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1. Introduction

1.1. System under investigation

ABSTRACT

Gilded bronzes are often affected by severe corrosion, due to defects in the Au layer and Au/Cu alloy
galvanic coupling, stimulated by large cathodic area of the gilded layer. Galvanic corrosion, triggered by
gilding defects, leads to products growth at the Au/bronze interface, inducing blistering or break-up of
the Au layer. In this context, fire-gilded bronze replicas prepared by ancient methods (use of spreadable
Au-Hg paste) was specifically characterised by compiling complementary spectroscopic and imaging
information before/after accelerated ageing with synthetic rain. Fire-gilded bronze samples were chem-
ically imaged in cross-section at nano-metric scale (<200 nm) using high energy and lateral resolution
synchrotron radiation photoemission (HR-SRPES) of core levels and valence band after conventional
characterisation of the samples by Glow Discharge optical Emission Spectroscopy (GD-OES) and conven-
tional X-ray photoelectron spectroscopy (XPS). We have found a net surface enrichment in Zn and Sn
after fire-gilding and presence of metallic Hg, Pb and Cu within the Au layer. Moreover, the composition
distribution of the elements together with their oxidation has been determined. It was also revealed that
metallic phases including Hg and Pb remain in the gilding after corrosion. Moreover, selective dissolu-
tion of Zn and Cu occurs in the crater due to galvanic coupling, which locally induces relative Sn species
enrichment (decuprification). The feasibility advantages and disadvantages of chemical imaging using
HR-SRPES to study artworks have been investigated on representative replicas.

bronze and gold. Defects such as thickness variation and pores in
the gilding layer are mostly due to the gilding procedure. The main
gilding methods used in antiquity were based (i) on the applica-
tion of gold foil or leaf, (ii) on selective leaching of elements not

In outdoor conditions, gilded bronzes (widely used in histori-
cal monuments and in architectural elements) are often affected
by severe corrosion of the bronze substrate, due to the presence
of pores and defects in the gilding layer. In particular, degrada-
tion of gilded bronze is induced by galvanic coupling between
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as noble as gold (the so-called “depletion gilding” method) or (iii)
on the use of spreadable gold-mercury amalgam paste, followed
by mercury evaporation, as described in several papers [1-3]. In
the present paper, the investigation is focused on amalgam-gilded
(or “fire-gilded”) bronze for which, after mercury evaporation, the
matte gold-rich layer must be “burnished” (i.e. plastically deformed
and compacted) by a smooth and hard tool (e.g. agate stone),
so as to obtain a shiny surface [4]. This technological sequence
produces a gilding layer with peculiar features. The most relevant
characteristic is the presence of residual mercury (usually Hg con-
centration ranges from about 7 to 10wt.% in the gilding layer,
although values up to 17 wt.% were also reported [4]), but also
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Cu-Au interdiffusion due to heating for mercury evaporation [1]
and the detrimental influence of alloying elements such as Pb on
the gilding process [4] should be mentioned.

In a previous paper [5], we characterised quite extensively a
fire-gilded quinary bronze (Cu-Sn-Zn-Pb-Sb) in the as-gilded con-
dition, obtained according to ancient recipes. Specifically, Focused
Ion Beam (FIB) milling followed by cross-section observations,
both by field emission SEM and by ion channelling contrast
with Ga*, clearly showed the morphology of the Au-rich layer,
partly compacted by burnishing but still retaining sub-micrometric
porosity. It was also possible to reveal annealing twins in the
recrystallised microstructure of the Au-rich layer, as well as the
strain-hardened (hence very reactive) layer in the bronze imme-
diately beneath the gilding. This layer consisted of small grains
elongated in the direction of material flow due to mechanical
polishing of the bronze before gilding. However, it was not pos-
sible to make detailed investigations, mainly due to the limits of
the conventional X-ray spectrometry technique using Mg or Al
anodes.

As regards the corrosion of fire-gilded bronzes, the Paradise
Door (i.e. the Eastern door of the Baptistery of Florence, created
by Lorenzo Ghiberti, 1425-1452) is a famous example [6]. This
masterpiece was exposed to outdoor atmosphere in Florence, Italy,
since its production until the Arno flood in 1966. As for many oth-
ers gilded monuments, such as the horses of Saint Mark’s basilica
in Venice 7], the growth of corrosion products at the gold/bronze
interface (with the formation of characteristic corrosion craters)
led to blistering or break-up and loss of the gold layer [6,8]. The
corrosion products detected beneath the gold layer in the case of
Ghiberti’s Paradise Door mainly consisted of copper oxide, basic
sulphates and copper carbonates [9], with lesser amounts of chlo-
rides and nitrates [10]. Furthermore, due to the action of acid
rains, copper salts also dissolved and diffused above the fire-gilded
surface, where brochantite, antlerite, paratacamite and copper
hydroxyl nitrate [11] were identified by X-Ray Diffraction and IR
spectroscopy. The presence of soluble nitrate-based compounds is
often attributed to interaction with the polluted urban atmosphere,
but they were also hypothesised to derive from residues of bronze
pickling reagents used in the ancient past by goldsmiths before
application of the gold-mercury paste, for improving the adhesion
of the gilding layer on bronze [11].

The presence of several corrosion products, including hygro-
scopic compounds at the gold/bronze interface, makes fire-gilded
bronzes quite unstable and complex systems [9,12,13], requiring
specific restoration and conservation procedures [8]. In particular,
cleaning procedures based both on chemical and on laser meth-
ods were applied [11,14,15]. After cleaning, conservation actions
must be implemented on gilded bronze artworks to ensure their
long-term corrosion protection. Both preventive techniques, such
as microclimate control [9,16] and use of coatings and inhibitors
[12,17,18], were investigated. In order to help microclimate control,
specific sensors based on the measurement of galvanic currents in
gold/bronze couples proved to be useful in finding the most suit-
able climatic parameters which ensure negligible corrosion rates
[16].

Even if the main phenomenological aspects of gilded bronze
corrosion are known, an improved characterisation of this multi-
layer system and the involved phenomena of decay is required,
in order to pursue a deeper understanding of the corrosion
mechanism, which is always a basic requirement for developing
effective conservation strategies. Therefore, in the present work
the same fire-gilded bronze as in the previous paper [5], was pre-
pared according to ancient methods, so as to mimic the typical
microstructure and morphology of amalgam-gilded bronzes. Age-
ing in conditions closely simulating outdoor exposure in runoff
conditions (dropping tests [19]) was applied and these fire-gilded

bronze samples were preliminary characterised by microscopy and
micro-spectroscopy techniques (FIB-FEG/SEM, EDS, micro-Raman)
(5]

1.2. General XPS background

X-ray photoelectron spectroscopy (XPS) has been applied since
more than thirty years to ancient bronzes and patinas, in order
to analyse the chemical state of elements on the outermost sur-
faces and (by Ar* sputtering) to explore depth profile [20-22].
However, its use in cultural heritage materials science has been ini-
tially restricted, due to experimental constraints linked to sample
size, analysed area (typically larger than 300 um in diameter) but
also to charge effects linked to weakly conducting surfaces [21,22].
This technique was often coupled to scanning Auger microscopy
(Auger electron spectroscopy—AES) as an associate method high-
lighting the differences in the microchemical composition thanks
to a smaller spatial resolution compared to XPS techniques [20-24].

Since the last fifteen years, the improvement in detection sen-
sibility of XPS analyser and to the needs to accurately relate
chemical binding to elemental or structural information led to
more investigations on synthetic materials to be carried out. These
investigations were mainly focused on chemical transformation of
polished or artificially corroded Cu-Sn (Zn, Pb) bronzes in different
conditions—as for example, in atmosphere under SO, or H,S gas
pollution [25-28], in NaCl aqueous solution [29,30], in soil [31,32],
from particular chemical solutions [33,34], but also related to the
identification of specific copper or organic products [24,35,36] or
on the efficiency of conservation protective treatments [37,38].
On ancient artefacts, XPS investigation was often associated to
other analytical techniques (EDS-SEM, XRD, PIXE, SIMS, LA-MS)
[31,39-44]. XPS analysis usually were performed on surface frag-
ments, sometimes coupled to depth profile measurement from Ar*
sputtering [21,22,39,40] or laser ablation [44]. It should be noticed
that several studies investigated the effect of X-ray beam or (Ar*)
ion sputtering on the surface evolution [21,24,26,28,39,41]. They
revealed that lead carbonate species as well as copper sulphate or
copper oxide can be reduced, which can cause the interpretation of
XPS and AES to be problematic for copper species. XPS was also sel-
dom conducted on thick corrosion layers from cross-sections [31].
As regards mercury-amalgam plating on ancient bronzes, only very
few studies applying XPS have been performed. In [45], surface
analysis of several fragments of gilded copper base alloys clearly
demonstrated the importance to combine surface analytical tech-
niques helping to refine data on both the manufacturing process
and the degradation state.

Recently, a multi-analytical approach including conventional
XPS and synchrotron radiation—(SR) based techniques was applied
to two leaded bronzes, revealing all the interest for getting map-
ping of the surface chemistry of the bronze at a sub-micrometric
spatial resolution [41,42]. This global approach has been recently
extended to synchrotron X-ray photoelectron spectroscopy and
X-ray absorption spectroscopy on mercury gilded silver plates, dif-
ferently coloured according to different applied treatments based
on mediaeval writings [46]. This study pointed out the interest to
use SR as a highly powerful X-ray source for performing XPS surface
measurements.

1.3. Aim of the work

In the present paper, the main aim is to evaluate the application
of highly energy and lateral resolution synchrotron radiation pho-
toemission (HR-SRPES) for obtaining spatially resolved information
on corroded bronze samples at a sub-micrometric level (<500 nm).
In particular, special attention was paid to the mapping of chemi-
cal species and their state of oxidation. To this aim, state of the art



chemical mapping using HR-SRPES has been tested here for the first
time on cross-sections of typical corrosion craters, at the interface
between the gold layer and the bronze substrate.

Here, also based on a multi-analytical approach involving the
use of other analytical methods (EDS-SEM, GD-OES and conven-
tional XPS), from surface as well as cross-section analysis, the
objectives were: (i) to clarify the distribution of elements in the
as-gilded bronze, in order to understand the role of bronze allo-
ying elements (Cu, Sn, Zn, Pb) as well as the role of residual Hg in
the structure of the gilding layer and (ii) to investigate the interac-
tions between elements in the alloy/gilding layer system and the
environmental elements, mainly O, and also S and Cl elements.

2. Materials and methods
2.1. Preparation of fire-gilded bronze samples

The composition of the bronze, cast in stone moulds and then
fire-gilded, is similar to those of Renaissance artefacts: Sn: 3.3, Zn:
1.5, Pb: 1.0, Sb: 0.2 wt.%, Cu to balance (Sn: 1.81, Zn: 1.49, Pb: 0.31,
Sb: 0.11 at.%). The alloy exhibits a dendritic microstructure of cored
a-Cu solid solution, typical of as-cast bronze (with Sn- and Sb-local
enrichment in the interdendritic spaces), also including globules
of Pb as described in [47]. Residual porosity and shrinkage cavities
were uniformly distributed in the alloy.

Fire-gilding was carried out after mechanical polishing (SiC 180
grit) of the cast bronze surface followed by nitric acid pickling
(10wt.% of HNOj3 in deionised water) and rinsing in water. The pol-
ished and pickled surface was then covered with Au-Hg (1:8 wt.%)
amalgam paste (according to the recipe by Benvenuto Cellini in
his treatises on goldsmithing and sculpture (1568) [48]) and then
heated by an open flame, so as to vaporise Hg. Subsequently, the
gilded surface was burnished by an agate tool (using olive oil as
a lubricant), in order to densify the porous layer and produce a
smooth and shiny surface with a golden appearance. No other gold-
colouring procedure, as those described in [46], was applied on the
as-gilded surface. The thickness of the mercury gilding layer was
estimated by SEM observation of cross sections.

2.2. Accelerated ageing in runoff conditions (dropping tests)

Fire-gilded bronze specimens (2.5 x 5.0 cm?2) were exposed to
synthetic rain (pH=4.3) by dropping tests with a total Time of
Wetness (TOW) of 30 days. The dropping tests simulate unshel-
tered exposure to rainwater (runoff conditions). In this test the rain
solution was periodically dropped onto 45° inclined specimens,
with alternated cycles of 2-days dropping/1-day drying and 3-days
dropping/1-day drying, selected on the basis of environmental data
from the monitoring stations in Bologna, Italy [19].

As reported in [5], the artificially aged samples produced by
dropping with TOW of 30 days can be used for a deeper inves-
tigation of corrosion process. This method produces crater-like
corrosion features at the interface between the gilding layer and
bronze, comparable to historical reference artefacts.

2.3. Characterisation of fire-gilded samples

The free surface of fire-gilded bronze was observed by 3D-
Digital microscopy. On the free surface of gilded bronze, also Glow
Discharge-Optical Emission Spectroscopy (GD-OES) concentration
profiles were measured, after gentle rinsing with ethanol, so as to
remove surface contamination. GD-OES analysis was carried out
with a Grimm-style glow discharge lamp in DC mode. The inter-
nal diameter of the tubular anode (hence the analysed area in each
measurement) was 2.5 mm and the in-depth spatial resolution dur-
ing depth concentration profiles (perpendicular to the surface) is

about 50 nm. The Grimm-type atomisation/excitation source was
evacuated by a rotary pump to a final pressure of 0.05 hPa. After
evacuation, flowing argon as a working gas (99.995% purity) was
introduced to a constant pressure of 3 hPa. Constant discharge con-
ditions (voltage 900V and current 9 mA) were used in order to
maintain a constant sputtering rate. The crater depths were mea-
sured by stylus profilometry after the GD-OES measurements, in
order to check the sputtering rates.

Conventional metallographic techniques (i.e. cold mounting in
conductive resin) were used, for the preparation of cross sections.
The gilding layer and the corrosion features at the gold/bronze
interface were characterised by a coupled system SEM/EDS-
Raman SCA (Scanning Electron Microscopy with Energy Dispersive
Spectroscopy and Raman microprobes, Structural and Chemical
Analyser, A =514.5 nm, power: 5 mW).

The characterisation of the interphases in the cross-sections was
performed by HR-SRPES with an excitation energy of 850 eV (there-
fore it was not possible, by HR-SRPES, to explore binding energy
contributions such as those from Cu 2p3/; and Zn 2ps3, at about
932-934 and 1022 eV, respectively). HR-SRPES experiments were
conducted in the ANTARES beamline at the SOLEIL synchrotron.

Considering a thickness of the Au layer lower than 10 pm, cross-
section of the samples were analysed taking advantage of ANTARES
beam resolution. Imaging of polished cross-sections was carried
out with the high resolution R4000 Scienta hemispherical analyser
and a set of Fresnel Zone Plates (FZP), able to focalise the beam spot
up to a few tenths of nanometers in spatial resolution. The main
difference of the ANTARES microscope from other conventional
ARPES instruments is that the specimens can be mounted on a high-
precision plate that ensures their nanoscale positioning in the x, y
and z directions [49,50]. The pass energy was fixed at 100 eV with a
step at 0.05 eV for core levels. Investigated core levels were limited
to afew localised spots, due to the available synchrotron beam time,
which was mostly used for time-consuming high-resolution photo-
electron spectroscopy (HR-SRPES) maps. A surface cleaning using
He ion bombardment was applied prior XPS measurements.

Complementary conventional XPS analyses were also carried
out on the top of the fire-gilded surfaces. The photoelectron
emission spectra were recorded using a monochromatised Al Ko
(hv=1486.6 eV) source on a ThermoScientific K-Alpha system. The
X-ray spot size was about 400 pm. The pass energy was fixed at
30eV with a step of 0.1 eV for core levels. lonic sputtering of the
surfaces was made by Ar* ion beam accelerated under 2 keV low
current. XPS spectra were recorded in direct N (Ec).

For both XPS systems (HR-SRPES and ThermoScientific K-Alpha
XPS), the in-depth resolution is of a few nm. The spectrometer
energy calibration was made using the Au 4f;, (BE=84.0+0.1eV)
photoelectron line and the C 1s value of adventitious carbon
(BE=284.8 +0.2eV) when no Au was present. The different core
levels investigated were C 1s, O 1s, S 2p, Cl 2p, Cu and Zn: 3p (2p
only for K-Alpha XPS system), Sn 3d, Sb 3d, Au 4f and Pb 4f. The
background signal was removed using Shirley method. The photo-
electron peaks were analysed by Gaussian/Lorentzian (G/L=30%)
peak fitting. The atomic concentrations were determined with an
accuracy of 10% from photoelectron peak area, using the atomic
sensitivity factors reported by Scofield, taking into account the
transmission function of the analyser according to the energies
applied (850 eV for HR-SRPES and 1486.6 eV for K-Alpha XPS).

3. Results
3.1. As-gilded bronze

The topographic image of the as-gilded surface (Fig. 1a) shows
residual grooves (from about 5 to 10 wm deep) due to mechanical
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Fig. 1. Fire-gilded bronze: 3-D digital microscopy topographic image of the free surface, with indication of a porous area, corresponding to grooves in the bronze substrate,
where gold was not compacted by burnishing (a). SEM/EDS cross-section images (backscattered electrons, BSE)) in the regions corresponding to smooth (b and c) and porous

areas (d). The fire-gilded layer is the white layer in the central area of each BSE image.

polishing before gilding. This peculiar feature leads to two typical
surface morphologies: smooth and flat areas (where the burnishing
procedure successfully compacted the gilded layer after Hg evapo-
ration) and porous areas (due to insufficient burnishing). In fact, in
the porous areas, some grooves were too deep to allow full densifi-
cation of the gilded layer. Cross-section images in Fig. 1b-d shows
that the thickness of the gilded layer is remarkably higher (around
10 wm thick) in porous areas by comparison to the smooth ones
(about 2 pm).

It must be taken into account that the gold layer thickness may
be overestimated due to smearing of soft gold on hard bronze dur-
ing metallographic polishing [1]), whereas, for the same reason,
the gold porosity may be underestimated. As detailed in [5], FIB
milling and FEG-SEM observations allowed detailed morphological
characterisation in terms of compactness and porosity, confirming
that smooth areas (i.e. areas where the burnishing procedure was
fully effective) display lower thickness and higher density by com-
parison to porous areas on the grooves.

The typical elemental distribution of the fire-gilded bronze
before corrosion is shown in Fig. 2. Mercury (Hg) was detected in
the gilded layer, but also alloying elements from the bronze sub-
strate, such as Sn and Zn. The presence of N in the gilded layer is
more probably due to the previously described nitric acid pickling
procedure.

However, it is difficult to determine accurately the elemental
distribution of Au, Hg, Pb, Sn and Sb in the gilded layer by SEM-
EDS, due to the limited spatial resolution of the X-ray source but
also to the overlapping of the principal emission peaks (M peaks of
Au, Hg and Pb and L peaks of Sn and Sb). Therefore, a more detailed
characterisation was carried out by GD-OES concentration profiles
as well as by conventional XPS and by HR-SRPES imaging.

The GD-OES concentration profiles are given in Fig. 3. In the
outermost part of the gilding (<0.25 wm), an enrichment of Hg
was revealed: Hg concentration increases with decreasing distance
from the surface, most likely due to diffusion of Hg towards the
outer surface during the fire heating procedure. This superficial Hg

enrichment is accompanied by a marked enrichment in Sn and Zn
by comparison to Cu and Pb also present in the gilded layer (Fig. 3,
inlay). This phenomenon vanished after the maximum of Au con-
centration (thickness: 0.4-0.5 wm) and it was most likely linked to
the effect of the mercury evaporation during the heating step. The
gradual variation of the alloying elements, coupled with the gradual
decrease of Au across the interface between the gilding layer and
the bronze substrate, is surely also related to the large size (2.5 mm)
of the analysed surface area, averaging the variable thickness of the
gilding.

Considering Cu and Au GD-OES profiles across the gilding layer,
showing a gradual increase of Cu concentration starting from the
surface, coupled with the gradual decrease of Au, Cu-Au interdif-
fusion can be hypothesised, because these elements are known to
intermix readily when solid-state diffusion takes place [51]. On
going from the outermost surface towards the bulk, the GD-OES
profiles show the presence of Cu also in the most external regions
of the gilding (far from the interface, hence in regions where the
variable thickness of the gilding did not affect the GD-OES data), so
confirming the hypothesis of interdiffusion. The ability of the heat-
ing step (carried out here so as to remove Hg from the fire-gilded
layer) to induce interdiffusion of Cu and Au, was also observed
by other authors in the general case of gilded artefacts involving
heating [1,4,6,52-54].

The results of XPS measurements performed on the as-gilded
bronze surface, before and after Ar* etching, are given in Table 1,
which highlights a high content of environmental-related elements
including C, N, O, S and Si, which decreased in intensity after Ar*
etching. C 1s is linked to carbonyl pollutants also including C—N
species. It is interesting to notice the relatively high proportion of
nitrogen (2.4 at.%), which cannot be ascribed to nitrate but could be
related to C and H (BE core level at ~399.5eV [55]). Also regarding
sulphur, the peak of S 2p is in two states, corresponding to sulphate
and sulphide. No chlorides were detected.

On the gilded surface, a high amount of Hg was also revealed,
decreasing after the ion bombardment (Table 1), in agreement
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Fig. 2. Fire-gilded bronze: SEM-BSE image (top left corner) and EDS X-Ray maps showing elemental distribution in cross section. Possible residual overlapping interference
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Fig. 3. Fire-gilded bronze: GD-OES concentration profiles of Au, Hg and bronze alloying elements (Cu, Sn, Zn, Pb) measured from the free surface. The inlay shows a detail of
the concentration variation for the outer zone of the gilding (<1.5 wm).

with GD-OES data (Fig. 3). Also the enrichment in Zn by com- XPS core level measurements showed that these elements are
parison to the Cu initial content of the bronze was confirmed, in the metallic (Au, Hg) or in the oxidised state (Sn, Zn) or under
(Zn/Cu atomic ratio increases from 0.015 (alloy) to 0.17 (top both states (Cu, Pb). The metallic Cu(0) component in the outer-
surface)). most layer of the gilded surface is confirmed from the calculation



Table 1

XPS atomic quantification of as-gilded bronze (monochromatised Al Ko (hv=1486.6eV)). Analysis of the top surface of the gilding, before and after Ar* ion etching. Each

value was normalised to Au atomic content (Au=1).

Au4f;,  Hgaf;, Cls Nis Ols S2p Cu 2p3p, Sn3ds;;  Zn2p3/2  Pbafy,
Metal Metal N—C Sulfide/sulfate  Cu°—Cu(I)/Cu(Il) oxide/Cu(Il) hydroxide  Sn(IV) Oxide Metal/oxide
Before etching
Peak BE (eV) 84.0 100.0 284.6 399.7 531.9 162.4/169.0 932.57/933.5/934.9 486.7 1022.1 136.9/138.6
at.% 4.9 0.5 74.0 24 154 0.7/0.4 0.5/0.3/0.1 <0.2 0.3 0.1/0.2
After etching (10s Ar+)
Peak BE (eV) 84.0 100.0 284.7 399.2 532.0 162.9/168.9 932.5/933.4/934.9 486.8 10223 136.8/138.7
at% 12.7 0.8 69.2 2.9 9.6 1.1/0.3 1.1/1.1/0.2 <0.2 04 0.1/0.3
Normalised (/Au at.%)
Before etching 1.00 0.10 15.10 0.49 3.14  0.14/0.08 0.1/0.06/0.02 <0.04 0.06 0.02/0.04
After etching 1.00 0.06 5.45 0.22 0.75  0.09/0.02 0.09/0.09/0.01 <0.01 0.03  0.01/0.02

" KE (CuLMM)=918.1eV o/ =1850.6 eV.

of the Auger parameter (¢, Table 1) and is significantly high. For Pb,
oxidised state is mainly found but a minor component is metallic
even before ion etching, clearly indicating the presence of a metallic
phase, probably alloyed with Hg, within the gold layer. For Sn, the
signal intensity was at the limit of detection (around 0.2 at.% after
ion etching), therefore the exact oxidation state and the possible
relative enrichment of Sn in the surface by comparison to Cu could
not be determined.

These results point out that the fire-gilding process induced the
Hg enrichment in the outer layer of the gilding, but also favoured
the diffusion of Sn and Zn by comparison to Cu (inlay, Fig. 3). The
XPS data also highlight the presence of metallic phases involving Pb
but also Cu. The metallic Cu(0) component on the top gilded surface
remains the main oxidation state, as confirmed by the evaluation of
its Auger parameter («’—Table 1): o’ =1850.6 eV (both before and
after etching), in good agreement with Cu(0) state (1851 +0.5eV)
[56].

These alloying elements (Sn, Zn), present in the outermost part
of the gilding layer, are potentially and preferentially reactive to
preferential corrosion [19]. The presence of metallic Sn and Zn in
the outer layer of the gilding may be related to stronger interactions
of these elements with both Au and Hg. In particular, both Sn and Zn
form mercury amalgams and intermetallic compounds with Au and
Hg [57]. Specifically, Au-Sn diffusion and compounds formation is
well-documented in the field of electronic devices [51]. For Pb, only
very low amounts of metallic Pb (0.07 at.%) were detected by XPS
after etching on the top surface (Table 1). Pb was detected only in
very low concentration by GD-OES in the outer part of the gilding
layer (Fig. 3, inlay), not showing the same superficial enrichment
trend as Sn and Zn, notwithstanding the ability of this element to
form Hg amalgam and Au-based intermetallics [57]. The low con-
centration of Pb in the outer part of the gilding could be due to the
low amount and to the inhomogeneous distribution of Pb in the
bronze alloy.

3.2. Artificially corroded gilded bronze

After artificial ageing, XPS measurements on the top of the gilded
surface, before and after Ar* ion bombardment (Table 2), revealed a
high content of light elements by comparison with the uncorroded
surface. The main difference is related to an increase of C, O and S
elements, due to corrosion induced by the artificial rain solution.
For carbon and oxygen, a marked increase corresponding to C—O
binding is found, which can be mainly ascribed to carbonate species
(Cat ~289.3eV and O at ~532eV) [36]. After accelerated ageing, it
was also found that Hg remains in the metallic state in the top gilded
layer.

As regards the alloying elements of the bronze, Cu and Pb
are always found within the surface. For Cu, the metallic compo-
nent remains present according to the Auger parameter estimation

(Table 2, &’ =1850.6 eV after etching [56]). For Pb, several contrib-
utions are present and can be related to oxidised species (hydroxi-,
sulphates and probably oxide) but also to metallic Pb, which
remains on the gilding layer in a very low amount (0.08 at.% after
etching). For Zn and Sn, always by comparison to the uncorroded
sample, a decrease of their amounts was observed, as revealed by
their normalised atomic values (/Au) of Table 1 compared to Table 2.
Sn is oxidised, but the signal was barely detectable and no precise
information could be given. However, these results showed that
accelerated ageing induced a decrease of Zn content on the top
surface, e.g. the oxidised Zn concentration before ageing was 0.03
(/Au), (Table 1 after etching) and decreased down to 0.01 (/Au),
Table 2). No remarkable variation was observed for Hg. Similarly,
also Cu was not significantly affected after ageing: the normalised
Cu atomic ratio (/Au) was 0.19 for the as-gilded sample (Table 1)
and 0.22 when corroded (Table 2). Therefore, both Hg and Cu, prob-
ably in solid solution with Au, remained in the top layer and were
not completely dissolved after artificial ageing.

The cross-sections of the artificially corroded fire-gilded bronze
revealed large craters under the fire-gilded layer as usually
observed for this type of materials [9,10]. Elemental distribution is
illustrated by EDS X-ray maps in Fig. 4. Concerning the fire-gilded
layer, the contributions of Au, Hg and Pb were not easy to separate
on the basis of EDS data. Within the crater, corrosion was marked
by a depletion of Cu and Zn, with consequent relative enrichment
of Sn and incorporation of oxygen species (Fig. 4).

HR-SRPES investigations were performed on a representative
corrosion crater in the corroded gilded bronze sample.

In particular, two representative points were identified: point A
in the gilding layer and point B in the corrosion crater (see Fig. 5 for
the localisation of points in the HR-SRPES maps).

The HR-SRPES analysis of the gilded layer confirmed the pres-
ence of Pb and Cu, but also Sn and Zn (near the detection limit)
within the gold layer. Fig. 6 shows core level spectra for Hg in the
gilded layer after corrosion, indicating that Hg is still present also
in the metallic state (BE Hg 4f;/,: 99.8 eV). The same interpretation
of core level was applied to Pb (BE Pb 4f;,: 136.5 eV), not shown in
Fig. 6.

As regards environmental elements inside the gilded layer, the
overview XPS spectra did not show the presence of S and CI; only
C and O were detected. The presence of C and O in the gilded layer
could be related to the corrosion process but also to mounting resin
contamination.

As regards alloying elements in the gilding layer, HR-SRPES
showed the presence of metallic phases which can be still present
after corrosion, as already observed also by conventional XPS sur-
face analysis only on the top surface (Table 2). In fact, in the upper
part of the gilding layer (at a few hundreds of nm from the surface,
point AinFig. 5),an Au/Hg atomic ratio of about 15 was determined
by atomic quantification from core level spectra (Table 3), in good



Table 2

XPS atomic quantification (monochromatised Al Ko (hv =1486.6 eV) on corroded fire-gilded bronze (artificial corrosion: TOW =30d). Analysis of the top surface of the gilding,
before and after Ar* ion etching. Each value has been normalised to Au atomic content (Au=1).

Au4f;, Hg4af;, Cls N 1s O1s S2p Cu 2p3p, Sn 3dsp, Zn2ps,  Pb4fy),
Metal Metal Sulfide/sulfate  Cu®—Cu(I)/Cu(Il) oxide/Cu(Il) hydroxide  Sn(IV) Oxide Metal/oxide
without etching
Peak BE (eV) 83.8 99.9 285.1 399.6 532.5 161.8/168.9 932.37/933.6/935.1 486.2 1023.1 136.8/138.0
at.% 4.7 0.2 66.1 23 22.7 1.3/1.0 0.5/0.5/0.3 <0.2 (LD) 0.1 0/0.1
After etching (10s Ar+)
Peak BE (eV) 83.8 99.8 284.9 399.5 532.5 162.0/168.8 932.37/933.5/935.1 486.7 10223 136.8/138.4
at.% 29.8 1.0 42.8 3.9 134 1.9/0.1 4.5/1.7/0.2 <0.2 (LD) 0.2 0.1/0.2
Normalised (/Au at.%)
Before etching 1.00 0.04 14.06 0.49 4.83 0.28/0.21 0.1/0.1/0.06 <0.04 0.02 0.00/0.02
After etching 1.00 0.03 1.43 0.13 045 0.06/0.03 0.15/0.06/0.01 <0.01 0.01  0.00/0.01

LD: limit of detection.
" KE (CuLMM)=918.1eV o’ =1850.4 eV — Cu°/Cu* component.
" KE (CuLMM)=918.3eV o/ =1850.6 eV — Cu°.
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Fig. 4. Corroded gilded bronze (runoff conditions, TOW =30 days): SEM-BSE image (top left corner) and EDS X-ray maps showing elemental distribution in the cross section

of a corrosion crater at the gold/bronze interface.

agreement with the GD-OES concentration profiles at 300-500 nm
from the top surface (Fig. 3).

Inside the corrosion crater, the elements detected applying HR-
SRPES were C, O, Cu, Zn, Sn, Sb and Pb, while S and Cl were only
found at trace levels and will not be considered in the following
discussion.

HR-SRPES maps in Fig. 5 show the Au, Cu, Sn and Pb elemen-
tal distribution at a submicrometric scale. It is clearly revealed
that the formation of the corrosion crater is related to a discon-
tinuity within the gold layer, as shown by the Au map. Another

important point is that Sn and Cu HR-SRPES maps clearly high-
light a Sn relative enrichment induced by decuprification (internal
oxidation of the bronze and Cu selective dissolution [58]). Decupri-
fication is demonstrated also by measurements of Cu release in the
ageing solutions, reported in [5,59].

Moreover, the Pb map in Fig. 5 confirms that Pb is still present
in the Au-rich layer after corrosion.

More detailed chemical information on the elements species
involved in the corrosion layers inside the crater was obtained from
core level analysis. In particular, quantification from core levels was



combined image
Cu Au Sn

Fig. 5. Cross-section of corroded gilded bronze (same crater as in Fig. 4); SEM-BSE image (top right) and HR-SRPES maps with the different kinetic energy ranges: Cu
764-785eV; Au754-764 eV; Pb 696-715 eV Sn 345-366 eV; combined image Cu, Au and Sn. The HR-SRPES maps were measured in the area outlined in red in the SEM image.

The dotted line marks the mounting resin/gilding layer interface.

Table 3

XPS atomic quantification on corroded fire-gilded bronze (artificial corrosion TOW =30d), data obtained by HR-SRPES at 850 eV. Cross-section analysis of a typical corrosion
crater, after Ar* ion bombardment. Point A corresponds to the gilding layer (at 300-500 nm from the top surface) and point B corresponds to the corrosion crater (see Fig. 5
for the localisation of points in the maps). Each value has been normalised to Au atomic content (Au=1).

Point A (gilding layer)

Au 4f;, metal Hg 4f;/, metal Cls O1s Pb 4f7j, metal Sb 3ds); metal
Peak BE (eV) 84.0 99.8 284.5 530.5 136.5 527.3
at% 12.2 0.8 75.0 11.8 0.2 0.1
Normalised (/Au at.%) 1.0 0.06 6.1 0.96 0.01 0.0
Point B (corrosion crater)
Au4f;;, metal Cls Ols Cu3p Sn 3ds); oxide Sn 3ds); metal Pb 4f;), Pb 4f;, oxide Sb 3d3/, metal
metal metal
Peak BE (eV) 84.0 284.8 530.8 75.3 486.5 484.8 136.9 138.7 527.8
at% 0.3 374 141 46.5 0.9 0.5 0.2 0.1 0.2
Normalised (/Au at.%) 1.0 149.4 56.4 185.9 3.7 1.9 0.6 0.5 0.6

performed on point B located inside the crater (Fig. 5) and atomic
quantification results are reported in Table 3. A precise attribu-
tion and deconvolution of the curves was complex, not only due
to the presence of numerous species, but also because prolonged
Ar* cleaning, carried out in order to reduce carbon contamination
from the mounting resin, induced an important effect of reduction,
according to the atomic balance obtained from core levels analysis
for point B (Table 3). It was also revealed that Au was detected in
a very low amount, probably linked to the metallographical prepa-
ration.

A representative example of the influence of Ar* cleaning can be
observed in HR-SRPES maps for Sn species in the corrosion crater,
reported in Fig. 7(a-c). Analysis of core level spectra showed that
the main contribution was due to oxidised Sn species (Sn(ox); BE at
486.5 eV), likely to be ascribed to the highest oxidation state (+4). It
also revealed the presence of Sn in its metallic state (BE 484.8 eV).
As also metallic Sn(0) was identified inside the corrosion crater, this

chemical state should be considered as an artefact due to a partial
reduction of oxidised Sn, linked to the Ar* cleaning step. This kind
of artefact was already observed by other authors: the reduction
phenomenon was also observed for Pb [21,40,42,60], but possibly
also for Cu (3p) [22,26].

In the same area, O bonded with C was detected within the cor-
rosion crater, as shown in Fig. 8. Also, a remarkable effect of carbon
pollution with a high intensity corresponding to several C—C and
C—0 (284.8 eV and 286.2 eV) compounds was observed, likely due
to mounting resin contamination. Thus, unfortunately, in this case,
a precise attribution of peaks from specific binding energies was
not achievable. For point B (Fig. 5, Table 3), based on the core level
spectrum (Fig. 8d), the O1s region was fitted with three peaks at
about BE=529.8 eV (02~), BE=531.7-531.8 eV (OH~, 0=C—0) and
BE=533.1eV (C—0 and H,0) [61]. The spatial distribution of each
oxygen species was reported in HR-SRPES maps of Fig. 8a-c. In
this case, the maps showed that on increasing depth, the low-BE
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Fig. 6. Hg 4f;), curve-fitted regions within the gold layer (at around 300-500 nm
from the top surface (point A in Fig. 5) - corroded gilded bronze - cross-section).

component gains intensity at the expense of high-BE components.
In particular, H,0 (533.1 eV) is mainly located in the upper layers of
the crater (nearer to the metal/environment interface), whilst OH~
(531.7eV) and 02~ (529.8 eV) concentrate in the most internal lay-
ers. The presence of a widespread distribution of OH™ can be also
related to the contamination of the mounting resin (because of the
overlapping of signals from O=C—O0 bonds in the resin with OH™

combined image

[61]). By comparison to the expected metallic oxidised species, the
amount of oxygen is very high, probably due to the above men-
tioned contamination effects (different O—C linked to O—H bonds
were detected).

However, even if special care has to be taken when preparing
sample in order to avoid such contamination effects, the combined
image in Fig. 8e allows to highlight the spatial distribution of differ-
ent oxygen species throughout the corrosion crater. Interestingly,
it shows that the main species within the crater, involved in the
corrosion process, could be related to the formation hydroxi-oxide
compounds rather than to pure oxide. For bronze (Cu-Sn alloys),
this has to be related to the oxidation of the alloy, linked with the
selective dissolution of the main alloying elements. As pointed out
in case of atmospheric corrosion [62], but also in case of anodic
corrosion [30] which is typically the case of galvanic coupling with
gold, Sn species are not dissolved in the environment but remain
in the inner layer as an insoluble product which is suspected to be
(hydrated) hydroxi-oxides [62]. These species are supposed to form
a network as for Sn oxide xerogel, through which copper ions and
anions migrate towards the surface [30].

Fig. 8 HR-SRPES maps of a corrosion crater of a fire-gilded bronze
(same as for Fig. 4). Oxygen spatial distribution (O 1s) measured at
different kinetic energy ranges: (d) core level of Oxygen 1s cor-
responding to a typical point in the crater corrosion (point B in
Fig. 5), revealing different binding energies in relation with dif-
ferent chemical states and (a) 0%~ 313.8-315.0eV; (b) OH~ and
0=C—0 313.0-313.8eV; (c¢) C—0 and H,0 310.8-312¢V, so as to

Counts/s (Resid. x 2)

488.0 486.0 484.0
Binding energy(eV)

Fig. 7. HR-SRPES maps (measured in the same corrosion crater of Fig. 4) with different kinetic energy ranges: (a) Sn® 359-360eV; (b) Sn** 356.8-358 eV, (¢) combined image
of the two different tin species shown in a and b, so as to highlight the distribution of different tin-based species; core level of Sn 3d corresponding to a typical point (point
B in Fig. 5) in the corrosion crater, revealing different binding energies in relation with different chemical states.
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Fig. 8. HR-SRPES maps of a corrosion crater of a fire-gilded bronze (same as for Fig. 4). Oxygen spatial distribution (O 1s) measured at different kinetic energy ranges: (d) core
level of Oxygen 1s corresponding to a typical point in the crater corrosion (point B in Fig. 5), revealing different binding energies in relation with different chemical states
and (a) 02~ 313.8-315.0eV; (b) OH- and 0=C—0 313.0-313.8eV; (c) C—0 and H,0 310.8-312 eV, so as to highlight the distribution of different oxygen-based species; (e)

combined image of the three different oxygen species shown in (a-b-c).

highlight the distribution of different oxygen-based species; (e)
combined image of the three different oxygen species shown in
a-b-c.

4. Conclusions

The spatially resolved application of synchrotron radiation high-
resolution photoelectron spectroscopy (HR-SRPES) was found to
be very promising for understanding complex structure as those
found on cultural heritage metallic materials. Contamination due
to mounting resin and consequent element reduction due to sputter
cleaning here were identified as a main critical issues.

From this investigation of artificially corroded fire-gilded
bronze, several main conslusions can be drawn:

e Heating during the fire-gilding procedure has been found to

induce aremarkable enrichmentin Sn and Zn in the top part of the

gilded layer. This new result has to be carefully taken into account

for conservation purposes of these bronzes, as these chemical ele-

ments usually exhibit different corrosion behaviour in outdoor

conditions.

HR-SRPES, applied for the first time on corroded gilded bronze,

allowed detailed mapping of the spatial distribution and oxida-

tion state of elements such as Sn and O.

Metallic phases including Hg and Pb still remain in the gilding

after corrosion.

Selective dissolution of Cu and also Zn occurred in the corro-

sion craters due to galvanic coupling, which induces relative Sn

species enrichment (decuprification).

¢ The distribution mapping of the chemical states revealed the for-
mation of hydroxi-oxide compounds of Sn and O.
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