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Granite has been widely used as a structural and ornamental element in public works and buildings. In
damp climates it is almost permanently humid and its exterior surfaces are consequently biologically
colonized and blackened We describe a comparative analysis of the performance of two different laser
sources in removing biological crusts from granite surfaces: nanosecond Nd:YVO4 laser (355 nm) and
femtosecond Ti:Sapphire laser at its fundamental wavelength (790 nm) and second harmonic (395 nm).

The granite surface was analyzed using scanning electron microscopy, attenuated total reflection —
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Fourier transform infrared spectroscopy and profilometry, in order to assess the degree of cleaning and
to characterize possible morphological and chemical changes caused by the laser sources.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The use of laser to clean surface deposits from the ornamen-
tal stone used for heritage buildings has been widely studied,
mainly for sedimentary (limestone and sandstone) and metamor-
phic (marble) rock [1-5 and references therein] and particularly
referring to optimized cleaning using excimer or nanosecond solid-
state pulsed lasers. Contrasting with the abundant literature on the
application of laser to the stones listed above are the relatively few
studies regarding applications to granite, primarily because this
rock is especially complex due to its polymineral nature. Although
the effects of irradiating ornamental granite with an Nd:YAG laser
at 1064 nm have been analyzed by several authors [6,7], the laser
was applied directly to rock with no patina or crust. Another study
analyzed the efficiency of cleaning beeswax present in granite using
a Nd:YAG laser operating at different wavelengths (266, 355, 532
and 1064 nm) [8]; however, it included no analysis regarding the
effect of the radiation on the properties of the rock substrate. Other
studies have described Nd:YVOy laser application to granite using
the third harmonic (355 nm) to remove graffiti [9] and biological

* Corresponding author. Tel.: +34 986 811922.
E-mail address: trivas@uvigo.es (T. Rivas).

0169-4332/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apsusc.2012.12.038

crusts [10,11], with satisfactory results. These studies [6,7,9-11]
describe the harmful effects of nanosecond pulsed lasers on the
granite, reporting that certain minerals tend to be altered, most
particularly biotite and feldspar, which show melting behaviour.

In recent years, ultrashort laser pulses (<picosecond) have
emerged as a new precision tool for removing material from any
surface. In the heritage conservation area, the effectiveness of this
approach for cleaning paints and varnishes [12,13], parchments
[14] and metals [15] has been evaluated. The outstanding proper-
ties of the strong non-linear interaction with matter in these laser
pulses make them an interesting alternative to nanosecond pulsed
lasers [16,17]. The extremely small thermal load of the substrate
resulting from irradiation with ultrashort laser pulses minimizes
any collateral effect induced by heat conduction, such as charring,
cracking, chemical modifications, etc. At the same time, the non-
linear nature of the interaction offers the possibility of removing
layers of material at a nanometric scale with very high precision
and control.

In this research, highly biologically colonized ornamental
granite samples were cleaned using Ti:Sapphire femtosecond
laser pulses using two wavelengths, the fundamental wavelength
(790 nm) and the second harmonic (395 nm), in order to determine
the role of wavelength in cleaning efficiency and in possible dam-
age to the rock-forming minerals. To our knowledge, this is the
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first study on the use of ultrashort laser pulses for the cleaning of
granitic rocks.

The results obtained with femtosecond laser pulses in near-
infrared and UV wavelengths were also compared with the results
obtained with nanosecond laser pulses from a Nd:YVO4 source
(third harmonic, 355 nm) in order to evaluate the influence of pulse
duration and wavelength on the stability of the granite minerals.

2. Material and methods
2.1. Granite and biological crust

Experiments were carried out on slabs of an ornamental gran-
ite (called Vilachan) of great commercial value from Galicia (NW
Spain) and traditionally used in the construction of historical build-
ings in this region. This granite is classified as a fine-grained
adamellite with a heterogranular panalotriomorphic texture [18].
Vilachan granite is composed of quartz (47%), potassium feldspar
(10%), sodium plagioclase (15%), biotite (7%) and muscovite (18%)
as the main minerals. Grain size for the different minerals oscil-
lates between 2 mm and 0.3 mm. The open porosity of the rock
[determined following 19] is 2.82%.

For this research we used rock specimens with disc-saw fin-
ished surfaces; these were exposed to the natural environment
for almost three years, resulting in intense blackening of the rock
surfaces. Visualization by optic microscopy revealed that the crust
was formed of hyphae of a lichen prothallum and numerous black
spheres corresponding to cyanobacteria interspersed with unicel-
lular Chlorophyceae algae, covered with a growth of small whitish
flakes of a lichen thallus belonging to the Trapelia genus (a pioneer
granite taxon in the Atlantic climate [20,21]). Scanning electron
microscope (SEM)images (Fig. 1) showed biological structures with
a spherical morphology corresponding to algae cells. Filamentous
structures could also be appreciated that may correspond to fungal
hyphae. Crust coverage of the surface of the rock was extensive.
Viewing of transversal sections of the colonized granite under a
petrographic microscope revealed an average thickness of 40 wm.

2.2. Laser cleaning

Femtosecond (fs) laser irradiation was carried out with the
linearly polarized output of a system consisting of a Ti:Sapphire
oscillator (Tsunami, Spectra Physics) and a regenerative ampli-
fier system (Spitfire, Spectra Physics) based on the chirped pulse
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amplification technique. The system produces 120fs pulses at
790 nm with a repetition rate of 1 kHz and a maximum pulse energy
of 1m]. Pulse energy was finely controlled by a half-wave plate
and a linear polarizer. Neutral density filters were used for further
energy reduction. The average power of the beam was measured
using a thermopile detector (407 A, Spectra Physics). The transver-
sal mode was a near-Gaussian TEMO0O with a 10 mm beam diameter
(at 1/e2). The second harmonic of the fundamental laser output
(395nm) was generated in a 0.5mm thick BBO crystal (type-I,
® =29°) with a maximum energy per pulse of 0.14 m]. Pulse dura-
tion (measured by cross correlation with the fundamental pulses)
was approximately 130 fs.

The nanosecond (ns) laser used was an Nd:YVO,4 laser (Coher-
ent AVIA Ultra 355-2000). This system produces 25ns pulses at
355nm and a maximum pulse energy of 0.1 mJ, with a repetition
rate which can be selected from single shot to 100 kHz. The inten-
sity profile at the laser output was near Gaussian (M2 < 1.3) and the
beam diameter at 1/e? intensity level was about 2.2 mm.

Irradiation of the samples, in both fs and ns laser sources, was
performed in ambient air. The beam impinged perpendicularly onto
the target surface, placed on a motorized XYZ translation stage
where the Z axis was perpendicular to the sample surface.

In the case of the fs laser, the pulses were focused on the surface
by a combination of two cylindrical lenses with their astigmatic
axes crossed. A lens of f=20 mm was used to focus the beam onto
the sample in one axis. A second f=75mm lens, placed 30 mm in
front of the f=20mm lens, reduced beam size by a factor of three
along the opposite axis. Under these conditions, the spot size at
the sample was 1 x 2000 wm?. Homogeneous irradiation within a
5 x 5mm? area was achieved by using a square mask placed on
the surface of the sample and scanning along the direction of the
smallest spot dimension. With respect to the ns laser, a Galilean
beam expander was arranged consisting of two plano-spherical
lenses: a divergent lens with f=—-12.5mm and a convergent lens
with f=+100 mm. The emergent parallel beam (~20 mm diame-
ter) was focused by a convex lens of f=+150 mm, resulting, in the
paraxial approximation, in a diameter of D ~100 wm at the beam
waist and in an energy density of around 2.5 J/cmZ. Homogeneous
irradiation of the target within 10 mm x 10 mm was achieved by
scanning the beam along parallel lines in the X direction followed
by perpendicularly crossing lines along the Y direction.

Owing to the number of parameters involved in laser treat-
ments, decisions about the most adequate values for biological
crust removal, for both the fs and ns laser sources, were made
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Fig. 1. SEM micrograph of the biological crust developed on Vilachin granite (secondary electron mode). Trapelia thallus is observed on the left and, on the right, a higher

magnification reveals algae cells and fungal filaments.
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Table 1

Irradiation parameters for 25 ns Nd:YVOy4 and fs Ti:Sapphire laser sources (120 fs for
A=790nm and 130fs for A =395 nm). Wavelength A, maximum pulse energy Epyise,
repetition rate frep, scan speed v and separation between adjacent laser passes Lsep
are shown.

Laser source A (nm) Epuise (1)) frep (kHZz) v (pm/s) Lsep (um)
ns Nd:YVO4 355 100 10 20000 75
fs Ti:Sapphire 395 130 1 240 500
fs Ti:Sapphire 790 300 1 120 500

through a series of exploratory experiments, bearing in mind previ-
ous studies of granites [9-11]. The results of these preliminary tests
were evaluated by visual inspection assisted by optical microscopy.
The irradiation conditions finally selected for this study were those
that led (under optic microscopy) to a neat granite surface without
appreciable biological crust remains and without visible damage to
rock-forming minerals.

Table 1 summarizes these parameters for ns and fs laser irradi-
ation; i.e., pulse wavelength A, maximum pulse energy Ejse, pulse
repetition rate frep and finally, scan speed v and separation between
adjacent laser passes Lsep.

Given the differences between the experimental arrangements
and irradiation procedures, energy distribution over the target
surface was determined in both laser systems in order to com-
pare the two laser domains. For this purpose, it was necessary to
determine the pulse overlap in both the X direction (the scanning
direction) and the Y direction (lateral overlap between adjacent
laser trajectories) and also the accumulated energy deposited by a
Gaussian beam that runs along the surface according to the scheme
above.

Table 2 presents values for fluence F (maximum pulse energy
Epuise divided by spot diameter D), the number of pulses per point
R, where R is R=(D x frep)/v both in the scanning direction Ry and
transverse direction Ry, with the overlap computed as the percent-
age of the Gaussian height where two adjacent pulses matched,
i.e., S=exp[—2/R?]. Finally, the accumulated energy density Fa cor-
responds to the average value, for a standard deviation below 10%
that ensures homogeneous laser treatment over the entire target
surface.

2.3. Evaluation of efficiency

For the evaluation of cleaning efficiency, an initial assessment
was made under an optical microscope (Nikon Eclipse L150). SEM
with energy dispersive X-ray spectrometry (SEM-EDX) (JEOL® JSM
6400) was also used to characterize efficiency in removing the
biological crust and the effects of the lasers on rock-forming min-
erals in the granite. Fourier transform infrared (FTIR) spectroscopy,
based on a Thermo® Nicolet 6700 in attenuated total reflection
(ATR) mode, was also used to assess the existence of biological
remains on the granite surfaces.

Cleaned surfaces were also characterized by a non-contact opti-
cal profiling system using a profilometer (Wyko-NT 1100). Data on
mean roughness were obtained by vertical scanning interferome-
try (VSI) mode (for a measurement range of 2 mm and a vertical
resolution for multiple measures of less than 1 nm). The data were
collected using a 5x magnification and with an intermediate field
of vision (FOV) lens of 1x. In the case of fs cleaning, we worked
with areas of 4 mm x 4 mm (involving 24 images). In the case of ns
cleaning, we chose an area of 7 x 7mm? (involving 80 images). Data
were obtained for the cleaned samples before ns and fs laser clean-
ing, taking the uncolonized and non-irradiated granite surface for
comparative reference purposes.

3. Results and discussion
3.1. Effective crust removal

Optic microscopy of samples cleaned with fs laser revealed this
laser’s very good capacity for removing biological crusts: lichen
thallus remains were rare and observed only in deeper cracks inac-
cessible to laser (Fig. 2). The efficiency of biological crust removal
was similar for both the 790nm and 395 nm wavelengths. SEM
revealed that there were hardly any remains of a biological nature
on these surfaces (Fig. 2). Observed, however, were small stains
scattered over the surface which the back-scattered electron (BSE)
detector revealed to have very low contrast. The energy dispersive
probe detected only carbon in these stains. Biological structures
were not identified in these remains, so maybe they were ablated
organic material deposited on the surface after applying the laser
[22].

The efficiency of crust removal by fs laser was similar to that for
ns laser. In samples cleaned with the latter, thallus remains were
only observed in the deepest recesses of the rock and SEM also
detected low-contrast stains rich in carbon.

The results obtained via FTIR confirmed the microscopy results.
Fig. 3 shows the FTIR spectrum corresponding to the granite with
a biological crust, uncolonized granite (saw-disc finished surface)
and the surfaces cleaned with the fs laser under both wavelengths
and with the ns laser.

The crust had bands assigned to functional groups common in
biological compounds (carbohydrates, amino acids, etc. [23]). The
most characteristic bands were those around 1200-1700cm~! and
around 2500-3400cm~!. The band at 1267 cm~! is assigned to
the functional group C—0—C (C—0—C asymmetric stretching vibra-
tion), although this band, together with the band at 1650 cm~!, was
assigned to the amide group of amino acids in another study [24].
The band at 1316cm~! (which can also correspond to stretching
vibrations for the C—O—C group) is assigned in the same study [24]
to asymmetric stretching vibration for the sulphone group (SO;).
The peak at 1375cm™! is assigned to asymmetric NO, stretch-
ing vibration. The band at 1470-1490cm™! is typically assigned
to aliphatic esters (—OCH3; asymmetric —CH3 stretching vibra-
tion). Detected at 1500-1650 cm~! was the functional group C=C
(alkene C=C stretching vibration), assigned to the chlorophyll chro-
mophores [25]. The peaks at around 1600 cm~! are assigned to the
ester, aldehyde and ketone groups and the two peaks at 2890 cm™!
and 2920cm~! correspond to CH stretching (asymmetric vibra-
tions of alkanes), in this case indicative of the presence of organic
matter. The shoulder at around 3300 cm™! is assigned to hydrogen-
bonded (intermolecular) OH and is indicative of water associated
with organic tissues.

Detected in the spectrum of the rock without crust are charac-
teristic bands of silicates, which appear mainly at 590-730cm™!,
1180-860cm~! and 1100-900 cm~! [23]. Regarding the Si—O func-
tional group, the variations in position and intensity of these bands
in the spectra are all as expected, bearing in mind that each spec-
trum is taken at different positions of the sample, thereby collecting
the signal for different silicates in the sample.

The spectra for the samples cleaned with fs laser in the two
wavelengths (Fig. 3) were similar. Detected in both were the
characteristic bands of silicates (Si—0, at around 460-1190cm™1).
Of the characteristic bands of the crust, only a slight peak was
detected at 1652cm!, assigned to the functional group C=C
(alkene C=C stretching vibration), and a very slight shoulder
at around 3400cm~! (hydrogen-bonded OH). The reduction in
the intensity of these two bands and the disappearance of the
remaining peaks described for the crust indicate that the biological
crust was almost completely removed via fs laser in both wave-
lengths. In both spectra there was an effect close to 3700cm™!,
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Fig. 2. Above, optic microscopy micrographs of surfaces cleaned with fs laser at 760 nm and 395 nm and with ns laser. Below, scanning electron microscopy micrographs of

the same surfaces (back-scattered electron mode).

usually assigned to OH groups in coordination with metals [21];
in these rocks, this effect may correspond to the forms of iron
of different degrees of crystallinity and hydration that cover the
cracks and responsible for the characteristic brown colour. Due to
its irregular and dispersed distribution throughout the rock mass,
it is not expected to be found in all the spectra.

Detected in samples cleaned with fs laser was a shoulder at
2630 cm~! which could not be assigned with any certainty to any
functional group. The fact that this is also observed in the spectrum
of the rock without crust (although much less intensely) would
indicate that the effect is not attributable to the presence of col-
onizing organisms but to the mineral environment of the rock. It
would be necessary to consider whether mineral components in
the rock are altered chemically by the laser and that, as a result,
intensity in the samples cleaned with fs laser is higher than in the
original uncleaned rock samples.

With respect to the spectrum of rock cleaned with ns laser
(Fig. 3), of note is the persistence of the peaks corresponding to CH
stretching asymmetric CH vibrations of alkanes (2850-2915cm™1)
and the mild bands at 1400 and 1700cm™!, assignable to the
ester and the alkene groups. Given that the cleanliness for ns laser
was very satisfactory and similar to that for fs laser, the fact that
these bands may be due to external contamination needs to be
considered.

3.2. Mineral damage

SEM observation of samples revealed that ultrashort pulsed
laser radiation causes morphological changes in the surface of the

Table 2

minerals (Figs. 4 and 5). These changes differed depending on the
wavelength; they also differed from those caused by the ns laser.
The minerals affected by the fs laser were biotite and, to a lesser
extent, potassium feldspar, both of which showed signs of melting.
The ns laser also affected muscovite, which also melted.

Figs. 4 and 5 show different micrographs of granite cleaned with
the fs laser at 790 nm and 395 nm and with the ns laser. To facil-
itate comparison, micrographs of uncolonized and non-irradiated
granite are also provided. With respect to the biotite (Fig. 4), radi-
ation at 790 nm caused the mineral to melt, generating on the
surface a granulate at the micrometre scale. All the mineral grains
observed had this aspect (micrographs B, F and ]). At 395 nm, the
effects on the biotite appeared to be less intense. Fig. 4 shows an
image at 190x (micrograph C), indicating that the effect on the
biotite varied between crystals, with some crystals showing no
evidence of melting. When sufficiently magnified, the surfaces of
the most affected grains showed a slight roughness not observed
in the grains of non-irradiated biotite, suggesting that they were
affected by radiation, even if less intensely. The ns laser produced
a more intense melting of the mineral, as can be seen from the
fusion crusts and the amorphous-like texture acquired by the min-
eral (micrographs D and H). Muscovite was not affected by the fs
laser but melted under the ns laser, with an intensity and mor-
phology similar to biotite. In both minerals, the cleavage planes
disappeared.

As for potassium feldspar, this was affected by the fs laser only
under radiation at 790 nm. Fig. 5 shows that, with this wavelength,
the mineral surface became very rough (micrographs F and I) but
the grains maintained the characteristic cleavage planes intact

Fluence F (in ]/cm?), number of pulses per point R (both in the scanning direction Ry and in the transverse direction Ry ), percentage computed overlap S (in both the X and Y

directions) and the accumulated energy density Fycc in J/cm?.

Laser A (nm) F Ry Sy Ry Sy Face

ns Nd:YVO4 355 0.1019 125 99.997 3.333 95.6 131.947
fs Ti: Sapphire 395 16.552 4167 89.119 4 88.23 97.492
fs Ti: Sapphire 790 38.197 8.333 97.161 4 88.23 449.986
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Fig. 3. Fourier transform infrared spectroscopy spectra (absorbance) of the uncolonized disc-saw finished granite surface, the biological crust and the surfaces cleaned with

fs Ti:Sapphire laser at 790 nm and 395 nm and with ns NdY:VOyq laser.

(micrograph F). At 395 nm, however, the mineral was unaltered.
The ns laser, on the other hand, strongly modified the surface of the
mineral and, at some points, melting was strong enough to gener-
ate a fusion crust (micrographs H and K). The grid generated by the
passage of the laser, however, removed the typical texture of this
mineral defined by its cleavage planes, softening the relief of the
sample (micrograph D in Figs. 4 and 5).

The morphology of the mineral alterations observed under SEM
suggests that the thermal effects on the silicates were less when
short-pulse laser was used, which would confirm, for these min-
erals, the advantage of fs laser over ns laser. In the fs domain, the
ultraviolet (UV) wavelength (395 nm) caused changes that were
apparently less intense than in the 790 nm wavelength, affect-
ing only the less stable silicate, namely, biotite (whose melting

temperature is 571°C, compared to 1713 °C and 1200°C, respec-
tively, for quartz and feldspar).

Table 3 shows the optical profilometry results for the surfaces
cleaned with fs laser for two wavelengths, the surface cleaned

Table 3

Roughness data (in pm) for samples cleaned with ns and fs lasers and for uncol-
onized and non-irradiated granite. Ra: average roughness; Rq: root mean square
roughness; Rz: average maximum height; Rt: maximum peak-to-valley height.

Ra (pm) Rq (pm) Rz (pum) Rt (um)
Granite without crust 10.6 15.6 338.0 379.3
ns NdY:VO4 8.5 121 156.9 1574
fs Ti:Sapphire 790 nm 12.2 16.1 196.6 208.4
fs Ti:Sapphire 395 nm 16.1 225 2324 247.1
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Fig. 4. Scanning electron microscopy micrographs at different magnifications of the uncolonized and non-irradiated granite (A, E and I), granite cleaned with fs laser at
790 nm (B, F and ]), granite cleaned with fs laser at 395 nm (C, G and K) and granite cleaned with ns laser (D and H). Shown also are details of biotite crystals (labelled as B)
and the textural modifications at a higher magnification.
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Fig. 5. Scanning electron microscopy micrographs at different magnifications of the uncolonized and non-irradiated granite (A and E), granite cleaned with fs laser at 790 nm
(B, F and I), granite cleaned with fs laser at 395 nm (C, G and J) and granite cleaned with ns laser (D, H and K). Shown also are details of potassium feldspar (labelled as KF)
crystals and the textural modifications at a higher magnification.
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with ns laser and for the uncolonized and non-irradiated granite.
Although the profilometry measurement areas were different for
the ns and fs lasers, both were sufficiently large to enable charac-
terization of the roughness of surfaces as heterogeneous as those
as granite, thereby yielding sufficiently robust values from the sta-
tistical point of view.

It can be observed that the fs laser increased, and the ns laser
reduced, the mean roughness value of the rock. The average max-
imum height (Rz) and the maximum peak-to-valley height (Rt)
decreased after cleaning with both lasers, although slightly more
so in the case of the ns laser.

The reduction in roughness after ns laser application can be
explained by the morphology of the changes in the mineral con-
stituents of the rock. Biotite and muscovite, whose laminar habit
contributes to high Rz and Rt values (especially if they have their
001 planes perpendicular to the surface), were converted into
grains with completely smooth surfaces (Fig. 4), thereby losing the
relief associated with their cleavage planes. This caused a reduc-
tion in Rz and Rt and in the mean roughness value. Something
similar occurred with feldspar. The transformation of its surfaces
into fusion crust also reduced mean roughness and the Rz and Rz
values by eliminating the relief associated with the mineral habit
and therefore reducing the difference between peaks and valleys
(Fig. 5). On the surfaces of the biotite and feldspar affected by fs
laser, the micrometric granulate generated caused average rough-
ness to increase, but, unlike what happened with ns laser, the
cleavage planes did not disappear. This explains why the Rz and Rt
parameters were more similar to those for uncolonized and non-
irradiated rock. Striking, however, was the high mean roughness
value for the sample cleaned with fs laser at 395 nm: the feldspar
remained intact and only the biotite was modified.

4. Conclusions

Our main conclusion is that fs laser pulses, both in the near-
infrared and UV wavelengths, perform well in removing biological
crusts from granite surfaces. Even though a limited number of
processing parameters were used, the results would indicate that
crust removal efficiency was high and comparable to other tech-
niques, including ns lasers. The absence of characteristic peaks in
the biological crust in the FTIR spectra confirms the efficiency of
the fs laser in cleaning granite surfaces.

From the morphological point of view, fs laser as compared to
ns laser seems to better respect the original morphology of the
granite surface. The thermal nature of cleaning for the ns laser
induces a flattening of the granite surface as a result of the melting
of rock-forming materials. For fs pulses, a typical microstructure of
ultrafast ablation emerges, resulting from phase explosion events
at the nano- and micrometre scale. Nonetheless, the morphology
of the mineral grains is not affected, but rather respects the relief
associated with mineral cleavage planes. In the case of UV pulses,
this feature affects biotite but not feldspar. This is a real advantage
for fs laser cleaning as compared to ns laser cleaning.

Optical profilometry results indicate an increase in mean rough-
ness with regard to non-irradiated granite which may be associated
with the aforementioned microstructural changes; Rz and Rt val-
ues, meanwhile, are reduced but to a lesser extent than for ns
cleaned surfaces.

The seemingly minimal damage caused by fs laser and its
proven effectiveness in eliminating biological crusts would indi-
cate the value of further research aimed at optimizing the use of
short pulsed lasers and UV radiation to remove biological crusts
in granite. Nonetheless, short pulses cause a significant increase
in mean roughness and it is not known what effect the alter-
ation of the mineral surface could have on mineral stability against

weathering processes. This uncertainty is compounded by the fact
that the changes observed in this study were only descriptive. It is
therefore necessary to investigate whether chemical changes occur
in the altered surfaces of minerals and also whether changes in the
chemical composition of the affected area could determine a differ-
ent kind of susceptibility to deterioration. Knowledge of the nature
of these changes and how they might be different for the fs and ns
laser techniques is a fundamental issue as it would help identify
which domain (fs or ns) and which conditions of application could
be ideal for cleaning granite.
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