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Abstract

We explore femtosecond laser cleaning of materials used in the construction of historic monuments, such as stone and steel
covered in typical contaminants caused by harsh environments that may be found in urban areas. We address the cleaning of
these materials from a conservation perspective, taking as examples the preservation and cleaning of iconic structures such
as the steel and the granite of the Sydney Harbour Bridge, Hawkesbury sandstone, a popular building material of a variety
of monuments in Sydney (Australia), Makrana marble taken from the Soami Bagh Samadh temple of Agra in India, and also
graffiti removal. We demonstrate that femtosecond laser pulses can clean a range of different contaminants such as biofilm,
environmental soiling, rust, and spray paints, while preserving the integrity of the underlying substrates. Femtosecond laser
cleaning is a fast and effective method and a safer alternative to lasers with longer pulse durations for the preservation of

historic monuments.

Keywords Ultrashort pulse (femtosecond) laser - Laser cleaning - Steel - Granite - Marble - Sandstone - Biofilms - Dirt -
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1 Introduction

1.1 The development of laser cleaning for heritage
conservation

Laser cleaning is now a well-established method in con-
servation of heritage and has been widely applied since the
1980s in Europe and across the world following the initial
works undertaken by Asmus et al. in 1972 [1], where the
use of holography for the conservation of marble sculptures
was investigated and led to the discovery that a pulsed laser
could also be used to remove black encrustations from the
deteriorating sculptures without altering the substrate. This
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new technique seemed very promising for conservation
treatments at a time where heritage objects needed cleaning
more frequently [2].

Since Asmus’ works, many studies on laser cleaning
have been conducted and explored the differences induced
by changing the laser parameters such as the emitting wave-
length, the laser energy, and the pulse duration on different
materials and various contaminants including biological
colonization (lichens, algae) [3—14], black sulphated gyp-
sum crusts [15-24], dirt and environmental soiling [25],
corrosion products [26-34], or graffiti [35-48]. Those are
only a few examples of the vast literature available today,
many of which can be found in the book series LACONA
(Lasers in the Conservation of Artworks), and proceedings
of the international conference of the same name. Research-
ers optimized the working parameters, evaluated the mate-
rial removal processes through measurements and physical
modelling, and generally disseminated the potential of laser
cleaning to a wide audience of scientists and conservators
[29].

Case studies of important masterpieces stimulated the
interest of mass media and gave a consequent international
resonance to this new approach. For instance, laser cleaning
was applied on the unique and finely carved structures and
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statues of the Acropolis in Athens, Greece, where simultane-
ous infrared and ultraviolet pulses were applied to remove
black encrustations resulting from many years of environ-
mental pollution and increasing industrialization of Athens
[49, 50]. It was also applied to the limestone western central
portal of Notre Dame in Paris, covered in a thin grey layer
[51], and other churches in France including the Chartres
cathedral affected by black gypsum crusts [52].

Most of those studies used nanosecond (ns) pulse lasers
[26, 29, 53, 54], which rely on thermal processes for the
ejection of material and generate thermal-related damage
and shockwaves propagating through the substrate [55].
Generally, thermal diffusion to the substrate needs to be
avoided. The accumulated heat inside the underlying sub-
strate can lead to the melting of the material, causing heat-
related physical and/or chemical changes or damage in sur-
face and bulk material properties, as stresses induced by
surface melting and solidification can cause crack formation,
exfoliation of flakes from the surface, and annealing/soften-
ing of thinner sections of the bulk material [56].

Melting was observed in numerous cases upon irradiation
of heritage materials with nanosecond pulse lasers, mainly
stone and metals. Moreover, Zinnecker et al. observed that
this phase transformation induced cracking in steel, that
propagated deep into the substrate from the processed sur-
face, whereas no cracks were found in steel processed with
femtosecond pulses [56]. Heat is transported out of the irra-
diated area for metals and diffuses on a larger area, whereas
for organics, heat remains confined in the irradiated area,
leading to high temperatures even for moderate fluences
[54].

Rapid and intense heating with nanosecond pulses may
lead to a pressure gradient that will generate thermoelas-
tic waves propagating through the substrate [54]. These
waves are responsible for compression and tensile stress
of potentially high amplitude. If the pressure wave exceeds
the tensile strength of the substrate, ejection of materials
may occur. This photomechanical mechanism can take place
without overheating the substrate and is popular in the medi-
cal field.

Chemical mechanisms can also be involved upon irra-
diation with pulse lasers emitting in the ultraviolet domain.
Organic materials containing chromophores are particularly
sensitive to this type of laser, which dissociate them into
reactive fragments that may in turn react to form by-products
[54]. With high laser fluence, a high percentage of those
fragments can react in sublayers of the material. Additional
species can be formed by the thermal or stress-induced
breakage of chemical bonds. The accumulation of chemi-
cal modifications can result in changes in the physical and
chemical properties of the irradiated materials.

These impacts on the fatigue life of components subject
to cyclical stresses or under service tension loads are clearly
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of concern for engineering structures. Fissures, melting,
increase of surface roughness, and capillary suction can
result over time in the facilitation of further alteration. Thus,
a method where the heating is minimised may be of consid-
erable utility for materials of interest in heritage or in highly
demanding industries such as aerospace.

Another important side effect was observed when using
Nd:YAG lasers emitting in the infrared domain, particularly
on stone. Chromatic alteration occurred, either yellowing
of marble and limestones [57—63] or loss of colour of gran-
ite [37, 64, 65]. Yellowing can have different origins such
as the pre-existence of yellowish organic matter soluble in
water which can migrate to the surface and lead to a yellow
coloration, the formation of residues following the interac-
tion of an infrared laser with the contaminant to remove, a
change in the oxidation state of iron compounds contained
in the stones as iron strongly absorbs in the infrared domain
[66], or a complex mix of scattering and absorption phe-
nomena [63]. Generally, iron compounds strongly absorb in
the infrared region, and blackening observed on marble and
limestone after irradiation with Nd:YAG lasers emitting at
1064 nm was attributed to changes in their oxidation states
as well [67, 68]. The color changes in granite were attributed
to the removal of Zn-Fe-rich nanoparticles. Discolorations
were also observed during the treatment of metallic objects,
as described by Bertasa et al. [26].

Mitigation of these color effects was achieved by increas-
ing the pulse duration and seemed to be promising to avoid
yellowing although the results obtained were not entirely
satisfactory and sometimes led also to a blackening [63].
Emitting simultaneously ultraviolet and infrared light was
also investigated and was successful to reduce the chromatic
alterations, as could be seen in 2016 for the cleaning of Pen-
telic marble with both 1064 nm and 355 nm [49]. It was also
noted that pre-wetting the surfaces before applying the lasers
usually resulted in higher cleaning efficiency and less intense
side-effects [51].

1.2 An alternative approach for laser heritage
cleaning

It was recognized for the last 20 4 years that femtosecond
(fs) laser pulses have the unique ability to remove surface
layers without causing thermal damage. Being able to com-
pletely remove unwanted layers from steel and stone without
melting, cracking, or inducing other damage to the surface
will insure the preservation of the materials in the long term
[69—71]. There was an obvious opportunity to apply this
to high-value heritage items to remove contaminants and
coatings without damaging the valuable historic materials.

A “cold ablation” process: the pulse duration is so short
that there is not sufficient time for the electrons to trans-
fer energy to the lattice of ions, which remain cold [72].
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Therefore, the thermal damage is minimized [73]. This is a
non-equilibrium state where the energized electrons eventu-
ally reach a threshold of energy allowing them to leave the
solid during the pulse time [72]. They escape the solid and
create a strong electric field due to the separation of charges
with the parent ions. This field pulls the ions out if the elec-
tron energy is larger than the atomic binding energy of the
ions in the lattice [72]. For this reason, the process can be
said to be ‘electrostatic’ in nature.

The first attempts to use femtosecond laser pulses for con-
servation were performed, to our knowledge, with paintings
and cleaning metal surfaces [55, 74, 75]. Aged varnish was
successfully removed using 500 fs laser pulses. It was dem-
onstrated that it was possible to adjust the removal depth
by choosing the proper laser fluence and number of pulses.
Another successful application was performed on bronze
objects with various layers of patina and contaminants; by
adjusting the laser parameters, both the outer layers of soot
and organic materials and the inner layers of copper corro-
sion products were selectively removed using the same laser
system [55].

Since then, femtosecond laser cleaning studies were made
on several other historical materials. Paper contaminated
with starch-based stick glue, graphite pencil powder and
blue crayon stains, and aged artificially or naturally, was suc-
cessfully cleaned using 550 fs pulses at 1030 nm [76]. The
study showed that minimal side-effects were obtained with
this type of laser and that its use is significant for the con-
servation of historic paper. Calf-skin-based parchments were
cleaned from carbonaceous contaminants, without damag-
ing the collagenous structure of the parchment using 120 fs
pulses at 795 and 398 nm [77]. Kono et al. investigated the
treatment of a gold thread on silk fibres covered in contami-
nant using 170 fs pulses at 790 nm [78]. The laser effectively
removed the unwanted layers without altering the integrity of
the gold or the fibre thread, as the technique combined with
laser-induced breakdown spectroscopy allowed fine monitor-
ing of the ablation process, and control of the removed layers
in the order of tens of nanometers. Further work was under-
taken on dirty linen fabrics using 120 fs at 795 nm [79].
The results showed no significant chemical modifications
that could have negative consequences for the conservation
of the fibres, and morphological damage occurred only for
excessive laser fluences or low scanning speeds.

The application of the technique on glasses and stones
was also investigated. Colorless French glass used for resto-
ration and covered in permanent ink was treated using 228 fs
pulses at 1030 nm [80]. The study showed that safe and
effective cleaning was possible without deterioration of the
surface of the glass. Biofilm was successfully removed from
Galician granite using 120 and 130 fs at 790 and 395 nm,
respectively [81]. Moreover, granite minerals were preserved
better than with a longer pulse duration, highlighting the

potential of the technique for the preservation of heat-sen-
sitive materials. Additional work was undertaken in recent
years in this direction for the removal of spray paint from
granite surfaces [82].

Bertasa et al. presented an extensive review of the dif-
ferent studies published in the literature and investigated
the cleaning of metal artefacts with different laser systems,
including a few instances of femtosecond pulse lasers [26].
Femtosecond pulse laser cleaning of corroded archaeologi-
cal copper alloys was studied by Korenberg et al. using an
excimer laser emitting at 248 nm, but the laser fluence used
(0.35 J cm™2) was not sufficient to remove the corrosion
products [83]. Compared to other conventional cleaning sys-
tems, an 800 nm laser with 100 fs pulse duration was found
to be the best option to remove corrosion layers from an iron
belt pad with gilded silver foil inlay from the ten—thirteenth
century, with minimal conversion of goethite into magnet-
ite, and no melting [30]. However, the low repetition rate
(10 Hz) made the process highly time-consuming. Taarn-
skov et al. explored the laser cleaning of tarnished silver on
silk textiles using different laser systems (UV to IR, 8 ns
to 500 fs) [84]. Their study showed that the femtosecond
pulse laser gave the best results in terms of cleaning with-
out inducing discoloration, but induced changes in tensile
strength and extension potential of the silk fibres. Corroded
outdoor sculptures and copper plates were cleaned using a
femtosecond laser emitting 150 fs at 780 nm [85]. This study
showed that this type of laser allowed a high selectivity of
the cleaning by tuning the fluence, and that all organics,
soot, and corrosion layers could be removed successfully
without inducing damage or discoloration to the underlying
metal substrates.

All these studies proved that the femtosecond pulse
laser cleaning method is effective to remove contami-
nants, unwanted surface layers, and coatings, maintaining
the underlying substrate integrity because of its ability to
achieve strong selectivity, accurate control, and high preci-
sion, with minimal side effects, providing that the irradiation
parameters are selected carefully. Many working heritage
objects require constant cleaning. Developing a fast and
effective method without detrimental effects on the under-
lying substrate to maintain assets, monuments, sculptures,
buildings, and infrastructures whilst retaining their heritage
and visual values is of huge importance. With the recent
development of high-energy ultrashort pulse lasers, it is now
possible to extend the research on femtosecond laser clean-
ing of heritage items to something applicable on a practi-
cal scale, whilst preserving the original properties of the
materials.

In this paper, we show several case studies of femtosec-
ond pulse laser cleaning to remove a wide range of surface
contaminants from various building materials such as mar-
ble, granite, sandstone, and steel. In each case, the cleaning
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treatment is evaluated using multiple analytical methods.
The term ‘ultrashort laser pulse’ (USP) is used in relation
to laser pulses that are shorter than the electron—ion energy
equilibration time which, depending on the material proper-
ties, typically is in the range between 2 and 5 ps [72].

The first case study focuses on the USP laser cleaning of
the Sydney Harbour Bridge’s steel arch and stone pylons.
The stone is affected by various contaminants such as rust,
dirt and other iron-rich deposits, biofilms, and carbonate
deposits, while the steel is affected by corrosion under flak-
ing paint. The second case study focuses on the USP laser
cleaning of Makrana marble taken from the Soami Bagh
Samadh temple in Agra (India), covered in dirt. A third case
study explores the use of USP laser cleaning on Hawkes-
bury sandstone. Finally, a fourth case study focuses on the
removal of spray paint from granite.

2 Experimental setup and methods
2.1 Femtosecond pulse laser system

The details of the laser setup and experimental parameters
have been described previously in [82]. Briefly, femtosecond
laser irradiations were done with a Carbide CB3-40W laser
(Light Conversion, Lithuania), producing 275 fs pulses at its
fundamental wavelength (1029 nm), with a repetition rate
of 100 kHz and a maximum pulse energy of 0.4 mJ. The
beam scanned the surface using a 10-facet polygon mirror
(Precision Laser Scanning Inc., USA) (y-direction) and a
galvanometer scanner (Cambridge Technology Inc., USA)
(x-direction). This system can reach beam speeds up to
800 m s~! across a maximum scan area of 280 mm X280 mm
at 52% duty cycle per polygon scan line, high enough to
operate in a single shot per spot regime, with the scanner
running at 1000 rpm. The beam was focused on the surface
of the sample with a quasi-telecentric f-Theta scanning lens
of 540 mm working distance (S4LFT1420/449, Sill Optics
GmbH, Germany). The experiments were carried out on dry
surfaces, in ambient laboratory conditions with a tempera-
ture of 23 °C+2 °C and an uncontrolled relative humidity
typically in the 20-40% range.

Scanning strategy: Femtosecond pulses can remove less
than 1 um with each pulse. It is therefore possible to remove
very thin layers of material and achieve a high control of the
ablation depth. As a consequence, to remove thick layers of
dirt or other contaminants, it is necessary to increase the
number of pulses and therefore the repetition rate (in the
range of kHz or higher).

The single-pulse ablation regime, where each pulse
can be freely triggered, was selected to achieve full spa-
tial separation of the laser spots beyond the characteristic
thermal wave propagation length at full laser power output
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(combination of repetition rate and scanning) allowing to
minimise the thermal load on the substrate. The beam step
was fixed at 5 pm, giving a shot-to-shot spacing of 8§94 um.

Beam shaping optimisation: The intensity distribution
and the shape of the beam will significantly affect the geom-
etry and topography of the ablated surface. Beam shapers
are diffractive optical elements (DOE) and are made for
laser applications that require constant intensity over some
area. They transform a Gaussian incident laser beam into a
uniform-intensity spot of either round, rectangular, square,
line, or other custom well-defined shapes, and were used the
first time with a femtosecond laser by Momma et al. [86].
For reshaping the intensity distribution to limit the peak flu-
ence to below the ablation threshold of the underlying sub-
strate and increase the ablation rate, the use of a “flat-top”
spatially square-shaped beam is preferable for more homo-
geneous irradiation of the laser-processed surface. Such a
transformed laser beam has then an intensity profile with a
flat region at the centre and a ‘transfer region’ at the beam’s
edges where the energy decays to zero rapidly. This profile
contrasts with the Gaussian beam with high peak intensity in
the centre of the beam. The raw Gaussian profile of the laser
beam was transformed into a square “flat-top” profile using
a square beam homogenizer (ST-220-J-Y-A, Holo Or), with
final beam dimensions of 140 um X 167 um. This beam pro-
file was selected as it presents a constant intensity through
the cross-section of the beam and allows the treatment of
rougher samples.

Determination of the damage threshold: Before under-
taking any cleaning procedure on a material, it is important
to evaluate its damage threshold. The removal of materi-
als occurs once a threshold of laser fluence, called fluence
threshold or ablation threshold, is reached. Therefore, the
determination of this value is of paramount importance in
the preparation of any applications of laser for conservation,
such as surface texturization or surface cleaning. To do so,
series of grooves have been made in the different materi-
als increasing progressively the laser fluence. The ablation
thresholds of each material are presented in Table 1. For steel
it was determined at 0.25 J cm™2 [56, 87, 88]. For the stones,
the ablation threshold of Moruya granite was found to be at
1.1 J cm™2, above which morphological damage started on
biotite grains [89], for sandstone at 0.40 J cm™2, above which
discoloration started, and for marble at 1.30 J cm™2. Ideally,

Table 1 Damage (ablation)

‘ Material Ablation thresh-
threshold of material upon old (in J cm™?)
irradiation at 1029 nm and
275 fs Steel 0.25 [56, 87, 88]

Granite 1.10 [89]
Sandstone 0.40
Marble 1.30




Towards safe and effective femtosecond laser cleaning for the preservation of historic...

Page50f15 246

the cleaning process should be undertaken while keeping the
laser fluence below the damage threshold of the underlying
substrate, which will avoid the removal of original materials
and potential undesirable side effects.

2.2 Characterisation methods

Various characterization methods are available and com-
monly used to study the effects of the laser treatment on
heritage surface such as scanning electron microscopy
(SEM) with or without energy dispersive X-ray spectroscopy
(EDX), Fourier Transform Infrared spectroscopy (FTIR),
X-ray diffraction (XRD), optical microscopy, and Laser-
Induced Breakdown Spectroscopy (LIBS), to cite a few [66].

Here, the method developed is as follows. To evaluate
the effect of the laser on the material and any potential dam-
age, the surfaces are inspected with optical and scanning
electron microscopies, visually assessing if any change
occurred, down to very fine scale, which may be useful
for the detection of micro-cracks or microscopic damage.
Non-destructive vibrational spectroscopy is performed
with Raman spectroscopy in the case of stones, to check the
integrity of the crystal structures and any damage such as
melting, amorphization or induced stresses. This technique
is also helpful to identify minerals constituting the rocks.
The surface texture, depth of ablation and surface roughness
are evaluated with optical profilometry in vertical scanning
interferometry mode.

Optical microscopy and SEM are also used to study the
effectiveness of the cleaning treatment, and to locate any
residues left. Organic residues are detected using FTIR in
combination with EDX, and Raman spectroscopy detects
pigments residues in the case of graffiti removal. Colorim-
etry is performed before and after the treatment to assess if
the laser induced any colour changes that may not be notice-
able to the naked eye and is also an indicator of the treat-
ment’s outcome when expressed in the CIELab color space
in terms of distance between reference points and cleaned
points (AE).

3 Case study 1: cleaning the Sydney
Harbour Bridge

3.1 An Australian heritage icon

The Sydney Harbour Bridge is one of the most important
built heritage icons of Australia. It is a steel arch bridge
located in Sydney, New South Wales (Australia), and a major
crossing of Sydney Harbour, from Dawes Point in The Rocks
area to Milsons Point in the lower Northern Shore area. The
Bridge was a turning point in the development of Sydney
and its modernisation, a symbol of modernity and progress.

The Sydney Harbour Bridge has been in continuous use
since 1932 and represents a vital part of the city’s transport
infrastructure, as a multimodal bridge with an initial daily
traffic of 6000 cars that has increased to more than 150,000
today [90]. The Bridge is made of a steel arch flanked by two
stone pylons made of reinforced concrete faced with granite.
Eight smaller pylons support the approach spans on each
side of the shores. Those pylons are also made of concrete
faced with granite. The arch is 503 m long with its summit
at 134 m above mean sea level and allows 49 m clearance for
marine traffic under the deck. The materials are still original
but are showing signs of alteration after nearly a hundred
years of exposition to the coastal and urban environment of
Sydney. The weathering of the materials is therefore within
natural expectations.

3.2 Materials

3.2.1 The steel arch: Composition, current condition,
and maintenance

The steel of the arch is mainly silicon steel and was
imported from England, while the carbon steel used for
the approaches, rivets and deck was supplied locally [91].
Carbon steel (or mild steel) contains the minimum amount
of carbon possible (approximately 0.05-0.25%) [92], mak-
ing it malleable and ductile. Carbon is used in steelmaking
as a hardening agent where the greater the level of carbon,
the harder and stronger the steel is through heat treatment.
The more carbon, the less ductile, but the lower the melting
point. This type of steel is the most common form of steel
due to its low price and huge versatility. Silicon steel has a
higher concentration of carbon (0.32-0.42%) [92], making it
harder, stronger and tougher than regular mild steel. The use
of silicon steel for the Bridge was rather unique.

The steel arch is protected with a primer and several lay-
ers of epoxy coating. The degradation of the paint and cor-
rosion of the steel at certain locations is illustrated in Fig. 1
and is accelerated by the harsh coastal environment of the
Bridge with high humidity and high amounts of saltwater
spray.

Over the years, abrasive blasting has been performed over
large areas of the Bridge [93]. This process is complex and
challenging, especially with respect to current safety stand-
ards for workers, and environmental regulations to deal with
dust and large amounts of hazardous waste at heights or in
confined spaces.

3.2.2 The stone: composition, current condition,
and maintenance strategy

For the cladding of the pylons, granite was sourced from
Moruya, a coastal town of New South Wales, 300 km south
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Fig. 1 Photography of an arch
of the Sydney Harbour Bridge
with a paint flaking off the
surface of steel and b corrosion
visible under the paint

of Sydney. Moruya granite is a granodiorite, mainly made of
plagioclase, quartz occurring as smaller grains, biotite mica
and hornblende found as small aggregates with potassium-
feldspar, and traces of opaques, titanite, and apatite, as sum-
marized in [94].

The texture is hypidiomorphic granular with grains of
average size 5—-6 mm [95]. Xenoliths occur in the stone (rock
fragments included in a larger body of rock) and can be of
two origins: sedimentary or igneous, the former consisting
mainly of plagioclase, biotite and quartz, and the former
consisting of feldspars, biotite and hornblende [96].

Various contaminants are visible on the stone of the
pylons today, mainly under deck level, and are described
more in detail in [97]. Two types of biological colonization
can be observed in different locations under the deck: black
and green biofilms. The huge towers are also affected by rust
stains, forming superficial dripping patterns, and covering
the entirety of the vertical surface of the tower below the
railway. Other rust stains can be observed around other steel
features embedded in the granite all over the Bridge (e.g.,
nails in Fig. 2b).

Fig.2 a View of the side of the
abutment tower, Western face,
directly under the railway—rust
stains, b close up on rusty stain
formed around nails. ¢ Envi-
ronmental soiling and rust on
the base of a Sydney Harbour
Bridge pylon supporting the
approach spans, facing South
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The smaller piers supporting the approaches are covered
in a mixture of dirt and iron oxides (brown/orange), as well
as carbonate deposits (white). Carbonate stains are particu-
larly visible around the joints between the granite slabs.

Contaminated granite samples were collected from the
Sydney Harbour Bridge directly. Sampling the pylons of the
Bridge was done on small pylons under the deck, which were
highly covered in dirt or biofilm, and had some flaking, in
such a way that the visual impact is minimal and not delete-
rious to the heritage values of the Bridge.

3.3 Results
3.3.1 Removing corrosion from steel

Femtosecond pulse laser cleaning was undertaken on differ-
ent parts of a corroded metallic structure shown in Fig. 3a.
Various fluences and number of laser scans were investi-
gated to determine the best set of parameters necessary to
obtain a total cleaning of the selected area. Figure 3b pre-
sents cleaned bands at 1.0, 2.0 and 3.0 J-cm™2 (left to right)

T m————
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Fig. 3 Femtosecond pulse laser
cleaning of corrosion on steel.
a Steel covered by corrosion. b
Cleaning of a small area with
five laser scans and varying the
fluence from 1.0 to 3.0 J-cm™2
(left to right) with ¢ magni-
fication of the largest square.

d Cleaning of a large area at
2.0 J.cm™2 in a single laser scan

each with 5 laser scans. At 1.0 J-cm™2, more than one laser
scan was necessary as some orange dots were still left on
the surface. Removing the entire crust on the steel surface
was then possible while minimising the damage to the steel
by applying a low laser fluence, as presented in Fig. 3c, d.

Characterisation of the steel surface was made after laser
cleaning to search for any damage caused by the laser pulses.
SEM proved that the steel surface was preserved, and no
presence of cracks nor melting was observed at any applied
fluence, as previously observed in [56].

3.3.2 Cleaning the granite

Samples cleaned with femtosecond pulses are presented in
Fig. 4. A laser fluence of 1.0 J-cm™2 and five laser scans
were enough to completely remove all the dirt and dust from
the stone surface, as presented in Fig. 4b, leaving all the
minerals of the stones undamaged and visible again. The
total removal of the biofilm was also achieved with five laser
scans and a laser fluence of 1.0 J-cm™2, as seen in Fig. 4c,
d. No biofilm was left on the surface after laser cleaning,
even at cracks and grain boundaries, and the rough surface
was treated as well as the flat surface without laser focus-
ing problems. It is worth noting here that biofilm removal
in other pulse duration regimes (e.g., nanosecond) is often
influenced by the selected wavelength, or the type of micro-
organism encountered [7]. Indeed, UV lasers were found to
be generally more efficient to remove micro-organisms with
nanosecond pulse lasers [53]. Here, the cleaning effective-
ness was not hindered by the organic nature of the film.

Iqu,wl\‘.\\‘\‘w i

10
| 1soss

Fig.4 Femtosecond laser cleaning of granite: a granite sample cov-
ered by environmental soiling, b after femtosecond laser cleaning
at 1.0 J.em™2, ¢ Granite covered by green biological colonisation,
d cleaned area after 5 laser scans at 1.0 J-cm™2; e Granite covered
by a rust stain layer; f cleaned area after five scans at a fluence of
1.0J.cm™
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Laser cleaning was then applied to remove strongly
adhered rust. Figure 4e shows a granite sample covered
by rust, and Fig. 4f the same granite sample where five
laser scans have been done at 1.0 J-cm™2 on half of the
surface. One scan was enough to remove the majority
of the rust layer, but a thin layer of contaminant was
left on the surface, so four more scans were applied and
significantly improved the treatment, but some residues
are still visible mainly at cracks and grain boundaries in
the middle area where there is an importance crevice.
More laser scans would easily remove the last residues
of rust.

The FTIR confirmed the success of the femtosecond laser
cleaning for the dirt and biofilm as the characteristic peaks
of organic matter and sulphates were not visible, indicat-
ing that no residues were left on the surface. Colorimetry
revealed that the color of granite was successfully retrieved
as well. Figure 5 shows the energy-dispersive X-ray spectra
taken on the dirt layer and on the cleaned surface of the
granite.

The spectrum of dirt is characterized by the presence
of phosphorus, sulfur, iron (from rust), chlorine (from sea
spray), and zinc. It can be seen on the spectrum taken on
the clean surface that these elements have significantly
decreased or disappeared which indicates a successful clean-
ing treatment.

To gain a deeper understanding of the effectiveness of
femtosecond pulse lasers over time, it would be interesting to
study the redeposition of the contaminants in Sydney (rate,
extent) on the cleaned samples.

Si — Dirt
Cleaned
)
c
=1
>
o
5
@
> (6] Al
‘@
c
2
£
Mg
[ Fe
| Zn
T
0 1

Energy (keV)

Fig.5 EDS spectra of the cleaning treatment before and after, on
dirt. (Hitachi TM4000II desktop SEM in BSE mode, 15 keV, 15 mm
working distance, non-coated sample)
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4 Case study 2: cleaning Makrana marble

The second case study focused on the cleaning of the marble
used in the construction of the Soami Bagh Samadh tem-
ple, located in the outskirts of the city in DayalBagh, Agra
(India). This temple is very similar to the Taj Mahal (Agra,
India) for its complex and intricate lattice of stonework
and was commissioned in 1908. The marble is of various
colors; white, pink, green, yellow, and other various colors
of distinct shades obtained from Makrana and different parts
of India such as Ambaji, Vadodra, Jaislamer, Gwalior and
Nowshera (Pakistan). The marble was cut in the most unique
way, and the intricate design showcases the exceptional
craftsmen skills with mesmerizing carvings (an example is
given in Fig. 5a).

The Makrana marble is a white metamorphic stone
mainly composed of recrystallized calcium carbonate min-
erals with granoblastic texture [98]. Small amounts of impu-
rities can be found, such as silicon dioxide (quartz grains or
silicate), iron oxide such as hematite, or limonite, manganese
oxide, alumina, or pyrite [99].

Makrana marble is popular for sculpture and build-
ing decor and is most famously used in the construc-
tion of the Taj Mahal in Agra (India) and the Victo-
ria Memorial in Kolkata (India). It is mined in the town
of Makrana in Rajasthan, India, and listed as a Global Her-
itage Stone Resource by International Union of Geological
Sciences.

Figure 6a presents parts of sculptures from Soami Bagh
Samadh covered by a thick layer of dirt and dust. USP laser
cleaning was done on a dirty area presented on Fig. 6b, ¢
and revealed to be effective at the low fluence of 1.0 J-cm™2,
below the damage threshold of the stone.

The laser treatment was successful, with removal of
the dirt layer without damaging the underlaying substrate,
allowing to retrieve the shiny white color of the stone.

5 Case study 3: the challenge of cleaning
Hawkesbury sandstone

Sydney sandstone is the common name for Sydney Basin
Hawkesbury Sandstone, a variety of sandstone which is his-
torically known as “yellowblock”, or “yellow gold”, and is
named after the Hawkesbury River, north of Sydney, where
it is particularly common. Sydney sandstone was deposited
in the Triassic Period probably in a freshwater delta and is
the caprock that controls the erosion and scarp retreat of
the Illawarra escarpment. Well known for its durable qual-
ity, it was a popular building material from the late 1790s
to the 1890s, particularly for public buildings, as it gave
cities a distinctive appearance. The most notable buildings
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Fig.6 a Photograph of a marble sculptures from Soami Bagh Sam-
adh covered by soiling. b Femtosecond pulse laser cleaning of marble
covered by environmental soiling at 1.0 J-cm™2 and ¢ magnification of
the cleaned area showing undamaged minerals

in Sydney are the central railway station, the Museum of
Contemporary Art, the Art Gallery of New South Wales, the
Australian Museum, and Queen Victoria building.
Sandstones, including Sydney sandstone, are fragile
stones with often a high porosity and low hardness, which
makes conventional cleaning methods often unsuitable as
damage occurs quickly, which poses problems for long-term
conservation. Therefore, finding a gentler method is highly
desirable from a conservation and asset maintenance point
of view. An example is the Museum of Contemporary Art
of Sydney, covered in biofilm. The stone was previously
cleaned with low- and high-pressure water washing which is
known to be aggressive for this type of stone. Biocides were
therefore trialled and showed very promising results [100].
However, exposure to toxic substances can be harmful to
the users and the environment, and also can affect the stone.
Sydney sandstone usually contains a high proportion
of clay in the binding matrix, and composition varies
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Fig.7 a Femtosecond laser cleaning of Hawkesbury sandstone: a
sample before laser cleaning, b after femtosecond laser cleaning at
0.9 J.cm™2 showing the discoloration that has occurred on the central
targeted area

depending on the quarries. Tiles of Hawkesbury sandstone
were acquired from a commercial supplier in the Sydney
region.

Figure 7 shows a billet of sandstone before and after irradia-
tion with the laser at a fluence of 0.9 J-cm™2. It can be observed
that the processed area has discolored from the sandstone’s
famous golden color to a dull grey, even at the low energy used
in the experiment. This change of color is highly undesirable
and may be due to the interaction of the laser radiation with
organic parts of the stone, although further analysis should
be performed in order to understand this change in depth and
confirm or correct this hypothesis. Petrographic investigation
was also recommended but was not undertaken in this pre-
liminary study.

The laser’s second and third harmonics (515 nm and
343 nm) were trialled, in an attempt to find a more suitable
wavelength to work, but discoloration occurred in both cases,
and even at lower fluences. A potential solution may be to pro-
ceed at higher wavelengths, such as Short Wavelength Infrared
or Mid wavelength Infrared (SWIR, MIR > 1400 nm).

@ Springer
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This case study illustrates that, although femtosecond pulse
laser was found to be successful in most experiments described
so far, some challenges still occur and require careful tailoring
of the laser parameters with systematic study of the effects
of the laser-matter interaction with the substrates in order to
minimize undesirable changes or damage.

6 Case study 4: removal of graffiti
from stone

Removal of spray paint, or graffiti, is a very current issue,
both for the maintenance of public and private infra-
structures and for the conservation of cultural heritages.
Cleaning graffiti is an expensive endeavour for city coun-
cils and governments around the world, who spend each
year astronomical amounts of money trying to remove
unwanted spray paints, for sometimes only partial results
[82]. Moreover, sandblasting, which is most common, may
lead to considerable damage to the underlying materials.

Cleaning with short pulse laser systems (e.g., Nd:YAG
at the fundamental 1064 nm wavelength in nanosecond
pulse regime) has been investigated extensively [48, 101],
and showed to be limited in terms of effectiveness and
versatility. Indeed, some colored spray paints do not inter-
act well with the nanosecond pulse duration and infrared
wavelength and were therefore much harder to remove,
introducing a need to use other wavelengths [29, 42, 46].
Research also demonstrated that the simultaneous use of
UV and IR enhanced the removal of black and blue spray
paint, with minimized damage [42], but the cleaning of
the other paint type (silver) was proven to be more difficult
and resulted in aluminium particles left on the surface.
Consequently, further research to find a solution yielding
effective cleaning results as well as offering better protec-
tion of the substrate is important.

Here, a selection of red, green, and blue paints from
Montana® Colors paints were used and sprayed over a
diamond-sawn sample of Moruya granite to replicate real
conditions of graffiti (potential overlay of several paints
to create visual effects, but no intentional thick layer). A
brush was used to create the brushstroke pattern visible on
the surface in Fig. 8a.

Femtosecond pulse laser cleaning was undertaken at a
fluence of 1.0 J-cm™2 and demonstrated complete cleaning
of all the different paints layers after 10 laser scans, as seen
in Fig. 8b. Figure 8 shows promising results for the applica-
tion of USP laser cleaning on graffiti and spray paints. We
demonstrated in [82] that more spray paint colors, including
silver paint, can be successfully cleaned with this technique.

Characterization of paint removal was undertaken in [82]
with optical microscopy, Raman spectroscopy and colorim-
etry. The observations showed that the removal of paint was

@ Springer

Fig.8 Femtosecond pulse laser cleaning of granite covered by spray
paints: a sample covered by green, red, and blue spray paints, b after
femtosecond laser cleaning at 1.0 J-cm™>

complete for each type of paint (red, green, blue here, as
well as yellow and silver in [82]). No residues were found on
the surface after the treatment. Raman spectroscopy, illus-
trated in Fig. 9, showed no signal for paint after cleaning,
which indicated the success of the femtosecond pulse laser
to remove the paint. Moreover, colorimetry showed that the
grey color of the stone was retrieved well in each case.

7 Discussion and conclusion

The femtosecond pulse laser technique offers an alternative
for cleaning various contaminants and stains from heritage
monuments, sculptures, and buildings without physical con-
tact or the use of chemicals. We demonstrated that those
lasers can clean a wide range of contaminants, from biofilm,
environmental soiling, and rust, to spray paints, while pre-
serving the integrity of the underlying substrates. Develop-
ing the femtosecond laser technique that delivers fast and
effective cleaning results and could easily be deployed and
implemented on a wide range of materials is significant for
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various industries such as conservation of cultural heritage.
The benefits of removing paints and coatings without dam-
aging the underlying substrates are enormous and directly
address critical challenges faced for asset maintenance (pub-
lic transport, bridges, energy resources and utility equipment
whilst in use) and in automotive, space, and defence indus-
tries. Moreover, the versatility of the method will signifi-
cantly simplify maintenance work. Economic benefits arise
to apply this technology for reduced maintenance costs of
infrastructure, graffiti removal, and also for restoring the
visual appeal of iconic structures/objects.

The examples developed here illustrate the potential of
femtosecond pulse laser cleaning, and some existing chal-
lenges for the conservation of cultural heritage. If most of
them were quite successful, they were however laboratory-
based experiments. The current setup limits the technique's

applicability to samples transported to the laboratory, of
small to medium size, and excludes on-site applications.
We think that the success and effectiveness of the technique
make it relevant to start the integration of the technique to
something more portable and practical in order to answer
real conservation and asset maintenance needs on-site.

Scaling up and integrating the process to test on different
significant heritage structures and sites is the next step, for
future implementation as a maintenance technique, which
may help disseminate the potential of femtosecond pulse
lasers as a safer cleaning process.
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