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Abstract

Fire-gilded bronze (replicating the materials of Lorenzo Ghiberti’s Paradise Door (Baptistery of
Florence, 1452)) was aged in runoff/stagnant conditions by accelerated exposure tests in synthetic
acid rain. After preliminary electrochemical investigations, a detailed characterization of gilded
bronze samples before and after artificial ageing tests followed. Surface and cross-sections analyses
were performed by FIB/FEG-SEM, SEM/EDS and micro-Raman spectroscopy. The protective
efficiency of a coating based on 3-mercapto-propyl-trimethoxy-silane was also quantitatively
assessed by GF-AAS through analysis of metal release, while the aesthetical appearance of coated

and uncoated gilded bronze before and after ageing was evaluated by colour measurements.
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1. Introduction

Gilded bronzes, widely used in historical monuments as well as in architectural elements, are often
severely affected by corrosion damages, due to the presence of pores and defects in the gilded layer,
that induces corrosion of the bronze substrate.

Defects and discontinuities in the gold layer are primarily due to the technological processes of
gilding. The decoration of objects with surface gilding started by simply using gold foil (thickness >
1 um), that could be applied mechanically (e.g by folding and crimping) on metallic substrates.
Then, it evolved to the application of gold leaf (thickness <1 um, obtained by beating the metal in a
parchment sheath), which required the use of an adhesive material paste [1]. A famous example of
historical leaf-gilded bronze is the statuary group from Cartoceto di Pergola (Italy), which is the
only surviving Roman gilded bronze equestrian group. In the case of leaf-gilded surfaces,
discontinuities may arise from the junctions among foils/leafs, from scratches and mechanical
damages in the gold foil/leaf and from areas where the adhesion of gold is not satisfactory.
Particularly, in the case of leaf gilding, also bio-deterioration of organic adhesives might negatively
affect the durability of the gold layer [2].

The ancient goldsmiths found an elegant solution to the problem of gold leaf elaboration and
application by inventing amalgam- or fire-gilding, based on the use of mercury for producing a
spreadable Au-Hg amalgam paste. After applying the Au-Hg paste on the bronze surface, heating
induces mercury evaporation, leaving a well-bonded gold-rich layer with a dull appearance, due to
the pores generated by mercury evaporation, which, however, is never complete. The fire-gilded
layer therefore requires to be “burnished” (i.e. plastically deformed and compacted) by a smooth
and hard tool, so as to obtain a shiny surface. The fire-gilding process can be repeated several times,
in order to build up the desired thickness [2,3]. Lorenzo Ghiberti’s Paradise Door (Baptistery of
Florence, 1425-1452) is a well-known example of fire-gilded bronze monument, exposed to the
outdoor atmosphere until 1966, when it was damaged by the Arno flood and a careful restoration
intervention started [4]. In this case, as in many others such as the horses of Saint Mark’s basilica in
Venice [5], the growth of corrosion products at the gold/bronze interface lead to blistering or break-
up and loss of the gold layer [6,7]. The corrosion products beneath the gold layer, detected in the
case of Ghiberti’s Paradise Door, were mainly copper oxide, basic sulphates and copper carbonates
[8], with minor amounts of chlorides and nitrates [9]. However, copper salts also diffused above the
gilded surface, where mineralogical analyses by X Ray Diffraction and IR spectrometry revealed
the presence of brochantite, antlerite, paratacamite and copper hydroxyl nitrate [10]. Moreover,

deposition of atmospheric particles, containing gypsum, quartz, feldspars, tetra hydrate calcium
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nitrate and carbon, was detected [7,10]. Nitrates may be the result of atmospheric pollution, but may
also be due to residues of bronze surface cleaning reagents used by ancient goldsmiths before
application of the fire-gilding technique to improve the adhesion of gold on bronze [10].
Degradation of gilded bronze is stimulated by galvanic coupling between bronze and the surface
gold layer, much nobler than the substrate from an electrochemical point of view. In order to
simulate real exposure conditions of gilded bronze artworks in atmosphere, bronze/gold couples
with an interposed corrosion product layer were short circuited by a zero resistance ammeter (ZRA)
S0 as to measure galvanic currents and were exposed to atmospheres with different relative
humidity (RH) values and temperatures. Galvanic currents were found to increase at increasing RH
and in the presence of hygroscopic corrosion products. These tests and polarization curves recorded
on bronze and gold revealed that gilded bronze artworks are quite unstable systems [8,11,12],
whose restoration and conservation are difficult tasks tackled by the application of different
strategies. In particular, specific cleaning procedures based on chemical or laser cleaning
methodologies have been used [10,13-15]. However, it was found that laser cleaning is not capable
to eliminate chlorides, indicating that serious alterations and damages can occur in the long term in
the gilding layer if the cleaned gilded bronze pieces were to be exposed to an environment with a
high relative humidity [16].

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 [8,17])
and use of coatings and inhibitors [11,18,19], were investigated. In order to help microclimate
control, specific sensors based on the measurement of galvanic currents in gold/bronze couples
were found useful for finding the most suitable climatic parameters to guarantee negligible
corrosion rates [20].

As regards protective layers, organosilane coatings attracted a significant research attention in
recent years, due to their protective efficiency towards the corrosion of several alloys and some of
them were tested on copper and bronze exposed to artificial rain or chloride-containing solutions.
Research studies were carried out on octadecyl-trimethoxy-silane [21], glycidoxy-propyl-
trimethoxy-silane [22] and y-aminopropyltriethoxysilane (y-APS) [23]. However, outstanding
results were obtained with silanes containing sulphur or mercapto groups, such as bis-[triethoxy-
silyl-propyl]tetrasulfide [24], 3-mercapto-propyl-triethoxy-silane [25] or 3-mercapto-propyl-
trimethoxy-silane (PropS-SH) [26-34].

The outstanding protective properties of PropS-SH coatings are connected to the formation of

silanol groups (Si-OH) during silane hydrolysis and to their subsequent condensation in a polymeric

3
© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/



http://creativecommons.org/licenses/by-nc-nd/4.0

dense Si-O-Si network. On copper and copper alloys, surface chemisorption of PropS-SH through
metal thiolate (Me-S-C) [27] and metal siloxane (Me-O-Si) bonds [35] ensures the desirable
adhesion to the metal substrate. Given the affinity of sulphur-containing compounds to transition
metals, such as copper and also gold [36-39], PropS-SH was deemed to produce protective coatings
for gilded bronze too.

In general, the selection of inhibitors or protective coatings in the Cultural Heritage field requires
taking into account the following key points: (i) a basic understanding of the corrosion mechanism
and (ii) testing the efficiency and the aesthetical impact of the candidate treatments on
representative substrates, which reproduce in a reliable way the complexity of the surfaces found in
real conservation interventions. Therefore, in the present work, a fire-gilded bronze was prepared
according to ancient methods to mimic the typical microstructure and morphology of fire-gilded
bronzes, both as regards the alloy and the gold layer. In the first step of the work, a detailed
investigation of the corrosion process of gilded bronze (so as to contribute to key point (i)) was
achieved by collecting polarization resistance measurements and polarization curves, after different
exposure times during alternated immersion in concentrated synthetic acid rain.

Subsequently, in the second step, gilded bronze was aged in conditions more closely simulating
different outdoor exposures (wet&dry and dropping tests [40,41], simulating exposure to stagnant
rain and to runoff, respectively). The aim of this second step was both to reproduce the typical
corrosion features of real gilded bronzes (i.e. craters at the interface between gold and bronze) in
both sheltered and unsheltered areas of monuments and to test the efficiency of a protective coating
in environmental representative conditions (key point (ii)). The tested protective coating was
obtained from 3-mercapto-propyl-trimethoxy-silane (PropS-SH), selected on the basis of previous
electrochemical tests and accelerated ageing tests performed on the same bronze alloy as the gilded
bronze substrate [31,33].

2. Experimental

2.1 Material

The composition of the studied bronze, cast in stone moulds and then fire-gilded, is similar to those
of Renaissance artefacts (91.9Cu,2.9Zn,2.4Sn,1.0Pb,0.8Sb wt%). The bronze specimens showed a
dendritic microstructure of cored a-Cu solid solution, typical of as-cast bronzes, with Sh- and Sn-
rich phases in the interdendritic spaces, as described in a previous work [31]. Also Pb globules were
present in the interdendritic spaces. Residual porosity and shrinkage cavities were uniformly

distributed in the samples.
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Fire-gilding was carried out after mechanical grinding with SiC abrasive paper (180 grit) and nitric
acid pickling of the cast bronze surface. The pickled surface was covered with Au-Hg (1:8)
amalgam paste (according to the recipe by Benvenuto Cellini in his treatises on goldsmithing and
sculpture (1568) [42]) and then heated by a free flame, so as to vaporize 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. Before testing, the specimen surface was
washed with deionized water and degreased with acetone.

Protective coatings based on a silane-based inhibitor, selected on the basis of previous works
[31,33], were deposited on as-gilded bronze coupons. In order to deposit the organosilane film, the
coupons were completely immersed for 1 h into a hydrolysed silane solution (90/5/5 viv
ethanol/water/PropS-SH) at pH 4 (pH adjusted by sulphuric acid addition). A room temperature
curing period of 10 days was always adopted before exposing the coated specimens to the
aggressive environment.

The lateral non-gilded surfaces of uncoated and coated specimens were protected by epoxy resin, to
avoid corrosion and metal release from non-gilded areas. In the case of specimens for
electrochemical tests, a threaded copper bar was screwed on a lateral specimen side to ensure the
necessary electrical contact for electrochemical tests and, after screwing, it was protected again

from the aggressive environment by epoxy resin.

2.2 Electrochemical tests

Electrochemical tests were performed on both gilded and bare reference bronze specimens to get
information about the characteristics and evolution of the corrosion processes on these materials.
The reference bronze alloy had composition (87.3Cu,3.5Zn,5.3Sn,2.5Pb,1.0Ni,0.4Sb wt%) and
microstructure similar to that of the gilded substrate. The specimens were exposed under wet&dry
conditions to a tenfold concentrated synthetic acid rain (Table 1, pH 3.3), formulated according to
the composition of a mixture of natural acid rains collected in Bologna (Italy) [43]. The use of the
concentrated solution with a relatively high electrical conductivity (about 350 uScm™) aimed at
reducing the ohmic drop and facilitated electrochemical tests such as polarization curve recording.
The concentrated solution can possibly slightly accelerate the corrosion of bronze and gilded bronze
with respect to plain synthetic rain because of its lower pH value (3.3 instead of 4.3), but it should
not modify the nature of the stable corrosion products on the studied materials, as suggested by the
Pourbaix diagram of copper, calculated in the absence and in the presence of chlorides [44,45]. As a

consequence, it should not significantly alter the corrosion mechanism.
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The wet&dry test simulated the condition of rainwater stagnation through alternating immersions
during which the bronzes were periodically dipped into the aggressive solution. The total duration
of a wet and dry corrosion cycle was 1 h, corresponding to 20 min of immersion and 40 min of
emersion. A time of about 20 min for the samples to reach a constant weight was measured during
the setup of the test, so a Time Of Wetness (TOW) of 40 min was assumed to correspond to an
hourly cycle [40]. A total TOW of 10 days was adopted, corresponding to 15 days of overall test
time. The solution was weekly renewed.

The electrochemical behaviour of the studied materials was monitored by collecting the corrosion
potentials (Ecor) and the polarization resistance (Rp) values on samples extracted at intervals from
the wet&dry device and transferred in a traditional three electrode electrochemical cell. The first
measurement was always performed after 1h of immersion, when a sufficiently stable Ecor value
was achieved. Afterwards, the described wet&dry cycles started. R, values were measured by
applying Electrochemical Impedance Spectroscopy (EIS), in order to allow for compensation of the
solution resistance (Rs) between the working and reference electrodes The spectra were obtained by
a PAR 2273 potentiostat/Frequency Response Analyzer (FRA)/galvanostat under the following
experimental conditions: 20 min conditioning time, sufficient to get Ecor Stability; 10 mV rms
alternating potential signal; 1IMHz — 1 mHz frequency range; 10 frequencies/decade. Under
wet&dry conditions, the Nyquist plots of the EIS spectra recorded on bronze and gilded bronze
usually exhibited a single capacitive depressed arc. Only within 1 or 2 days of TOW, bronze
exhibited two capacitive time constants as shown by Figure 1 which compares the spectra achieved
on bronze (after short exposure times: TOW of 1.5 d) and gilded bronze (e.g. at TOW of 10.0 d).
The Figure also shows that R, was estimated by circle fitting the capacitive arc (or the low
frequency arc, in the presence of two capactive time constants) and corresponded to the low
frequency intercept of the circle with the real axis, after subtraction of the Rs value (Figure 1).
Ohmic drop-compensated polarization curves were recorded (again by PAR 2273) after both 1h
immersion and 10 days of TOW in concentrated acid rain, on different electrodes. The potential
scan always started from Ecor and the potential scan rate was 0.1667 mV s,

All the tests were carried out at least in duplicate and representative curves were considered. The

potentials quoted in the text are referred to the Saturated Calomel Electrode (SCE).

2.3 Corrosion attack characterization and metal release during simulated atmospheric exposures
Uncoated gilded bronze specimens were exposed to synthetic rain (pH=4.3) under both wet&dry

and dropping conditions, again with a total TOW of 10 days (short-term ageing), with the aim to
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evaluate the extent and morphology of the corrosion attack under conditions more similar to natural
atmospheric exposures.

While the wet&dry test (performed as previously reported in §2.2) mimics the condition of
rainwater stagnation, the dropping tests simulates unsheltered exposure to rainwater (runoff
conditions). In this case, the rain solution was periodically dropped onto 45° inclined specimens and
collected. In particular, cycles of 2-days dropping/1-day drying and 3-days dropping/1-day drying
were alternated. Wet&dry and dropping tests were carried out at least in triplicate and the ageing
solutions were collected. The ageing solution samples were stored and analysed for the metal
content (Cu, Pb) by Graphite Furnace Atomic Absorption Spectrometry (GF-AAS), according to the
method described in [40,41].

Finally, dropping tests with a longer TOW (30 days) were performed, in order to test the influence
of the gilding layer and the protective efficiency of the organosilane coating under the exposure
conditions which proved to be the most severe ones (runoff). Both the metal samples and the ageing
solution were characterized. The morphology of the gilded surfaces was studied by 3D-Digital
Microscopy and Scanning Electron Microscopy (SEM). At the end of the exposure, both
conventional metallographic techniques (by cold mounting) and Focused lon Beam (FIB) milling
(by a FEI Dual Beam Strata 235M System, combining a Ga* ion beam and a thermal field emission
SEM, working at coincidence on the sample) were used, so as to prepare cross sections and
investigate the corrosion layers at the gold/bronze interface. When cross-sections were prepared by
FIB, a protective Pt-C layer was deposited on top of the gilded surface before milling, so as protect
surface features.

The composition of the corrosion products was identified by a hyphenated system SEM/EDS-
Raman SCA (Scanning Electron Microscopy with Energy Dispersive Spectroscopy and Raman
microprobes, Structural and Chemical Analyser, A=514.5 nm, full power: 50 mW). Colour
variations due to coating and/or exposure were assessed by Reflectance Spectrophotometry
(Datacolor CHECK I, illuminant D65, 10° observer, beam of diffuse light: 6 mm, specular
component excluded-SCE) and colour data were elaborated in the CIELAB colour space. In this
space, L=, a~ and b~ correspond to the lightness, the red/green and the yellow/blue coordinates
respectively, and the total colour difference is represented by the AE* parameter: AE*=
V(AL**+Aa*?+Ab*?). Three different points were selected on each specimen and 3 measurements

were collected at each point before and after coating and/or exposure.

3. Results and discussion
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3.1 Characterization of as-supplied gilded bronzes

The as-supplied gilded samples (before exposure tests) show two main surface morphologies (Fig.
2a), as observed also by other authors [3]: smooth areas (where the burnishing procedure
successfully compacted the gilded layer after Hg evaporation) and porous areas (where the depth of
the grooves on the bronze surface, due to mechanical polishing before gilding, was too high to
allow full densification of the gilded layer by burnishing). The correlation between surface
morphology and compactness of the gilded layer was clearly confirmed by FIB cross-section
observations, as shown in Figure 2b,c.

A higher-magnification detail of the gilded layer, produced after FIB milling by ion channelling
contrast, is reported in Figure 3. lon channelling contrast occurs because Ga* ions travel furthest
along crystallographic directions aligned with the incident ion beam, yielding reduced secondary
electron emission from the surface and hence darker regions in the image [46]. Owing to ion
channelling contrast, it is possible to highlight the microstructure of both the gold layer and the
outermost layer of the bronze substrate. The microstructure of the gold layer mostly consists of
annealing twins, due to the recrystallization process, which takes place during heating of the fire-
gilded layer to induce mercury evaporation.

A few pores and cracks are also clearly visible in the gold layer. These morphological features have
a key role in influencing the corrosion behaviour of the fire-gilded bronze, because the presence of
pores and cracks allows the access of condensed water or rain and induces galvanic corrosion of the
less noble bronze substrate, in the gold/bronze galvanic couple.

Furthermore, the most superficial layer of the bronze substrate displays a microstructure with very
fine, strain-hardened grains, elongated in the direction of material flow due to mechanical polishing
before gilding. The strain-hardened bronze (SHB) layer with fine elongated grains in Figure 3 is
less than 2 pum thick, however it may have a remarkable influence on corrosion of the gilded bronze
[47], because it is located just below the gold layer and it has a much more reactive microstructure
than the dendritic bulk alloy.

EDS analyses in cross-section of both the gold layer and the underlying bronze showed that Cu-Au
interdiffusion occurred, as observed also by other authors [48]: at a distance of about 5 pm from the
gold/bronze interface, Au concentrations as high as 20 wt.% were measured, whilst in the Au-rich
layer (that usually contains also Hg, ranging from 7 to 9 wt%), Cu was detected with
concentrations up to 10 wt.%. Even though these localised EDS concentration values may be
overestimated due to polishing artefacts, Cu-Au interdiffusion, due to heating required by the fire-

gilding process, is not unexpected, as Cu and Au are reported to intermix readily even at
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temperatures as low as 150°C [49]. EDS X-ray maps also show the presence of Pb in the gold layer,
but care must be taken in the interpretation of this result, because of tailing phenomena involving
the peaks of Pb (Ma = 2.34 keV), Hg (Ma = 2.19 keV) and Au (Ma = 2.12 keV). Further
investigations by XPS on this issue are in progress. Also detectable amounts of N can be measured
by EDS in fire-gilded samples, due to the use of nitric acid as a pickling agent before the
application of the Au-Hg amalgam paste.

As regards the aesthetical appearance, the gilding layer (L* 5543, a* -0.1+0.7, b* 27£1) shows a
relatively high internal variability, with a maximum AE* of 4.5 within the same specimen, mainly
ascribable to lightness variations (4L *). As a comparison, a 3 unit difference in the CIELAB colour
space can be assumed as general limit of perceptibility also for cultural heritage metals [50-52].

3.2 Electrochemical tests

Figure 4 shows the Ry and Ecor values collected on both gilded bronze and bare bronze (investigated
as reference material), during wet&adry tests in concentrated acid rain up to 10 days of TOW. For
both materials, corrosion involved oxidation of bronze and oxygen reduction but, in the case of the
gilded material, the contact between the aggressive solution and the bronze substrate occurred only
through the pores of the gold layer, which acted as a cathodic area sustaining most part of the
oxygen reduction. Figure 4 shows that, on gilded bronze, low R, values close to 1 kQ cm? were
detected after 1h immersion. Then these values increased with TOW up to about 6 kQ cm?. The
corresponding Ecor Values became slightly less positive as they shifted from about 0.13 Vsck, after
1h immersion, to about 0.09 after 10 days of TOW. Under the same ageing conditions, bare bronze
electrodes exhibited an opposite dependence of Ry and Ecor upon TOW. In fact, during the first 2
days, Rp values decreased from 6 kQ cm? to values of about one order of magnitude lower and then
remained more or less constant, while Ecor quickly ennobled from -0.10 up to 0.02 Vsce and then
persisted unaltered, until the end of the test.

Figure 5a and b shows polarization curves recorded on bronze and gilded bronze, respectively.
After 1 h immersion, passive conditions were found on bronze, with corrosion currents (icor) of
about 1 pA cm2 (Figure 5a). Only at potentials more positive than 0.01 Vsce, the passive film
breakdown was possible and quick bronze dissolution occurred. At potentials close to Ecor, the
cathodic reaction of oxygen reduction on bronze was under activation control and no clear limiting
current was reached in the potential range investigated. However, after only 0.5 days of TOW under
wet&dry conditions, the cathodic polarization curve of bronze shifted towards higher currents and

resulted under mass transport control, inducing an Ecor ennoblement up to the breakdown potential
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of the surface film. Therefore, after this exposure time, a low anodic overvoltage was found in
proximity of Ecor and icor increased of about one order of magnitude. After a longer exposure time to
the same conditions (10 days of TOW), the polarization curves did not change significantly, beside
a slight decrease in the cathodic currents close to Ecor. These polarization curves were in agreement
with the Ecor/Rp time evolution and suggested that the air-formed oxide film on bronze exhibited a
low catalytic activity towards the oxygen reduction reaction and was relatively protective. However,
the integrity of this film was quickly impaired by the evolution and dissolution of the film ensued
during wet&dry exposure to the acidic electrolyte [40]. This film did not hinder the cathodic
reaction and induced a low anodic overvoltage. The protectiveness of this irregular surface film did
not vary significantly with TOW.

In agreement with Figure 4, after 1h immersion, the gilded bronze exhibited a quite different
behaviour (Figure 5b), with much nobler Ecor (+0.13 Vsce) and higher icor (about 20 pA cm)
values than those recorded on bronze after the same exposure period. These features were the
consequence of a fast cathodic reaction established on the surface of the gold layer. In comparison,
the oxygen reduction, evaluated from the current density normalized by the geometrical area, on a
gold foil with a 1um finished surface, was much slower (Figure 5b), because the exposed area was
much smaller than that of gold on gilded bronze, where a remarkable micro-porosity of the gilded
layer increases the real exposed surface (Figure 2a,c). The cathodic polarization curve on gold foil
is similar to that previously obtained by Mazza et al. in 0.2 M NaSOg at pH 5 [11]. On gilded
bronze, the porous non-compacted regions of the gold layer permitted the easy electrolyte
penetration and a consequent large cathodic region area. Figure 5b also shows that the substrate
oxidation was characterized by a high anodic overvoltage, because its rate was controlled by the
slow diffusion of soluble corrosion products of bronze through the pores of the gold layer. Of
course, on the reference polished gold foil the anodic current densities were negligible in
comparison and were linked to the faradic reaction of double layer charging. At longer exposure
periods (10 days of TOW, Figure 5b), a significant decrease in the cathodic currents was observed
which caused a less noble Ecor (0.090 Vsce) and one order of magnitude lower icor Value, with
respect to those recorded after 1h immersion. These observations are in good agreement with R, and
Ecor time trends of Figure 4. This phenomenon is likely connected to the precipitation of bronze
corrosion products inside the gilded layer pores. These precipitates hindered both the transport of
oxidized species in solution and the oxygen reduction, because they limited the access of the

electrolyte in the gold layer pores and diminished the cathodic surface area.
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3.3 Gilded bronze after simulated outdoor exposure

Cross-section images (SE-SEM) of fire-gilded bronze after short-term exposure to acid rain by
wet&dry and dropping tests (TOW=10 d) are compared in Figure 6. Localised corrosion damages in
the form of craters were visible at the gold/bronze interface, and generally craters were present in
correspondence with defective areas of the gilded layer. However, the size and number of craters
were affected by the exposure conditions: wet&dry testing generated a limited number of very small
craters, whilst dropping tests induced a higher number of bigger craters.

In order to quantify the aggressiveness of the different exposure conditions, analyses of the ageing
solutions were performed to determine the extent of metal release in synthetic rain during both
types of tests (Table 2). After 10 d of TOW under wet&dry conditions, copper and lead release
from bare bronze was higher than that from gilded bronze, indicating that, as already observed on
the basis of electrochemical measurements in concentrated solution, the dissolution of the bronze
substrate was progressively hindered by corrosion product formation in the gilded layer. The lower
metal release due to the presence of the gilded layer was also observed after 10 d of dropping (Table
2), with a more remarkable difference between gilded and bare bronze due to the higher severity of
the dropping test (discussed below). As an example, during wet&dry test, copper release from bare
bronze was about 1.7 times higher than that from gilded bronze, while it was about 40 times higher
in the case of the dropping test. Table 2 also shows that, in the dropping test, the amount of
dissolved ions from both materials is about one order of magnitude higher than in the wet&dry test.
The higher severity of the dropping test in comparison to wet&dry was previously observed also in
the case of conventional bronzes [40] and was attributed to the presence of important runoff
phenomena. Therefore, in this work, long-term ageing tests were only performed under the harsher
dropping test conditions.

A representative cross section BSE image of fire-gilded bronze exposed for 30 days of TOW to
runoff tests in acid rain is shown in Figure 7a, together with the X-ray maps of elemental
distribution obtained by EDS (Fig. 7b-e). A comparison of the craters in the images in Figure 6b
and 7 shows that the crater size increases with increasing TOW (from 10 to 30 days), as expected.
Furthermore, in samples aged by long-term dropping tests, the size, morphology and distribution of
craters at the gold/bronze interface are comparable to those of real monuments, such as Ghiberti’s
Paradise Door [6].

SEM/EDS analysis of the craters indicated the presence of alternated layers of Cu and Sn corrosion
products, where O (Fig. 7a,c) is the main environmental aggressive element and Sn-enrichement is

clearly visible (Fig. 7a,e). Moreover, oxygen trapping within the gilded layer suggested that, also in
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the case of runoff exposure, the corrosion products encrustations in the gilded layer pores might
reduce the substrate corrosion rate, as indicated by electrochemical tests in wet&dry conditions.
Micro-Raman analysis of the crater area (Fig. 8) showed the presence of cuprite as the main
corrosion product (with minor contributions from the mounting resin). Alternated SnO./Cu.O layers
were also detected by other authors in conventional bronze monuments, after natural exposure to
runoff and in archaeological tin bronzes. During exposure to runoff, they were attributed to a patina
destabilization due to repetitive pH decreases connected to the rainfall, triggering not only a
decuprification process, but also a selective zinc dissolution with a relative enrichment of the
external layer in Sn-containing species [53-56]. In the case of archaeological artefacts, they were
mainly ascribed to interdiffusion of metal ions from the alloy and aggressive species from the
environment (the so-called Liesegang phenomena) [57-60]. Also environmental changes in burial
conditions, such as seasonal temperature fluctuations, rainfall fluctuations and change in soil
corrosivity, were reported to contribute to this phenomenon [61].

Localised EDS analyses, carried out on FIB milled cross-sections of the same crater as that in Fig.
7, allowed the detection of ClI (Fig. 9a,b) in the lower layers of corrosion products, near the
bronze/corrosion interface, as typically observed in bronzes exposed to Cl-containing environments
[62,63]. Furthermore, residual Pb-rich areas around the empty spaces (generated by preferential
dissolution of anodic Pb-rich globules [33]), were detected (Fig. 9c,d).

Due to the exposure conditions (i.e. runoff), dissolved metals passing through the gilding layer were
leached away. Even if no corrosion products were detected above the gold layer, a slight but
significant colour variation (Table 3) together with an increase in the internal colour variability
(AE*max within a same sample equal to 6.5) were recorded with respect to unexposed samples,
indicating an alteration of the surface.

As for bare bronze, metal release through the gilding layer (Fig. 10b,c), as well as mass decrease
(Fig. 10a), tended to occur linearly during runoff tests (r>> 0.99 for bare bronze and >0.96 for
gilded bronze), but the rates were always one order of magnitude lower than those recorded for bare
bronze. Specifically, for bare bronze, mass decrease, Cu and Pb cumulative release at 30 days of
TOW were 6.0 (+6%) mg cm™2, 5233 (+15%) ug cm? and 143 (+20%) ug cm, respectively.

On the basis of cumulative metal release data, the inhibiting efficiency in terms of metal release

(7m) can be defined [33] as follows:

M -M
77M — sol,NC sol,C X].OO (1)

sol,NC
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where: M is the metal (e.g. Cu), Mso is the amount of metal leached in the ageing solution (ug cm
2): the subscript NC refers to non-coated and C to coated bronze samples. 7m is 100% if no metal is
released from the coated bronze and 0% if the coated bronze releases as much metal as the non-
coated one.

Considering the gold layer as a coating and bare bronze as a reference (Table 4), nu calculated by
equation (1) shows that gilding afforded a good protection to bronze in term of metal release, as
both Cu and Pb dissolution at 30 days of TOW were reduced by 82 and 88% respectively.
Gravimetric measurements are in agreement with this finding, as gilding reduced mass decrease by
78%.

3.4 PropS-SH-coated gilded bronze after simulated outdoor exposure

Long-term dropping tests were also selected to assess PropS-SH coating protectiveness. Figure
11a,b reports a comparison of as-gilded and PropS-SH coated gilded surfaces, that clearly show the
ability of PropS-SH to fill up the grooves and porous areas of the gold layer. In general, the
deposition of PropS-SH on as-gilded bronze led to a significant decrease of the localized corrosion
attacks by comparison to uncoated gilded bronze (Fig. 11c): craters are completely absent in the
cross-sections of PropS-SH coated samples (Figure 11d and 12a). Only a very small crater can be
seen in Figure 12b. The FIB cross-section images in Figure 12 also show quite clearly the
accumulation of PropS-SH (dark grey layer on top of the whitish gold layer) in the grooves and
porous areas, where the gold layer was not compacted by burnishing. Probably, the accumulation of
PropS-SH contributed to seal the defects and discontinuities, mostly located in grooves and porous
areas of the gold layer, thus helping to enhance the corrosion resistance.

As regards colour, the application of PropS-SH on the as-gilded bronze tended to uniform the
appearance of the surface, by reducing the internal colour variability (AE*max within a same sample
equal to 2.3) and induced a slightly perceptible colour variations mainly due to an increase in
lightness and a decrease in the red component (a*) (Table 3). PropS-SH coating also reduced the
total colour variation (4AE*) occurring on the samples when exposed to dropping test from 5+2 to
3+2. The latter value, even if close to the perceptibility threshold, is difficult to detect by eye, being
the colour change of the coating well balanced among the three coordinates (Table 3). Furthermore,
exposure to dropping test, unlike that for uncoated specimens, did not significantly change the

internal variability of the coated samples (AE*max Within a same sample equal to 2.8).
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The protective efficiency of PropS-SH was also assessed by gravimetric measurements and solution
analysis. Data plotted in Fig. 10a as a function of exposure time (TOW) show that the presence of
PropS-SH limited the mass decrease of gilded bronze of about 50%, by comparison to the uncoated
samples. Cumulative metal release data in Fig. 10b,c demonstrated that the organosilane coating
was able to limit Cu release, but it did not display beneficial effects on Pb release from the coated
gilded bronze. A scarce inhibition of Pb ion release under runoff conditions was already detected in
the case of non-gilded pre-patinated bronze coated by PropS-SH [33]. The reasons for this
phenomenon are currently under investigation but not yet elucidated. They could be connected to a
more significant chelating effect of the silane functional groups towards copper than lead ions, as
confirmed by the more significant bonding and protective effect exerted by PropS-SH on pure
copper than on pure lead [33]. However, an important role in this phenomenon could also be played
by complex pH and composition variations expected in the solution at the metal/coating interface,
due to restricted ion diffusion. These variations could alter the relative solubility of the different
cations. In particular, dissolved copper cations could precipitate on the active cathodic centers on
gold due to local pH increase, while lead cations could be more easily dissolved through the
coating, due to the wider pH range of stability of lead cations, as suggested by Pourbaix diagrams
[44].

On gilded bronze, the inhibiting efficiency of Cu release (7cu €q.1), afforded by PropS-SH coating
was calculated as 63% (Table 4). So, the application of PropS-SH increased the ability of the
gilding layer to limit Cu release from 82% to 93% (Table 4) and to reduce mass decrease from 78%
to 90%.

Further investigations will focus on the application of organosilane-based coatings on fire-gilded
bronze, pre-patinated by accelerated ageing in runoff conditions, so as to mimic the conditions of

conservation interventions on ancient gilded bronzes.

4. Conclusions
The main results of this investigation on fire-gilded bronze corrosion, based on simulated outdoor
exposures, can be summarised as follows:

e The electrochemical tests on gilded bronze during wet&dry exposure show a decrease of the
corrosion rate with time. This is due to local accumulation of insoluble bronze corrosion
products, which tend to obstruct the gold layer pores, so limiting galvanic corrosion of the
bronze substrate as well as Cu and Pb release. By comparison, higher corrosion rates are

detected on bare bronze, which are more or less constant after 1 day of TOW.
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e Both wet&dry (simulating exposure to stagnant rain in sheltered areas of the monument) and
dropping tests (simulating exposure to runoff in unsheltered areas) induce corrosion at the
gold/bronze interface. Dropping tests lead to the most severe corrosion damages, with
deeper craters and higher metal release from underlying bronze.

e Long-term dropping tests (TOW=30 days) are able to reproduce a corrosion morphology
comparable to those observed in reference historical fire-gilded bronzes (craters and blisters
at the gold/bronze interface)

» Dropping tests can be used for assessing the protectiveness of coatings.

* The PropS-SH organosilane coating applied on gilded bronze is able to limit mass decrease
and Cu release, but it does not display any beneficial effects on Pb release, as already found
in the case of PropS-SH coated bronze.
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FIGURE CAPTIONS

Figure 1: R, estimation from Nyquist plots recorded on bronze under short exposure times in Wet&Dry
conditions (TOW of 36 h corresponding to 1.5 d, , under higher magnification in the insert) and on gilded
bronze (TOW of 240 h corresponding to 10 d).

Figure 2: General view of the surface (a) and FIB cross-section (b,c) images (SE-SEM) of as-supplied fire-
gilded bronze samples, showing the morphology of the gilded layer in smooth (b) and porous areas (c).

Figure 3: FIB cross-section image of fire-gilded bronze, where ion channelling contrast highlights the
microstructure of both the gold layer (Au, with annealing twins) and the outermost layer of the substrate
(SHB, strain-hardened bronze grains, due to mechanical polishing before gilding).

Figure 4: R, and Ecor values collected by EIS on both gilded bronze and bare bronze (investigated as
reference material), during wet&dry tests in concentrated acid rain up to 10 days (240 h) of TOW.

Figure 5: Polarization curves recorded on bronze (a) and gilded bronze or gold foil (b) during wet&dry tests
(W&D) at increasing TOW in concentrated acid rain.

Figure 6: Cross-section images (SE-SEM) of fire-gilded bronze samples after accelerated ageing by
wet&dry (a) and dropping (b) tests (TOW=240 h corresponding to 10 d). Localised corrosion damages in the
form of craters are visible at the gold/bronze interface, even though to a lesser extent in the case of wet&dry.

Figure 7: SEM-BSE image (a) and EDS X-Ray maps (b-€) showing elemental distribution in the cross
section of a corrosion crater at the gold/bronze interface in an uncoated fire-gilded sample after exposure to
long-term dropping tests (TOW=720 h corresponding to 30 d).

Figure 8: Raman spectra of the central area of the corrosion crater in Fig. 6. Cuprite detected as the main
corrosion product (peak labels in bold). Minor contributions due to the mounting resin (peak labels in
italics), which is also responsible for fluorescence.

Figure 9: FIB cross sections of a corrosion crater at the gold/bronze interface in an uncoated fire-gilded
sample after exposure to long-term dropping tests (TOW=720 h corresponding to 30 d). FEG-SEM images
(a,c) and corresponding EDS spectra (b, d).

Figure 10: Mass decrease (mg cm™) (a), cumulative Cu release (ug cm™) (b) and cumulative Pb release (ug
cm) (c) as a function of Time Of Wetness (TOW) for gilded bronze and PropS-SH coated gilded bronze
exposed to dropping tests.

Figure 11: FEG-SEM images of the free surface of fire-gilded bronze before (a) and after (b) the deposition
of a PropS-SH coating. BSE-SEM cross section images of fire-gilded bronze after long-term dropping test
(TOW=720 h corresponding to 30 d): uncoated (c) and PropS-SH coated (d) samples.

Figure 12: FIB-FEG/SEM images of the cross section in a PropS-SH coated, fire-gilded sample after long-
term dropping test (TOW=720 h corresponding to 30 d): a small corrosion crater was observed at the
gold/bronze interface in (b).
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Figure 1: R, estimation from Nyquist plots recorded on bronze under short exposure times in Wet&Dry
conditions (TOW of 36 h corresponding to 1.5 d, , under higher magnification in the insert) and on gilded
bronze (TOW of 240 h corresponding to 10 d).
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Figure 2: General view of the surface (a) and FIB cross-section (b,c) images (SE-SEM) of as-supplied fire-
gilded bronze samples, showing the morphology of the gilded layer in smooth (b) and porous areas (c).
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Figure 3: FIB cross-section image of fire-gilded bronze, where ion channelling contrast highlights
the microstructure of both the gold layer (Au, with annealing twins) and the outermost layer of the
substrate (SHB, strain-hardened bronze grains, due to mechanical polishing before gilding).
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Figure 4: Rp and Ecor values collected by EIS on both gilded bronze and bare bronze (investigated
as reference material), during wet&adry tests in concentrated acid rain up to 10 days (240 h) of
TOW.
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Figure 5: Polarization curves recorded on bronze (a) and gilded bronze or gold foil
(b) during wet&dry tests (W&D) at increasing TOW in concentrated acid rain.
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(b)

Figure 6: Cross-section images (SE-SEM) of fire-gilded bronze samples after accelerated ageing by
wet&dry (a) and dropping (b) tests (TOW=240 h corresponding to 10 d). Localised corrosion
damages in the form of craters are visible at the gold/bronze interface, even though to a lesser extent
in the case of wet&adry.
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Figure 7: SEM-BSE image (a) and EDS X-Ray maps (b-e) showing elemental distribution in the
cross section of a corrosion crater at the gold/bronze interface in an uncoated fire-gilded sample
after exposure to long-term dropping tests (TOW=720 h corresponding to 30 d).
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Figure 8: Raman spectra of the central area of the corrosion crater in Fig. 6. Cuprite detected as the
main corrosion product (peak labels in bold). Minor contributions due to the mounting resin (peak

labels in italics), which is also responsible for fluorescence.
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Figure 9: FIB cross sections of a corrosion crater at the gold/bronze interface in an uncoated fire-
gilded sample after exposure to long-term dropping tests (TOW=720 h corresponding to 30 d).
FEG-SEM images (a,c) and corresponding EDS spectra (b, d).
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Figure 10: Mass decrease (mg cm) (a), cumulative Cu release (g cm2) (b) and cumulative Pb
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Figure 11: FEG-SEM images of the free surface of fire-gilded bronze before (a) and after (b) the
deposition of a PropS-SH coating. BSE-SEM cross section images of fire-gilded bronze after long-
term dropping test (TOW=720 h corresponding to 30 d): uncoated (c) and PropS-SH coated (d)
samples.
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Figure 12: FIB-FEG/SEM images of the cross section in a PropS-SH coated, fire-gilded sample
after long-term dropping test (TOW=720 h corresponding to 30 d): a small corrosion crater was
observed at the gold/bronze interface in (b).
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TABLES

Table 1: lon concentrations, measured pH, electrical conductivity and composition of the artificial
acid rain. The tenfold concentrated acid rain adopted in the preliminary electrochemical test had a
tenfold higher conductivity and a pH value of 3.3.

lon concentrations (mg L™) pH Conductivity at
25 ° C (uS cm™)

Cl" NOs NHs* S04 HCOO CHsCOO Na" Ca*
1.27 462 1.05 1.90 0.05 0.23 0.53 0.34 43 345

Artificial acid rain composition (mg L™):

Ammonium sulfate (1.50); Ammonium chloride (1.92); Calcium sulfate dihydrate (1.44);
Sodium nitrate (1.51); Sodium acetate anhydrous (0.32); Sodium formate (0.08); Nitric acid
65% suprapur (5.50). Analytical grade salts were used.

Table 2: Cumulative metal release (ug/cm?) from bare bronze and gilded bronze during short-term
wet&dry and dropping tests (TOW=240 h corresponding to 10 d).

Wet&Dry Dropping
Cu Pb Cu Pb
Bare bronze 52+4 12+2 17744266 67+13
Gilded bronze 30+12 0.38+0.01 288+150 945

Table 3: Colour variations in the CIELAB colour space for: (a) gilded bronze after exposure to
long-term dropping tests (TOW=720 h corresponding to 30 d); (b) gilded bronze after coating by
PropS-SH; (c) gilded bronze coated by PropS-SH after exposure to long-term dropping tests
(TOW=720 h). AL*, Aa* and Ab* represent the variations on the lightness, the red/green and the
yellow/blue coordinates respectively; AE* represents the total colour variation calculated as
described in section 2.3.

AL* Aa* Ab* AE*
() 13 03+04 42 5 +2
(b) 31 16+07 02£03 4+1
(©) 242 14+03 19208 342

Table 4: Inhibiting efficiency of Cu (7cu) and Pb (7eb) release induced (a) by the gilding layer on
bare bronze and (b) by PropS-SH coating on the gilded bronze after long-term dropping tests
(TOW=720 h, corresponding to 30 d).

Coating ncu 17Pb
(a) Gilding on bare bronze 82%  88%
(b) PropS-SH on gilded bronze 63% n.d.*

*not detectable
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