 10c,d) clearly displayed a higher roughness (in terms of number of peaks and valleys) than the reference granite (Figure 10a). Graffiti remains can be detected into fissures and cracks after 1064 nm irradiation.


Figure 10. SEM micrographs of the cross sections of the reference granite (a) and some surfaces treated with the selected laser conditions to extract silver (b—with UV radiation), blue (c—with IR radiation; and d—with FIR/FUV: 1/3) and black (e—with IR radiation; and f—with FIR/FUV: 3/1). Graffiti remains in (f) are pointed out with arrows. Detailed information on fluence values and pulses for each irradiation condition can be found in Table 2.
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Surfaces painted with black graffiti and treated with laser (Figure 10e,f) exhibited a similar (or slightly lower) roughness to the reference granite and no damages to the forming-minerals were identified. SEM allowed us to confirm the existence of a C-rich film on the surface, mainly on the sample treated with FIR/FUV ratio 3/1 (graffiti remains are pointed out with arrows in Figure 10f). This result would explain the slightly reduction on Ra values after the laser treatment.



Finally, on surfaces painted with silver graffiti and treated with laser, SEM confirmed the increase of roughness after the laser treatment with all the selected conditions, especially after the UV radiation (Figure 10b).





4. Discussion


4.1. Determination of Damage Thresholds of Granite and Extraction Thresholds of Graffiti Paints


The fluence threshold values for damage initiation on Vilachán granite upon single-pulse irradiation using the two harmonics of a Q-Switched Nd:YAG laser at 1064 nm and 355 nm were determined at 1.1 J·cm−2 and 0.7 J·cm−2 respectively. Irradiation at higher fluence values lead to biotite melting and roughness increase. Similar thresholds values were reported by Delgado Rodrigues et al. [22]. These ablation thresholds on granite were determined based on the induced damage to the biotite grains, as this is the most susceptible granitic component to the laser beam [19,22].



For the graffiti paints studied, the extraction thresholds have been found to be below 0.1 J·cm−2 at 1064 nm and 355 nm. The only exception is the extraction threshold of blue graffiti at 1064 nm which was found at 0.5 J·cm−2. These results conform well both with theoretical calculations (Table 1) and with previous published data, as for example experiments reported by Costela et al [21] where extraction thresholds at 355 nm were in the range of 0.23–0.27 J·cm−2, Gomez et al. [20] where extraction thresholds at 1064 nm were 0.02–0.07 J·cm−2 and Rivas et al. [15] where extraction thresholds at 355 nm were laid below 0.07 J·cm−2, depending on the graffiti color.



The methodology developed for the simultaneous use of the two beams for graffiti removal was based on the limitation that, for any ratio FIR/FUV, the total laser fluence values (Ftotal) should not exceed the granite damage thresholds [12], while the relatively low graffiti extraction thresholds allowed for a wide range of combinations.




4.2. Blue and Black Graffiti Cleaning


For the blue and black graffiti cleaning experiments, the most satisfactory removal was obtained with the simultaneous use of UV and IR wavelengths at fluence ratio FIR/FUV = 1/3 (specifically 0.1/0.3 J·cm−2). Stereomicroscopy, FTIR and SEM confirmed the effective paint removal with minimal damage to the granitic forming minerals. In general laser irradiation at UV wavelengths (either alone or in a combined beam with high UV contribution) was found to give satisfactory cleaning results when compared to IR irradiation.



After the treatment of blue painted samples, graffiti remnants were easily visualized under stereomicroscopy and detected by SEM as deposits rich in C, Si, Ti and Mg. These remains were more abundant after the single IR irradiation. In the case of black painted samples, graffiti remnants were observed under SEM in two forms: (1) C-rich discrete deposits and (2) a diffuse C-rich film. Both types were detected in higher amounts after the single IR irradiation, but the C-rich film was inexistent after the treatment with single UV and with FIR/FUV ratio of 1/3, while it was less visible after the treatment with FIR/FUV ratio of 3/1. Therefore, this C-rich film, as residue, seems to be produced mainly under IR wavelength. Its presence only on the laser irradiated black samples highlights a different ablation mechanism for blue and black paints. Thus, considering that the nature of the organic matrix is the same in both graffiti paints, the key factor would be the nature of the pigment (carbon in black graffiti and inorganic particles on blue graffiti). Gómez et al. [20] also reported the importance of the pigment nature on the laser removal effectiveness.



In the black samples, irradiation with IR increased the intensity of the original yellowish hue of the granite. Conversely, after UV treatment, the rock slightly lost its yellowish-brown tone. These changes were not similarly obvious in the case of the blue painted samples, mainly because the blue tonality prevails on a yellowish-brown rock and thus is easily noticeable. Therefore, the persistence of very few graffiti remains would mask the increased intensity of the original hue of the rock. Note that the same coordinate (b*) expresses both colors, blue and yellow. In case of the black painted samples, the possible remains of black paint would contribute to L* decrease and, for the observer´s eyes, they could be misidentified as small biotite grains. Moreover, note that changes in roughness, as was detected by confocal microscopy, can also contribute to color changes [34].



The detected increase of the yellowish hue seems to be produced, as FTIR confirmed, by a modification of the hydration degree of the iron of oxyhydroxilated forms, without underestimating the contribution of the organic remains detected after the laser treatment. This chemical modification took place in both blue and black painted samples treated with IR wavelength, but it was only manifested (visually or from color measurements) on the black painted samples. It would not be the first time that laser generated a chemical modification in granite forming minerals. Urones-Garrote et al. [35] found that laser irradiation of a Nd:YAG at 355 nm induced fading of the pink hue in Rosa Porriño granite due to changes in the microstructure and composition of feldspar grains, specifically on the ZnFe2O4 particles present into feldspar.



In conclusion, for our tests, the laser cleaning conditions that resulted into satisfactory paint extraction with minimal damage in the case of blue and black graffiti was the simultaneous combination of the two beams at FIR/FUV = 1/3. Moreover, the differences observed in the color and types of remains on the laser irradiated surfaces indicate different ablation process for both paints, being the pigment the component that would mark this difference. It must be also noted here that for the selected optimal cleaning conditions, any color remnants due to local differences in paint thickness can be eventually circumvented by adjusting the number of applied laser pulses, always under the direct control of a reliable monitoring process.




4.3. Silver Graffiti Cleaning


In all experiments involving silver graffiti, a homogenous ablation process could not be achieved, and graffiti paint remained on the surfaces, resulting into discolored (darker and/or more yellowish) surfaces, as also confirmed by stereomicroscopy and color measurements. Similar results have been reported by Rivas et al. working with a different ns laser Nd:YVO4 at 355 nm [15]; red, blue, and black colors with alkyd composition were removed satisfactorily, while the silver paint based on polyethylene did not shown its complete extraction. This suggests that the graffiti–granite interaction and subsequently, the graffiti cleaning effectiveness depend on the graffiti binder composition: Polyethylene-based graffiti paints were more difficult to be extracted than the alkyd graffiti. Therefore, further research should be done to clarify this key point.



Considering the results obtained by the radiations tested in this study and their combination, there are certain differences among the laser tested conditions indicating that each wavelength interacted differently with the silver paint. The Al-rich particles detected upon UV irradiation indicate the preferential layer-by-layer removal of the highly absorbed organic medium, resulting into Al remnants, while on the other hand the detection of a C-rich film to the surfaces irradiated with IR confirms the selective removal of the Al particles. The different ablation mechanisms can be explained with the fact that the two laser wavelengths are differentially absorbed by the paint components (organic binder and Al-rich particles) and thus material removal is different in each case.



This result is associated with ineffective paint extraction and laser induced changes to both the remaining particles and the binder. It must be noted that such effects were not observed on the technical (silver paint on glass) samples where the silver film is extracted, and a very thin translucent organic film remains. Therefore, the contribution of the granitic substrate in the cleaning results should be taken into account, as its presence may trigger secondary phenomena between the involved materials, which may explain these discolored surfaces. For a more practical point of view and considering the ineffectiveness of the experiences of this work to clean this graffiti, further studies must be undertaken, for example, the use of wavelengths that are highly absorbed by Al-rich particles.





5. Conclusions


In this work, a comparative study between the single (1064 nm or 355 nm) and two wavelengths (1064 nm and 355 nm applied simultaneously) ablation methodologies was carried out to determine their suitability for the extraction of graffiti from granite. Initially, the damage thresholds of the granite (1.1 J·cm−2 for 1064 nm and 0.7 J·cm−2 for 355 nm) and the extraction thresholds of the graffiti paints at both wavelengths (below 0.1 J·cm−2 except for blue graffiti at 1064 nm which is 0.5 J·cm−2) were determined.



Regarding the two-wavelength laser cleaning methodology, which was adjusted for the specific cleaning challenge, results indicate that the synchronous use of the two beams can clearly enhance the removal of blue and black graffiti in comparison to the single wavelength cleaning tests. Indeed, surfaces irradiated with the two beams at FIR/FUV = 1/3 clearly show the superiority of this methodology regarding cleaning effectiveness while any potential damages to the granite (i.e., loss of the characteristic yellowish coloration, roughness increase and biotite melting) were minimized.



On the other hand, the cleaning tests on silver painted granite, given its different composition and morphology, were not satisfactory, leaving a substantial amount of Al-rich particles. Thus, further tests are necessary.



Overall, except for silver, the simultaneous combination of the 1064 nm and 355 nm wavelengths resulted in improved cleaning levels and in a reduced substrate damage, when compared to the results of the individual beams and thus further experimentation should be undertaken to optimize this laser cleaning approach.
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