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Abstract:

a/d bronze bells are heritage materials subject to corrosion. The alteration of a high-tin bronze
bell casted in the 1930s and exposed to a marine environment in a steeple was studied. The
ternary bronze (Cu-Sn-Pb) alloy displays inclusions and a porosity due to micro-shrinkages
and poor gas evacuation. This altered bronze is characterized to (1) assess the influence of the
manufacturing techniques and (2) hypothesize a micro-infiltration scenario of its alteration.
After exposure to the atmosphere, a transformed superficial medium overlaying layers of
atacamite-paratacamite-cassiterite appears. Under them, the corrosion of the o dendritic
structure and o/d eutectoid characteristic of bronze bell is evidenced. The a pitting has a
pronounced multilayered structure of cassiterite and cuprite-copper chloride, whereas the o
corrosion is composed of cassiterite and traces of cuprite. To understand better the lead
impact on corrosion process, samples of the alloy were exposed in the laboratory to a
synthetic marine solution.

The long-term corrosion behavior of the studied bell shows some similarities to those of other
high tin bronze artefacts. The hypothesis of a corrosion scenario emphasizes the importance
of the bells manufacturing techniques, o/d structure of the ternary Cu-Sn-Pb alloy, and
infiltrating networks of environmental fluids.

Keywords: 0/6 bronze bells; Cu-Sn-Pb ternary alloy; atmospheric corrosion; micro-infiltrating
alteration scenario.
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1. Introduction

The bronzes undergo significant atmospheric alteration. The wet/dry cycles, resulting
from the relative humidity and temperature fluctuations, the exposition to the atmospheric
gases, most notably oxygen, combined with gaseous pollutants such as SO», O3, NO» [1,2] as
well as chloride aerosols in marine environments [3], are the prime factors responsible for
bronze corrosion. To understand better the influence of atmospheric parameters, Cu-Sn alloys
have been corroded by electrochemical techniques [4-5] or in alteration chambers [6].
Suitable conservation treatments for the traditional copper alloys [7] were proposed.

Atmospheric alteration can be regarded as a corrosion mechanism under the presence
of an electrolyte film, caused by precipitations or water condensation at the metal surface.
According to Robbiola’s qualitative model [8], ionic migration through the alteration layer is
common trait of all bronze corrosion processes: a layer of tin oxide rapidly forms and
constitutes a diffusion barrier for the electrolyte film. Two mechanisms, controlled by
aggressiveness environment can occur.

In the less corrosive environments, Type I corrosion is governed by the decuprification
process: the cations from the alloy diffuse to the surface and control the rate of the alteration,
which is generally slow. This leads to the formation of a compact layer of corrosion products,
retaining the shape and volume of the object. The patina is formed of a tin-rich layer in
contact with the alloy and passivates it. The outer layer consists of copper oxides with anions
from the environment (formation of copper I or II minerals). In the Type II mechanism, which
occurs in aggressive environments, an anionic control governs the corrosion and the corrosion
rate is higher. A noticeable change in the volume and shape of the object is observed. Direct
exposure to rainfall or not also makes a difference. In sheltered conditions, the anions
precipitate with copper to form thick, more or less porous, corrosion strata overlaying a tin-
rich layer. With rain, copper is washed out leading to a bronze dissolution. In these
conditions, the corrosion layer is composed of soluble copper compounds and of tin oxide
segregation more uniformly distributed in the depth of the patina.

In the type II mechanism, chlorine from marine atmosphere plays an active role.
Active cyclic corrosion "bronze disease", based on a pitting process and relying on Lucey's
membrane cell theory can take place [9, 10]. The layer of copper oxide-based corrosion
products acts as a selective membrane allowing diffusion of chloride and oxygen ions towards
the patina/alloy interface: O*, CI inward and copper ions outward. Nantokite CuCl, precursor
of copper hydroxy-chloride Cu,CI(OH)3, develops and the CuCl/CuxCI(OH); transformation
is facilitated by the patina porosity, allowing the penetration of humidity and oxygen. Due to a
volume expansion, copper hydroxy-chlorides can deteriorate the object by flacking [11].
Regarding the tin of the alloy, even if it generally leads to better corrosion resistance, this
behavior, not universal, depends on the chlorine content of the environment [12]. With little
chlorine, the tin oxide, on contact with the alloy, improves the protective effect of the patina.
But with high chlorine contents [13, 14] in marine atmosphere, tin oxide strata can develop
throughout the patina thickness (sublayer of Cu,O and CuCI(OH)3 interposed by SnO;
layers), making it less protective due to a strong dissolution of copper which approaches pure
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copper. Redox reactions between intermediate products of tin and copper chlorides participate
in the development of this stratification.

Most past studies of the bronze atmospheric corrosion focused on statuary and
industrial bronzes of low tin content (<15 weight percent (%wt)), which are characterized by a
predominant dendritic a-phase structure though they may also contain traces of 6-phase areas
with higher tin content, under the form of (a+6) eutectoid between the dendritic arms.

If the tin content is larger (15-27% wt), the relative importance of the (a + 9) eutectoid
increases. In the case of hyper-eutectoid bronzes (tin content over 26% wt), fine & dendrites
are surrounded by the (a + 0) eutectoid [15, 16]. Independently of the tin content, ancient or
modern bronze also often contains lead globules [15, 17, 18]. In the literature, the corrosion
studies of the high tin bronzes are often focused on buried archeological bronzes (such as
defensive weapons and decorative items, musical instruments) submitted to alteration
conditions which are different from atmospheric corrosion (not the same humidification /
drying cycles, nor the same nature and concentrations of potentially corrosive agents).

Bells are an important part of the heritage bronzes. Their alloys have a high tin content
and a two-phase o/d structure [19]. They are produced using ancient manufacturing methods
combining the lost wax casting technique, commonly used in the past for the production of
objects with a high tin content [16, 18] and the sand casting technique. Indeed, the mold of a
bell, mainly made of clay, has 3 parts: the core (interior mold), the false bell, an intermediate
mold on which are affixed wax inscriptions and the screed (outside mold). After heating, the
wax melts and the false bell is separated from the screed and then destroyed. The volume left
between the core and the screed, where the negative of the inscriptions rests in the interior,
corresponds to the volume of the future cast bell. After unmolding, successive finishing
techniques (deburring, sandblasting, final polishing) are used to polish the outside of the bell.
Not being visible, the inside is left "foundry raw". The manufacturing techniques have
evolved constantly since the Middle Ages to improve the fusion and the quality (lifespan and
sound quality) of the cast bell. Being geographically widespread and exposed in steeples or
outdoors, bells undergo corrosion representative of different anthropically-modified
atmospheric environments. This feature makes of bells a good potential indicator of the
territorial pollution [20]. Their oxide layers reflect the long-term physicochemical interactions
between the metal substrate and the atmosphere, constituting a relevant imprint of the alloy’s
history. The bells are works of art with a high historic and symbolic value. They are musical
instruments and belong to the material and non-material world heritage.

2. Research aim

Beside atmospheric corrosion, the bronze bell is submitted to shocks and vibrations
generating the sound. This mechanical stress might affect the corrosion behavior. The impact
of the a/d alloy structure on its atmospheric corrosion still needs to be investigated, as the
effect of its ternary composition (Cu-Sn-Pb) on the o and d corrosion.

To document the impact of the particular microstructure of high-tin bronzes and of the
atmospheric conditions on alteration, we characterize the corrosion of a bronze bell casted in
the 1930s and exposed 90 years to a marine atmosphere in a steeple, shuttled from direct rain.
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128 The composition and structure of the alloy and of the natural patina were studied and
129  discussed in relation with the bell manufacturing techniques. To better understand the impact
130  of the alloying elements on the corrosion, alloy samples were exposed in the laboratory to a
131  synthetic electrolyte representative of marine environment. According to our samples, to
132 understand better the corrosion behavior of the bronze bells, and to defend this tangible and
133  intangible heritage, the corrosion behaviour of the bell is compared to the literature
134  concerning the corrosion of different high tin bronze artefacts and the hypothesis of a micro-
135 infiltrating alteration scenario is proposed.
136
5573 3. Material and methods
139  3.1. Samples
140
141 Because ancient bells are often classified as World Heritage, exposed in museums,
142 or/more simply worth of conservation, their sampling is limited and only performed on bells
143  intended to the redesigned with the agreement of the bell-founders. Moreover, the brittle
144  adhesion of the patina to the alloy sometimes makes the sampling difficult. So, the overall
145  number of samples available for analysis remains limited and does not allow a statistical
146  analysis of the corrosion layers. In this study, samples could be collected on a French bell,
147  cast by the Cornille-Havard Company in 1930. The bell was exposed to a marine environment
148  in the church of the coastal city of Trélévern in Brittany (France). It remained for about 90
149  years in a steeple, and was thus sheltered from direct rainfall. Cross-sections (1-3 cm?) were
150 taken from the crown and the profile, on the internal face of the bell where the mechanical
151  stresses are the most important (action of the clapper, point of attachment of the crown).
152  Therefore, this choice allows studying the impact on corrosion of the combination of
153  mechanical and environmental constraints. Some samples were used for alloy characterization
154  after chemical attack (alcoholic FeCls) and others for compositional analysis. Prior to the
155  alloy and corrosion layer characterization, they were molded in resin and polished using SiC
156  paper and diamond paste with ethanol to avoid any phase modification due to contact with
157  water. For short corrosion tests in artificial marine solution, some samples of the alloy were
158  polished with the same method.
159
%g(l) 3.2 Artificial marine solution
162 A synthetic solution representative of marine environment was prepared with
163  analytical grade reagents and ultra-pure deionised water (Table 1):
164

pH [NOs7] [Na*] [SO4] [HCOs7] [CI]
165 | Marine 5-6.35 1.55 4.97 3.11 0.24 13.10
167 Table 1: Composition (g.mL") and pH of the marine solution used for the laboratory
168 experiments.
169
170 Three 1 cm? alloy samples were immersed each in 50 ml of the solution for 3, 7, and
171 14 days. The temperature was maintained at 298K. The pH, (initially 5) increased slowly
172 (Table 2), an obvious consequence of a corrosion process where the principal cathodic
173 reaction is O2 + HoO+2e—20H™ [21].




Immersion times (days) 0 3 7 14
PH (+ 0.01) 5.00 5.62 6.14 6.35
174
175 Table 2: pH measurements of the marine solution for the different immersion times.
176
i% 3.3. Characterization
180 The ICP-OES analyses were made on two cubic samples (8 mm?) from the crown and
181  the profile of the bell alloy (Varian VistaPro). For each test, 50 to 70 mg of alloy were
182  mineralized into aqua regia (0.75 mL of HNOs3 and 2.25 mL of HCI) in a PTFE bomb placed
183 in an oven at 80°C for 4h. The solutions with high concentrations in any given element
184  (>1%wt) were diluted, while low concentration ones (<1%wt) were analyzed directly. For
185 each element, measurements were performed three times at three different wavelengths to
186  assess the reproducibility of the results.
187 The patina composition was observed in cross sections by SEM with MERLIN and
188 JEOL JSMG6301F microscopes (accelerating voltage: 15 keV and 8 keV) and analyzed by
189  EDS (SSD detector). The samples were covered by a platinum conductive layer beforehand.
190 The identification of crystalline phases was performed using X-ray microdiffraction in
191 zones of the patina selected after SEM observations. The equipment was a Panalytical
192  Empyrean diffractometer in the Bragg-Brentano 0-0 configuration, using a Cu radiation
193  (Ake=1.541874 A). The maximum analyzed area of the sample (at low angle) was 0.25 mm?2.
194  Each pattern was recorded in the 15°-80° range.
195 Raman microspectrometry was also used to identify the corrosion products.
196  Measurements were carried out with a Renishaw In Via spectrometer with a 100x optical
197  microscope LEICA objective. The laser spot was less than 1 um in size and the laser power
198  was filtered down to 0.25mW, avoiding the thermal modification of the corrosion products.
199  The excitation wavelength of 532 nm was used and the spectra acquisitions were managed at
200 aresolution of 1.7 cm’!.
201
202 4. Results
203
204  4.1. Bronze substrate
205
206  The alloy composition, obtained by ICP-OES for different areas of the crown and profile,
207  highlighted no significant difference between the sampling zones. Thus, the average
208  composition of the samples (Table 3) can be assumed to be the overall composition of the
209 bell.
210
Cu Sn Pb Sb Zn As Ni S Fe
Weight
percent | 77.3+1.1 | 21.82+0.12 | 1.22+0.01 | 0.18+0.01 | 0.26£+0.01 | 0.16+£0.01 | 0.05£0.01 | 0.04+£0.01 | 0.01£0.01
(wt %)
211
glg Table 3: Average chemical composition (wt %) of the bell.
1
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The bell has a tin content of about 22 wt%. A particularly high lead content (1.22 wt%) and
some impurities are evidenced. These particularities will be further discussed (§5).

Optical microscopic observations (Fig.1a) confirm the two-phase microstructure of the
alloy: a dendritic a single phase with an eutectoid o/ interspersed between the dendritic arms.
0 has a higher tin content (Sn 31.84%wt) than a (Sn 14.94%wt) (Fig. 1b), in agreement with
the Cu-Sn phase diagram [19].

Fig. 1: (a) Optical micrography of the microstructure of the internal part of the bell. In the /o
eutectoid, the o phase appears in lighter shade of gray and a in gray. (b) EDS analyses of a
and o phases.

Microscopic observations reveal in interdendritic spaces some porosities, which are
due to micro-shrinkages or to a large content of gas in the liquid metal during the casting.
Some of the cavities could possibly be ascribed to lead globules being removed during the
sample preparation. SEM-EDS observations reveal some residual crystals, corresponding to
lead and lead oxides (Fig. 2). Because of the insolubility of lead in the bronze matrix [22], the
alloy can be considered as a ternary bronze Cu-Sn-Pb (Pb 1.22%wt-Table 3).
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Fig.2: (a) SEM-BSE image and (b) SEM-EDS analyses of alloy porosities.

4.2. Characterization of the patina

To understand better the corrosion, SEM-EDS and micro XRD analyses were

performed on cross sections of the internal face of the bell (Fig.3). The choice of a specific
sampling zone (crown or profile) did not affect the structure and composition of the corrosion.
The SEM observations highlighted three distinct alteration areas: (i) A porous external layer
presenting phases or elements characteristic of the bell mold. This layer corresponds to the
transformed medium. (ii) A more or less continuous, intermediate layer. (iii) Internal
corrosion pitting which mainly affects the o phase.
The patina is a fragile system and naturally micro-cracked, because of the chocks and
vibrations induced by the clapper action. But, it is not possible to distinguish these pre-
existing micro-cracks from those which could result from the collection of the samples on the
“bell object”.

4.2.1 The external layer

The external layer (Fig.3) is in localized zones, highly enriched in oxygen associated
with silicon and iron and as compared to the intermediate layer, often depleted in copper and
tin. The exogenous compounds are characteristic of an enrichment in clay, typical of the
manufacturing techniques. Traces of lead are also observed and terrigenous or anthropogenic
deposits can be associated with the exogenous compounds.

4.2.2 The intermediate layer
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Fig. 3: The internal face of the bell crown: (a) SEM-EDS elements map with the level map of
lead (b) Micro XRD analyses of the cross section (c) Raman analyses of the tin oxide.

On the internal part of the crown (Fig.3 (a)), a homogeneous EDS signal of oxygen in
the intermediate layer is observed. The layer presents, thick zones enriched in both copper and
chlorine alternating with, occasionally, as observed on Fig.3 (a), tin-enriched and copper
depleted zones where lead is also present. The micro XRD patterns (Fig.3 (b)) of the same
zones display mostly copper hydroxi-chloride compounds under atacamite and paratacamite
(Cu2CI(OH)3) and a lack of tin species. This lack could be imputed to the amorphous nature of
tin oxide [4] or to the thickness of the areas, with large copper areas masking the XRD signal
of the thinner tin zones. However, the broad band between 300 cm™' and 700 cm™ on the
Raman analyses (Fig.3 (c)) is in support of the presence of nanometric crystallites of
cassiterite SnO» [4,23]. No lead compounds were detected by Raman analyses certainly
because of the low amount of this element in the tin corrosion products.

4.2.3 The internal corrosion pitting

Internal corrosion patterns of the o/ alloy are observed under the intermediate
corrosion layer. They are micro-cracked and divided into two parts: (i) The residual corroded
primary o phase (ii) The o/0 eutectoid with the remains of the corroded 6 phase. The internal
corrosion pitting (Fig 3) shows also some more or less corroded lead globules.

a. Corrosion of the primary a phase
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On the internal face of the crown (Fig.4) the oxygen EDS signal is sharp and
uniformly distributed, characteristic of a strong corrosion. Oxygen is associated with chlorine
and copper, with some areas of exception where these two elements are replaced by tin. The
corrosion of o has a multilayer microstructure. Lead is also present in o dendrite corrosion.
Its EDS signal is not located as lead corroded globules (Fig 3), but is associated with the tin
signal, more characteristic of a diffusing behaviour in tin corrosion products. The Raman
spectrum of the copper oxychloride layers (Fig 4 (c)) contains Cu2O vibrations bands (148
and 220 cm™! and a vibrational triplet at 420, 520 and 625 cm’™!). The thin layers, rich in tin
compounds, show a weak band between 300 and 700 cm™ more in agreement with the
presence of SnO, [23], but CuO traces are confirmed by the weak band near 220 cm™’. No
signal for copper chloride is present because of an amorphous behavior and no lead
compounds, due to certainly their small quantity.

300-700

Intensity (counts)
Intensity (counts)

200 400 600 800 1000 1200
Wavenumber (cm')

200 400 600 800 1000 1200
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Fig. 4: On the SEM image (a), the corroded a phase is surrounded by yellow dotted lines and
the & phase by blue dots. Oxidized 6 is in gray between them. (b) SEM-EDS map of Cu, Sn,
O, CI with the level map of Pb (c) Raman spectra of the corroded o phase and d phase. (d)
EDS analyses of the 6 phase and the corroded 6 phase.
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b. Corrosion of the eutectoid

The eutectoid corrosion relates not only to the o phase but also to the 6 one. On Fig.4,
according to semi quantitative SEM-EDS analyses, the uncorroded & phase is associated to
the altered 6 phase. No signal related to copper and chlorine, but a high concentration of tin
with oxygen and little EDS signal of copper are detected in the corroded & phase. This is due
to an important copper depletion. The large band between 300 cm™ and 700 cm™ on the
Raman analyses corresponds to a predominance of SnO» [23] and the very weak band at 220
cm’! to Cu0, present in small quantity. Small amount of lead is also associated with tin EDS
signal in altered 6 phase.

4.3. Short corrosion of alloy specimens: the role of alloying elements

To study more specifically the role of lead on the corrosion of the a phase and the 6
phase in the internal corrosion part of the old patina, uncorroded alloy specimens were
immersed after 3, 7 and 14 days in a marine solution. To promote wetting time, and then the
action of the electrolyte, we have chosen to favor continuous immersion.

Visual investigation of the alloy specimens reveals the progressive formation of a

whitish grey area. The more or less porous surface of the alloy displays an irregular layer of
corrosion products particularly rich in lead, oxygen and carbon, with chlorine traces (Fig. Sa).
SEM observations (Fig. 5b) show hexagonal crystals in platelets. After 7 days, some prismatic
crystals with an engraving of their edges are observed. Over these two forms of crystallites,
the growth of small square-based crystals is observed.
The Raman analyses (Fig. 5c) show that the lead compounds are essentially carbonates.
Indeed, the vibration band at 3550 cm™! and that at 410 cm™ , which is observed after 3 days
and gradually disappears for longer exposures, correspond to hydrocerussite
(Pb3(COs3)2(0OH)2) [24]. This lead carbonate grows to hexagonal form [25, 26] as shown on
the SEM images. The vibration band at 1053 cm™ can be due to either hydrocerussite or
cerussite (Pb3CO3) whose presence is confirmed by the observation of prismatic crystals (Fig.
5b) [24,27]. Lead sulfate is also present after 3 days of alteration, as indicated by the band
near 960 cm™![28]. Moreover, the traces of chlorine on the EDS signal associated to the width
of the band at 1053 cm™!, particularly large after 14 days, reflect the presence of lead chloride
in small quantity. Independently of the corrosion duration, there is always a small band at 185
cm™! indicative of the presence of phosgenite (PboCl,CO3) [24]. These lead chlorides could
correspond to the small square-based crystals observed on the SEM images. However, the
presence of lead oxides cannot be excluded because of the square form of these crystallites
[27,29]. After 14 days of alteration a large band is also observed, between 400 and 750 nm,
corresponding to traces of copper oxide and a predominance of tin oxide [23].

10
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Fig.5: (a) EDS analysis and (b) SEM-BSE images for 3, 7 and 14 days of corrosion in marine
solution. (c) Raman analysis of corrosion products.

The alloy microstructure (Fig 6) shows that, the lead corrosion pitting mainly develops
on the dendritic and eutectoid o phase, whereas the 6 phase which has a higher tin content
presents less located lead and oxygen EDS signal. Whatever the duration of alteration, the
same observations were made. However, after 14 days, some o dendrites display small
octahedral crystals of cuprite as evidenced by the 218 cm! vibration band and the vibrational
triplet (422 cm’'; 525 cm’!'; 623 cm™!) on the Raman spectra [23]. Trace of nantokite (CuCl)
cannot be excluded as indicated by the thin band at 1065 cm™ [30]. The role of Pb on the
corrosion of Cu-rich dendrites and o/ eutectoid will be discussed (§5).
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alteration. Dendritic a phase is surrounded by white dotted lines (b) SEM-BSE image of the
Cu20 octahedra and (c) their Raman spectrum (14 days of alteration).

5. Discussion:
5.1. The bells quality — the impact of manufacturing techniques

The bell from Cornille-Havard foundry, has a o/ structure and a tin mass content
(about 22 wt%-Table 3) corresponding to the theoretical composition of bronze bells,
estimated by the technical Roret manual of 1827 [31] to be about equal to a quarter of the
total mass when mixing pure metals. With this tin content, a sufficient amount of & phase is
formed which, by improving the bronze hardness [32], brings resonance to the instrument.
However, the level of lead is not insignificant (1.2%wt). In the copper-lead system, all the a
copper phase will solidify before the lead-copper eutectoid [19, 33, 34]. It will cause the
formation of insoluble globules of Pb in the microstructure (Fig. 2) which makes of our alloy
a ternary bronze (Cu-Sn-Pb). The lead in the alloy improves the fluidity of the melt and
facilitates the machinability [16]. The finishing of the solidified castings is easier. Regarding
the impurities in the alloy, they can come from the ores or from the use of recycled copper
alloys by the bell-founders.

The bell alloy has a similar microstructure and composition to many archaeological
bronzes with a high tin content (dishes, weapons or musical instruments). However, due to
their regular use in ancient daily life, limiting the 6 phase, responsible of the alloy fragility
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was necessary. Thus, the tin content during casting of some bronze objects was often limited
(10% wt to 18% wt) with a higher lead content, more closer to very hold bronze bells dating
from the Middle Ages or the Empire [35, 36], with a greater proportion of a phase and lead
inclusions. To facilitate their shaping, some ancient bronzes were also submitted to thermal
and mechanical treatments, modifying their a/6 microstructure. Gongs or cymbals or other
high tin bronze objects [37-39], made by hot forging and quenching, develop a grains in a
martensitic [§ or y matrix, depending on their quenching temperature.

Finally, the manufacturing techniques of the bell affect the composition of the
corrosion products. For instance, clay is used to make the heat resistant molds [31]. The clay
exogenous elements subsequently combine with corrosion products to form a transformed
medium on the external part of the corrosion. Moreover, the lead content of the alloy affects
the corrosion: lead carbonates and chloride are present before the development of copper
corrosion products.

5.2. Corrosion of the archaeological high-tin bronzes and the bell from Cornille-Havard
foundry

A comparison, between the literature about the alteration of buried archaeological
bronzes with high tin content and the atmospheric corrosion of the bronze bell studied, is
necessary. According to our samples, the bell alteration has:

e Common points:

1/ Three distinct alteration areas (Fig.3): (i) a transformed medium on the extreme
surface with exogenous elements and copper corrosion products but no transparent compact
film rich in tin oxide, resulting from tinning (i) an intermediate layer rich in environmental
anions (iii) a preferential a/é corrosion pitting in the underlying alloy (Fig.4) [15,18,40-42].

2/ A periodic corrosion of the a phase, resembling the liesegang phenomenon on
buried archaeological bronzes [43] and associated with the Cu/Sn variations during the
corrosion progression due to environment variations.

* Differences:

1/ No extend of inter-granular corrosion, due to impurities along the grain boundaries
of the alloy, induced by mechanical and thermal treatment of some bronzes [44].

2/ No redeposition of metallic copper, often observed in bronze artefacts with high tin
content [45-48]. This slow process takes place with low concentration of O [45,46] and
reducing conditions. There are three classifications of copper redeposition [46]: (i) Related to
long-term corrosion processes, irregular form pseudomorphically replacing other phases, due
to a destannification, similar to the dezincification process, or a replace of corroded lead
globules (in leaded bronzes) or cuprite in micro-cracks. (ii) During the casting, a twinned
microstructure, because of incomplete mixing of copper and tin or (iii) a globular form during
roasting of the copper ores.

3 / No preferential corrosion of ¢ associated with o phase remaining intact, observed
with low oxygen potential and copper redeposition in bronze artefacts [48].

Finally, the patina of the internal face of our bell results from atmospheric gases,
chloride aerosols and a slow wetting and drying of the condensation water which occurs due
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to a roughness of the surface left "foundry raw”. The difference with buried high tin bronzes
is based on the oxygen concentration in the environment. Atmospheric conditions, lead to a
preferential corrosion of the a phase and passivation of the & phase, richer in tin. In poorly
ventilated environments of certain soils, preferential corrosion of the & with redeposition of
metallic copper is observed, the a phase remaining intact. The properties variations of soil can
cause higher O potential, leading to local structures typical of atmospheric corrosion in the
same buried object [48] which highlights the oxygen impact on the o/0 preferential corrosion.

5.3. Hypothesis of an alteration scenario

In the case of our samples taken from a bell exposed in a marine environment for 90

years but, sheltered from direct rain in a steeple, an uniform enrichment in tin of the patina, in
direct contact with the alloy, could have been expected, suggesting a type I corrosion
mechanism, governed by a cationic control [8]. Conversely, atacamite/paratacamite,
characteristic of an advanced bronze disease, but also a preferential corrosion by pitting of the
a or 0 phases were observed with an important penetration of environmental anions in the o
phase, which suggest a more aggressive corrosion of type II. Moreover, the intermediate layer
of the patina reveals thin discontinuous layers of different compositions (copper hydroxi-
chlorides and occasionally tin oxide).
To explain this organization of the patina on a bronze bell, the corrosion scenario must not
only take into account the environmental aggressiveness [8], but also the effect on the brittle
corrosion products of shocks and vibrations submitted by the bell to ring. They lead to
micro/nano-metric scale infiltrating networks into which the environmental fluids and
humidity can penetrate.
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Fig. 7: Schematic representation of corrosion layers on the bronze bell: the development of
internal corrosion pitting is favored by the micro-cracks inside the brittle patina and the
interconnection of these pitting and the development of conductive corrosion products.

When environmental species and humidity migrate in contact with the underlying
ternary (Cu-Sn-Pb) alloy, an electrochemical point of view is necessary. A galvanic corrosion
can take place when dissimilar metals with different electrochemical potentials are electrically
connected in an electrolyte [49]. Lead, being a less noble metal than copper and tin, acts as
the anode. Pb serves as the primary electron donor and can be oxidized to Pb*". Excessive
lead release caused by galvanic corrosion, with respect to copper, has been evidenced both in
laboratory and field studies [50-53]. The galvanic corrosion between Pb and Cu is easier than
between Pb and Sn because of a more important differential electrochemical potential.
Because the corroded products of lead are unstable and soluble, they diffuse and migrate
outwards through the alloy porosities and the infiltrating network. Near the empty cluster of
lead, copper ions oxidize and deposit within the void of the lead globules. The Pb ions are
replaced by redeposited Cu metal which in turn oxidizes to Cu giving the progression
Pb» Cu+» Cu20 [54] or Pb» Cu2O+ Cu [16]. According to our results in laboratory, a pitting
corrosion rich in lead carbonate develops mainly on the a dendritic and the a eutectoid phase,
following the diffusion of Pb?* ions on the surface. For &, it does not present lead carbonates,
or very little. This difference between the a and & phases could be due to the higher tin
content of the o phase. Tin stabilizes as tin oxide, forming a passivation layer which is stable
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over a wide range of pH and replaces the original alloy [8,55]. After a dissolution of lead
carbonate, octahedral CuzO crystals on some areas of a phase was observed. It would support
more a Pb # CuxO progression than Pb » Cu one. But these processes require additional
investigations to be completely understood.

After this galvanic Cu-Pb corrosion phase, studied here in the laboratory, but which
can occur under the natural patina of the bell when the corrosive agents migrate through the
patina, the pitting corrosion of the a and & phases takes place.

The corroded a phase exhibits a multi-layered system of tin oxide and copper oxy-
chloride. Due to a good miscibility between lead and tin, as observed in the internal corrosion
and the internal layer of the patina, Pb*", released by the galvanic corrosion migrate
preferentially associated with tin corrosion products (Fig 3 et 4).

The alternating layers observed in the corroded o phase can be explained by comparing the
thermodynamic stability of the copper and tin corrosion products: copper and tin are more
stable when combined with oxygen than with chloride (Table 4) [56].

SnO: | SnClz: | Cu20 | CuCl
AHg° (kJ.mol!) -515.8 | -286.1 -146 | -119.9

Table 4: Variation of standard free enthalpy (AH,°) for cassiterite (SnO.), cuprite (Cu20),
copper and tin chlorides.

These different stabilities contribute to the preferential growth of CuO alternating with SnO»,
as evidenced by the Raman analysis. Regarding CuCl, it reacts easily with water and oxygen
to form CuCI(OH)3 [57,11] which is in low quantity and/or under amorphous form in the
alternating Cu2O enriched layers.

For the corrosion of the 6 phase, only oxides are observed with majority of SnO>
(Fig.4) and residual areas of uncorroded & phase. The absence of a higher corrosion of 6
phase with alternating layers as the a phase can be due to the stabilization of chlorine into the
corrosion products of a, which slows down its migration into the internal areas of the
eutectoid. The tin content in the 6 phase, corroded and non-corroded, can also contribute to
hinder the spreading of environmental species: the higher the alloy tin content, the more
protective the patina is [55].

The more cracked the alteration layer is, the more permeable the patina becomes to the
environment species (Fig.7). Thus, corrosion pits gradually tend to join together and the
repetition of these reunions eventually favors the development of the intermediate layer.

In some areas of the intermediate layer, the alloy fragments detached from the metal
matrix and present as inclusions in the patina induce a type I macroscopic behavior, with a
strong decuprification of the fragments and a local enrichment in tin oxide (Fig.3 (a)). These
islets of tin oxide in the depth of the patina (Fig.7) modify locally its protective influence.

If the conducting corrosion products (Fig.7) are present in the patina and are connected
to the alloy, they transport electrons and provoke the decoupling of the anodic (bronze
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corrosion) and cathodic (oxidant reduction) reactions. The first reaction occurs at the interface
between the metal and the alteration layer. The second one occurs inside the corrosion layer
or at its outer surface if the conductive phases are connected to the surface of the alloy. If
these conducting oxides are not located near cracks or pores, traditional electrochemical
alteration processes take place. Conversely, if the conducting oxide phases are adjacent to
cracks, corrosion pits can develop around these cracks and eventually join to form a
continuous layer throughout the patina.

Finally, as mentioned in the introduction [14], in marine atmosphere with high CI" and
on bronzes with a low tin content, a multi-layer Cu20/SnO»/CuxCI(OH)3; system has the
particularity to be regularly distributed throughout the entire thickness of the patina, due to a
lack of protection of SnO2, which would lead to an increase in bronze disease. In our samples,
due to the onset of type I corrosion of some alloy fragments incorporated into the patina, the
tin oxide is observed in small quantity and more occasionally. But, this regular multilayer
system seems to develop more in depth, under the micro-cracked patina, with o phase
multilayered corrosion, while, the corroded & phase is rich in SnO,. This different o/o
behavior can be due to a higher 6 tin content, making more efficient the passivity of SnO; on
6. Thus, with high CI" concentration in atmosphere, the accentuation of bronze disease due to
SnO; doesn’t seem to be universal and a limit value of the alloy tin content could reduce the
atmospheric corrosion rate, but not prevent alteration. According to our results, it could be
around the Sn content of the uncorroded & phase, but more investigations are necessary to
identify a possible tin limit value.

6. Conclusion

The corrosion of a high tin bronze bell, sheltered from direct rainfall in a steeple, but
exposed for 90 years to a marine environment has been studied.

The micro-cracked patina is divided in an "external layer", with exogenous elements
characteristic of bell foundry techniques, and an "intermediate layer" of atacamite,
paratacamite, and some tin oxide. In bronze bell, “internal corrosion pitting” is highlighted.
The o phase has a layered regular structure (cassiterite-cuprite, combined with cuprite-
amorphous copper chloride bands). Tin oxide is the preferential product of the & phase
corrosion because of the large natural tin content of this phase, and chlorine stabilization in
the corrosion products of the o phase. The atmospheric corrosion of the bell is quite similar to
some buried high-tin bronze artefacts in sufficient aerobic conditions.

The hypothesis of the corrosion scenario emphasizes the bells manufacturing

techniques, o/9 structure of the Cu-Sn-Pb alloy, and infiltrating networks.
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