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Abstract: Copper alloy artworks are particularly subjected to chloride attack, which may trigger
bronze disease. Therefore, early identification of the phenomenon is crucial in order to stabilize
the reactive copper chloride (CuCl) and remove the harmful corrosion products (atacamite and
polymorphs). Confocal Raman Microspectroscopy (CRM) has proven to be effective for the detection
of small amounts of atacamite, ascribable to the initial phases of corrosion. The handling of bronze
artworks is often difficult or even impossible given their large size and weight, and sampling is not
always allowed, making the use of portable instruments mandatory for on-site diagnostics. This paper
proposes a method for the early detection of corrosion using non-invasive approaches. In this work,
we present the results obtained from a set of artificially aged bronze samples with a suite of either
laboratory (bench-top) or field (portable/transportable) instruments with the aim of highlighting their
characteristics and performances in the diagnosis of bronze disease. Raman spectroscopy, Fiber Optics
Reflectance Spectroscopy (FORS), Optical Coherence Tomography (OCT), and Scanning Electron
Microscopy (SEM) were applied for chemical and morphological characterization of the samples.

Keywords: copper trihydroxychlorides; bronze disease; artificial patina formation; cultural heritage;
OCT; Raman spectroscopy; FORS; SEM

1. Introduction

Bronze disease is one of the major issues in bronze artwork conservation. It occurs
as a cyclic phenomenon, which can lead to the pitting of the surface and the severe im-
pairment of artifact properties until its destruction [1–6]. In the presence of chloride ions
and high relative humidity [7], the copper may react, forming an inner layer of cuprous
chloride (CuCl, nantokite), which is the first step toward bronze disease [1,8]. The active
dissolution of nantokite causes the formation of porous cuprite (Cu2O) and hydrochloric
acid (HCl) [4,9]. Hydrochloric acid reacts with copper to form fresh nantokite, which, in
turn, can generate cuprite and hydrochloric acid in a cyclic process [4,8,9]. The formation of
an outer layer of green and powdery copper trihydroxychlorides (2Cu2(OH)3Cl, atacamite,
and the polymorphs botallackite, clinoatacamite, and paratacamite) from the reaction of
nantokite with water and oxygen, is the most evident consequence of the onset of bronze
disease [1,9,10] (Figure 1). The conversion of nantokite to trihydroxychlorides, due to their
larger volume, induces mechanical stress and the consequent cracking or fragmentation
of the surface [11]. Therefore, the timely detection of even small amounts of corrosion
products is crucial [3].

Techniques such as X-ray Diffraction (XRD), Confocal Micro-Raman (CMR) spec-
troscopy, X-ray Fluorescence (XRF) [3], and Scanning Electron Microscopy (SEM) have
proven effective for the early detection of bronze disease [1–3,12–16]. Most of the former
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bench-top techniques are invasive because they are based on micro-sampling, which is
generally not representative of the overall distribution of corrosion products. Moreover,
when dealing with huge outdoor monuments, portable or transportable techniques are
desirable, allowing the analysis of the irregular and difficult-to-access surfaces also [1,2].

Figure 1. Schematic representation of the steps of the autocatalytic corrosive process.

Several instruments have been developed for the in-situ analysis of cultural heritage
artifacts, among which handheld devices for Raman spectroscopy and X-ray fluorescence
(p-XRF) enable rapid, non-invasive, and non-destructive analysis providing optimal results
on most works of art (easel paintings, stone and metal artifacts, frescoes, and so on) [17–21].

For the characterization of bronze corrosion patinas, some authors [22,23] highlight
how Raman spectroscopy can be a powerful approach to discriminate not only between
atacamite and its polymorphs (which is crucial because the XRD patterns of 2Cu2(OH)3Cl
polymorphs are very similar [24]) but also between artificial and natural patinas [15,22,23].

In addition to the former analytical approaches, the use of less common techniques for
the analysis of metal works of art, such as Fiber Optics Reflectance Spectroscopy (FORS)
and Optical Coherence Tomography (OCT), is spreading. Based on selective absorption
caused by molecular electronic transitions, the FORS technique is widely used on cultural
heritage for the identification of materials, in particular for the characterization of pigments,
dyes, and binders [18,25,26]. Liu [1] recently explored the potential of FORS in the spectral
range of 1000–2500 nm to analyze corrosion products on bronze, exploiting the differences
between atacamite and other common green corrosion products (i.e., nantokite, malachite,
and chalconatronite).

OCT is a well-known technique in the study of varnishes and for monitoring the clean-
ing process [26–28] on easel paintings. Based on the Michelson interferometer [29], OCT
devices allow for the acquisition of cross-sectional images of semi-transparent materials
with micrometric resolution [27,28]. The application of OCT to metal artworks is quite new;
recently, some authors applied OCT to study protective coatings on metals [30,31] and to
distinguish corroded and uncorroded areas [30].

In this work, a comparison of several portable and bench-top instruments was carried
out in order to identify a method for the early detection of corrosion based on non-invasive
techniques. The performances of some commercial portable Raman devices (Bruker Optics
BRAVO® and BWTEK BWS415 i-Raman) and a bench-top confocal device (Renishaw
inVia™) were compared by performing measurements on artificially aged bronze samples.

FORS spectra in the range of 304–1709 nm were carried out on bronze samples where
copper trihydroxychloride formation was induced for an in-depth characterization of the
corrosion products.

Two OCT devices (with IR sources at 900 nm and 1300 nm, respectively) were used to
obtain new information on the morphology of the surface stratigraphy of corrosion patinas.
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Finally, OCT data from the bronze surfaces were compared with those obtained using SEM,
which is traditionally employed to study the morphology of metals.

2. Materials and Methods
2.1. Materials

Two sets of bronze samples, purposely developed for a previous research project, were
cast by Fonderia Salvatori, Florence, and supplied by Opificio delle Pietre Dure, Florence.
The sets included 90–10 bronze (Cu 90 wt%, Sn 10 wt%) and silicon bronze (Cu 89 wt%, Si
9.9 wt%, Mn 0.9 wt%), representative of Florentine Renaissance workshops and modern
works of art, respectively. The two different alloys were chosen to evaluate their impact
on the morphology and composition of the corrosion products. These bronze specimens
(Table 1) consisted of four individually cast squared coupons measuring 4.7 × 4.7 × 0.5 cm
(±1 mm). Samples were polished using a Dremel rotary tool equipped with a drum
mandrel (13 mm) fitting a sanding band sleeve (grid 240).

For the aging, hydrochloric acid (37%) by Carlo Erba, Italy, was used.

Table 1. Summary of the bronze samples studied in this work.

Sample Code Bronze Alloy Chemical Composition Aging Conditions

A2
A3 Silicon Bronze Cu 89 wt%, Si 9.9 wt%, Mn 0.9 wt% HCl 0.5 M

HCl 1 M

B2
B3 Bronze 90–10 Cu 90 wt%, Sn 10 wt% HCl 0.5 M

HCl 1 M

2.1.1. Artificial Aging

The bronze samples were exposed to acid vapors of aqueous HCl solutions (0.5 M and
1 M) inside sealed glass containers with a high humidity level (~100% RH) (Figure 2). The
glass containers were placed in an electrically heated stove (50 ◦C) for 30 days.

Figure 2. Schematization of the accelerated aging process. Samples were exposed to an acid atmo-
sphere (HCl 0.5 M, HCl 1 M) in highly corrosive conditions (RH 100%, T 50 ◦C, time 30 days).

2.2. Methods

Confocal Raman Microspectroscopy was carried out on the surface of the artificially
aged samples to assess the actual formation of copper trihydroxychlorides. The samples
were then analyzed using a set of non-invasive methods for the in-situ analysis, based on
the use of portable or transportable instruments, in order to evaluate their suitability for
the early detection of bronze disease.

The Raman technique is well-established for the identification of corrosion products,
and therefore two portable Raman devices were compared as regards the background noise,
fluorescence, and sensitivity to clinoatacamite detection.

Conversely, the performance of the FORS technique, which is rarely used for this
purpose but is very promising, was assessed.
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For the high-resolution imaging of the surface, aimed both at studying its morphology
and investigating the possibility of measuring the corrosion products’ thickness, two
SD-OCT devices were used. Finally, SEM analysis was carried out to cross-check the
surface results obtained by OCT. The instruments used in this study are described in the
following subsections.

2.2.1. Bench-top Confocal Raman Microspectroscopy (CRM)

The Raman micro-analyses were performed with a Renishaw inVia™ Raman confocal
microscope, supplied with a Leica DM2700 optical microscope and a 532 nm excitation
source, using a 50× long-distance objective (NA = 0.5; theoretical spot size: 0.65 µm).
Spectra were acquired in the 100–3800 cm−1 spectral range, with 1800 L/mm grating
and a thermoelectrically cooled CCD detector (spectral range: 400–1060 nm, spectral
resolution: 1 cm−1/CCD pixel). A laser power of 0.5–2.5 mW and an integration time of
10 s with 1–5 accumulations were set. Data were processed using Wire5.1 and OriginPro
2022b software.

2.2.2. Handheld Raman Spectroscopy

Raman spectroscopy was performed with the handheld Bruker Optics BRAVO® spec-
trometer. The device allows fluorescence mitigation and background-free spectra collection
thanks to patented sequentially shifted excitation (SSE™). The instrument has two exci-
tation diode lasers (DuoLaser™, 785 and 852 nm) with a spot size of 0.1 × 0.5 mm2. The
lasers were detected by different areas of a CCD detector (spectral resolution 12 cm−1).
Data were acquired in two sequential spectral ranges: 170–2000 cm−1 (laser at 852 nm)
and 2000–3200 cm−1 (laser at 785 nm). The two excitation lasers were temperature-shifted
three times over a range of about 0.4 nm to obtain three spectrally shifted raw spectra (by
6 cm−1) [21]. The output laser power—less than 100 mW—was set automatically. The
detector integration time was 2000 ms, and 10 accumulations were acquired. Data were
processed using OPUS-IR™ and OriginPro 2022b software.

2.2.3. Portable Raman

Raman spectra were also collected using the portable device BWTEK BWS415 i-Raman,
equipped with a 532 nm excitation source (power 50 mV, spot size 85 µm) and a cooled linear
array detector. An integration time of 6000 ms, with 2 multiplications and 4 repetitions,
was set. Spectra were acquired in the spectral range of 400–4000 cm−1, with a spectral
resolution of 4 cm−1. Data were processed using BWSpec and OriginPro 2022b software.

2.2.4. Fiber Optics Reflectance Spectroscopy (FORS)

Two Zeiss Multi-Channel Spectrometer (MCS) devices were used for FORS measure-
ments: the MCS521 Vis-NIR extended module and the MCS511 NIR 1.7 module, operating
in the spectral ranges of 304–1135 nm and 939–1709 nm, respectively. The spectra resolution
was 3.2 nm in the visible (VIS) region and 6.0 nm in the near-infrared (NIR) region, and the
spot size was about 3 mm.

Data were acquired with a 45◦/0◦ illumination/detection geometry, and a 100% reflect-
ing reference standard (Spectralon) was used for calibration. For each measurement point,
three spectra were collected, which were the average of three spectra each. For each set of
measurements, a different integration time was set to optimize the spectrum acquisition.

2.2.5. Spectral Domain Optical Coherence Tomography (SD-OCT)

Two commercial devices were used: Thorlabs Telesto-II and Ganymede Series Spectral-
Domain OCT Systems equipped with both a superluminescent diode and a diffraction
grating spectrograph with a fast camera. The Telesto-II operated at a central wavelength of
1300 nm with 170 nm bandwidth, 5.5 µm axial resolution of (in air), 13 µm lateral resolution,
and maximum field of view (FOV) of 10.0 × 10.0 mm2. The Ganymede worked at a central
wavelength of 900 nm with 150 nm bandwidth; the axial resolution was 3 µm in air, and
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the lateral resolution was 4 µm. The maximum field of view (FOV) was 6.0 × 6.0 mm2. The
sample stage allowed the specimen to be moved along the XY axes and rotated, and the
probe could be moved along the Z axis.

Data were acquired using the Telesto-II system with a FOV of 5 × 5 × 1 mm and a voxel
size of 6.5 × 6.5 × 3.55 µm and using the Ganymede system with a FOV of 3 × 3 × 0.4 mm
and voxel size of 3.55 × 3.55 × 1.96 µm. Since the refractive index n of the patina could not
be known a priori and is not tabulated, the acquisitions were performed considering n = 1.
Data were processed with ThorImage 5.0 and ImageJ software.

2.2.6. Scanning Electron Microscopy (SEM)

An EVO®MA 25 Zeiss microscope was used for the surface imaging on the microscale.
Samples with no preparations were observed under SEM at an accelerating voltage of 20 kV
and beam current of 300 pA. Images were collected both in Back Scattered Electron (BSE)
and Secondary Electron (SE) modes. ZEISS SmartSEM software was used to collect and
process the data.

3. Results and Discussion
3.1. Characterization of the Artificial Patina

After 30 days under the highly corrosive conditions described in Section 2.1.1, all
the samples showed a color change (Figure 3) due to the oxidation of the copper and the
probable formation of a red-brown cuprite layer [8]. Under visual inspection, samples A2
and B3 exhibited a compact and uniform reddish patina; an extensive dark green patina
had formed on the front surface of sample A3, while sample B2 showed limited pale green
formations on the lower edge.

Figure 3. Photographs of samples before and after the accelerated aging process (RH 100%, T 50◦C,
time 30 days) in the presence of HCl 0.5 M (samples A2 and B2) and HCl 1.0 M (samples A3 and B3).

To characterize the patina’s molecular composition and to confirm the formation of
copper trihydroxychlorides, the surface of each sample was analyzed with a bench-top
Confocal Raman Microspectroscope (CRM). The optical microscopic examination (20× and
50×) revealed the presence of green crystals, even on samples seemingly covered only by
the red layer (Figure 4).
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Figure 4. Sample A2: (a) macroscopic image; (b) point 02 during the CRM acquisition; (c) microscopic
image (objective 50×) of a green crystal where the A2_02 spectrum was acquired (Figure 5).

Figure 5. Raman spectra (obtained with 532 nm laser excitation) of (a) sample A2, measurement
points 02 (green crystal) and 03 c (red layer); (b) sample A3, measurement points 01 (green patina),
02 (red layer) and 04 (green crystal); (c) sample B2, measurement points 01 (green crystal) and
02 (red layer); (d) sample B3, measurement points 02 (green crystal) and 03 (red layer). The peaks
highlighted with the symbol * are attributed to copper trihydroxychlorides, while the symbol ♦
indicates the peaks ascribed to cuprite.

Raman spectra of the green crystals (A2_02, A3_04, B2_01, and B3_02 in Figure 5)
and the green patina (A3_01 in Figure 5b) showed the characteristic features of copper hy-
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droxychlorides: OH stretching vibrations were observed in the range 3300–3450 cm−1 [23].
Peaks in the spectral region of 800–1000 cm−1 are ascribed typically to OH- deformation
modes [32], but some authors [23,25,33] assign them to Cu-O-H bending modes. The Ra-
man signal in the range of 600–100 cm−1 is associated with O-Cu-O and Cl-Cu-Cl bending
vibrations and lattice modes [23].

Comparing the acquired data with reference spectra found in the literature [23,32–34]
(Table 2), bands at 892, 927, and 970 cm−1 were attributed to polymorph clinoatacamite [35].

Table 2. Raman spectra from artificially aged bronze samples (green corrosion products), compared
with the reference clinoatacamite characteristic Raman lines found in the literature.

Artificial Patina (cm−1) Clinoatacamite Ref. (cm−1)
[32–34]

Assignment
A2_02 A3_01 B2_01 B3_02

3445
3356
3311

3443
3354
3310

3444
3353
3313

3442
3355

3475
3443
3357
3314

-OH- stretching [23,34]

966
929
891

800

970
930
895
867
801

970
928
893

799

972
927

969
927
892
866
799

-OH deformation [34]/
Cu-O-H bending [23,25]

578 578 573 576 CuO stretching [34]

516 513 512 512 511 O-Cu-O asymmetric
stretching [23]

452
417
368

445
419
365

447
419
365 363

445
420
364

Cu-Cl stretching [34]

142
118

140
119

142
119

142
119

256
206
193
183
165
142
118

Cl-Cu-Cl bending [23,34]

Raman spectra collected on reddish-brown areas (Figure 5a, A2_03c; Figure 5b, A3_02;
Figure 5c, B2_02; Figure 5d, B3_03) of each sample showed peaks at 143 cm−1, 218 cm−1,
414 cm−1, and 630 cm−1, which are attributed to Cu2O [36–38]. The very low-intensity
signal in the spectra in Figure 5a,b (red line) is due to the presence of artifacts (band at
2200–3200 cm−1) [39], which were caused by the presence of unoriented cuprite crystals.

3.2. Instruments Comparison and Validation
3.2.1. Raman Spectroscopy

The handheld instrument, exploiting 852 nm excitation, did not provide useful data on
samples A2, B2, and B3; the very high background hid the expected Raman peaks of cuprite
and clinoatacamite. Despite the difficult interpretation due to the background noise, it was
possible to recognize some characteristic peaks of atacamite in the spectra acquired from the
green patina of sample A3 (Figure 6) at 364 cm−1, 422 cm−1, 512 cm−1, 891 cm−1, 921 cm−1,
and 963 cm−1 [34]. Usually, laser sources at 785 nm and 852 nm offer a good compromise
between efficiency and low fluorescence [35], but in the case of green compounds, the
red laser can produce spectra with very weak Raman peaks and high background noise
because of the strong absorbance these pigments show at such wavelengths [35,40].
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Figure 6. Raman spectra of the green patina on sample A3 (measurement point 06), obtained with
the bench-top CRM (532 nm laser source), with the handheld Raman device (852 nm laser excitation)
and with a portable device (532 nm laser source).

This problem is generally solved with long integration times, a lot of accumula-
tions, and reduced laser power to avoid pigment damage [15,35,40], making the analysis
very time-consuming. Therefore, instruments with green excitation lasers (532 nm) are
usually preferred.

Spectra acquired using the portable Raman spectrometer, exploiting 532 nm excitation,
were strongly affected by fluorescence that masks the Raman peaks. Especially on samples
A2, B2, and B3, the fluorescence background overwhelmed the Raman signal because of
the very low effective power of the instrument excitation source and the small amount of
corrosion products on their surface. The spectra acquired from sample A3 showed weak
but recognizable peaks that fit with the clinoatacamite spectrum: 366 cm−1, 514 cm−1,
926 cm−1, 966 cm−1, 3310 cm−1, 3352 cm−1, and 3441 cm−1 (Figure 6).

3.2.2. Fiber Optics Reflectance Spectroscopy

The surface of artificially aged bronze specimens was noninvasively characterized
using the FORS technique, which enabled obtaining reflectance spectra by point measure-
ments.

On samples A2, B2, and B3, FORS measurements were performed on three spots for
each corrosion typology. Three areas were selected on sample A3 corresponding to the
red-brown oxidation layer at the top, the darker green area on the left, and the lighter green
area at the bottom. Three reflectance spectra were collected from each area. The average
spectra for each sample are shown in Figure 7 (one spectrum for each area is shown for
sample A3).

Samples A2, B2, B3, and the red area of A3 showed an absorption band at about
400–650 nm. They also exhibited a maximum at 463 nm except for sample B2. The green
areas of A3 were characterized by a peak centered at 514 nm and two minima at 1467 nm
and 1546 nm. The spectral features of samples A2, A3 (red area), B2, and B3 were compatible
with cuprite, which is characterized by an absorption band between 400–650 nm [1] and
inflection points at 490 nm, 595 nm, and 625–685 [41,42].

Data acquired from the green areas of A3 were in good agreement with the reflectance
spectra found in the literature for copper trihydroxychlorides, which show a band centered
at 510–530 nm and a narrow absorption at 1465 nm [1,43,44]. Liu [1] has assigned this
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latter band to the first overtone of the OH stretching mode, although he specifies that
the correct assignment of bands is questionable because spectroscopic studies in the near-
infrared region on bronze corrosion products are not copious. In a recent paper, Liggins [43]
highlighted the lack of reflectance spectra of atacamite and polymorphs. Moreover, a few
papers report that the former composites have very similar spectra, especially in the range
of 300–1000 nm [1,43]. For this reason, Liu and Liggins have focused their research in the
range of 1000–2500 nm, where the possibility of discriminating copper trihydroxychlorides
from other non-injurious green corrosion products is higher [1,43].

Figure 7. Average reflectance spectra calculated for each sample (A2, B2, B3) and three different areas
of sample A3. Spectra were acquired in the range of 304–1709 nm.

3.2.3. Spectral Domain Optical Coherence Tomography

In order to study the micrometric morphology of the corroded surface and verify the
possibility of measuring the features of the corrosion products, cross-sectional analyses
were performed on the specimens. A 5 × 5 × 1 mm tomocube (C-scan) was collected for
each sample using the Telesto-II system (1300 nm central wavelength) and a 3 × 3 × 0.4 mm
tomocube using the Ganymede system (900 nm central wavelength). A Melinex mask
was used to acquire the same areas with the two instruments. Figure 8 shows two C-
scans acquired from sample A2 with the 900 nm (Figure 8a) and the 1300 nm (Figure 8c)
device. The tomocubes in Figure 8a,c allowed for studying surface alteration and assessing
whether the corrosive phenomenon resulted in the formation of micro-cracks or pitting.
In Figure 8b,d, a B-scan (XZ-slice) acquired with the 900 nm and 1300 nm instruments is
reported, showing the irregularity of the surface. The data demonstrated the utility of the
OCT in surface monitoring and the measurability of the features.

The C-scans in Figure 9c,d were acquired from sample A3 in an area across the green
patina of clinoatacamite and the cuprite oxidation layer (Figure 9a, and detail in Figure 9b).
Figure 9c,d display the surface morphology of the corroded bronze. In Figure 9d, the rough
appearance of the accumulation of corrosion products is particularly noticeable.

In the B-scans in Figure 9e,f, a double signal is present, pointing out the alteration layer,
whose average thickness is 30 ± 10 µm (this value must be divided by the refractive index).
The slice acquired with the 1300 nm device (Figure 9f) shows some features that could be
due to the partial detachment of the corrosion patina from the underlying pristine bronze.
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Figure 8. Sample A2: (a) In the left corner, the RGB image of the sample showing the measurement area
(white box). In the center, the 3 × 3 × 0.4 mm OCT tomocube acquired with the Ganymede system.
(b) shows the position of the B-scan (in red); (c) on the corner, the RGB image of the sample with the
location of the acquisition area (white box). In the center, the 5 × 5 × 1 mm OCT tomocube acquired
with the Telesto-II system. The red rectangle indicates the position of the XZ-slice shown in (d).

Figure 9. Sample A3: (a) RGB image, in red are shown the measurement areas of Telesto-II (solid
line) and Ganymede (dashed); (b) detail of measurement area, obtained with the camera of Telesto-II;
(c) 3 × 3 × 0.4 mm OCT tomocube (acquired by the Ganymede system); (d) 5 ×5 × 1 mm OCT
tomocube (acquired with the Telesto-II system; (e) B-scan acquired using Ganymede along the XZ
slice shown in red in (c); (f) B-scan acquired with Telesto-II along the XZ slice indicated by the red
rectangle in (d).
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3.2.4. Scanning Electron Microscopy

Due to the innovativeness of using the SD-OCT for the morphological analysis of the
corrosion products on metals, Scanning Electron Microscopy, a well-established technique
for the high-resolution imaging of surfaces, was also carried out to compare results.

SEM images were acquired both in backscattered electron mode (BSE) and secondary
electron mode (SE). The cross-check between the results obtained with the two former
techniques to ascertain the validity of the use of OCT was carried out using a Melinex
mask to probe the same areas of the samples. For the morphological study, an area as large
as possible was detected with the SEM (about 3 mm × 2 mm) within the area surveyed
with OCT (5 mm × 5 mm) using the smaller magnification (60× objective). For the full
exploitation of SEM potential, we would have used higher magnifications, but the measured
area would not have been comparable with that analyzed by OCT. Figure 10 shows a detail
of the surface of sample A2, where a small protuberance of about 1 mm × 0.5 mm, which is
probably a casting defect, is clearly visible. Despite the different scale and resolution, this
feature has been successfully detected with both the SD-OCT (Figure 10a) and the SEM
(Figure 10b,c).

Figure 10. Sample A2: (a) left corner: the RGB image with the measurement area (highlighted
in white. Center: 5 mm × 5 mm OCT image corresponding to the XY section of the tomocube
acquired with the Telesto-II system; SEM image acquired (b) in backscattered electron mode and
(c) in secondary electron mode.

4. Conclusions

The present study, aimed at the early detection of copper trihydroxychlorides on
bronze artworks, was based on the comparison of the performances and characteristics
of different portable/transportable instruments to define their areas of applicability and
usefulness. The early detection of these compounds is crucial because their presence
constitutes the main symptom of bronze disease.

The actual formation of copper trihydroxychlorides on samples was confirmed by
Confocal Raman Microscopy (CRM) analysis.

Concerning portable Raman spectroscopy, the device operating at 532 nm proved
to be more efficient as compared to the one at 852 nm, providing better signal-to-noise
spectra characteristic of green bronze alterations. The results obtained with the two portable
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instruments were consistent regarding the clinoatacamite found in the green patina of A3,
albeit with different limitations due mainly to the high background noise. However, both
portable instruments proved to be inefficient on samples A2, B2, and B3 because of either
the used excitation laser wavelength or laser power issues, as well as the low concentrations
of the analyte. The main limits of portable Raman devices regard the wavelength of the
excitation source: the red lasers produce spectra with a low signal-to-noise ratio due to the
strong absorbance that green pigments have at such wavelength. Therefore, the 532 nm
source is best suited for the green compounds. Another limit is the high fluorescence that
is due to the bronze alloy that can superimpose the Raman characteristics of little amounts
of copper trihydroxychlorides.

The ability to detect basic copper chlorides by means of Fiber Optics Reflectance
Spectroscopy (FORS) was verified in zones with high concentrations of analyte. Due
to the versatility and easy-to-use characteristics of the instrument, FORS is an excellent
solution for fast, on-site, non-invasive diagnostics. Its main limitation is the impossibility
of distinguishing among the various polymorphs of atacamite. Nevertheless, FORS could
have the potential for in-situ post-restoration monitoring. In fact, it could be useful for
highlighting changes on the surface caused by the formation of green alteration compounds.

To the best of our knowledge, this is the first time that OCT has been used to character-
ize corrosion layers on artistic bronzes. The presented results, validated with SEM imaging
performed at low resolution, demonstrated the effectiveness of the technique for measuring
the features of corrosion products and analyzing surface morphology. Apart from the
lower lateral resolution, OCT showed it possessed the following advantages compared
to SEM: (i) no vacuum was needed, (ii) large and unmovable artworks could be studied
in situ, (iii) no sampling or contact was required, and (iv) axial information. These latter
characteristics made OCT well-suited for the study of incoherent and powdery corrosion
layers that very often cannot be sampled due to their fragility.

Moreover, the acquired tomograms allowed the obtaining of stratigraphic information
on the patina, generally based on micro-sampling. For the cross-sectional analysis of the
corroded surface, the Telesto-II SD-OCT showed a better performance than Ganymede
probably because the corrosion products were more transparent at 1300 nm than 900 nm
(Telesto-II and Ganymede operating wavelength, respectively).

Therefore, the use of OCT for the study of artistic bronzes affected by bronze disease
was shown to be very promising.

Under the applied aging conditions, neither morphological nor compositional differ-
ences were detected with the set of instruments used for the characterization of the patinas
induced on the two alloys.
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