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Abstract: The local patterns at the interfaces of corrosion stratification, developed on two archaeomet-
allurgical bronzes (a Cu-Sn-Pb and a Cu-Zn-Sn-Pb alloy), in the as-cast condition, were assessed by
OM and SEM-EDS systematic elemental chemical analyses. Previously, the alloys—whose metal-
lurgical features and electrochemical behaviour were already well studied—have been subjected
to laboratory corrosion experiments. The corrosion procedures involved electrochemical anodic
polarization experiments in various chloride media: 0.1 mol/L NaCl, 0.6 mol/L NaCl and two other
synthetic chloride-containing solutions, representing electrolytes present in marine urban atmosphere
and in the soil of coastal sites. The characterization of the Cu-Sn-Pb alloy electrochemical patinas after
anodic sweep (OCP+ 0.6 V) revealed that the metal in all electrolytes undergoes extensive chloride
attack and selective dissolution of copper which initiates from the dendritic areas acting as anodic
sites. The most abundant corrosion products identified by FTIR in all electrochemical patinas were
Cu2(OH)3Cl), Cu2(OH)2CO3 and amorphous Cu and Sn oxides. The characterization of the Cu-Sn-
Pb alloy electrochemical patina after slow anodic sweep (OCP+ 1.5 V) in 0.1 mol/L NaCl reveals
selective oxidation of dendrites and higher decuprification rate in these areas. Corrosion products of
Sn-rich interdendritic areas are dominated by oxygen species (oxides, hydroxides, hydroxyoxides)
and Cu-rich dendrites by chlorides. In the case of Cu-Zn-Sn-Pb, Zn in dendritic areas is preferentially
attacked. The alloy undergoes simultaneous dezincification and decuprification, with the former
progressing faster, especially in dendritic areas. The two processes at the alloy/patina interface leave
behind a metal surface where α-dendrites are enriched in Sn compared to the alloy matrix. The
results of this study highlight the dynamic profile of corrosion layer build-up in bronze and brass.
Moreover, the perception of the dealloying mechanisms progression on casting features, at mid-term
corrosion stages, is extended.

Keywords: archaeometallurgy; bronze; brass; microstructure; accelerated corrosion; chlorides; patina;
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1. Introduction

Archaeometallurgical and historical bronzes and brasses are either cast or worked. In
most cases, a combination of manufacturing and shaping techniques have been employed
for their production. Therefore, the microstructural features of the final products are
the result of alloying element concentration, presence of impurities, cooling rate and
subsequent thermal or mechanical treatment [1]. Numerous modern archaeological and
archaeometric studies have been dedicated to the investigation and reconstruction of
manufacturing procedures and available bronze and brass metallurgical technology in
many eras and geographical sites where ancient civilizations of the Old and New World
have thrived [2]. A great number of the antiquity bronze artefacts, tools and coinage, and
also historic and contemporary copper-based sculptures, are produced by casting. The
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corrosion phenomena on these unique categories of alloys inevitably take place on surfaces
that, in some cases, are characterized by complex and heterogeneous topography.

During the last few decades, research on corrosion kinetics governing long-term expo-
sure in various contexts—such as soil, marine and atmospheric environments (outdoor and
indoor), etc.—has provided the field for important interdisciplinary studies [3–6]. Both case
studies [7–11] and laboratory experiments [12–15] have investigated the composition of
corrosion layer strata formed after long-term natural exposure and the role of numerous pa-
rameters affecting the electrochemical behaviour at the initial corrosion stages, respectively.
The chemical composition and topography of the alloy substrate and the physicochemical
properties of the corrosive medium are equally important for the assessment of corrosion
process development and the nature of corrosion products. The well-established dealloy-
ing models in bronzes and brasses—i.e., decuprification [4] and dezincification [16]—are
the necessary background for the interpretation of all types of degradation mechanisms
in copper-based cultural heritage objects. The addition of tin as an alloying element in
copper alloys can be responsible for either a positive or negative impact in corrosion rate,
depending on the pH and the aggressive corrosive species concentration of the electrolyte,
as well as the moisture levels that can promote the dissolution of water-soluble species.

The role of Sn corrosion products in (i) electrochemical reactions related to ‘bronze dis-
ease’ mechanism [17], (ii) redox reactions involved in deposition and dissolution processes
among chloride-containing corrosion layers in unsheltered atmospheric conditions [18]
and (iii) dezincification degree during long-term soil corrosion of ancient brass [19] has
been the subject of recent studies. Two challenging intercorrelated research fields for cor-
rosionists are the understanding of local galvanic cell action in dealloying processes and
the assessment of local chemical reactions between distinct solid phases in the presence of
aggressive corrosive agents. New emerging corrosion aspects and relevant physical models
can facilitate a more accurate perception and validation of the corrosion kinetics of ancient
bronze and brass in a wide range of corrosion environments.

Despite the progress and the increasing literature sources in the field of bronze and
brass cultural heritage degradation and conservation, the experimental evidence focus-
ing on the local corrosion patterns related to micro-segregation structures—present in
archaeometallurgical castings—is rather limited [17,20–23]. Masi et al. [22] have investi-
gated the corrosion patterns related to the dendritic microstructures of as-cast historical
bronzes. Characterization of patinas, after artificial ageing tests simulating atmospheric
corrosion, has pointed out the emergence of local galvanic cells due to different alloy phase
chemical composition. Dendrite cores—α-phase with the lowest Sn content—act as anodic
sites, while interdendritic areas—eutectoid phase and δ-phase—act as local cathodes and
are corroded to a lesser extent. Apart from the degree of electrochemical attack, the nature
of corrosion products also varies between the dendrite core and external boundaries, and
even more so between dendrite structures and interdendritic areas [22,23].

Filling the gap of knowledge between the early stages of electrochemical corrosion
and the complex stratification after long-term corrosion phenomena in cultural heritage
metals is an on-going field of research, and many questions still remain to be answered.
The aim of this work is to contribute to the establishment of a universal framework for
the interpretation of localized corrosion phenomena in segregated archaeometallurgical
copper-based castings, with particular interest in the deeper understanding of severe elec-
trochemical dissolution and chemical leaching mechanisms in various corrosive media.
The study of the localized corrosion patterns encountered in archaeological and historical
metals is also of great importance and would allow the design of suitable cleaning proce-
dures and protection systems that would not affect or destroy the original metallurgical
microstructure or the corrosion stratification. This information is valuable in archaeometric
studies and should be treated as part of the archaeological record of cultural heritage
metals. Two reference archaeometallurgical copper alloys—representing a typical ternary
bronze whose production can be traced from Early Bronze Age in many locations of the
Mediterranean and a quaternary brass of the Roman Period—were originally produced for
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the purposes of the EFESTUS project [24]. The two castings were used for electrochemical
potentiodynamic tests in various synthetic solutions representing the chloride-containing
electrolytes involved in marine, soil or atmospheric corrosion processes. The local corrosion
patterns of the produced electrochemical patinas—related to dendritic segregation of the
reference cast alloys—were studied by combined microscopic and analytical methods. A
comprehensive demonstration of the alloying elements and corrosive species distribution
across the corrosion stratification as a result of accelerated dealloying is attempted.

2. Materials and Methods

Specimens of two reference copper alloys, a Tin-bronze (TB): 92.3 Cu, 7.5 Sn and
0.2 Pb and a Zinc-bronze (ZB): 82.5 Cu, 14.0 Zn, 3.0 Sn and 0.5 Pb (% weight composition),
produced by a casting technique similar to ancient metallurgy practices [25], were used for
laboratory corrosion tests. The bronze specimens were cut from rod castings (cylinder disks
of 26 mm diameter and 3 mm thickness) and were used in the as-cast condition without
further metallurgical treatment. As a result, the alloy surfaces are highly inhomogeneous
when examined from the center towards the disc edge and maintain all the typical charac-
teristics of castings before annealing: dendritic microstructure and defects, such as pores
and impurities. The bronze coupons were soldered on metallic bases and then mounted in
epoxy resin in order to manufacture reusable working electrodes for the electrochemical
tests. Before each potentiodynamic sweep, the electrode surface was ground from 400 up
to 1500 grit; afterwards they were rinsed with deionised water, degreased with ethanol and
finally dried in an air stream.

Before the corrosion experiments, metallographic studies on the alloy surfaces was per-
formed by colour etching with Klemm II reagent [26], after suitable grinding and polishing
procedures. Macro-photographic documentation and metallographic observations were
conducted by optical microscopy (OM) using a Leitz Aristomet metallographic microscope.

Four aqueous solutions—representing chloride-containing electrolytes available at
wet conditions in various corrosion environments of the Mediterranean basin (such as
seawater, soil, atmosphere)—were employed in accelerated electrochemical corrosion: 0.1
and 0.6 mol/L NaCl (average seawater salinity in Mediterranean basin), a filtrate extracted
by Piraeus soil (PRSF) and a aqueous mixture of typical atmospheric pollutants in the city of
Athens (AAPM), which can be regarded as an industrial-marine atmospheric environment.

The PRSF electrolyte was produced by adding 100 g soil to 400 mL deionised water,
heating at 60–70 ◦C for 30 min under vigorous stirring and by subsequent filtration and
dilution to a final volume of 500 mL. The soil was collected from an excavation site near
the Archaeological Museum of Piraeus, where many archaeological bronze objects have
been recovered during the last few decades. The chemical composition has been analysed
according to ISO11464 method (Table 1).

Table 1. Piraeus soil analysis according to ISO11464.

Cl−
(mg/g)

SO42−

(mg/g)
HCO3−

(mg/g)
TOC

(mg/g)
Mg

(mg/g)
Fe

(mg/g)
Ca

(mg/g)

11.5 25.0 0.5 1.2 32.0 4.9 98.0

The AAPM electrolyte, of a total salt concentration 0.97% w/v, contains the following
ionic species: sulphates, nitrates, chlorides and carbonates. The synthesis of the aqueous
solution was based on reported data concerning the detected atmospheric aerosol and
gaseous pollutants in Athens city during the 1990s [27]. It can be assumed that it approxi-
mates the chemical composition of a precipitated electrolyte film that could form on bronze
sculpture exposed in unsheltered outdoor conditions. The particular electrolyte must be
regarded as less corrosive than acid rain. The molar concentration of all ionic species is
given in Table 2.
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Table 2. Molar concentrations of the ionic species in the synthesised AAPM electrolyte.

SO42− (mol/L) NO3− (mol/L) Cl− (mol/L) HCO3− (mol/L)

0.050 0.025 0.008 5 ·10−5

A GAMRY CMS 100 potentiostat and software connected to a three-electrode cell
was employed for the electrochemical potentiodynamic tests. The archaeometallurgical
coupon was the static working electrode (WE), a saturated calomel electrode (SCE) was
used as reference and a Pt wire was used as a counter electrode. The active surface area
of the WE was 5 cm2. Anodic polarization sweeps (OCP+ 0.6 V) at a scan rate of 1 mV/s
were performed in 0.6 mol/L NaCl, PRSF and AAPM, using TB reference electrodes in an
electrochemical cell of 500 mL volume. Broader anodic polarization sweeps (OCP+ 1.5 V)
at a very slow scan rate of 0.25 mV/s were conducted in 0.1 mol/L NaCl, using TB and
ZB in an electrochemical cell of 2 L. The two scan rates for the anodic polarization were
selected in order to achieve two different dealloying conditions that would represent slow
and accelerated dissolution. The very slow scan rate of 0.25 mV/s better approaches the
progression of natural electrochemical actions and leaching in dense electrolytes, where
mass transport takes control over charge transfer. The fast scan rate (1 mV/s) is a typical rate
used in most of the wet electrochemistry potentiodynamic techniques aimed at corrosion
rate determination.

The electrochemical potentiodynamic curves of TB in 0.6 mol/L NaCl and in PRSF
and AAPM electrolytes, as well as those of ZB in 0.1 mol/L NaCl, have been presented
in previous works [28,29], where all the details about the electrochemical experiments
methodology, setup and the resulting electrochemical behaviour of the alloys are discussed.
In this work, the authors continue the results evaluation with a systematic ex situ character-
ization of all patinas. Scanning Electron Microscopy (SEM) coupled with Energy Dispersive
Spectrometry (EDS) was employed for the morphological and elemental chemical analysis,
using a FEI Quanta 200 scanning electron microscope equipped with a tungsten filament
coupled with an EDAX analyser. The accelerating voltage of the incident electron beam
was set to 20 kV. OM observations of the corroded surfaces, under polarized light, were
carried out in order to study the corroded electrode surface after each test.

• (OCP+ 0.6 V, scan rate 1 mV/s): OM observations on the corroded electrode surfaces
were conducted in some representative areas of TB electrochemical patinas. Patina
fragments were collected from all three electrodes to perform morphological examina-
tion by SEM and chemical analyses by FTIR and EDS. Patina fractions were detached
using a carbon adhesive tape to examine both internal and external surfaces by SEM-
EDS. The EDS data (elemental analyses) were processed to serve the investigation of
the alloy/patina and patina/electrolyte interface reactions. Similar analyses were also
conducted on the metal substrate (areas under detached patinas). Finally, powder
micro-samples were mechanically scraped from the three corroded electrode surfaces
and were homogenized in order to produce KBr pellets. The FTIR measurements
were conducted by an JASCO FT/IR-4200 spectrometer (JASCO International Co.
Ltd., Tokyo, Japan) with a TGS detector. All spectra were recorded at a scan range
of 4000–400 cm−1, with accumulation set to 32 and resolution to 4.0 cm−1, and un-
derwent baseline correction, smoothing and CO2 peak reduction through Spectra
Manager software.

• (OCP+ 1.5 V, scan rate 0.25 mV/s): The same methodology was applied for the charac-
terization of TB and ZB electrochemical patinas after the end of anodic polarization
sweeps in 0.1 mol/L NaCl. These systematic chemical and morphological analyses
were employed in order to study the elemental distribution as a result of the alloy
dissolution and the precipitation of corrosion compounds at the metal/patina and
patina/electrolyte interfaces. In the case of ZB patina, a brief characterization of corro-
sion patterns by OM and SEM-EDS has been published by the authors in a previous
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work [29], together with time-lapse photographic documentation of the electrochemi-
cal reactions during the sweep and comments on the electrochemical curves.

3. Results
3.1. Metallographic Characterization of Reference Archaeometallurgical Alloys

Colour etching with Klemm II reagent revealed the microstructure of the as-cast
electrodes. The surfaces macro-photographic documentation reveals the macro-segregation
features. A great variation of the grain size and shape distribution along the electrode
disc radius is observed, as a result of the ingot cooling process. These characteristics are
demonstrated in Figure 1 for the ZB alloy. Small-sized grains (skin area) are the first to
solidify as a result of the contact of the melt with the mould. Moving towards the centre,
the growth of columnar grains (basaltic zone) is observed, and at the ingot centre a cluster
of equiaxed grains is the last to solidify. Inside the grains, the dendritic segregation is
clearly depicted (Figure 1b), especially for the ZB alloy, where the dendrites are larger
and well-shaped.
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Figure 1. Macro-photographic documentation of ZB reference alloy after colour etching with Klemm II reagent: (a) the
whole specimen surface; (b) detail of previous depicting the dendritic structure inside the grains. The dotted lines highlight
the boundaries between the distinct zones of the solidification process (where S: skin, B: basaltic area and E: equiaxed
grains area).

According to the nominal composition of the archaeometallurgical alloys and the
phase diagrams [1] corresponding to non-equilibrium conditions that apply for usual
casting procedures, three phases are present in the TB alloy—an α-(Cu-Sn) dendritic
network, an (α + δ)-eutectoid phase and an immiscible Pb phase—and two phases in the
ZB alloy—an α-(Cu-Zn-Sn) phase and an immiscible Pb phase. Optical microscope images
from the etched surfaces, indicative of the micro-segregation features, are presented in
Figure 2. TB exhibits a cored dendritic structure (Figure 2a). The Cu-depletion gradient of
alpha dendrites is visible by the colour variation from dark brown in the centre of the alpha
dendrites to pink borders. The dendrites have rounded branches and irregular shape.

The interdendritic area corresponds to α + δ eutectoid solid solution, which is visible
in dark red with silver-grey islets of δ phase (Cu31Sn8). The grain boundaries of this alloy
are not easily distinguished. Usually, the Sn-rich δ phase tends to precipitate between the
grains (Figure 2a), because it solidifies at a lower temperature. ZB also exhibits a dendritic
segregation, but no coring was evidenced. The grain boundaries of large grains are visible
after etching along with porosity and inclusions related to the casting process (Figure 2b).
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Figure 2. Optical microscope images (×100) of: (a) TB (the arrows indicate the islets of δ phase inside the α + δ eutectoid);
(b) ZB archaeometallurgical alloy after colour etching by Klemm II reagent, revealing the dendritic microstructure of the
as-cast surfaces.

3.2. Accelerated Corrosion in Total Immersion Conditions/Anodic Polarization in
Various Electrolytes
3.2.1. 1st Experimental Section—Characterization of Electrochemical Patinas in Three
Synthetic Electrolytes

The electrochemical behaviour of TB casting in three solutions representing the elec-
trolytes available in different marine environments (urban atmosphere near coast, soil in
coastal site, seawater) and the most representative corrosion features of the distinct solidi-
fication zones, created by macro-segregation, have been reported in [28]. In all corrosive
media, the corrosion attack starts from the electrode disc edge and proceeds towards its
centre, following the direction of the solidification front. More specifically, EDS elemental
analyses on TB corroded surface after anodic dissolution in 0.6 mol/L NaCl has pointed
out higher tin and oxygen levels near the electrode edge compared to the electrode centre.
This finding indicates a faster progress of copper dissolution at the periphery. In this work,
the investigation continues further with validation of these findings by more elaborate
chemical characterization of electrochemical patinas and with studies on micro-segregation
influence in corrosion evolution. The anodic polarization curves in 0.6 mol/L NaCl, PRSF
and AAPM electrolytes [28] are presented again in Figure 3 to give an overview of the
corrosion systems and to facilitate discussion.
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OM images of electrochemical patina grown on a TB-0.6 mol/L NaCl system are
presented in Figures 4 and 5. The local patterns from electrode edge (Figure 4) and centre
(Figure 5) reveal a variety of precipitated dissolution products which follow the cored
dendritic structure of the alloy substrate.
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Figure 5. OM pictures (×100) of the corrosion patterns observed at the segregated surface of TB castings after the end of
anodic sweeps in 0.6 mol/L NaCl: (a) and (b) corresponding to two different areas where the cored dendritic structure
exhibits local dealloying patterns —These features are encountered near the electrode centre.

The centres of dendrites bodies and branches correspond to the metallic Cu or oxidized
Cu(I) state, while dendrite boundaries (shown in pink colour) are a mixture of Cu(I) and
Sn(IV) compounds. The interdendritic areas are covered by white Sn(IV) compounds,
which contribute to the stabilization behaviour of the alloy at high anodic potentials. In
Figure 4b, the evolution of green Cu(II) hydroxyl-chlorides inside the voids is observed.

The relevant OM images from the corroded TB surfaces in PRSF and AAPM elec-
trolytes were dominated by light green powdery Cu(II) compounds. A thicker deposition
of these compounds was observed on the α-dendrite network in PRSF while, in the case
of AAPM, the green electrochemical patina was uniform [28]. The corrosion patterns on
the internal surface (interface with alloy) of the two latter patinas are depicted by SEM
in Figure 6.
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Figure 6. SEM backscattered electron images (×300) of TB electrochemical patinas samples (internal
surface in contact with metal substrate) formed after anodic polarization (OCP+ 0.6 V) in (a) AAPM
and (b) PRSF electrolyte (D: dendrite, I: interdendritic area, L: lead islet).

The chemical characterization of AAPM-produced electrochemical patina is discussed
in detail. EDS data from the distinct dendritic, interdendritic areas and lead globules were
processed to assess the alloying elements and corrosive species distribution (Table 3). The
corrosion products that evolved on dendrites contain higher Cu concentration compared
to the interdendritic areas, in accordance with the micro-segregation terrain of the bronze
substrate. The general trend of Cu and Sn alloying elements distribution in the corroded
micro-segregated structures of TB casting after the anodic sweep in AAPM are in accordance
with the corroded structures found in a quaternary Cu -Sn-Zn-Pb alloy casting after artificial
ageing tests (dropping test, wet and dry cycles) with artificial rain solution [23], which
also contains sulphates, chlorides and nitrate species. However, both patina areas are
Sn-enriched in respect to the metal matrix atomic concentration (4% at Sn). The dendrite
corrosion features exhibit an average 13% Sn content, and the interdendritic ones exhibit
16% Sn. The lead-rich corrosion islets have an average 20% Pb and 18% Sn.

Table 3. Normalized % atomic elemental distribution of O, Cl, S and N (corresponding to O2−, Cl−,
SO4

2− and NO3
− anionic species), detected by EDS on the internal surface of TB electrochemical

patina, produced by anodic polarization in AAPM. Average values of indicative spot analyses
conducted in dendritic, interdendritic areas and Pb islets.

Element Dendritic Network Interdendritic Areas Leaded Areas

O 76.0 71.5 73.2
Cl 22.8 27.0 14.0
S 1.2 1.5 8.0
N - - 4.8

The identification of the majority of patina constituents (from all corrosion strata and
not just the superficial layer) was possible by spectroscopic analyses on pulverized and
homogenized corrosion depositions. Here, the vibrational patterns of the FTIR spectra of
all three electrochemical produced patinas are presented (Figure 7).
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Figure 7. FTIR spectra of corrosion products collected from TB electrode surfaces at the end of anodic
sweeps (OCP+ 0.6 V) in 0.6 mol/L NaCl, AAPM and PRSF electrolytes: (a) Bands 4000–3000 cm−1,
(b) bands 1700–1300 cm−1, (c) bands 1270–770 cm−1 and (d) bands 650–400 cm−1.

The two powder samples (AAPM and PRSF patinas) were light green, and the third
(0.6 M NaCl patina) was whitish. The most important vibrational patterns are summarized
in Table 4.

Table 4. Observed bands in FTIR spectra of homogenized patina powder samples after anodic polarization in PRSF, AAPM
and 0.6 mol/L NaCl.

Corrosive Medium Type of Vibration Bands (cm−1) Attribution Reference

PRSF

OH stretching

3522 (w), 3447 (s), 3355, 3339,
3327 (triple broad peak)

Cu2(OH)3Cl—intermediate of
botallackite and

atacamite polymorphs
[30–32]AAPM 3522 (w), 3450 (s), 3355, 3340

(triple broad peak)

0.6 mol/L NaCl 3522 (w), 3447 (s), 3352, 3347,
3327 (triple broad peak)

all electrolytes in-plane OH deformation
of H2O

many weak bands
within 1620–1660

range
Sn oxyhydroxides [33]

all electrolytes weak overtones of Sn-O-Sn
and Sn-O-H

1558, 1541, 1521, 1507, 1472,
1457, 1409 Sn oxyhydroxides [34]

PRSF 1385 (strong)

Cu2(OH)2CO3—malachite [35,36]AAPM 1385 (weak)

0.6 mol/L NaCl 1385 (weak)

AAPM internal vibration of SO4
2− 1124 Cu4(OH)6SO4—brochantite or

posnjakite or Sn oxyhydroxides
[34,35]

0.6 mol/L NaCl weak overtones of Sn-O-Sn
and Sn-O-H 1113 Sn oxyhydroxides

PRSF

OH deformation

988, 952, 926, 919, 897, 849 Cu2(OH)3Cl—atacamite [30–32,35]

AAPM 988 *, 952, 924, 917, 897, 849
Cu2(OH)3Cl—atacamite

* also Cu4(OH)6SO4—brochantite
(Cu-OH bending)

[30–32,35]

0.6 mol/L NaCl 988, 952, 922, 897, Cu2(OH)3Cl—atacamite [30–32]

All electrolytes 834 (sh), 823 (sh) Cu2(OH)2CO3—malachite [35]

all electrolytes Sn-O or Cu-O vibrations 600 (broad) nanocrystalline or amorphous SnO2
or Cu2O [36]
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Table 4. Cont.

Corrosive Medium Type of Vibration Bands (cm−1) Attribution Reference

PRSF

Cu-O and Cu-OH

526 (sh), 518, 506
intermediate of atacamite and

botallackite, malachite
[31,35]AAPM 526, 515, 508

0.6 mol/L NaCl 526 (sh), 518, 508

PRSF
Cu-O stretching

492, 482 Cu2.5(OH)2CO3—malachite and
Cu4(OH)6SO4 —brochantite [35]

AAPM 489, 482

PRSF

Cu-O stretching

474

Cu2(OH)3Cl—atacamite [31]AAPM 473

0.6 mol/L NaCl 474

PRSF

Cu-O stretching

459, 450, 444, 435
Cu2(OH)3Cl—botallackite

and atacamite
[30,31]AAPM 458, 444

0.6 mol/L NaCl 458, 444, 434

PRSF

Cu-O stretching or internal
vibration of SO4

2−

419 Cu2(OH)3Cl—botallackite

[31,35]AAPM 420 Cu2(OH)3Cl—botallackite or
Cu4(OH)6SO4—brochantite

0.6 mol/L NaCl 419 Cu2(OH)3Cl—botallackite

The main detections in all cases are the Cu(II) hydroxychlorides with the general
formula Cu2(OH)3Cl. In fact, the peaks observed are a better match with synthetic
compounds—produced by precipitation experiments [30]—rather than natural miner-
als [31,32] and correspond to intermediate products between two Cu2(OH)3Cl polymorphs,
botallackite and atacamite, and their copper chloride precursors. This mixture is poorly
crystallized, as indicated by the strong wide band in the range 3360–3310 cm−1. This band
consists of a triplet of convoluted peaks, merely resolved. The weak peak at 3522 cm−1

and the strong peak at 419–429 cm−1 are an exact match with the botallackite reference
spectrum. Malachite (Cu2(OH)2CO3) was also identified among the corrosion products in
all three patinas. In the case of PRSF patina, the higher malachite content is in accordance
with the high calcium carbonate concentration dissolved in the soil filtrate. In AAPM
patina, the presence of Cu2(OH)2CO3 originates from the dissolved carbonate salts of
the solution, and of course in all corrosive media, dissolved atmospheric CO2 should be
considered as a source of carbonates. Some weak characteristic bands (1124 and 482 cm−1),
related to basic copper sulphates—a closer match to Cu4(OH)6SO4 (brochantite)—are also
observed in the AAPM patina and, to a lesser extent, in the PRSF. The particular peaks in
many cases overlap with Cu2(OH)3Cl bands and were difficult to distinguish.

Despite the nitrogen detection by EDS elemental analysis locally in the AAPM patina,
no matches to basic copper(II) nitrates were found in the AAPM IR spectrum.

The FTIR spectra of some of the weak bands around 1620–1660 cm−1 could be at-
tributed to deformation of H2O. Broad peaks in this range have been detected in corrosion
product samples after anodic polarization in 0.1 mol/L NaCl [33] and in corrosion crusts
on buried archaeological bronzes [36] by Robbiola et al. The identification of peaks ob-
served within the range 1570–1020 cm−1 was incomplete, although it could be possible
that the overtones of Sn-O-Sn and Sn-O-H vibrations are included. Some individual peaks
appearing at 526, 518, 506 and 473, 917–922 cm−1, could be attributable to CuSnO3 and
to abhurite (Sn21O6Cl16(OH)14), respectively. According to the Pourbaix themodynamic
diagrams and the relevant literature [33,36,37], the presence of mixed Cu-Sn oxides was
considered unlikely, and the formation of Sn(II) chloride-containing compounds is not
favoured at that particular electrolyte pH and potential domain. Especially at the end of the
polarization sweep (highly anodic potential and strongly alkaline pH), compounds such as
abhurite—whose formation and stability is favoured at acidic pH—could not be possibly
sustained within the patina without further oxidation. In any case, the above-mentioned
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bands were matched to Cu2(OH)3Cl compounds. Within the range 400–720 cm−1, charac-
teristic vibrations of M-O and M-OH type (where M: Cu or Sn) are observed.

3.2.2. 2nd Experimental Section—Characterization of Electrochemical Patinas in
0.1 mol/L NaCl

The anodic polarization curves of TB and ZB in 0.1 mol/L NaCl at a slow scan rate are
presented in Figure 8. The same basic domains are observed in both curves (Tafel region,
intense anodic peak and a stable plateau at high current density levels. A second, weak
anodic peak, followed by a dissolution ramp, are observed in brass casting (ZB). The steady
state condition, reached above +400 mV/SCE, leads to the formation of compact corrosion
layers. A further investigation is necessary in order to determine whether the mechanism
of this stage fulfils the criteria of electrochemical passivation.
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The corrosion products expected to be found in the patinas of the Cu-Sn-Pb bronze
and Cu-Zn-Sn-Pb brass, after the sweeps, were copper oxides and chlorides, tin and
lead oxides and hydrated tin hydroxy-oxides. Due to the high anodic dissolution rate,
the majority of these products are amorphous or nano-crystalline. In our study, very
few crystalline compounds were identified by XRD (nantokite and cuprite) and other
spectroscopic techniques, such as Raman analyses (not presented in this study), also gave
poor results because of the highly impure nature and the distorted stoichiometry (due to out-
of-equilibrium formation conditions) of these corrosion compounds. Similar observations
about poorly crystallized compounds are also reported by case studies dealing with natural
and artificial atmospheric corrosion processes—simulating unsheltered urban outdoor
conditions—where leaching takes place up to some degree [22]. Following the same
methodology as in the previous experimental section, we focused on the elemental mapping
by EDS analyses that can provide valuable information about the corrosion products
stoichiometry and the dissolution profiles of distinct patina features. The elemental analyses
graphs correspond to the average values of small groups of spot or fullframe analyses. The
data can be utilized for qualitative assessment of local chemical composition and dealloying
trends. More extensive analytical work would be required in order to report accurate
quantitative results and support statistical analysis. Some indicative SEM images of the
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internal surface of TB detached patina (Figure 9) and of the TB and ZB alloy (Figure 10)
show the typical morphological characteristics of corrosion products epitaxial growth on
dendritic structure as a result of patina/alloy interface electrochemical processes.
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Figure 10. SEM backscattered electron images of alloy substrates (in contact with patina) after anodic
polarization (OCP+ 1.5 V) in 0.1 mol/L NaCl solution: (a) of TB alloy (×100); (b) ZB (x50) (D: dendrite,
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• TB Casting

The alloying element concentration profile from the metal matrix towards patina/electrolyte
interface testify to the copper depletion (decuprification), which reaches a minimum at the
internal patina surface. This tendency is partially reversed towards external patina surfaces
(Figure 11). At high anodic potentials, a steady state is reached on both bronze and brass
in NaCl solution (Figure 8), so the formation of a thick and compact film is possible. At
the same time, the electrolyte enrichment with dissolved species (CuCl2−, CuCl32− etc.)
and the local pH increase at the patina/electrolyte interface allows a partial redeposition of
amorphous or nanocrystalline Cu products. The internal patina surface is characterized
by an intense Sn enrichment. The outer Sn-deficient corrosion layers are considered as a
mixture of partially dissolved corrosion layers (formed at the early polarization stages)
and precipitated Cu compounds from the solution. The findings of this study are in good
agreement with the general framework of corrosion mechanisms reported in [36], where
a very similar electrochemical setup at a slow scan rate was used for the study of anodic
dissolution of a homogeneous annealed α-bronze (10% wt. Sn) in 0.1 mol/L NaCl. A
further examination of the EDS data allows for the correlation of dendritic segregation
structure with the distribution of Cu and Sn in TB corrosion stratification. On the base
metal in contact with patina, Cu in dendritic areas is preferentially oxidized. Therefore,
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the evolved corrosion products on the dendritic network are enriched in Cu, and the
interdendritic areas are enriched in Sn (Figures 11 and 12).
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Figure 12. % Sn atomic concentration profile of the corrosion layer stratification in dendritic and
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At an intermediate depth of corrosion layers, the decuprification process develops
faster on products epitaxially grown on dendrites. At the external patina surface, the distri-
bution of both Cu and Sn is balanced. Very high Cl− concentration, reaching approximately
41% at the external and 27% at the internal patina surface, and low levels (14.5%) of oxygen
species (i.e., oxides, hydroxides and oxyhydroxides) are observed. The chloride diffusion
gradient towards the alloy matrix is depicted in Figure 13.
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Figure 13. % Cl atomic concentration profile of the corrosion layer stratification in dendritic and
interdendritic areas after TB anodic polarization in 0.1 mol/L NaCl—Based on EDS elemental
chemical analyses data (fullframe and spot analyses).

Focusing on the relative distribution of oxygen and chloride species at the internal
patina surface, it can be deduced that the corrosion compounds on Cu-enriched are charac-
terized by a higher Cl/O atomic ratio—equal to 1.33—(Table 5), while the corrosion com-
pounds on Sn-enriched interdendritic areas are dominated by oxygen species—exhibiting
a Cl/O ratio of 0.75 (Table 5).

Table 5. Normalized % atomic elemental distribution of O and Cl (corresponding to O2−, Cl− anionic species) detected by
EDS in the electrochemical patinas of TB and ZB after anodic polarization in 0.1 mol/L NaCl. Average values of indicative
analyses conducted on both the internal surface in contact with the alloy and the outer surface of the patina (interface
with electrolyte).

Element

TB ZB

Interface with Alloy Interface with
Electrolyte

Interface with
Alloy

Interface with
ElectrolyteDendritic Network Interdendritic Areas

O 43.0 57.1 26.3 38.6 13.1
Cl 57.0 42.9 73.7 61.4 86.9

Cl/O 1.33 0.75 2.80 1.59 6.64

More specifically, local EDS spot analyses confirm that Sn-enriched interdendritic areas
contain three times higher oxygen and significantly lower chloride levels (26%) compared
to the average atomic concentration acquired from low magnification fullframe analyses.

• ZB Casting

The determination of ZB bulk patina chemical composition and the preliminary
characterization of local corrosion features (induced by macro- and micro-segregation)
by OM have already been presented in [29]. In this work, a more detailed analysis of
the dealloying mechanisms on dendritic microstructure is undertaken, including data
re-evaluation where necessary. The dealloying process of the ZB alloy is initiated by a fast
selective dissolution of Zn (dezincification) towards the patina/electrolyte interface. At the
internal patina surface, Zn is completely eliminated, while at the external patina surface a
very low concentration of Zn has been left undissolved (Figure 14).
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Figure 14. % Zn atomic concentration profile of the corrosion layer stratification in dendritic and
interdendritic areas after ZB anodic polarization in 0.1 mol/L NaCl—Based on EDS elemental
chemical analyses data (fullframe and spot analyses).

At the same time, Cu is also being dissolved at a slower rate. The general decuprifica-
tion profile of the corrosion stratification reveals a gradual Cu dissolution from alloy matrix
towards internal patina surface, followed by a small increase at the external patina surface
(Figure 15). As a consequence, an extensive enrichment in Sn is observed at the internal
patina surface (Figure 16). As with the TB alloy, the increase in Cu concentration at the
external patina surface could be justified by the deceleration of passive layer dissolution at
high anodic potentials and the redeposition of dissolved species.
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Figure 15. % Cu atomic concentration profile of the corrosion layer stratification in dendritic and
interdendritic areas after ZB anodic polarization in 0.1 mol/L NaCl—Based on EDS elemental
chemical analyses data (fullframe and spot analyses).
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At the metal/patina interface, a faster propagation of Zn dissolution in the dendritic
network is observed. Copper, on the other hand, appears to be dissolved at the same rate
in both anodic and cathodic sites. The overall Cu distribution gradient in dendritic and
interdendritic areas of the alloy (in contact with patina) remains unchanged. Dezincification
and decuprification leave behind α-dendrites enriched in Sn compared to the alloy matrix.
The internal patina surface appears chemically uniform with no local corrosion patterns,
indicating that, at high potential anodic dissolution of Zn and Cu through the corrosion
film, steady-state conditions are reached.

The relative fractions of oxygen and chloride species at the two sides of the electro-
chemical patina are given in Table 5. Although the absolute chloride concentration detected
on the external surface of the electrochemical TB and ZB patinas was roughly equal (40.8%
for TB versus 43.4%for ZB), the Cl/O atomic ratio observed in ZB (6.64) is nearly 2.5 times
higher compared to the TB alloy (see Table 5).

4. Discussion

In previous publications, the electrochemical behaviour of a ternary Cu-Sn-Pb (TB)
and a quaternary Cu-Zn-Sn-Pb (ZB) alloy in various chloride-containing corrosive media
have been reported [28,29]. The current research article is dedicated to the evaluation of
surface and interface chemical analyses indicative of corrosion topography and stratigraphy
after these potentiodynamic tests. This systematic approach enables, at a basic level, the
assessment of macro- and especially micro-segregation influence in corrosion mechanisms
of archaeometallurgical copper alloy castings.

The chemical characterization of the TB electrochemical patinas in the first experi-
mental section showed that the overall chemical composition of the produced corrosion
products mixture in all synthetic corrosive media has many common constituents, as can be
deduced by the interpretation of the three FTIR spectra. Apparently, chlorides dominate the
corrosion reactions in all media, even in AAPM electrolyte—which is a mixture of corrosive
agents, with sulphates (SO4

2−) being the primary ionic species. Knowing the differences in
physicochemical properties of the three chloride-containing media (similar pH but different
ionic conductivities and concentrations of aggressive Cl− and other ionic species) reported
in [28], this observation seems contradictory. This fact offers a motivation to evaluate the
benefits and limitations of an experimental methodology based on anodic polarization
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tests. In the first experimental section, one type of metal substrate is employed and the
exposed surface is uniformly wetted by an electrolyte layer of infinite thickness. The most
important kinetic parameters are being controlled (application of the same potential scan
rate that imposes equal charge transfer rate). The polarization occurs at roughly the same
potential domain. Consequently, it is reasonable that the fundamental electrochemical
reactions promoted in these three systems are very similar. However, the corrosion layer
stratification and the local topography is unique for each corrosion system (as has been
demonstrated by OM and EDS analyses at the alloy-patina interface).

The results of the second experiment section point out that slow potentiodynamic
scans proved to be the most suitable approach to study the electrochemical dissolution and
leaching processes of bronze in total immersion conditions.

On the subject of experimental methodology design and evaluation, it can be con-
cluded that the electrochemical potentiodynamic tests in soil filtrate and synthetic atmo-
spheric electrolytes cannot reproduce or simulate the natural corrosion processes in these
media. The contribution of an electrochemical setup of this type could be in the investiga-
tion of (i) the general trends of dealloying mechanisms in the presence of various corrosive
species, (ii) the function of local galvanic cells in a well-studied metal topography, and (iii)
the redox reactions at the interfaces of metal/corrosion layer/electrolyte.

The most important findings pointed out by the accelerated corrosion through electro-
chemical potentiodynamic tests in chloride-media (1st and 2nd experimental section) can
be summarized as follows:

• Macro-segregation affects the oxidation and dealloying rates at a local scale, according
to the geometry of the solidification front. Disc-shaped specimens cut from rod
castings exhibit lower Sn concentration and smaller grain sizes at the periphery and
higher Sn and larger grains at the specimen centre. The corrosion attack initiates from
the Cu-enriched edge and develops towards the centre.

• The differential chemical composition of dendritic microstructure inside the grains
is responsible for the action of local micro-galvanic cells where the formation of
different corrosion compounds is favoured and variant dealloying rates occur. The
establishment of anodic and cathodic sites means that different electrochemical actions
occur locally. As a result, the nature of corrosion products is also site-specific.

• In the studied α-bronze and α-brass corrosion systems, the electrochemical attack
initiates from the dendrites which act as anodes, while the interdendritic areas are
the cathodic sites. All initial corrosion products are epitaxially grown on the given
microstructure and tend to dissolve faster.

• The TB casting—exhibiting a cored dendritic microstructure—has undergone more
severe corrosion in the atmospheric pollutants mixture compared to the soil filtrate
and the 0.6 mol/L NaCl, after anodic polarization (OCP+ 0.6 V) in these electrolytes.
The lead phases were selectively attacked by sulphates and nitrates.

• The main corrosion products identified by FTIR in the electrochemical patinas (PRSF,
AAPM, 0.6 mol/L NaCl) of TB casting were basic Cu(II) hydroxychlorides, basic Cu(II)
hydroxycarbonates and amorphous Cu and Sn oxides. In AAPM, some additional
bands corresponding to Cu(II) hydroxysulphate compounds were detected.

• In the first experimental section, it was evidenced that, at moderately anodic potential
ranges (OCP+ 0.6 V), the external patina surface still exhibits local corrosion features
evolved on the pre-existing dendritic structure chemical inhomogeneity. However,
the electrochemical and chemical reactions at the patina/electrolyte interface tend to
eliminate or counter-balance the inhomogeneous distribution of alloying elements.
Thus, at high anodic potentials (OCP+ 1.5 V), the external surface of TB and ZB
electrochemical patinas exhibits uniform chemical composition. This was confirmed
by the characterization of patinas, presented in the second experimental section.

• The stratification of electrochemical patinas produced on TB and ZB castings by slow
anodic polarization in 0.1 mol/L NaCl reveals a decuprification profile for TB and
synchronous dezincification and decuprification for ZB.
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• The ternary bronze casting (TB) exhibits selective oxidation of the Cu-enriched den-
drites and higher decuprification rate in these areas. The corroded interdendritic areas
in ternary bronze remain Sn-enriched in respect to the average of the particular surface,
and the corrosion compounds exhibit a Cl/O atomic ratio of 0.75, lower than the value
calculated for the dendrite network (1.33), which is mainly attacked by chlorides. The
Cl/O ratio of the external patina surface is determined as 2.80.

• The quaternary brass casting (ZB) exhibits faster dealloying processes under the same
conditions. Selective attack of Zn initiates from the dendritic network. Dezincification
progresses faster at these areas, as indicated by Zn elimination from the internal
corrosion layers, and is further assisted by the higher solubility of the Zn chloride
species. Decuprification rate is uniform in all segregated areas. The two processes
at the alloy/patina interface leave behind a metal surface, where α-dendrites are
enriched in Sn compared to the alloy matrix. Both patina interfaces (with metal and
electrolyte) exhibit a higher Cl/O atomic ratio compared to the Cu-Sn-Pb alloy—the
calculated values are 1.59 and 6.64, respectively.

• On the external patina surfaces of both TB and ZB castings, after slow anodic polariza-
tion (OCP+ 1.5 V) in 0.1 mol/L NaCl, the uneven elemental distribution is balanced
by dissolution redox reactions and redeposition of Cu complexes.

At this point, it is necessary to clarify the use of the terms ‘decuprification’ and
‘dezincification’. These terms, when used for the interpretation of accelerated corrosion
processes (induced by wet electrochemistry potentiodynamic techniques), clearly refer to
the selective anodic dissolution of these elements. The morphology of dealloyed surfaces
should not be compared with porous metal structures. The latter structures are formed by
gradual solid-state diffusion processes that govern natural long-term corrosion phenomena.

A particularly interesting future work would be to extend the investigation of the
impact caused by several microstructural features (encountered in archaeometallurgical
bronze and brass) in their corrosion mechanisms. It is necessary that data produced by
accelerated corrosion protocols will be compared with data from multiple natural corrosion
environments for further validation.
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