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Abstract

Archaeological bronzes (Cu-Sn alloys) might be different in composition and these variabilities lead to a different interaction with the environment and, if they were
buried, with several chemical elements present in soils. Generally, the result is the presence of complex corrosion products layers on the Cu-based artefacts which
might be protective or reactive (and so dangerous) for the artefacts preservation itself. Moreover, the corrosion products can also be unwanted because hide the
drawings present/imprinted on the original metal surfaces.

So, for several reasons, it can be necessary to remove the unwanted corrosion products: laser-cleaning procedure is one of the most selective cleaning technique

used.

The main goal of this work was to assess possible laser-cleaning induced surface effects on different archaeological bronzes corrosion products structures through
a systematic and multi-technique compositional study.

Chemical-physical characterisations were performed on laser-cleaned and non-cleaned types of Cu-Sn archaeological corrosion products structures. The
results show the efficiency and the low-invasiveness of the treatment.

1. Introduction

Understanding the corrosion behaviour in Cu-Sn alloys have always aroused wide interest for those that try to reproduce these “patinas” for both
aesthetic and protective purposes [1,2]. However, the formation of corrosion layers on archaeological Cu-based artefacts is the results of complex
interactions of the metal with the soil chemical-physical properties and with the environmental conditions: the corrosion mechanisms that take place
lead to the complex stratified microstructures usually found [3—6]. The final surface aspect is of extremely importance for both the already mentions
aesthetic and protective purposes. In this perspective, the study of corrosion phenomena and surfaces gains importance for both improving knowledge
in the field of long-term corrosion and, above all, for controlling and stopping deterioration processes of ancient and historic metals in storage
conditions or in museums [1,4,7-9].

1.1. Corrosion products formation on Cu-based alloys

It is known that not only the corrosive environment but also the metallurgical technique employed, the artefact chemical composition and how
the corrosion attacks the object (stratification, transgranular or intergranular corrosion) play an important role in the structural transformations of
Cu-based artefacts during a long-term corrosion process that leads to a steady state [3,4].

On bronzes, literature agrees on two generic models of corrosion (and corresponding deviation structures) firstly introduced and extensively
studied by Robbiola and colleagues [3,4]: Type 1 and Type 2, due to cationic or anionic migrations, respectively.

Type 1 structure is characterised by the presence of two layers: a thin protective corrosion layer (noble patina) grown in contact with the metal
overlapped by a second thicker porous layer; in that case, it is possible to find a tin-enriched corrosion layer due to a decuprification process. The
inner protective red-brown layer is mainly constituted by cuprous oxides (cuprite, Cu0) while the generally green outer layer is constituted by
different chemical compounds, in dependence of the interaction with soil constituents, oxygen and humidity. The outer layer can be characterised
by low copper contents and high tin contents. Furthermore, the aging of the corrosion products leads to soil elements incorporation (O, Si, Fe, Al,
Ca,P,Cl,...)and, e.g., the possible transformation of cuprous compounds in cupric compounds. As a consequence, the surface can be constituted by
soil elements and copper compounds as malachite (Cu2(OH)2COs), brochantite (Cua(OH)s(SO)a), etc.

Type 2 is characterised by a three-layer structure: in presence of Clions (aggressive environment), the outer porous corrosion layer, can let
penetrate the Clions through the layer creating a high concentration of chloride ions, together with tin and copper compounds, at the
metalcorrosion layer interface (of the inner layer). The outer layer is characterised by copper (Il) compounds, such as hydroxychlorides (atacamite
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(Cu2Cl(OH)s and its polymorphs), hydroxycarbonates (malachite), hydroxysilicates and hydroxyphosphates. Between the outer and the inner layer,
an intermediate layer of cuprous oxides is present. In the inner layer, this might lead to the formation of reactive cuprous chloride nantokite, CuCl),
responsible for the cyclic copper corrosion processes, well known as bronze disease, where the dangerous corrosion layer grows at the expense of the
bulk alloy [1,3,4,6,10-12].

1.2. Laser-cleaning procedures on Cultural Heritage

As a consequence, the corrosion products (that are a multicomponent material) can hide the drawings present/imprinted on the original metal
surfaces or, in the worst case, they can compromise the conservation of the object itself. Therefore, the removal of the unwanted and/or dangerous
corrosion products might become necessary. Since laser-cleaning (or laser-ablation, or removal) treatments are a lowinvasive and highly-selective
method, they have been studied for removing the unwanted and/or reactive corrosion products on several archaeological/historical materials [13—
21]. On metals, the final aims are stopping possible dangerous processes and preserving the protective patina and the metal surface. Laser-ablation
methods have been also preferred for the fact that they are eco-friendlier than the common chemical and mechanical methods generally used and
they guarantee less risk for the operators [13,15-17,21-23].

Even so, there is a lack of sustained models explaining the lasermaterial interactions in the conservation field: they are usually more fundamental
studies or special conservation cases more focused on the final cleaning results than on the discussion of the on going mechanisms. Only few authors
reported considerations on the mechanism that occurred and on the chemical-physical characterisation of the laser effect on the surface of the
artefacts [14,16,22,24-27].

This can be explained by the heterogeneity in composition of each unique cultural object: it is a complex problem to standardise cleaning
procedures as a function of the interactions that occur among the laser parameters and the composition of the unwanted materials (e.g. dust or
multi-material corrosion products) present on artefacts. In fact, the complex interactions, that allow laser-ablation process, are dependent from
laser parameters (e.g. laser wavelength, continuous or pulsed laser, pulse duration, fluence, irradiance), optical and thermal properties of the
material to remove (e.g. absorption coefficient, thermal conductivity) and surrounding environment (e.g. air, vacuum). Furthermore, the success of
a laser-cleaning procedure is due to a proper combination of the laser parameters: they have to be set as a function of the properties of both the
multi-component material to be removed and the underlying original surface. In that way, the interactions are confined, as much as possible, on the
outmost layer occupied by the unwanted materials [28]. Recently, a more theoretical approach with experimental applications on coins has been
published [29] with the final aim of assessing some laser conditions and parameters (e.g. penetration depth of the laser beam and laser fluence);
however, the study was performed on modern coins.

Fig. 1 proposes a model of the laser-cleaning process on Cultural Heritage Cu-based metal artefacts. The laser, thanks to complex interactions
within the plasma, is able to remove (high-selective) the unwanted corrosion products (green in the picture), which absorb the laser beam, leaving
the protective layer of corrosion product (brown in the picture). The metallic surface, reflecting the laser beam, is not damaged (low-invasive). So,
a properly set laser is able to discriminate between unwanted and protective corrosion products, which similarly absorb the laser beam. Moreover,
it makes possible to focus the ablation on specific point of persistent unwanted corrosion products.

This research (part of a wider project [27,30]) tries to overcome to this literature lack assessing possible laser-cleaning induced surface effects
(similar or different) on different types of Cu-Sn archaeological corrosion products structures through a systematic and multi-technique
compositional study on laser-cleaned and non-cleaned areas.

Regardless of whether the stable corrosion products are generally preserved by conservators and restorers, and knowing the highselectivity of
the laser and that archaeological objects might present both corrosion situation on the same surfaces, this study aims to determine the effects of
the laser on both stable and dangerous corrosion products.

To do this, an infrared nano-pulsed laser was used. For this kind of used wavelength, thermal laser-materials interactions (e.g. heat propagation
and dissipation) are the most important laser-induced process to be considered: they allow thermal decomposition, the formation of a plasma and
finally the ablation of material [28]. Moreover, the research introduces the novelty of the use of a laser-scanning system that, thanks to a dedicated
software, allows to remotely move the laser on the surfaces and to control not only the laser parameters but also the geometrical parameters
(scanning parameters) as the pulse overlap on X and Y axes. Video 1 (Supplementary data) shows the XY scanning movement of the laser during a
treatment process over a surface.

The effect of the laser-ablation parameters applied in this article were previously studied on Cu-based reference samples presenting different
artificial corrosion products, in order to assess, and not test, the procedure on archaeological objects. The previous tests, partially published in
[27,31] highlighted that a shorter pulse duration is more efficient in the removal of unwanted Cu(ll) corrosion layer preserving cuprous oxide layer.
In addition to this, the diffuse reflectance of the corrosion crystals toward the laser wavelength, their grain size and the porosity of the layers play
animportant role on the laser-ablation effects.
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Fig. 1. Laser-cleaning ablation model for Cu-based archaeological artefacts.

2. Materials and methods
2.1. Laser system employed

An Nb:YAG fibre laser (Jeanologia laser, model EasyMark-20), operating in the near-IR region at a wavelength of 1064 nm was used for the
cleaning treatments. The system operates in a QS regime, from 4 ns to 200 ns of pulse duration; the pulses are delivered by means of two galvanic
mirrors and are focused with a f-Theta lens with 160 mm of focal distance.

The laser system is coupled via computer with EzCAD 2.1 UNI, a vector graphic editor, with a CAD-like capability that enables users to perform
complex surface scanning treatments in a repeatable, rapid and precise way.

Moreover, the graphic editor allows both laser parameters (e.g. output power, P, and pulse duration, t,) and geometrical parameters, those
contribute in controlling the overlapping of the pulses to be managed. Overlap on X and Y axes are adjusted for preventing undesired heat accumulation
on the treated areas that might cause melting phenomena instead of ablation of the unwanted layer.

Table 1 shows the applied laser-ablation parameters. They were selected, from previous tests discussed elsewhere [27,31], as a function of the
chemical composition of the corrosion products to be removed. It has to be noticed that, managing the laser power, itis possible to control the pulsed
power per area (fluence) and the average power per area (irradiance), and so, to command the laser energy on the thickness of the unwanted
corrosion product layers. In addition to this, 30 um of spot diameter and 300 mm/s of scan speed were used for the overlapping on X-axis while 15
um of interlining was used for the overlapping on Y-axis: in that way, a proper overlap was guarantee.

2.2. Archaeological samples

Two archaeological coins, coming from a private collection, were the objects of this study. No information about the provenance contexts and recent
history of the artefacts are available. Despite this, both coins present an ancient-looking Cu-based alloy appearance.
Coin 1 is a Dupondio Marco Aurelio, a Roman Empire bronze coin (2" century CE dated). On the recto side (observe face), it is visible the head of the

emperor while on the verso side (reverse face) it is observable a figure (Fig. 2, above). The coin is 8.81 g-in mass and 22 x 23 x 3 mm?3-in

size. The archaeological corrosion products are well adherent to the substrate, compact and present a shining yellow-green/dark green colour on
both sides. The coin seems to be in a good conservation state. The analyses were performed on the obverse side, less rough due to the drawn.

Coin 2 is a Follis Massenzio, a Roman Empire bronze coin (4t century CE dated). On the recto side (observe face) it is visible the head of the emperor
while on the verso side (reverse face) it is observable a temple (Fig. 2, below). The coin is 5.86 g-in mass and 24 x 25 x 2 mm?3-in size. The analyses were
performed on the reverse side: even if the corrosion products are well adherent to the substrate on both sides, they present a more uniform greenish
corrosion layer on the reverse side than on the observe side. The corrosion products were not grew in a uniform way on the surfaces. The coin seems
probably affected by the bronze disease.

2.3. Sample preparations and characterisations

Morphological, microstructural and chemical-physical techniques were used for characterising the laser-cleaned and non-cleaned areas in order
to observe any modification due to the laser-treatment process on surfaces and on sections.

2.3.1. Cross-section preparations

The coin was previously cut in fragments with a diamond blade; afterwards, the samples were rinsed in ethanol in ultrasonic bath for 5
min, dried and then submitted to laser ablation in order to have a defined area to treat. After that, the cross-sections were prepared by
embedding the specimen in epoxy SpeciFix-20-Struers resin and cutting them with a diamond blade, in parallel to the laser scanning direction.
After that, they were polished with 500-grid to 4000-grid SiC papers and then with 6 um to 1 um-grid cloths: ethanol was used instead of water in
order to prevent any solubilisation of the corroded compounds and diamond pastes were used with the cloths. Then, the cross-sections were
rinsed in isopropyl alcohol in ultrasonic bath for 10 min and well dried.



For the bulk analyses, an etching aqueous ferric chloride solution (5 g FeCls, 15 ml HCI (40% conc.), 60 ml H20) suitable for archaeometallurgical
Cu-based alloys was used to produce grain contrast [32—34]. The procedure was carried out at room temperature.

2.3.2. Characterisations

High-resolution digital photographs (4000 x 3000 pixel?) were acquired using a digital camera Panasonic Lumix G2 equipped by a stand with a
3000 K lamp.

Optical microscopical (OM) images were acquired by means of a Leica DMI5000M microscope and an Olympus BX51 microscope equipped with
a Nikon EOS camera operating in bright and in dark-field modality. Respect to the bright-field (BF) observations, the dark-ones (DF) are able to
discriminate the complex nature of archaeological stratified copper-alloys corrosion products [5,6,35—-37]. In fact, DF-OM red-brown colour is
associated to the presence of Cu(l) compounds as cuprous oxide (cuprite), the green colour to the presence of Cu(ll) compounds as
hydroxycholoride polymorphs (e.g. atacamite, clinoatacamite, botallackite) or carbonates (e.g. malachite) while the yelloworange colour to cuprous
chloride (e.g. CuCl) [5,6] or a mix of copper and nanometric tin oxides [36].

These instruments are henceforth named in the text as OM-Leica and
BF/DF OM-Olympus, respectively.

EDS data and pRaman spectra were used to assess the composition of the different-in colour corrosion products.

Electron microscopical data were acquired by means of three scanning electron microscopes (SEM):

- Field Emission Scanning Electron Microscopy (FESEM, Supra 40 model, Carl Zeiss) operating in secondary electron and in in-feld emission modes and
coupled with an Energy Dispersive Spectroscopy (EDS INCA x-sight, Oxford instruments);

- Scanning Electron Microscopy (SEM, FEI Quanta Inspect 200 model) coupled with an Energy Dispersive Spectroscopy (EDS EDAX Genesis);

- High vacuum Field Emission Scanning Electron Microscope (FESEM, Merlin model, Carl Zeiss) coupled with an Energy Dispersive Spectroscopy (EDS
INCA x-sight, Oxford instruments).

Table 1:Laser cleaning performed on the archaeological samples.

Laser parameters Geometrical parameters
Test Power, Fluence, Irradiance, Pulse Duration, Scanning speed, Interlining,
P (W) F(J/cm?) 1(W/cm?) tp (ns) Vscan (MM/s) di (mm)
1 0.23 1.63 406.73 4 300 0.015
2 0.73 5.16 1290.94 4 300 0.015
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Fig. 2. High-resolution coin photograph. Above: Dupondio Marco Aurelio, recto and verso sides; below: Follis Massenzio, recto and verso sides.

These instruments are henceforth named in the text as FESEM-Supra, SEM-FEl and FESEM-Merlin, respectively.
MRaman analyses were carried out at room temperature by means of:
- Renishaw Invia device equipped with a doubled Nd:YAG laser (532 nm), under a Leica x50/0.85 microscope objective. The laser power on the sample



surface was set at = 500 LW in order to avoid the thermal
transformation of the analysed phases.

- Renishaw RM2000 instrument with a Leica optical microscope. Measurements were performed using the 50x and the 100x objectives and a
785 nm excitation line of an Ar* laser. With the 100x objective and
the 50% filter, the real output power laser is about 1.58 mW.

Both instruments are equipped with a Peltier cooled charge-coupled device (CCD) camera in conjunction with the optical microscope and, for both, the
laser spot diameter was of about 1 um.

The data were acquired with Wire3.3 Renishaw software and the experimental spectra were compared with the spectra collected in a database
composed from synthetic or commercial powders obtained in laboratory and with references reported in RRUFF Project database [38] and in
literature [10,36,39-42].

These instruments are henceforth named in the text as uRaman-green laser and uRaman-red laser, respectively. The uRaman-green laser instrument

was used on Coin 2 while the pRaman-red laser device was used on Coin 1.

XRD spectra were collected by a Philips X’PERT PW3040/00 diffractometer and a Panalytical X’PERT PRO diffractometer, both pre senting a Cu

target. Patterns were acquired using a 10 mask, % and %slites from 8° to 70° 2 6 and a step size of 0.02° per 2 s and from 8" to 70° 2 8 and a step size of
0.013° per 30.6 s, respectively.
Qualitative identifications of the reflection patterns were done with the X’Pert HighScore Plus v3.0e software by comparison with ICSD database.

3. Results and discussion
3.1. Metallographic and corrosion products structures observations

Table 2 shows the figures of the chemical compositions determined on the bulk of the two coins. Both artefacts are low-tin content bronze coins
with variable presence of lead; the presence of silver was detected only on Coin 2.

Fig. 3 (A and B) displays the Coin 1 bulk (OM-Leica and SEM-FEI): a complex microstructure characterised by the presence of almost equiaxed and
quite variable-in size polygonal grains without the presence of a preferential orientation. Twin lines, straight lines and globular elements along the
main grains are also visible. The Figure illustrates also the SEM-FEI-EDS analyses of the alloy phases (B and C): Sn and Cu were observed in the big grains
with and without strain lines (point 2 and 3 in the picture). The presence of Pb was identified in the globular shapes: in conjunction with Sn (in the
darkest areas, point 5 in the figure) and without impurities (in the brightest areas, point 4 in the picture). The presence of almost spherical intergranular
grains composed of Cu, Sn, Pb and with impurities of S was also detected (point 1 in the picture).

Fig. 4 (A and B) shows the Coin 2 bulk (OM-Leica and FESEM-Supra): this coin presents a fine grain structure characterised by the presence of quite
polygonal grains and a probable oriented segregation, flattened out along the coin length; several twins and straight lines are visible.

Table 2EDS bulk determination for Coin 1 and Coin 2.

wt. % Cu Pb Sn Ag Zn Fe Ni
Coin 1 90.20 4.72 4.10 / 0.64 0.17 0.17
Coin 2 81.95 11.00 4.10 2.95 / / /

C Composition (wt. %)
Point CuK Sn L Pb L SK
1 66.43 19.86 13.71 19.86
2 94.18 5.82 / f/
3 94.27 5.73 / /
4 3.76 / 96.24 /
5 13.76 1.45 84.79 /f

Fig. 3. Coin 1: microstructure of coin’s bulk after etching in aqueous FeCls solution. OM-Leica image (A); SEM-FEI backscattered electron image (B); indication of the EDS
punctual analyses with corresponding EDS composition (C).



Composition (wt. %)
Pomt Cu K SnL PbM AgL
6.65 / 8385 9.5
94.59 5.4l / /
4.72 /1741 77.87
864 03 9105 /
9338 6.43 0.19 /

L I Y S

Fig. 4. Coin 2: microstructure of coin’s bulk after etching in aqueous FeCl; solution. OM-Leica image (A); FESEM-Supra-secondary electron image and correspondent
maps of the Pb and Ag elements (B); indication of the EDS punctual analyses with corresponding EDS composition (C).

The Figure illustrate also the FESEM-Supra-EDS analyses of the alloy phases (B and C). The big grains with and without strain lines are mainly composed
of Cu with the presence of Sn (point 2 and 5 in the picture). The segregation, flattened out along the coin length, are mainly composed of Pb and Cu
with the presence Sn or some impurities of Ag (point 1 and 4 in the picture). The very bright irregular shapes of the picture (point 3), localised at
the interior of the Pb segregations, are characterised by the strong presence of Ag in conjunction with Pb and Cu: EDS maps of Pb and Ag show
their positions. Since the silver is associated to the lead, probably the silver was part of the ore of lead (argentiferous galenas).

Concerning the corrosion products, OM observations, performed on the cross-sections of the non-cleaned areas, revealed a different situation
for the two coins. Fig. 5 compares the high-resolution images of the coinsin association with their typical internal structure found.

bulk 200 pm
—

Fig. 5. High-resolution coin photographs and OM cross-section images of the corrosion product structures: (A) Coin 1 and related bright-field OM-Olympus



observation; (B) Coin 2 and related bright-field OM-Olympus observation; (C) particular of Coin 2: OM-Leica metallographic image on the etched cross-section.

On Coin 1 (A), the corrosion products formed a regular outer compact layer, up to 105 ume-in thickness over the original surface while on Coin 2
(B), it was possible to highlight the presence of an outer compact corrosion products layer, up to 200 um-in thickness, and a partially corroded
inner layer, up to 800 pm-in thickness. This intergranular corrosion behaviour towards the bulk of Coin 2 was also supported by metallographic data,
visible in the figure (C).

50 pm
—_—

50 pm non-cleaned
—

Outer layer thickness Outer layer thickness
A average, s l/L’\‘ B average, st de\'
(um) S (um) S
non-cleaned 84 18 non-cleaned 96 34
Test 1 61 36 Test 1 81 22
Test 2 40 14 Test 2 55 31

Fig. 6. DF-OM-Olympus cross-section images of the typical corrosion product structures: (A) Coin 1; (B) Coin 2 and corresponding tables layer thickness.

From these data, it is possible to conclude that the two bronze coins both present a typical structure of recrystallised grains with the presence of
mechanical deformation, probably due to mechanical working during the minting process [32]. They have a different alloy composition and
underwent to a different corrosion process.

3.2. Corrosion products layer thickness: laser-cleaning reductions

Fig. 6 shows, for each coins, cross-sections comparison in DF-OMOIlympus of the non-cleaned and laser-cleaned areas (Test 1 and Test 2). As it is
possible to see in the Tables, Test 2 affected more the outer corrosion products layers, detectable in an average thickness reduction up

to =44 um for Coin 1 and = 41 um for Coin 2 while for Test 1, the average thickness reduction was up to = 23 um for Coin 1 and = 15 um for Coin 2.

Despite the thickness reduction, the picture highlights that the structure of the corrosion products is not substantially changed. On Coin 1, the laser

interacted only with the surface of the outer compact corrosion products layer, probably affecting less the corrosion products presentin the cradles-
cavities. This is evident on the typical structure observed on Test 2 area: a thinner DF yellowish/greenish layer, instead of a uniform DF green layer, is
overlapped to a DF orange layer interconnected with the metal alloy. The cradles-cavities, when present, are still green/turquoise green in DF with a
thinner yellowish/reddish layer in contact with the metal.

On Coin 2, a more stratified and complex structure is present: a DF turquoise green colouration above a thinner DF red-brown-in colour layer
and spot-areas of only red-brown colouration are identified. Yellowish-in colour areas or very thin layers are recognised between the green and the
red-brown layers. Despite this, a similar laser effect is detectable respect to Coin 1: a reduction of the DF green layer is observable also in the cradle-
cavities treated with Test 2; on this coin, a yellowish/reddish thick layer is always present.

3.3. Coin 1 archaeological corrosion products characterisation: lasercleaning effects

XRD analyses on the non-cleaned surfaces of Coin 1 (Fig. 7) identified the presence of the main elements alloy (Cu, ICSD code: 98-0053757; Cus.ga-
Sno.12, ICSD code: 98-062-9282) and several corrosion products as cuprite, cassiterite and lead oxide (Cu.0, ICSD code: 98-0063281; Sn0O,, ICSD code: 98-
009-0609; PbO,, ICSD code: 98-007-7648).

Concerning the chemical-physical characterisations, pRaman-red laser and FESEM-Supra-EDS analyses were performed on both the non cleaned
and the laser-cleaned Test 2 cross-sections, the test that affected more the corrosion products.



Fig. 8 summarises and compares the typical compositional data acquired on Coin 1: BF and DF-OM-Olympus images and corresponding plRaman-red
laser and FESEM-Supra-EDS analyses.

As shown in the image, the outer compact layer of corrosion products (dark grey in BF) appeared quite uniform with agglomeration of one or more
mineralogical phases with inside speared globular spots (light grey in BF). In DF modalities, the compact layer appears green (associable to Cu(ll)
compounds, A in the pictures) while the most part of the globular spots appear black (points D and E in the pictures). Few globular spots acquired a
red/brown colouration (associable to Cu(l) compounds, point D in the pictures) while some crystals (point Bin the pictures) and some areas especially
in contact with the metal (C in the pictures) appear yellow/orange in DF.

WURaman and EDS analyses confirmed those compositional hypotheses identifying the probable presence of azurite (Cuz(COs)2(OH)2) and the
possible presence of malachite (Cuz(COs)(OH).) in the upper part of the outer layer (spectrum A, pie chart A) and the presence of cuprite (Cu20)
[6,40,43] in the areas more in contact with the metal (spectrum and pie chart C). The azurite compounds was identified considering a shift of
the spectra respect to the data reported in literature [41,44,45]. This shift can be explained with geometrical matters: the fluorescence
component was delayed and this can create a shift; moreover a mix of azurite and possible malachite can explain this shift and also their
possible presence in a nano/micro-crystalline form. In addition to this, by the fact that these identifications are performed on ancient
compounds, azurite and malachite are very close in structure, azurite is lower stable than malachite and it can be converted in malachite [46],
the presence of this other carbonates has not to be excluded.

Regarding the globular spots, not all of them were possible to be analysed by pRaman due to microscope resolution. Only in some spots/
crystals, the presence of a mix of cuprite (Cuz0) [6,40,43] and cerussite (PbCOs) [41] was identified in the yellow/orange B globular spot/
crystal (spectrum and pie chart B). Throughout FESEM images and EDS analyses it was possible to detects globular spots of a mix of copper and
other soil elements (S and Fe in that case) compounds (D pie chart) and globular spots of cerussite, due to the high amount of lead (E pie chart).
Additionally, EDS analyses highlighted, respect to the bulk composition, a common higher amount of Pb (= from 4 wt% to 7 wt%) and especially
of Sn (= from 5 wt% to 17 wt%). Moreover, the higher presence of tin suggested the identification of the yellow/orange DF colouration as the
presence of a mix of copper and nanometric tin oxides instead of cuprous chlorides [10,36]. In addition to this, the presence of a Raman band
around 625 cm™ and the XRD detection of cassiterite (SnO;) reinforced the interpretation of the presence of Sn(IV) in ananometric size
mixed with cuprous oxide.

L 4 copper (Cu) .
m cuprite (Cu,0)

~ 1 % copper tin (3.84/0.12)
g O cassiterite (SnO,)
: B * lead (IV) oxide (PbO,)
Z
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Fig. 7. XRD patterns collected on non-treated surfaces of Coin 1.
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and FESEM-Supra-EDS data acquired on non-cleaned and laser-cleaned Test 2 cross-sections (blue lines: non-cleaned cross-sections; red lines: laser-cleaned crosssection;
pink dashed line: it highlights a specific area; S.E., Soil Elements; amounts expressed in wt.%).

On the laser-cleaned sample, a different behaviour of the lasermaterials interactions was detected between the typical corrosion structure and
the few cradle-cavities present. Under ablation conditions, the typical corrosion structure (A in the picture) disappeared leaving the place to a thinner
DF yellowish/greenish layer (F area, spectrum and pie chart). This layer is characterised by the presence of cuprite associated to an increase of Cu (= from
23 wt% in A to up to 35 wt% in F) and a reduction of Pb (= from 7 wt% in A to 4 wt% in F) and Sn (= from 17 wt% in A to 7 wt% in F) respect to the non-cleaned
green layer. Under this layer is always present a DF orange layer (G area and pie chart) interconnected with the metal alloy and characterised by the
presence of O, Cu, Sn and Pb in different percentage. Particulars of the F and G layer are illustrated in Fig. 9: the layer G is more structured in crystals
with always a significant presence of Sn (= 30 wt%) and variable presence of Pb (= 36 wt%, point 4 in the picture) or Zn (= 32 wt%, point 3 in the picture) in
association to other soil elements as iron and/or silicon. On the contrary, the layer Fis less structured and present higher amounts of O and Cu (points
1and2in the picture).

Regarding the few cradle-cavities (Fig. 8), the corrosion structure appeared less affected by the laser: in BF they were completely dark grey with
speared light-grey globular spots and a thin light-grey layer at the bottom of the cradle-cavity, in contact with the metal. In DF, the darkgrey area
acquired a green (a area and pie chart) and a turquoisegreen (al area and pie chart) colour, characterised by a similar amount in O and Cu
but a higher amount of soil element, in the upper green area, and a higher amount of Sn and Pb, in the inner turquoisegreen area. At the interfaces
between these two areas, another structure was highlighted (s area): a detail is shown in Fig. 9; silver is the main element of this inlet structure (5
point and pie chart).

Moreover, the thin DF yellowish/reddish layer at the bottom of the cradle-cavity is mainly composed of Cu, O, Sn and Pb (b area and pie chart)
denoting a considerable reduction of soil elements and the presence of Cu(l) compounds. Finally, the DF black globular spots (d area) are
characterised by the presence of a matrix with a high amount of Cu and S and by the presence of small dots of Cu, Sand Zn, asitis visible in the details



of Fig. 9-d (respectively, 6 and 7 pie charts).

Test 2 — particulars
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Fig. 9. Coin 1: particulars (from Fig. 8) of the effect of the laser ablation Test 2 condition on the typical corrosion structure and on a cradle-cavity structure. FESEM-
Supraimages and respective EDS data (pink dashed line: it highlights the specific area of Fig. 8; S.E., Soil Elements; amounts expressed in wt.%).

In light of these findings, Coin 1 presented a thick outer corrosion product layer composed of copper (II) compounds as azurite/malachite and
other soil elements and an inner layer, where cuprous oxides were mixed with lead (cerussite) and tin (cassiterite) and the presence of soil elements
is less significant. Moreover, a general high enrichment in tin and low enrichment in lead was highlighted in the outer layer. This is explained as a
decuprification process with an enrichment of tin in the layer. However, the pRaman identification of tin compounds is difficult probably due to their
amorphous structures and/or their presence in a nanometric size [6,10,36]. In addition to this, the azurite/malachite presence, in the upper part of
the outer layer, is explained as a migration of Cu ions through the porous tin oxides layer that leads to the formation of Cu(ll) compounds in contact
with oxygen and soil [4,6]. Thus, the presence of azurite/malachite confirms the provenance of the coin from an extensive burial in soil period: the
azurite is a rare corrosion product, mainly found on objects buried in soils in presence of elevated hydrogen carbonate activity [6,46]. Regarding the
globules of the compact corrosion layer those present different DF colours and EDS compositions, they can be identified as originally lead globules
(see SEM-EDS bulk characterisation) that corroded, forming as in that case, cerussite, and subsequently were replaced by cuprite [47].

On this basis, it is possible to confirm that Coin 1 is an original Cu-Sn coin buried in soil for a long time and presents a Type-1 corrosion structure,
as defined by Robbiola and colleagues [3,4].

On this corrosion situation, the laser ablation carried out at an irradiance of 1290.94 W/cm? was able to reduce, in a more efficient way, the
thickness of the upper corroded layer decreasing the amount of tin, lead and oxides compounds and increasing the amount of copper and soil
elements in different percentage. The laser cleaning evidenced also the presence of an inner layer characterised by tin and lead enrichments: this
can be explained with the presence of an external porous layer characterised by agglomeration of one or more mineralogical phases (nano/ micro-
crystalline), partially transparent to the laser wavelength, that led the laser penetrate to the inner layer. The high increase of the zinc element in



this area can come from the black globules those interacted with the laser and after the treatment disappeared. Instead, when the laser ablated a
cradle-cavity, it reduced the upper part of the corroded layer, detectable from a reduction of tin, lead and oxides compounds in conjunction with
anincrease of copper and soil elements, but, due to the depth of the cradle, it did not reach the bottom.

3.4. Coin 2 archaeological corrosion products characterisation: lasercleaning effects

On Coin 2, XRD analyses (Fig. 10) on the non-treated surfaces identified the presence of copper, the main alloy (Cu, ICSD code: 98-0053757) and the
presence of several corrosion products (cuprite, Cu20, ICSD code: 98-003-8233; cassiterite, SnO2, ICSD code: 98-003-9177; minio, Pb30a, ICSD code:
98-002-9094). Some of the XRD patterns found can be associated to probable interactions with the soil elements (cotunnite, PbCl, ICSD code: 98-020-
2130; chlorine, Clz, ICSD code: 98001-8154; cerussite, PbCOs, ICSD code: 98-024-7490).

Fig. 11 summarises and compares the typical compositional data acquired on Coin 2, on both non-cleaned and laser-cleaned Test 2 crosssections:
DF-OM-Olympus images and corresponding piRaman-green laser and FESEM-Supra-EDS analyses. The Test 2 images show the cases of both a typical corrosion
structure and a sporadic presence of a cradle-cavity.

The turquoise-green and the green DF areas were associated to the presence of both hydroxycholoride polymorphs and carbonates compounds.
URaman peaks (points a and D, in the pictures) highlighted the presence of malachite [6,40] while the peaks (point A, in the pictures) were identified as
a polymorph of atacamite, probably clinoatacamite as reported in [39,41,42] and/or anatacamite (peaks at 970, 933, 896, 512,

361, 158 and 121 cm?) as reported in [42]. EDS analyses (pie charts A, aand D) detected a general high content of O in the range of about 20 wt% to 30 wt%;
in the point of the hydroxycholoride polymorphs identification (A), a higher presence of Cl (= 17 wt%) was confirmed respect to points Dand a.

The DF brown-in colour areas (points B and b, in the pictures) resulted mainly composed of cuprite [6,40,43] associated with a consistent
reduction of Cl (= from 7 wt% to 2 wt%) and an increase of Cu (= from 43 wt% to 68 wt%) between the non-cleaned and the lasercleaned areas, as
shown by the EDS pie charts (B and b). The DF red area (point B1 in the pictures), always identified as cuprite [6,40,43], presented an EDS
composition characterised by the absence of Ag and Sn (B1 pie chart).

The DF yellow-orange-in colour areas (points C and c, in the pictures), are composed of several lead, copper and tin compounds. puRaman peaks
identified the presence of cuprite and the EDS analyses (pie charts C and c) suggested the presence of copper and tix oxides: DF-OM observations,
HURaman and EDS analyses, in accordance to [10,36], suggested the presence of a mix of copper and nanometric tin
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m cuprite (Cu,0) O cassiterite (SnO,)
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Fig. 10. XRD patterns collected on non-treated surfaces of Coin 2.
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Fig. 11. Coin 2: chemical-physical characterisations comparison. DF-OM-Olympus and FESEM-Supra-secondary electron images and pRaman-green laser and FESEM-
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red lines and lower letters: laser-cleaned cross-section; pink arrows and letters highlight specific particulars points; S.E., Soil Elements; amounts expressed in wt.%).

oxides. XRD detection of cassiterite (SnO) reinforced this interpretation. Moreover, on the non-cleaned areas (C), the pRaman peak at

1053 cm™ and the high EDS content percentage of O and Pb (respectively, = 15 wt% and = 47 wt%, pie chart C) evidenced the presence of cerussite
(PbCO3s) [41] mixed with the other components of the yellow-orange area. A so higher amount of of Pb (=47 wt%) and Cl (= 16 wt%) respect to the EDS
amounts on the brown areas (respectively, =24 wt% and = 7 wt%, B pie chart) can be explained by another pRaman spectrum acquired in the same
yellow-orange area (C), that

highlighted the possible presence of cotunnite (PbCl) [41,48] and/or nantokite (CuCl; identified from laboratory database). A similar spectrum was
acquired on the laser-cleaned area c1 too; also in that case, the EDS analysis (c1 pie chart) differs, from the non-cleaned area, only

for the absence of the soil elements. For both spectra, their shape and peak positions (114, 134, (155) and 393 cm™) seem to be close to
nantokite and/or cotunnite compounds. So, it is possible to hypothesis the presence of metallic salts, difficult to identify further: these salts are
generally not very well crystallised and so they are difficult to be detected by XRD. Although this, the presence of the cotunnite (possibly in a
nano/micro-crystalline form) could be attested, for the EDS data acquired in the same area (the percentage ratio in weight of Pb and Cl) and the
XRD pattern. Moreover, with the EDS composition found in these areas (C and c1), it is possible to guess the presence of a compound with Cu, Pb,
Sn and Cl. Therefore, important amounts of lead, copper and chlorine were presented in an area at the interfaces between the B and b corrosion
areas and the inner corrosion layer (respectively, up to =49 wt%, up to = 18 wt% and up to = 15 wt%, point c1). Moreover, the presence of a
crack is visible at the interfaces between the inner corrosion layer and the upper layers.

EDS analyses always detected the presence of Cl and Pb, even if in several points of analysis with a variable amount, while the presence of Sn
and, even more, the presence of Ag were concentrated in the point of analysis in the lower part of the outer corrosion products layer/intermediate
layer. This is more visible on the compositional maps, acquired by FESEM-Merlin-EDS, of both non-cleaned and laser-cleaned cross-sections, shown in Fig.
12. The maps suggested the presence of a demarcation line enriched in silver, chlorine, tin and lead at the intermediate corrosion products layer,
near the interface with the inner corrosion products layers. The inner corroded layer is mainly composed of lead and chlorine strictly interconnected
with the metal matrix of copper.



Particulars of the outer corrosion products layer cross-sections of Coin 2, in the area of the demarcation line, are illustrated in Fig. 13-A (D area —
non-cleaned sample) and Fig. 13-B (a/c areas — laser-cleaned samples). In those areas, EDS analyses identified a higher segregation/

migration of silver (up to 62 wt%, points s in the pictures) on both samples and areas of lead agglomeration (up to = 68 wt%, point /in the picture).
Moreover, a high dispersion of tin (up to =27 wt%, point t in the picture) was found in the a area (Fig. 13-C).

From these analyses, Coin 2 presented a thick multi-stratified corrosion product structure composed of three layers. The outer layer is
composed of copper (Il) compounds as hydroxycarbonates and hydroxychlorides (i.e. malachite and clinoatacamite) and other soil elements. The
intermediate layer is mainly constituted by cuprous oxides, tin and lead compounds and, in the lower part, by a considerable amount of chlorine
compounds. The inner corrosion products layer is mainly composed of stratified chlorine. So, Coin 2 is an original bronze coin buried in soil for a
long time. Probably it was buried in an aggressive soil: it is an example of Type-2 corrosion structure [3,4] where the presence of cuprous chloride
(CuCl) compounds, and in general high amount of Cl, favour a complete solubilisation of lead and tin from the alloy bringing to a progress of the Cl
ions towards the bulk metal progressively destroying it, under particular environmental conditions [4,6]. This type of corrosion is called “bronze
disease”: the original alloy surface recedes, possibly until complete dissolution [11].

Also on this type of corrosion, the laser-cleaning procedure, carried out at an irradiance of 1290.94 W/cm?, was more efficient in the thickness
reduction of the upper corroded layer, decreased the amount of soil elements, exposed an intermediate Cu(l) layer decreased in chlorine content
and increased in the amount of copper. Indeed, the outer turquoise-green/green DF layer of Cu(ll) compounds were almost totally ablated, leaving
the underlying intermediate layer of Cu(l) compounds. In the case of pits, the laser partially ablates the upper part of the outer corrosion layers
without reaching the bottom part of the cradle-cavity.

3.5. Laser-cleaning effects considerations

In this study, the use of a scanning laser system was of extreme importance in order to perform laser-ablation treatments on a repeatable way
on two different types of bronzes’ corrosion products. The two archaeological bronze coins buried in soil for a long time were cleaned
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Fig. 12. FESEM-Merlin-EDS maps of non-cleaned and laser-cleaned Test 2 cross-sections of Coin 2.
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with the same laser conditions in order to investigate the laser effects on different real corrosion products. Indeed, systematic analyses showed that
a coin presented more stable corrosion products, probably due to a burial soil less aggressive, that led the formation of complex stratified corrosion
structure in two layers (Type-1 structure), while the other coin, probably buried in an aggressive soil for a long time, showed the presence of reactive
corrosion products. Moreover, this last coin resulted affected by the so-called bronze disease and presented a stratified corrosion structure of the second
type, characterised by a three-layer structure.

On both coins, the less intense laser condition (Test 1), optimised in previous works [27,31] for artificially corroded samples, revealed a low



efficient ablation rate while three-times energy laser conditions (Test 2) resulted to be optimal on this kind of thick and dense stratified corrosion
products.

The systematic chemical-physical study performed on the lasercleaned cross-sections compared with the data of the non-cleaned ones, showed
that Test 2 was able to completely remove the outer corrosion products layer encountered on the typical structure of both coins. In this case, cuprous
oxide layer were present on the ablated surfaces. In the case of the ablation on cradle-cavities, on both coins, the laser was able to reduce the outer
layer thickness but it was not able to reach the bottom of the pit and so the Cu(l) layers.

Since the laser is able to remove the unwanted products layer-by-layer, and thanks to the CAD-like software that enables complex surface
treatments, more than one passes can be hypothesised for only this kind of areas. The original corrosion products seem not to be altered in
composition by the laser effects: the creation of new compounds during the ablation process was not detected.

To conclude, the laser-cleaning procedure, if properly performed and operating layer-by-layer, can be considered a safe and low-invasive cleaning
procedure for archaeological Cu-Sn alloys, both presenting reactive and non-reactive corrosion products.

Advantages and disadvantages of the ablation procedure on reactive and non-reactive corrosion products should be carefully considered case by
case with the restorers and the conservators, considering the final goal of each treatments on the specific artefacts. Each operation on a Cultural
Heritage modify the established equilibrium of the artefacts with the environments: the effect of the exposure of reactive corroded layers to the air
should be considered in conjunction with preservation procedures.

4. Conclusion

This study confirms the need of validating on real artefacts the scientific procedures performed on artificially-corroded samples. Moreover, a
systematic and multi-technique compositional approach is useful in the determination of complex corrosion stratified structures where an
unambiguous identification is not always possible: DF colour interpretation together with elementary, molecular and structural results are
complementary techniques.

Laser-cleaning treatments were carried out on two archaeological bronze coins buried in soil for a long time, one characterised by stable
corrosion products, presenting a Type-1 corrosion structure, and the other one characterised by reactive and dangerous corrosion products,
presenting a Type-2 corrosion structure. Laser-cleaned and non-cleaned samples were both systematically characterised.

Being the archaeological corrosion layers thicker and denser than the artificially corroded ones, a three-times higher influence and irradiance values
condition (Test 2) was more efficient in the removal of the unwanted corrosion layers on these real artefacts. Moreover, the laser-ablation does not seem to
affect the composition of the ablated layers and, if the laser parameters are correctly set, the ablation process leave a Cu(l) layer.

In addition to this, scanning laser systems are undoubtedly a powerful tool for performing rapid, precise and complex surface treatments in a
repeatable way. In the case of cradle-cavities, thanks to this scanning system, it is possible to hypothesis to perform more than one laser passes
(cycles) only on the interested area in order to reach an optimal ablation result.

In conclusion, by setting the right processing parameters, low-invasive and surface laser-cleaning procedures are possible on complex stratified
corrosion layers, like those stable and dangerous encountered on archaeological Cu-Sn alloys buried in soil for centuries.
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