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Abstract

This work presents and discusses a study of the oxidized patina on copper-based coins.
Patina layers were characterized after thermal treatments on various coins and calibration
samples using X-ray fluorescence (XRF) spectroscopy, which was employed to measure
oxide layer thicknesses. Laser ablation of copper-based samples was carried out with an
ns pulsed Nd:YAG laser operating at 1064 nm. The ablation yield was measured based
on selected laser parameters and is analyzed in relation to controlled cleaning of different
types of copper surfaces, either to remove superficial oxides from artistic or manufactured
objects or to remove patina from old coins. As a micro-invasive technique, laser ablation
may provide a methodological approach for patina thickness assessment and, in carefully
controlled and case-specific situations, for selective surface treatment.

Keywords: ablation yield; copper coins; laser cleaning; patina; thin films; XRF analysis

1. Introduction
The oxidation of coins represents a concrete and easily observable example of the

chemical reactions occurring between a metal and its surroundings. Copper, silver, bronze,
steel, and other coins, in fact, are relatively reactive and, when exposed to air, tend to
transform slowly through a series of surface reactions with oxygen, humidity, and other
substances present in the atmosphere [1]. The oxidation of metal coins is a natural chemical
phenomenon that occurs when metals react with their surroundings. This process falls
within redox reactions, in which the metal loses electrons (oxidation) while other chemical
species gain them (reduction) [2].

Coins are generally made from metal alloys such as copper, silver, nickel, zinc, steel,
or aluminum-based alloys, chosen for their strength, durability, and low cost. However, no
metal is completely immune to the effects of ageing: when exposed to the environment,
the surface of coins undergoes chemical changes that lead to the formation of oxides,
hydroxides, or other compounds. These reactions cause visible changes, such as blackening,
stains, or coloured coatings. For copper-based coins, the most important reactions that can
lead to the colour of their surface ageing patina are the following [3]. When copper reacts
with oxygen, cuprous oxide (Cu2O), red in colour, is formed:

4 Cu + O2 → 2 Cu2O (1)
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With further oxidation (more oxygen or higher temperatures), cupric oxide (CuO),
which is black and responsible for blackening, is formed:

2 Cu + O2 → 2 CuO (2)

A typical green-blue colour may derive from several corrosion products, especially
basic copper carbonates, such as:

2 Cu + H2O + CO2 + O2 → Cu (OH)2 · CuCO3 (3)

However, depending on the environment, basic copper carbonates, sulfates, or chlo-
rides may all contribute. Under alkaline conditions, Cu(II)-bearing compounds may also
form, for example:

Cu2++ 2 OH− → Cu(OH)2 (4)

In transition-metal compounds, colour differences are related to differences in elec-
tronic structure, including d-orbital splitting and ligand environment, which influence the
energies of electronic transitions [4]. Accordingly, the colour of copper corrosion products
is related to their chemical composition, oxidation state, crystal structure, and local coordi-
nation environment. Therefore, different oxides, hydroxides, carbonates, chlorides, and
complex corrosion compounds may generate red, black, green, or blue surface hues.

The type of oxidation depends on several factors, including the composition of the
alloy, environmental conditions (humidity, temperature, pressure, presence of pollutants
or salinity), and exposure time. For example, copper tends to develop green corrosion
products under some conditions, while other metals may form different coloured oxides
or corrosion layers. In some cases, these transformations represent material deterioration;
however, in others, the surface patina can act as a protective barrier that slows down further
reactions [5].

It is important to distinguish between corrosion products that may form relatively sta-
ble and protective patinas (“type I”, often referred to as noble patinas) and those associated
with active and deleterious corrosion processes (“type II”, or vile patinas). In the case of
copper-based alloys, this distinction is well established in the literature and is critical for
interpreting both patina formation and laser-cleaning effects [6,7].

For instance, compact and adherent layers such as cuprite (Cu2O) and, under certain
conditions, stable basic copper carbonates (malachite/azurite) may contribute to a protec-
tive behaviour. In contrast, porous or reactive phases, particularly copper chlorides (e.g.,
nantokite, atacamites, etc.) or sulfates, are typically associated with ongoing corrosion
phenomena.

The literature reports that, immediately after exposure to air, copper oxidizes to first
form a thin layer of cuprous oxide (Cu2O). Over time, a second layer of cupric oxide
(CuO) grows on the surface. The entire process almost stops spontaneously after a few
nanometers, suggesting a natural passivation behaviour due to the reduced diffusion of
oxygen through the formed oxides [8].

Temperature plays a fundamental role in copper oxidation because it influences both
the reaction rate and the type of oxides that are formed. As temperature increases, atoms
and molecules gain kinetic energy, and the frequency of effective collisions between copper
and oxygen increases; consequently, oxidation proceeds more quickly, in accordance with
the Arrhenius equation, which shows that even small temperature increases can greatly
accelerate the reaction [9]. In addition, the temperature influences which copper oxide
is formed. At lower temperatures, mainly cuprous oxide (Cu2O), with a reddish-brown

https://doi.org/10.3390/heritage9060221

https://doi.org/10.3390/heritage9060221


Heritage 2026, 9, 221 3 of 17

colour, is formed, whereas higher temperatures favour the formation of cupric oxide (CuO),
with its typical black colour [10].

The oxidation of copper at high temperatures is governed by two diffusion processes:
outward diffusion of copper and inward diffusion of oxygen. The higher the temperature,
the higher the diffusivity, and therefore the faster the growth of the oxide layer. At low
temperatures, the oxide layer is thin and can be protective (passivating), whereas at high
temperatures, the layer grows more rapidly but can become porous, thereby facilitating
further oxidation.

The above-described reactions, from Equation (1) to Equation (4), are strongly linked
to the nature, colour, and stratigraphy of the patina layers, depending on the temperature
and hygrometry, which regulate the diffusion of oxygen into the metal. Such reactions
influence the patina composition, colour, and thickness as a function of time. Moreover,
copper, oxygen, and other elements involved in the alloy (Sn, Pb, . . .) may produce different
products of corrosion under laser ablation, such as carbonates, nitrates, and oxides, due to
the high temperatures involved and to the environment where the ablation occurs (vacuum,
oxygen, inert gases, liquids, and others).

The study of the oxidation of metal coins is important not only for understanding the
fundamental principles of chemistry but also for the conservation of numismatic assets
and for practical applications in the fields of materials science and restoration. Particular
attention is paid to copper coins and alloys with a high copper content, such as bronze.
In the first stage, metallic copper reacts with oxygen, giving rise to copper oxides, which
darken the surface toward brown or black [10]. Over time, and in the presence of water and
carbon dioxide, these oxides can further transform into more complex compounds, such as
basic copper carbonates. These compounds generate the typical green patina, often called
“verdigris”, which can be observed on ancient objects and artifacts exposed outdoors for a
long time [11].

Oxidation is strongly affected by marine and urban areas, and by nanoparticles from
smog or industrial fumes that are rich in reactive species, which promote faster and more
intense patina development.

From a practical and historical perspective, however, patina, which can be considered
both a sign of degradation and a form of natural protection, is also a document rich in
information since the surface layer can contain information and stratifications that, once
analyzed, provide evidence of the environments and conditions in which metal coins
were preserved.

The study of the oxidation of copper coins, therefore, not only allows us to better
understand the fundamental principles of chemistry but also offers interesting insights
for the conservation of metallic materials and for artistic and decorative applications [12].
Patina cleaning, polishing, removal, restoration, and analysis can be carried out using
chemical and/or physical techniques [13]. In this paper, we present cleaning and analysis
procedures based on physical processes that use laser irradiations of suitable power to
remove small amounts of surface material.

X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), Time-
of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS), proton-induced X-ray emission
(PIXE), ion- and electron-beam techniques, and chemical methods can provide valuable
information on the composition and elemental depth profiles of surface layers in many
copper-based materials. Some of these techniques may also provide depth-dependent
information under suitable experimental conditions. In particular, XPS and AES are highly
surface-sensitive techniques, and depth profiling generally requires ion sputtering, which
may alter the oxidation state or chemical composition and requires calibration to correlate
sputtering time with depth. TOF-SIMS is widely regarded as one of the most powerful
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methods for surface and depth profiling because of its high sensitivity and depth resolu-
tion [14]. PIXE may also provide depth-dependent information under specific experimental
configurations, for example, by changing the proton energy, although it should not be
considered a routine depth-profiling technique in all applications.

The concentrations of oxygen and other elements in Cu surface layers, together with
their composition and thickness, can be measured by different physical techniques. For
instance, the literature reports measurements performed with the LAMQS technique,
which employs laser ablation coupled with mass spectrometry. This technique permits
measurement of the patina thickness of silver and bronze coins, their composition, the
oxygen depth profile, and the lead isotope ratio [15].

Although in conservation practice, so-called “noble” patinas are generally not re-
moved, as they not only serve a protective function but also constitute an integral part
of the historical and material value of the object, the study of patinas, their composition,
uniformity, and development, represents a highly relevant aspect of conservation science
and the cultural heritage sector. Conservation strategies typically aim to stabilize such pati-
nas rather than remove them [7]. Within this framework, the analyses and procedures for
removing patinas from coins and other artifacts warrant study, both to better understand
their chemical and physical characteristics and to adapt them when they may be useful
and appropriate, for example, in cases where removal can be used to eliminate unstable or
harmful corrosion products, avoiding cases where the patinas should be preserved. Further-
more, the proposed methodology should also be considered for the usefulness of selectively
removing aged or degraded protective coatings, preserving stable historical patinas.

In this regard, while the above-mentioned analytical techniques remain the most
sensitive and reliable, IR pulsed laser beams were employed here, through three different
approaches under vacuum, to introduce alternative approaches that may also be useful
and, in some cases, simpler, cheaper, and faster.

The first uses a surface profiler to analyze the interface between the laser-ablated
zone and the non-ablated patina. The second combines the laser ablation process with
X-ray fluorescence spectroscopy (XRF) to measure the X-ray attenuation in the patina
layer and to evaluate its thickness using the absorption coefficient of oxidized copper
layers. The third uses laser ablation coupled with mass quadrupole spectrometry to plot
the depth profiles of oxygen and copper and evaluate the patina thickness. In all cases,
laser ablation must be used in a very controlled manner to remove only the patina layer
and not the substrate material, thus avoiding damage to the minting of oxidized coins or
valuable objects and maintaining the lowest possible invasiveness, which would make
the technique repeatable and reliable, as reported in the literature [16–18]. The IR laser
during cleaning may induce thermal effects that can produce local thermal modifications at
the patina–substrate interfaces with slight changes in composition, hardening, colour, and
morphology. This represents a possible drawback of the technique and therefore must be
carefully controlled from this point of view, especially using electron microscopy and the
associated X-ray microprobe [19].

2. Materials and Methods
Patina on coin surfaces was investigated in three different groups of bronze coins. This

choice was made based on three selected groups of copper-based coins showing different
patina conditions, from recently formed surface patinas to thick and irregular archeological
patinas. Furthermore, the study aimed to investigate natural and/or artificial patinas by
analyzing their composition, thickness, and uniformity, and, where possible, to relate these
features to the relative age of the patina.
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The first group consisted of current 5 euro cent coins, which have a steel core with
copper plating (hence the reddish colour): the percentage of steel is 94.64% while that of
copper is 5.36%. The electrodeposited copper cladding layer is very thin, typically about
5–10 µm [20,21]. Figure 1 shows a set of 5 euro cent coins, with natural patina, found
regularly in circulation, with progressively increasing oxidation patina from (a) to (b), (c),
and (d). The last green patina is due to both oxidation and chlorination processes, not
induced artificially.

Figure 1. Set of 5 euro cent coins with progressively increasing natural oxidation patina from (a–d).

The second group consists of a set of 20 Italian lire coins (so-called “oak coins”) minted
between 1957 and 1990, with a simple alloy composition known as Bronzital: copper ~92%,
aluminum ~6%, and nickel ~2% [22]. This alloy is relatively inexpensive, resistant to wear,
and golden in colour. Over time, the original golden-yellow colour darkens to brownish or
opaque hues due to the oxidation of the copper present in the alloy. Figure 2 reports a set
of such coins with a natural-anthropogenic oxidative patina growing over the years, from
1990 (a) to 1970 (b), 1958 (c), and 1957 (d).

Figure 2. Set of coins with a natural-anthropogenic oxidative patina increasing over the years, from
1990 (a) to 1970 (b), 1958 (c), and 1957 (d).
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The third group consisted of archeological bronze coins dating to the VI–VII Cen-
turies A.D., from excavations in Alexandria and Antinopolis in Egypt, carried out by the
Department of Ancient and Modern Civilization of Messina University (Italy), as previ-
ously analyzed for elemental composition and lead-isotope ratios [23,24]. These bronzes
have a high Cu content and a thick oxide patina. Their surfaces also contain soil-derived
compounds and secondary corrosion products resulting from long burial in the Egyptian
environment. In this case, the surface natural-archeological patina is thick, and the coins
appear dark brown, and sometimes irregular and porous, as shown in Figure 3.

Figure 3. Coins dating to the VI–VII Centuries A.D., from Alexandria and Antinopolis in Egypt, with
a thick natural-archeological patina (a–d).

The only artificial process adopted was oxidation, applied to two new 5 euro cent
coins and to pure Cu calibration samples in air, at 1 atm pressure, in a thermostated oven at
200 ◦C and 320 ◦C for different treatment times, namely 15, 30, 60, 90, and 120 min. The
5 euro cent coins were used to evaluate the oxidation behaviour of copper-plated coin
surfaces, whereas the pure Cu samples were used as calibration samples for controlled
oxide growth and for comparison with the XRF attenuation measurements. The thermally
treated pure Cu samples were also used for XRD phase identification.

A Q-switched Nd:YAG laser (TRLi850, Litron Lasers Ltd., Rugby, UK) operating at
1064 nm, with a 3 ns pulse duration, 10–1000 mJ pulse energy, and 3.14 cm2 laser beam
output area, was employed for laser ablation and laser cleaning tests. The beam was
focused or defocused to obtain spot areas ranging from 0.5 mm2 to 10 cm2, corresponding
to fluences from 1 mJ/cm2 to 200 J/cm2. At these fluences, the laser intensity ranges from
3.3 × 105 W/cm2 to 6.67 × 1010 W/cm2, respectively. Focused irradiation was employed
on pure Cu and Cu2O reference targets to determine the ablation yield as a function of
laser fluence, and on selected patinated coins to produce micro-ablated craters for patina-
thickness measurements. Defocused irradiation was used for cleaning tests on larger areas
of 5 euro cent coins. For larger coin surfaces, a step-motor-controlled raster scan of the coin
could be employed, while keeping the laser beam fixed.

Laser ablation was carried out both in vacuum, at a pressure of approximately
1 × 10−6 mbar, and in air at 20 ◦C, 1 atm pressure and 40% relative humidity. The crater
volume generated by focused laser ablation was measured using a surface profiler (Tencor
P-10, KLA-Tencor/KLA Corporation, Milpitas, CA, USA), swept across the crater diameter
to determine crater shape and depth. The same profiler, with a depth resolution of 1 nm,

https://doi.org/10.3390/heritage9060221

https://doi.org/10.3390/heritage9060221


Heritage 2026, 9, 221 7 of 17

was also used to estimate the thickness of selected coin patinas from the height difference
between the ablated and non-ablated regions. Profilometric measurements were applied
to selected naturally patinated coins, including 20 Italian lire coins and archeological
bronze coins.

A quadrupole mass spectrometer (Prisma QMS 200, Pfeiffer Vacuum GmbH, Asslar,
Germany), with a mass resolution lower than 1 amu, a secondary-electron multiplier (SEM)
sensitivity of approximately 0.1 pA, and a detection mass range from 1 to 300 amu, was
coupled to laser ablation in vacuum. This configuration was used to monitor Cu and O
signals during progressive ablation and to obtain depth-dependent information on thin
patina layers. These LAMQS measurements were applied to selected 5 euro cent coins with
thin surface oxidation.

X-ray fluorescence (XRF) analysis was performed using an Ametek XRS-FP2 system
(Amptek Inc., Bedford, MA, USA) equipped with a 5–50 kV compact X-ray tube (Amptek
Inc., Bedford, MA, USA) and a PIN silicon detector (Amptek Inc., Bedford, MA, USA)
operating in the 1–20 keV photon-energy range. XRF measurements were performed both
in air and in vacuum. In general, XRF analyses on coins and pure Cu calibration samples
were carried out using a 10 kV X-ray tube voltage and an 8 mA current. The technique
was used to monitor the attenuation of the Cu kα and Cu kβ characteristic lines and to
estimate the thickness of oxide layers formed during thermal oxidation. The untreated
samples were analyzed before thermal treatment without additional surface polishing or
other preparative treatments.

A scanning electron microscope (SEM) equipped with an energy-dispersive X-ray
(EDX) system (CrossBeam 540 SEM-EDX, Carl Zeiss Microscopy Deutschland GmbH,
Oberkochen, Germany)was employed at an electron beam energy of 20 keV. SEM-EDX
analysis was used on selected samples to examine surface morphology and to obtain local
compositional information after oxidation or laser treatment.

X-ray diffraction (XRD) measurements were performed on the thermally oxidized
pure Cu calibration samples in order to identify the crystalline oxide phases formed under
controlled oxidation conditions. XRD patterns were collected using a Bruker Advance
diffractometer (D8 Advance, Bruker AXS GmbH, Karlsruhe, Germany) with monochro-
matic Cu kα radiation in Bragg-Brentano geometry. The analyses were mainly carried out
on pure Cu samples oxidized at 200 ◦C and 320 ◦C, respectively, to verify the formation of
Cu2O and CuO phases inferred from the XRF attenuation measurements.

3. Results and Discussion
The laser ablation of pure Cu and Cu2O was measured by varying the laser pulse

energy (i.e., the laser fluence, in J/cm2) and measuring the mass removed in vacuum from
the irradiated target surfaces. By changing the laser pulse energy from 50 mJ to 500 mJ
and using a 1 mm2 laser spot, the laser fluence ranges from 5 to 50 J/cm2. For these values,
the experimentally measured ablation yields for pure Cu and Cu2O reference targets are
reported in Figure 4.

The yield is slightly higher for Cu with respect to Cu2O. The experimental points
are affected by errors of about 10%. The plot shows experimentally measured ablation
yield values, whereas the threshold can be estimated from the thermal parameters of Cu
and Cu2O reported in Table 1 for the pure metal and the oxide [25,26]. The threshold is
comparable for the two materials and corresponds to about 0.15 J/cm2. The threshold value
is in agreement with the values that can be calculated by the photo-thermal model presented
in the literature, mainly based on laser heating, latent heat of evaporation, diffusion length,
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and surface reflectivity [26]. In a first approximation, such a fluence threshold can be
calculated by the relation:

Fthr =

√
λ2

e ϱ K τ

cs
(5)

where λe is the latent heat of evaporation, ϱ is the mass density, K is the thermal conductivity,
τ is the laser pulse duration, and cs is the specific heat of the irradiated material.

Figure 4. Laser ablation of Cu and Cu2O versus fluence.

Table 1. Some thermal parameters for Cu, Cu2O, and CuO targets.

Target Cu-Pure Cu2O CuO

Density (g cm−3) 8.96 6.0 6.4

Thermal conductivity (W m−1 K−1) 400 6.0 20

Specific heat (J g−1 K−1) 0.38 0.53 0.53

Latent heat of fusion (kJ mol−1) 13.1 23.0 50

Latent heat of evaporation (kJ mol−1) 300 400 -

There is no standard measurable value in the literature for the latent heat of evapora-
tion of CuO because the material decomposes before evaporating as pure CuO.

The ablation yield tends to deviate from linearity at fluences above 50 J/cm2 due
to partial laser absorption in the generated plasma. The thickness of oxidized patinas
on copper-based coins may vary widely depending on age, alloy composition, corrosion
environment, and preservation conditions [27,28]. In the present work, the terms thin,
medium, and thick are used only as an empirical descriptive scheme for the analyzed
samples. The patina is considered thin when its thickness is approximately between 0.1
and 10 µm, medium for thicknesses of about 10–50 µm, and thick for higher thicknesses,
which can reach up to a few hundred micrometres.

Assuming a Cu2O patina thickness of about 1 µm over a coin surface of 1 cm2, the mass
to be removed during the laser cleaning process amounts to about 0.6 mg. For example,
operating at a fluence of 10 J/cm2, at which the ablation yield is about 0.1 µg/pulse, the
ablation yield is minimal, control of patina cleaning is optimal, and, when operating in
single-pulse mode or at a low repetition rate, the cleaning procedure can be stopped as
soon as necessary by using the minimum number of laser pulses, without damaging the
coin surface imprint.

Under these conditions, the 1 µm -thick patina can be removed by about 6000 pulses,
at a 10 Hz repetition rate, in a total time of 600 s, or 10 min. This is possible thanks to a
focusing or defocusing lens, which generates a spot comparable to the surface of the coin to
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be cleaned. Of course, the above given value of mass removal is relative to a uniform oxide
patina. Real patinas may be heterogeneous, stratified, porous, and composed of multiple
corrosion products; this idealized estimation can have significant differences from those
expected. Any practical calibration should therefore be regarded as sample-dependent,
especially in the case of ancient and porous patinas.

3.1. Patina Layer-Ablated Substrate Interface Measurements

A laser beam ablation focused to only one or two hundred microns in diameter,
sufficient to remove the surface patina layer, could be used to perform a subsequent
surface profilometric analysis to measure the patina thickness directly from the depth of
the produced crater in vacuum.

The patina laser ablation changes in colour when removed, and the substrate surface,
if rich in copper, appears reddish in colour. In a vacuum, a CCD camera observes the colour
at the bottom of the ablated crater so that the laser pulsed ablation, using a low repetition
rate, can be immediately stopped just after the patina colour is changed.

Figure 5a shows an example of patina thickness measurement on a relatively old
bronze coin dated 1957, the 20 Italian lire, as shown in Figure 2a, where a natural patina
thickness of about 32 microns was measured. Figure 5b shows another example of an
old bronze coin, namely the archeological one shown in Figure 3a; it was subjected to a
micro-invasive laser crater (about 200 microns in diameter) and subsequently analyzed
using surface profilometry to plot the ablated region from the cleaned surface toward the
patina surface, indicating a natural patina thickness of about 130 microns. As expected, the
patina in the old bronze coin is very thick, while that in relatively recent years is less thick.

Figure 5. Surface profile of the laser-removed patina in a 20 Italian lire coin of 1957 (a) and in an old
archeological Egyptian coin (VI–VII C. A.D.) (b).

3.2. Patina Measurements Using the X-Ray Absorption Method

Using a stabilized ceramic oven in air, calibration samples of pure Cu (4 cm2 surface
area and 1 mm thickness) and 5 euro cent coins were subjected to heating at 200 ◦C and
320 ◦C for different times, thereby generating surface oxidation and producing red Cu2O
at the lower temperature and black CuO at the higher temperature.

The oxidized copper surfaces were analyzed before and after each thermal treatment
by XRF in air, mainly by monitoring the Cu-ka and -kb characteristic line intensities at
8.04 keV and 8.97 keV, respectively. These intensities depend on oxide layer thickness and
composition, and decrease with thermal treatment time because the oxide layer becomes
thicker. Naturally, the decrease differs at lower temperatures where Cu2O is involved, and
at higher temperatures where CuO is involved. Figure 6 shows XRF spectra of untreated
and thermally treated 5 euro cent coins (a) and pure Cu calibration samples (b).
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Figure 6. XRF analysis of the Cu characteristic peaks in 5 euro cent coins (a) and in the calibration
sample (b) versus treatment time at 200 ◦C.

In both cases, the Cu- ka peak intensity decreases with treatment time, indicating that
the Cu substrate becomes covered by a thicker Cu2O layer, and that the Cu X-ray intensity
decreases because of the absorption in these layers. The rate of intensity decreases for the
coin, and the sample is reported in the plots of Figure 7.

Figure 7. Cu-kα peak intensity versus treatment time at 200 ◦C for the 5 euro cent coin and the
Cu sample.

The reduction in intensity (IT/I0) due to thermal treatment at 200 ◦C for 60 min is
50% for the 5 euro cent coin and 48% for the Cu calibration sample. Starting from the
XCOM-NIST database [29], the mass absorption coefficient for the Cu2O target (density
6 g/cm3) at an incident X-ray energy of 8 keV is 46.28 cm2/g. It corresponds to a linear
absorption coefficient µ of 277.7 cm−1. From this reduction, using the absorption coefficient
from the XCOM database, it is possible to calculate the thin Cu2O thickness, ∆x, after 1 h of
heating in the two cases:

Dx(5 euro cents, 200 ◦C) = (1/µ)(ln I0/IT) = 25.09 µm (6)

Dx(Cu-sample, 200 ◦C) = (1/µ)(ln I0/IT) = 26.55 µm (7)

Thus, the Cu2O oxide thickness grows with a rate of about 25 µm per hour at 200 ◦C
in air at 1 atm. Therefore, the reduction in the Cu X-ray with respect to the uncovered Cu
surface can be used to estimate the patina thickness. Of course, the line attenuation, the ab-
sorption coefficient, and the thicknesses of the CuO layers obtained at higher temperatures
differ from the previous case reported. Above 300 ◦C, CuO can be grown on a Cu substrate.
This was done in an air oven at 320 ◦C on 5 euro cent coins and calibration Cu-samples.
Also in this case, the XRF analysis was performed on different treated samples before and
just after each treatment, as shown in Figures 8a and 8b, respectively. Again, the Cu-kα
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peak decreases with thermal treatment time for both samples because of X-ray absorption
in the CuO oxide layer.

Figure 8. XRF analysis of the Cu characteristic peaks in 5 euro cent coins (a) and in the calibration
sample (b) versus the treatment time at 320 ◦C.

The rate of intensity decreases for the coin, and the sample is reported in the plots of
Figure 9.

Figure 9. Cu-kα peak intensity versus the treatment time at 320 ◦C for the 5 euro cent coins and the
Cu sample.

The reduction in intensity (IT/I0) due to thermal treatment at 320 ◦C in 60 min is about
70% for the 5 euro cent coin and 66.7% for the Cu calibration sample. According to the
XCOM-NIST database, the mass absorption coefficient for CuO (density 6.4 g/cm3) at an
incident X-ray energy of 8 keV is 42.76 cm2/g [29]. This corresponds to a linear absorption
coefficient µ of 273.7 cm−1. From this reduction, using the absorption coefficient from the
XCOM database, it is possible to calculate the CuO thickness, ∆x, after 1 h of heating in the
two cases:

Dx(5 euro cents, 320 ◦C) = (1/µ)(ln I0/IT) = 12.86 µm (8)

Dx(Cu-sample, 320 ◦C) = (1/µ)(ln I0/IT) = 14.81 µm (9)

Thus, the CuO oxide layer grows at a rate of about 14 µm per hour at 320 ◦C in air
at 1 atm. At higher temperatures, oxygen diffusion in the copper substrate increases, pro-
moting the formation of oxides richer in oxygen than those formed at lower temperatures.
Figure 10 compares the peak intensity reduction as a function of thermal treatment at 200 ◦C
and 320 ◦C for the formation of the two oxides, Cu2O and CuO, respectively. The results
indicate that the peak intensity decreases exponentially with treatment time; when plotted
against the square root of time, it shows an approximately linear trend, consistent with
diffusion-controlled kinetics and the expected parabolic time dependence of oxide growth.

https://doi.org/10.3390/heritage9060221

https://doi.org/10.3390/heritage9060221


Heritage 2026, 9, 221 12 of 17

Figure 10. Peak intensity reduction, in a 5 euro cent coin, with treatment time at 200 ◦C and 320 ◦C
for Cu2O and CuO, respectively.

Therefore, the reduction in the Cu X-ray intensity with respect to the uncovered Cu
surface can be used to measure patina thickness. This thin-film measurement technique,
based on X-ray attenuation, is in agreement with the literature data [30]. However, because
the present approach is mainly based on the attenuation of the Cu kα line, the obtained
thickness values should be regarded as first-order, semi-quantitative estimates. A more
rigorous determination of heterogeneous or multilayer patinas would require additional
information, such as Cu kα/kβ fluorescence line ratios and/or Monte Carlo modelling of
X-ray transport in stratified corrosion layers.

The XRD analysis performed on the thermally oxidized pure Cu calibration samples
confirmed the oxide phases inferred from the XRF attenuation measurements. The diffrac-
tion pattern obtained after thermal treatment at 200 ◦C shows features consistent with the
formation of Cu2O (Figure 11a), whereas the pattern obtained after treatment at 320 ◦C is
consistent with the formation of CuO (Figure 11b). These assignments agree with literature
data on the structural characterization of Cu2O and CuO phases [31–33]. Therefore, the
XRD results support the interpretation that the XRF attenuation observed after thermal
treatment is associated with the growth of copper oxide layers of different composition,
depending on the oxidation temperature.

Figure 11. XRD spectra of thermally oxidized pure Cu calibration samples after treatment at 200 ◦C
(a) and 320 ◦C (b), with diffraction features consistent with Cu2O and CuO formation, respectively.

These results help to clarify the effects of laser cleaning on copper-oxide surfaces.
Laser cleaning removes oxide layers and impurities, but it also generates heating and, if
prolonged in air, may itself promote oxidation. Therefore, whenever possible, cleaning
should be performed in a vacuum or in inert gases.
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Cleaning can be applied to small areas, of the order of 1 mm2 or less, by means of a
focusing lens in order to control patina thickness or the composition of the ablated material
and to be as minimally invasive as possible, especially for coins of high cultural value.
In some cases, cleaning may involve larger areas of coins or artefacts of artistic and/or
historical importance. In such cases, the laser beam can be defocused by appropriate lenses,
while always aiming to remove layers as thin as possible so as not to alter the morphology
of the underlying layers. Figure 12 shows photographs of 5 euro cent coins just after laser
cleaning in a vacuum over a limited circular area of 5 mm diameter (a) and 8 mm diameter
(b). The cleaning process, obtained using a single pulse at 500 mJ, produces Cu2O, as
indicated by the red irradiated areas. This light oxidation is due to laser heating and to
the residual oxygen concentration in the vacuum chamber. After exposure to air, the coins
undergo renewed oxidation and, after 5 days, they appear as in Figure 12c,d, showing a
dark area, probably due to further oxygen diffusion and formation of a CuO patina. After
one month, the contrast between the cleaned and untreated areas nearly disappears.

Figure 12. Photos of 5 euro cent coins just after laser cleaning in vacuum (a,b) and after 5 days in
air (c,d).

The results shown in Figure 12 indicate that laser-cleaned copper surfaces may undergo
reoxidation after exposure to air. This aspect is relevant from a conservation perspective
because laser cleaning can expose fresh and reactive metallic or oxide-modified surfaces.
Therefore, when laser cleaning is considered for copper-based cultural heritage materials,
the possible need for post-treatment stabilization should also be evaluated. Protective
approaches based on graphene, boron nitride, conductive polymers, or corrosion-inhibiting
compounds such as azoles have been proposed in the literature for copper and copper-
based cultural heritage materials [34]. These approaches were not tested in the present
work and are mentioned here only as possible future developments following laser cleaning
or analytical micro-ablation.

From a conservation perspective, the removal of patina layers should not be considered
an automatic objective. Stable and adherent patinas may have protective, historical, and
documentary value, whereas unstable or active corrosion products may require selective
intervention. The characterization of corrosion layers formed on buried copper-based coins
is therefore essential for distinguishing between stable patinas and degradation products
that may compromise the conservation of the object [35]. For this reason, the laser-based
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procedures investigated here should be regarded primarily as analytical and micro-invasive
tools for patina characterization and, only in selected cases, as possible cleaning approaches
for the controlled removal of harmful or degraded surface layers.

These considerations also confirm that laser cleaning of copper-based coins should
be considered a highly controlled and case-specific procedure rather than a routine con-
servation treatment. The laser parameters, irradiation environment, number of pulses,
and surface response must be carefully evaluated in order to avoid excessive removal,
thermal alteration, or modification of historically relevant patina layers. This interpre-
tation is consistent with previous theoretical and experimental studies on laser cleaning
of coins [36].

3.3. Patina Measurements Using the LAMQS Technique

Laser cleaning in high vacuum (1 × 10−6 mbar) can be coupled with mass quadrupole
spectrometry (MQS) in order to measure the masses removed by ablation and establish
their concentration as a function of ablation depth [15,23,24]. In this regard, preliminary
measurements of Cu and O were considered.

Taking into account the atomic abundance of the stable species, the mass of Cu was
taken as 63 amu (abundance 69.15%), while that of O was taken as 16 amu (abundance
99.77%). A single laser shot, 3 ns in duration, at 300 mJ, repeated every 9 s, in vacuum
on a new 5 euro cent surface focused over an area of 0.5 mm2, produces the MQS signals
reported in Figure 13a. It can be observed that the oxygen signal decreases while the Cu
signal increases with the number of laser shots. This result indicates that the laser first
ablates the superficial CuO layer and then the successive Cu2O patina layer, approaching
the underlying metallic Cu-rich region of the surface layer of the coin, with a clear reduction
in oxygen content and an increase in Cu atoms, in agreement with the literature [8].

Figure 13. MQS yield versus ablation time in single pulses for O and Cu (a), and O and Cu depth
profiles in the patina of the new 5 euro cent coin (b).

For longer ablation under these conditions, with an ablation rate of about 200 nm/pulse,
and by irradiating a coin surface with a very thin surface oxide, it was possible to plot
the oxygen and copper depth profiles in the coin patina, as shown in Figure 13b. From
the relative O and Cu yields versus patina depth, the results indicate that the thin patina
of the new coin has a thickness of about 1.5 µm. This value should be regarded as an
indirect estimate derived from the LAMQS depth profiles and the corresponding ablation
rate under the adopted experimental conditions. This very low patina thickness derives
from the choice of a very new coin, recently minted and circulated for a short time, for
which a low patina thickness was expected. No independent cross-sectional SEM/EDX
validation was performed for this specific sample.
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4. Conclusions
The study investigated the use of laser ablation and complementary analytical methods

for the characterization and controlled removal of patina layers on copper-based coins
and pure Cu calibration samples. The results show that laser ablation can be used as a
micro-invasive approach to evaluate patina thickness when the irradiation conditions are
carefully controlled.

Three complementary approaches were considered. Surface profilometry of laser-
ablated areas allowed direct estimation of patina thickness from the depth difference
between the cleaned crater and the surrounding surface. XRF attenuation of the Cu kα line
provided semi-quantitative estimates of oxide-layer thickness on thermally treated 5 euro
cent coins and pure Cu calibration samples. LAMQS measurements allowed the evolution
of Cu and O signals to be followed as a function of ablation depth, providing additional
information on the stratigraphy of thin oxidized layers.

The XRF and XRD results indicate that thermal treatment at 200 ◦C mainly promotes
the formation of Cu2O, whereas treatment at 320 ◦C favours the formation of CuO. These
controlled oxidation experiments provide useful reference conditions for interpreting the
response of copper-based surfaces during laser cleaning and patina thickness assessment.

The laser cleaning tests also showed that cleaned copper-based surfaces may undergo
reoxidation after exposure to air. Therefore, although laser cleaning can be useful for
analytical purposes and for the selective removal of unstable or unwanted surface layers, it
should not be considered a routine treatment for cultural heritage objects. Its application
should be limited to carefully evaluated, case-specific situations, with particular attention
to laser fluence, number of pulses, irradiation environment, and the conservation value of
the patina.

Overall, the results suggest that laser ablation, when combined with profilometry,
XRF, XRD, and mass spectrometry, can contribute to the characterization of copper-based
patinas and to the development of controlled, minimally invasive cleaning strategies for
conservation science.

The observed reoxidation of laser-cleaned copper surfaces also indicates that future
work should address preservation strategies for oxide-cleaned copper surfaces, including
thin protective layers aimed at inhibiting copper corrosion in air. From this perspective,
the procedure presented here may be regarded as a first step toward a more complete
methodology for the analysis, restoration, and conservation of copper-based materials.

Author Contributions: Conceptualization, L.T.; methodology, L.T.; software, M.C.; validation, L.T.;
formal analysis, L.T., M.C., and A.T.; investigation, L.T., M.C., and A.T.; resources, L.T.; data curation,
L.T., M.C., and A.T.; writing—original draft preparation, L.T. and A.T.; writing—review and editing,
A.T.; visualization, A.T.; supervision, L.T.; project administration, L.T. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Research data are available by contacting the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Yan, J.; Teo, B.K.; Zheng, N. Surface chemistry of atomically precise coinage-metal nanoclusters: From structural control to surface

reactivity and catalysis. Acc. Chem. Res. 2018, 51, 3084–3093. [CrossRef]
2. Syu, C.-Y.; Yang, H.-W.; Hsu, F.-H.; Wang, J.-H. The chemical origin and catalytic activity of coinage metals: From oxidation to

dehydrogenation. Phys. Chem. Chem. Phys. 2014, 16, 7481–7490. [CrossRef]
3. Francis, R. The Corrosion of Copper and Its Alloys: A Practical Guide for Engineers; NACE International: Houston, TX, USA, 2018.
4. Cann, D. Color from Transition Metals. In A World of Color; Copernicus Books; Springer: Cham, Switzerland, 2025. [CrossRef]

https://doi.org/10.3390/heritage9060221

https://doi.org/10.1021/acs.accounts.8b00371
https://doi.org/10.1039/C3CP55477E
https://doi.org/10.1007/978-3-031-97371-0_10
https://doi.org/10.3390/heritage9060221


Heritage 2026, 9, 221 16 of 17

5. Saleh, S.M.; El-Badry, A.E.-H.A.; Abdel-Karim, A.M. Evaluation of the corrosion resistance of bronze patina or/and protective
coating on the surface of the archaeological coins. Sci. Rep. 2025, 15, 2361. [CrossRef]

6. Robbiola, L.; Blengino, J.M.; Fiaud, C. Morphology and mechanisms of formation of natural patinas on archaeological Cu-Sn
alloys. Corros. Sci. 1998, 39, 2083–2111. [CrossRef]

7. Bernard, M.C.; Joiret, S. Understanding corrosion of ancient metals for the conservation of cultural heritage. Electrochim. Acta
2009, 54, 5199–5205. [CrossRef]

8. León, J.J.D.; Fryauf, D.M.; Cormia, R.D.; Kobayashi, N.P. Study of the formation of native oxide on copper at room temperature.
Proc. SPIE 2016, 9924, 99240O. [CrossRef]

9. Itoh, M. Time-dependent power laws in the oxidation and corrosion of metals and alloys. Sci. Rep. 2022, 12, 6944. [CrossRef]
[PubMed]

10. Aromaa, J.; Kekkonen, M.; Mousapour, M.; Jokilaakso, A.; Lundström, M. The oxidation of copper in air at temperatures up to
100 ◦C. Corros. Mater. Degrad. 2021, 2, 625–640. [CrossRef]

11. Leygraf, C.; Chang, T.; Herting, G.; Odnevall Wallinder, I. The origin and evolution of copper patina colour. Corros. Sci. 2019, 157,
337–346. [CrossRef]

12. FitzGerald, K.P.; Nairn, J.; Skennerton, G.; Atrens, A. Atmospheric corrosion of copper and the colour, structure and composition
of natural patinas on copper. Corros. Sci. 2006, 48, 2480–2509. [CrossRef]

13. Gopal, L.; Sudarshan, T. Surface treatment of coins. Surf. Eng. 2025, 41, 3–7. [CrossRef]
14. Trouiller, C.; Petitdidier, S.; Ravanel, X.; Broussous, L.; Juhel, M.; Kwakman, L.F.T.; Wyon, C. Copper surface analysis with

ToF-SIMS: Spectra interpretation and stability issues. Solid State Phenom. 2008, 134, 371–374. [CrossRef]
15. Torrisi, L.; Italiano, A.; Torrisi, A. Ancient bronze coins from Mediterranean basin: LAMQS potentiality for lead isotopes

comparative analysis with former mineral. Appl. Surf. Sci. 2016, 387, 529–538. [CrossRef]
16. Caridi, F.; Torrisi, L.; Cutroneo, M.; Barreca, F.; Gentile, C.; Serafino, T.; Castrizio, D. XPS and XRF depth patina profiles of ancient

silver coins. Appl. Surf. Sci. 2013, 272, 82–87. [CrossRef]
17. Buccolieri, G.; Nassisi, V.; Torrisi, L.; Buccolieri, A.; Castellano, A.; Di Giulio, M.; Giuffreda, E.; Delle Side, D.; Velardi, L. Analysis

of selective laser cleaning of patina on bronze coins. J. Phys. Conf. Ser. 2014, 508, 012032. [CrossRef]
18. Torrisi, L.; Mondio, G.; Mezzasalma, A.M.; Margarone, D.; Caridi, F.; Serafino, T.; Torrisi, A. Laser and electron beams physical

analyses applied to the comparison between two silver tetradrachm Greek coins. Eur. Phys. J. D 2009, 54, 225–232. [CrossRef]
19. Domine, A.; Verdy, C.; Penaud, C.; Vitu, L.; Fenineche, N.; Dembinski, L. Selective laser melting (SLM) of pure copper using

515-nm green laser: From single track analysis to mechanical and electrical characterization. Int. J. Adv. Manuf. Technol. 2023.
[CrossRef]

20. CoinsS.com. Common Side for Euro Coins (Reverse). Available online: https://coinss.com/catalog_euro/common_sides_en.html
(accessed on 14 April 2026).

21. Peralta, L.; Farinha, A.C.; Rego, F. What are the 50 cent Euro coins made of? Eur. J. Phys. 2008, 29, 901–909. [CrossRef]
22. Numista. 20 Lire-Italy. Available online: https://en.numista.com/1113 (accessed on 14 April 2026).
23. Torrisi, L.; Caridi, F.; Borrielli, A.; Giuffrida, L.; Torrisi, A.; Mondio, G.; Mezzasalma, A.M.; Serafino, T.; Caltabiano, M.; Castrizio,

E.D.; et al. LAMQS and XRF analyses of ancient Egyptian bronze coins. Radiat. Eff. Defects Solids 2010, 165, 626–636. [CrossRef]
24. Torrisi, L.; Caridi, F.; Giuffrida, L.; Torrisi, A.; Mondio, G.; Serafino, T.; Caltabiano, M.; Castrizio, E.D.; Paniz, E.; Salici, A. LAMQS

analysis applied to ancient Egyptian bronze coins. Nucl. Instrum. Methods Phys. Res. Sect. B 2010, 268, 1657–1664. [CrossRef]
25. Material-Properties.org. Copper Oxide|Formula, Properties & Application. Available online: https://material-

properties.org/copper-oxide/ (accessed on 14 April 2026).
26. Torrisi, L.; Borrielli, A.; Margarone, D. Study on the ablation threshold induced by pulsed lasers at different wavelengths. Nucl.

Instrum. Methods Phys. Res. Sect. B 2007, 255, 373–379. [CrossRef]
27. Noli, F.; Misaelides, P.; Hatzidimitriou, A.; Pavlidou, E.; Kokkoris, M. Investigation of artificially produced and natural copper

patina layers. J. Mater. Chem. 2003, 13, 114–120. [CrossRef]
28. Krätschmer, A.; Odnevall Wallinder, I.; Leygraf, C. The evolution of outdoor copper patina. Corros. Sci. 2002, 44, 425–450.

[CrossRef]
29. NIST. XCOM: Element/Compound/Mixture. Available online: https://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html

(accessed on 14 April 2026).
30. Piegari, A.; Masetti, E. Thin film thickness measurement: A comparison of various techniques. Thin Solid Films 1985, 124, 249–257.

[CrossRef]
31. Hosseini, M.; Chin, A.W.H.; Behzadinasab, S.; Poon, L.L.M.; Ducker, W.A. Cupric oxide coating that rapidly reduces infection by

SARS-CoV-2 via solids. ACS Appl. Mater. Interfaces 2021, 13, 5919–5928. [CrossRef] [PubMed]
32. Zhang, Q.; Zhang, K.; Xu, D.; Yang, G.; Huang, H.; Nie, F.; Liu, C.; Yang, S. CuO nanostructures: Synthesis, characterization,

growth mechanisms, fundamental properties, and applications. Prog. Mater. Sci. 2014, 60, 208–337. [CrossRef]

https://doi.org/10.3390/heritage9060221

https://doi.org/10.1038/s41598-025-85290-x
https://doi.org/10.1016/S0010-938X(98)00096-1
https://doi.org/10.1016/j.electacta.2009.01.036
https://doi.org/10.1117/12.2238745
https://doi.org/10.1038/s41598-022-10748-1
https://www.ncbi.nlm.nih.gov/pubmed/35484361
https://doi.org/10.3390/cmd2040033
https://doi.org/10.1016/j.corsci.2019.05.025
https://doi.org/10.1016/j.corsci.2005.09.011
https://doi.org/10.1177/02670844251315209
https://doi.org/10.4028/www.scientific.net/SSP.134.371
https://doi.org/10.1016/j.apsusc.2016.06.153
https://doi.org/10.1016/j.apsusc.2012.02.071
https://doi.org/10.1088/1742-6596/508/1/012032
https://doi.org/10.1140/epjd/e2008-00240-x
https://doi.org/10.1007/s00170-023-12338-5
https://coinss.com/catalog_euro/common_sides_en.html
https://doi.org/10.1088/0143-0807/29/5/004
https://en.numista.com/1113
https://doi.org/10.1080/10420151003729508
https://doi.org/10.1016/j.nimb.2010.03.015
https://material-properties.org/copper-oxide/
https://material-properties.org/copper-oxide/
https://doi.org/10.1016/j.nimb.2006.12.144
https://doi.org/10.1039/b206773k
https://doi.org/10.1016/S0010-938X(01)00081-6
https://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html
https://doi.org/10.1016/0040-6090(85)90273-1
https://doi.org/10.1021/acsami.0c19465
https://www.ncbi.nlm.nih.gov/pubmed/33480246
https://doi.org/10.1016/j.pmatsci.2013.09.003
https://doi.org/10.3390/heritage9060221


Heritage 2026, 9, 221 17 of 17

33. Wang, W.Z.; Wang, G.H.; Wang, X.S.; Zhan, Y.J.; Liu, Y.K.; Zheng, C.L. Synthesis and Characterization of Cu2O Nanowires by a
Novel Reduction Route. Adv. Mater. 2002, 14, 67–69. [CrossRef]

34. She, X.; Peng, J.; Qiang, Y.; Zhou, Y.; Zhang, S. Recent advances in protective technologies against copper corrosion. J. Mater. Sci.
Technol. 2024, 201, 75–94. [CrossRef]

35. Pronti, L.; Felici, A.C.; Alesiani, M.; Tarquini, O.; Bracciale, M.P.; Santarelli, M.L.; Pardini, G.; Piacentini, M. Characterisation of
corrosion layers formed under burial environment of copper-based Greek and Roman coins from Pompeii. Appl. Phys. A 2015,
121, 59–68. [CrossRef]

36. Antonopoulou-Athera, N.; Kalathakis, C.; Chatzitheodoridis, E.; Serafetinides, A.A. Theoretical and experimental approach on
laser cleaning of coins. SN Appl. Sci. 2019, 1, 238. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/heritage9060221

https://doi.org/10.1002/1521-4095(20020104)14:1%3C67::AID-ADMA67%3E3.0.CO;2-Z
https://doi.org/10.1016/j.jmst.2024.02.060
https://doi.org/10.1007/s00339-015-9351-5
https://doi.org/10.1007/s42452-019-0255-4
https://doi.org/10.3390/heritage9060221

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Patina Layer-Ablated Substrate Interface Measurements 
	Patina Measurements Using the X-Ray Absorption Method 
	Patina Measurements Using the LAMQS Technique 

	Conclusions 
	References

