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Abstract: This study investigated the micro and nanoscale structure in Cu-Zn alloy, as well as its
corrosion patterns. To achieve this goal, a set of Roman orichalcum coins were analysed using Scan-
ning Electron Microscopy (SEM-EDS), X-ray maps, high resolution field emission scanning electron
microscopy (HR-FESEM-EDS) and electron microprobe analyser (EMPA) techniques. The samples
showed a high degree of corrosion on their external surfaces, which evolved in depth up to ~1 mm.
Micro and sub-micro imaging of the inner metal highlighted the presence of “stressed areas” caused
by mechanical processing work, representing the trigger zone of corrosion and causing the loss of ma-
terial. These images also permitted us to follow the grain-grain interface and selective Zn-dealloying
in the examined samples. X-ray maps of Cu and Zn helped us to understand the evolution of the
dezincification process, from rim to core. HR-FESEM-EDS imaging investigation highlighted a hetero-
geneous composition within the strain line structures, confirming that the mechanically stressed areas
were active zones for corrosion processes. Cracks and voids also characterised the patina. Conversely,
the uncorroded cores of the samples were not affected by dealloying.

Keywords: orichalcum; microstructure; SEM-EDS; corrosion; dezincification

1. Introduction

Cu-Zn alloy is considered a good industrial material, due to its high strength, formabil-
ity and remarkable corrosion resistance. Indeed, it is used in the production of electrical con-
ductors, connectors, lead frames, and in many other applications [1,2]. Nevertheless, over
time corrosion processes affect metals and alloys, generating serious problems for industrial
materials, as well as for archaeological artefacts [3-6]. The negative impact of corrosion on
the conservation of private and museum collections justifies great technological and scien-
tific endeavour in the study of metal deterioration. [7-10]. In this context, significant efforts
have been made to understand, predict and prevent corrosion [11-13]. This phenomenon
is generally explained by the formation of corrosion at the metal-electrolyte interface [14],
which involves the loss of material, highlighted by the presence of pitting areas.

Accelerated corrosion studies are usually carried out in a laboratory, simulating the en-
vironmental conditions of burial as much as possible [15]. However, laboratory simulations
do not take into account important factors, such as mechanical stress affecting artefacts,
which undergo a production phase and random environmental variations that can occur
during long periods of burial history. Indeed, the study of ancient alloys permits the evalua-
tion of metal behaviours and corrosive processes in different burial environments [8,16-19].
Experimental studies on the long-term corrosion mechanism of alloys at the micro and
nanoscales, and the distribution of damage, represent one of the major challenges that must
be addressed to protect archaeological objects [7].

Minerals 2022, 12, 827. https:/ /doi.org/10.3390/min12070827

https:/ /www.mdpi.com/journal /minerals


https://doi.org/10.3390/min12070827
https://doi.org/10.3390/min12070827
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-4472-5631
https://orcid.org/0000-0001-8568-8614
https://doi.org/10.3390/min12070827
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min12070827?type=check_update&version=1

Minerals 2022, 12, 827

20f15

In recent years, several advances in sub-micro and nanoscale studies have impacted
industry and the diagnostics applied to cultural heritage [20-22], whereas research applied
to archaeological metal artefacts has been very limited [23,24]. Previous research has
shown that non-invasive and micro-destructive analyses on archaeological metal samples
are useful tools to acquire qualitative information about the surface, the patina and the
corrosion processes [9,25,26]. However, these kinds of measurement can be influenced by
several factors, which may increase errors in results. In the particular case of orichalcum,
archaeological samples suffer from dealloying of the patinas, i.e., dezincification (the
loss of zinc) or, in the worst cases, decuprification (the subsequent loss of copper). Such
processes cause the formation of a porous patina that can exceed a millimetre of depth,
and which is different in composition and structure from the uncorroded inner core of the
object [26]. Therefore, surface techniques have to be used with caution, especially in the
case of determining the composition of ancient alloys, because the techniques generally do
not allow the acquiring of information from a depth greater than 20-30 pm [27].

Recently, surface analyses on archaeological samples [9,18,19,25,26,28-30] revealed the
importance of studying the development of corrosion in ancient alloys. The progression
of the corrosion in archaeological metallic artefacts is strictly related to their conservation.
Research on corrosion mechanisms of historical alloys can help the development of suitable
protective coatings for metals. These coatings can help improve the condition of metal
preservation by reducing the corrosion rate, but they do not stop these processes [31,32].
For these reasons, investigation at high resolution (from micro to nanoscale) of the corro-
sion mechanism can support research into improving and producing ever more specific
protective products. Moreover, this information can provide suggestions for museum
conservators and private collectors as to how they can minimize the degradation damage
by selecting dedicated protective coatings, that take into account environmental conditions
of the museum/gallery and intrinsic properties of the object under question. Further-
more, the results can drive decisions about the selection of the most suitable and less
aggressive chemical solutions for cleaning, conservation and restorative treatments to
safeguard collections [33]. Archaeometric studies of ancient coins [9,27-29,34-36] are a
powerful tool to enhance knowledge on the processing and use of metals, development of
coinage methods and economic circulation in different historical periods.

Moreover, the study of ancient alloys permits the evaluation of metal behaviours
and corrosive processes in different burial environments [8,16-19,37]. All the information
obtained by archaeometric investigations can give useful suggestions for the conservation
and preservation of metal finds in the future [11,30,38].

The current work aimed at investigating the effect of corrosion on a set of coins
over centuries, assessing the micro and nanostructures and gaining understanding of
the evolution of the dezincification process. Indeed, the variations in microstructure and
texture induced selective corrosion and gradual dealloying. Here, the micro to sub-micro
scale corrosion process of Cu-Zn-based alloy was explored. The use of a high resolution
scanning electron microscope (HR-FESEM-EDS), combined with X-ray elemental mapping,
provided information about the chemical composition of the unaltered alloy at micro and
sub-micro scale, and allowed determination of the degree of corrosion of the samples and,
consequently, their state of preservation. The specific objectives were the investigation of
changes in morphology, changes in composition due to the corrosive process, porosity of
the alloy and its influence on corrosion. With a multi-analytical approach an attempt was
made to identify which structural elements affected the corrosion process. The results were
also compared with data from literature [15,39].

For the first time, coins minted in orichalcum were analysed using high resolution
imaging, appreciating the microstructures of the alloy in greater detail. It was also possible
to learn about the specific composition of very small sections of the Cu-Zn-based alloy.

This study provided an exceptional opportunity to examine at high magnification the
inner core of ancient metal objects. The investigation of the structures of the orichalcum
allowed a better understanding of the cementation process, i.e., the metallurgical process
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adopted and improved by Romans [40,41] to produce the Cu-Zn alloy. Roman coins can
suffer from a high degree of corrosion, not only on their superficial patinas, but also in
the inner areas [26]. Therefore, the examination of the structures with high resolution
imaging permitted the understanding of where the corrosive processes started in this
ancient alloy artefact.

2. Materials and Methods
2.1. Materials

A selected number of samples were analysed from private collections, which were cut
in order to better understand the corrosion processes of ancient orichalcum by investigating
the microstructures of the orichalcum alloy and the degradation of the patina formed by
the natural degradation processes. Due to the difficulty of obtaining permission to study
archaeological samples in a destructive way, a limited number of Roman coins (A3, F1,
F13, F14) were explored in this study (Figure 1). All the samples appeared gold-like in
colour, typical of objects in orichalcum. The dimension of the samples was very variable.
The thickness of the samples was ~2 mm for samples A3 and F1, and ~1 mm for samples
F13 and F14. Nevertheless, the thickness of each sample was variable due to the minting
process and degradation. For historical and numismatic information see Figure 1. Despite
the small number of samples, this study provided technical insights on archaeological
corroded objects, while expanding the results of previous research endeavours [26].

A3

Denomination: dupondius

Emperor: Augustus

Year: 16 BCE

Mint: Rome

Numismatic reference: RIC |, 2
Augustus 375

I cm 1 cm

Denomination: sestertius

Emperor: Caligula

Year: 37-38 CE

Mint: Rome

Numismatic reference: RIC I, 2
Gaius/Caligula 32

Denomination: quadrans

Emperor: Nero

Year: 62-68 CE

Mint: Rome

Numismatic reference: RIC |, 2 Nero 258

Denomination: quadrans

Emperor: Nero

Year: 62-68 CE

Mint: Rome

Numismatic reference: RIC |, 2 Nero 318

Figure 1. Images of the studied coins (reverse and obverse), from private collections, and their
numismatic information.
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Numismatic overview [42] revealed that the denominations were one dupondius,
one sestertius and two quadrantes issued under the reign of Augustus (27 BCE-14 CE),
Caius (3741 CE) and Nero (54-68 CE). In particular, the samples A3 and F1 were minted
during the Augustus and Caius Empires, respectively, following the rules of the Augustus
monetary reform (23 BCE), whereas samples F13 and F14 were produced under Nero, after
his monetary reform of 63-64 CE [43,44].

2.2. Methods

To explore and characterize the nature of the alloy and its corrosion pattern, it was
necessary to prepare cross sections, cutting the coins from rim to rim. Then, the sections
were embedded in epoxy resins, using appropriate moulds, and polished.

Scanning electron microscope (SEM-EDS (Department of Earth Sciences, Sapienza
University of Rome, Italy) investigations were performed on the cross sections (from rim
to core to rim), using a FEI-Quanta 400 instrument with an EDAX Genesis Microanalysis
system. Secondary electron (SE) and back-scattered electron (BSE) imaging, along with
X-ray maps, were carried out to study the microstructure of the alloy and to evaluate the
evolution of the corrosion process inside archaeological samples.

The investigation at high magnification was performed on the same cross section
by means of an AURIGA Zeiss High Resolution Field Emission Scanning Electron Micro-
scope (HR-FESEM, SNN-lab at Center for Nanotechnology for Engineering-CNIS, Sapienza
University of Rome) equipped with a Bruker energy dispersive X-ray spectroscopy (EDS)
system. BSE imaging and X-ray maps were realized to obtain precision qualitative data
on corroded areas. HR-FESEM offers high magnification imaging that provides the char-
acterization of corrosion pattern at sub-micrometre scale, allowing also semi-quantitative
EDS analyses.

EMPA measurements for quantitative chemical analyses were performed using a
Cameca SX50 electron microprobe equipped with five wavelength-dispersive spectrometers
(CNR-IGAG, Rome, c/o0 Department of Earth Sciences, Sapienza University of Rome). The
accelerating voltage was 15 kV, and beam current 15 nA. Element peaks and background
were measured with counting times of 20 and 10 s, respectively. Metallic Cu and metallic
Zn were used, respectively, as a reference standard for Cu and Zn (LIF). Matrix corrections
were calculated by the PAP method [45], with software supplied by Microbeams Services.
The detection limits under the specified working condition varied from 0.05 to 0.1 wt.%
with standard deviations from 0.02 to 0.04 wt.%. The analytical error was ~1% rel. for the
major elements. During EMPA measurements, only the chemical elements that could make
up the alloy were taken into consideration, in order to discover the real composition of the
ancient orichalcum. For this purpose, analyses of altered areas of the samples did not use
reference standards of exogenous elements (such as Mg, Al, Si, Cl, K, Ca).

3. Results

The analysis of the microstructures and corrosion layers of brass coins allows evalua-
tion of the degree of corrosion and its dependence from mechanically stressed areas. The
study on natural corrosion of ancient coins, developed in depth over the years, explores
both the alloy microstructures and the corrosion structures at high magnification, without
resorting to etching treatment.

The sestertius F1 showed a complex corrosion pattern from core to rim (Figure 2)
due to its severe condition after issuing and circulation. Considering a ~2 mm average
thickness of the specimen, the uncorroded nucleus had a maximum breadth of ~1.2 mm
and a minimum of ~200 pm, whereas the corroded layer varied from ~400 um up to ~1 mm
in depth (Figure 2a). The corroded external layer was formed by a porous microstructure,
increasing from the inner nucleus to the external rim. In particular, it was evident that
the grain-grain interface (Figure 2c,d) played an important role in triggering corrosion,
as evidenced by the selective corrosion of grains that highlighted the grain boundaries.
Moreover, back-scattered images showed the presence of fine and parallel strain lines
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caused by plastic deformation, especially in the proximity of the external corroded layer
of the sample (Figure 2b). These line structures, usually occurring after chemical etching
treatments in a laboratory, involved natural degradation processes and selective depletion
of the stressed areas, as evidenced by the dark grey colour. Indeed, HR-FESEM images
of these structures at higher magnification showed several intersections between bundles
of lines (Figure 3). The analysis highlighted that the fine strain lines were not continuous,
unlike what had been previously observed. Indeed, at the perpendicular intersections of
two bundles of parallel lines, single cross-shaped sub-micro domains with a homogeneous
composition were formed (Figure 3d). In some cases, the corroded spots forming the
strain lines could be smaller than a micron (Figure 3). In addition, sample F1 showed
evidences of corrosion with a consequent dezincification that followed the grain boundaries
(Figure 2c,d). Figure 2d shows the a-brass structures as highlighted by the occurrence
of microdomains around the grains of the alloy [46]. The microstructures observed at
high magnification were indirectly Cu-enriched areas, due to corrosion of Zn and selective
de-alloying. This difference in chemical composition, compared to the undegraded alloy of
the sample, was confirmed through microanalysis (Figure 4). Indeed, the EDS spectrum of
the altered micro-domains showed oxygen and copper signals, suggesting the presence of
copper oxides. Moreover, the absence of zinc could be noticed, which caused the indirect
Cu-enrichment of the degraded areas. Conversely, the EDS spectrum of the unaltered metal
presents the typical composition of the orichalcum alloy [46].

det HV WD | pressure |spot|mag 2mm det HV WD | pressure |spot
DualBSD|30.00 KV 11.5 mm|3.15e-4 Pa| 5.4 | 44 x FEl Quanta DualBSD | 30.00 KV|11.5 mm 3.02e-4 Pa| 5.4 |18

b

det HV § WD pressure | sp 500 pm —— det HV WD pressure |spot ag
DualBSD|30.00 kV 11.6 mm|2.34e-4 Pa| 5.4 200 x FE| Quanta DualBSD 30.00 kV|11.6 mm 2.31e-4 Pa| 5.4 |800 x FEI Quanta

Figure 2. BSE images of cross section of sample F1. Here the corrosion patterns are well visible
through the whole section. Moreover, in (b,c) the fine and parallel strain lines caused by plastic
deformation are clearly visible, especially in proximity of the external corroded layer. Evidence of
corrosion, with consequent dezincification following the grain boundaries, is visible (¢,d). From (a-d)
the magnification is increased: the highlighted area in (a) is expanded in (b,c), the highlighted area
in (c) is expanded in (d).
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EHT =15.00 kV Signal A = NTS BSD EHT = 15.00 kv Signal A = NTS BSD

WD =104 mm Mag= 157KX WD =104 mm Mag= 1000K X

1 pm EHT =15.00 kv Signal A = NTS BSD 200 nm EHT = 15.00 kv Signal A =NTS BSD
A WD =104 mm Mag= 30.00 KX — WD =104 mm Mag = 100.21 KX

Figure 3. BSE images at sub-micro scale of cross section of sample F1. At high magnification several
intersections between bundles of lines are clearly visible. The fine strain lines are not continuous
and at the perpendicular intersections of two bundles of parallel lines, single cross-shaped sub-micro
domains are formed (c,d). The corrosion could be smaller than a micron (d). From (a-d) the
magnification is increased: the highlighted area in (a) is expanded in (b), the highlighted area in (b) is
expanded in (c), the highlighted area in (c) is expanded in (d).

cps/eV

o N » o ®» OVH

>

- >
EHT =15.00 kV Signal A = NTS BSD
WD = 8.9 mm Mag= 10.00KX

2 4 6 8 10 12 14
keV

Figure 4. BSE image at sub-micro scale of cross section of sample F1 and related EDS spectra
of unaltered and altered areas. It can be seen that in degraded areas zinc is totally absent and
dezincification has completely occurred.

Zinc depletion could also be clearly observed in the patina layer, corresponding to the
external portion of the dupondius and the sestertius. In sample A3 (the dupondius, Figure 5)
the degraded patina had an average extension in depth of ~350 pm, reaching a maximum
of ~500 pm. In this area, the X-ray elemental distribution maps of sample A3 (Figure 5)
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showed a lower amount of Zn for the entire thickness of the patina, when compared to the
innermost portion of the sample. The distribution of Cu was homogeneous, both in the
patina and in the core of the sample, excluding the areas where the leaching of Cu caused
porosity of the metal. Moreover, X-ray maps highlighted the presence of Cl in the section.
Chlorine was concentrated in the area corresponding to the patina-core interface. Its
distribution matched with the more degraded zones, as shown by the BSE image (Figure 5),
and the Zn-depleted areas at the patina—core interface. The presence of both Cu and Cl
in the degraded area, as underlined by X-ray maps, could suggest the occurrence of basic
copper (II) chloride of stoichiometry Cu,CI(OH) as botallackite, atacamite, paratacamite
and clinoatacamite [47].

det ] WD pressure 500 pm
DualBsD | 31 V[11.6 mm|1.76e- > FEI Quanta

Cu

Figure 5. BSE images in cross section of sample A3 and related X-ray maps of Cl, Cu and Zn. The
maps highlighted the presence of Cl at the interface between the patina and the unaltered core, as
well as the dezincification of the outer layer of the coin A3.

The quadrantes F13 and F14 have Zn-depleted patinas like the sestertius and the
dupondius. EDS analyses revealed a low presence of Zn and Cu in the external layer of these
coins (Figure 6). In particular, in the sample F13 a homogeneous patina of ~60 pm occurred
(Figure 6b). The patina appeared to be compact and with a very low degree of porosity.
EDS analyses of the patina in section (Figure 6c—e) revealed that a dezincification process
occurred in the external area, whereas in the inner area Zn was still present (Figure 6b,e).
In addition, the patina of sample F13 appeared to have exogenous elements in it, coming
from the burial soil, such as Mg, Al, P, K, Ca, Fe. In particular, the Si peak, also present in
sample F14, was very intense (Figure 6c,d). In both samples, the EDS analyses carried out
on several points of the patina, the patina-core interface and the core itself excluded the
presence of chlorine.
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Figure 6. SEM images of the lower edge of sample F13 and relative spectra. In particular, a homoge-
neous and compact patina of ~60 pm occurred (b). EDS analyses (c-e) revealed that a dezincification
process had occurred on the external area, whereas in the inner area Zn was still present. In addition,
exogenous elements were in it. Porosity was also present near the edge (f-h). BSE (a) and SE (b) high
magnification images of sample F13; (c) EDS spectrum of point “1” in image (b); (d) EDS spectrum of
point “2” in image (b); (e) EDS spectrum of point “3” in image (b); (f) BSE cross section images of
sample F13, the highlighted area in (f) is expanded in (g) SE image and (h) BSE image. EDS spectra
from (i-k) are related to points 1, 2 and 3 respectively, highlighted in (h).
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At high magnification, SEM imaging showed a detachment between the uncorroded
core and the patina of the quadrantes (Figure 6a,b). In the case of samples F13 and F14 the
corrosion process had occurred (Figure 6i-k). In Figure 6f-h the existence of porosity in
the lower area of the section is visible, decreasing through the core of the sample. The
holes were stretched horizontally and showed a coalescence process caused by the progress
of corrosion.

The unaltered metallic area (Figure 6h point 1) presented the typical orichalcum com-
position, i.e. a Cu-Zn alloy (Figure 6i), whereas the edge of the degraded zone (Figure 6h
point 2) had a chemical composition that led to the dezincification process (Figure 6j),
in which the EDS analyses showed the decrease of Zn, compared to the standard brass
spectrum. Finally, the Zn signal was extremely weak in the inner part of the degraded area
and the Cu signal had a lower intensity than the other spectra (Figure 6h point 3, Figure 6k).

BSE images of quadrantes F13 and F14 showed the presence of fine and parallel strain
lines, representing the plastic deformation signs (Figure 7), with a high level of corrosion.
EDS spectra of Figure 7 reveal Zn depletion. HR-FESEM-EDS investigation of the line
structures at sub-micro scale showed similarities between quadrantes (Figure 7) and sample
F1 (Figure 3). The dezincification process, as shown in the HR-FESEM images, followed the
stress lines and the grain boundaries of the alloy. Indeed, EDS analyses on samples F13
and F14 showed that in the lines a dezincification process had occurred and a progressive
loss of copper was taking place from the external to the inner zone of the deformation
structures. Moreover, EDS analyses highlighted the presence of Cl in a very low amount
and only at the degraded areas.

o

EHT = 15.00 kV
WD =10.0 mm

Signal A = NTS BSD Date 15 Mar 2021 I out
Mag= 250KX Sample ID =

EHT =20.00 kv
WD =100mm

T

Signal A = NTS BSD Date :15 Mar 2021 1 il
Mag= 1000K X Sample ID = b T T M T

= x

A

Figure 7. BSE image in cross section of samples F13 and F14. Fine and parallel strain lines, repre-
senting the plastic deformation signs with a high level of corrosion, are highlighted, showing that
dezincification followed the stress lines and the grain boundaries of the alloy. The highlighted areas
in (a,c) are expanded in (b,d) respectively. EDS spectra refer to points marked with a cross and reveal
a Zn depletion inside the lines.
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4. Discussion

Previous studies [39] proposed the classification of two types of patina for metal
artifacts, according to their formation mechanisms and characteristics: Type I and Type II
patinas. The Type I structure, or “even” patina, presents an unaltered aesthetic and a
corroded layer, usually mineralized and compact, with excellent corrosion resistance
properties. It is generally called “noble patina”. The Type II structure is called “coarse”
patina. This kind of patina has been damaged in depth, with the presence of different
copper corrosion deposits on the surface and chlorides at the layer—core interface.

SEM-EDS analyses revealed a coarse-type structure [39] for the patina of the samples
A3 and F1. The corroded surface layer was due to the dezincification process and usually
occurs in artefacts having low amounts of Sn in the alloy [48,49]. The presence of an
adequate amount of tin in the alloy (<1%) promotes the formation of a passive film at the
unaltered metal-corrosion product interface [50]. In that area of the samples the oxidation
state of Sn is >2 and limits the process of anodic dissolution, increasing the resistance of the
Cu-Zn-based alloy to corrosion [51]. In particular, the studied coins had an amount of Sn
lower than 1% (Table 1). Moreover, as previously reported [26], quantitative analyses on
orichalcum coins minted during the Roman Empire show a maximum Sn value of 2.27%
and a minimum value of 0.01%. The altered patina of the samples here studied was similar
in thickness to that identified by Robbiola et al. [39] as Type II structure patina (“coarse
patina”), i.e., from ~200 pm to several mm.

Table 1. Maximum (Max.), minimum (Min.) and average (Avg.) EMP analyses of major elements
only in non-corroded areas of the samples. For a comparison with other samples minted from the 1st
century BCE and the 1st century CE see [26]. b.l.d.= below detection limit.

Cu % wt. Zn% wt. Sn % wt.
Sample
Max. Min. Avg. Max. Min. Avg. Max. Min. Avg
A3 82.12 81.14 81.52 17.82 16.73 17.32 0.84 0.61 0.72
F1 81.62 81.34 81.48 18.10 17.89 18.02 0.12 0.05 0.10
F13 90.75 89.55 90.18 9.97 8.80 9.34 0.16 b.ld 0.05
F14 93.07 91.36 91.99 8.30 6.70 7.66 0.14 b.ld 0.09

The strain lines as evidence of plastic deformation shown by SEM and FESEM imaging
indicated heavy cold-working during the minting process, where the metal planchet was
hammered between two dies below its recrystallization temperature. This hammering,
required for coinage, caused the slip of crystal planes and, as a consequence, a series of
parallel movements, which resulted in fine lines [7,46]. Such slip usually occurs along the
line of the maximum shearing stress [52]. However, the twin strain lines observed do not
present additional deformation, as shown in SEM images (Figures 3, 6a,b, and 7). This
seems to suggest that further hammering was not performed on the coins after minting
(e.g., coinage defect as random multiple strikes by mistake or intentional overstriking, using
an old coin as a planchet). The heterogeneity in composition was highlighted by studying
the stress lines using a scanning electron microscope. This meant that the slip lines had been
preferentially affected by dezincification with respect to the non-stressed zones of alloy, as
highlighted by HR-FESEM images of the quadrantes (Figure 7). Micrographic investigations
on other ancient alloys proved that the dendritic arms in cast objects were preferentially
corroded, compared to the inter-dendritic areas, which were preferentially preserved [46].
Therefore, it could be suggested that the strain lines here observed represented preferential
areas of corrosion in orichalcum samples, like the dendritic structures for other copper-
based alloys [7].

The trans-granular and inter-granular corrosion, and the resulting dezincification, were
clearly observed in X-ray maps of the elemental distribution of sample F1 (Figure 5), which
could be attributed to the Cu-Zn ratio; as observed by Sieradzki et al. [53]. The corrosion
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process could be induced in trans-granular zones of alloys with Zn content between 20%
and 30% and it was less likely in samples where the percentage was lower (up to 10%). In
the case of Roman orichalcum coins, the average content of Zn in the alloy was ~22% and
the average content of Cu was ~78%, but in our particular case samples A3 and F1 had an
average content of Zn slightly higher than samples F13 and F14 and this could also justify
differences in degradation processes. These values were referred to quantitative analyses on
non-altered areas of the orichalcum samples (core of the coins), as reported in Table 1. The
quantitative results (Table 1) showed a lower amount of Zn compared to the composition
of Roman orichalcum coins previously studied [26]. According to Sieradzki et al. [53],
the trans-granular stress corrosion could be correlated with the dislocated structures of
deformed alloys when in contact with basic solutions. Other authors [7,54] report that
the local strain due to cold working seems to have a key role in the acceleration of stress
corrosion cracking, deforming grain boundaries and inducing corrosion.

The occurrence of chlorine (Figures 5 and 7) as an exogenous element from the burial
environment provided an ideal medium for galvanic reactions between Cu and Zn, in-
volving the corroded area and penetrating to the inner zones of the coins. It is known
that chlorine is the main corroding agent for Cu-based archaeological artefacts. It can
form copper chlorides and oxychlorides at the interface between the metal surface and the
environment. In particular, chlorides can be formed in a marine atmosphere (on surfaces
exposed to the wind from the sea, or in marine soil containing Cl-rich fluids) [55-57]. The
presence of chloride ions in solution accelerates the dezincification reaction [58]. Further-
more, it has been experimentally shown that as the corrosion reaction increases [15], copper
chlorides can form and fill the porous structures. The first ionization of Zn determines
superficial dezincification and, thus, indirect Cu-enrichment on the surface layer. Moreover,
Cu can also be lost, causing decuprification and, thus, providing porosity systems [48,59],
clearly visible in Figure 2. In addition, the increasing of Cl at the corroded—uncorroded
interface (Figure 5) was already found in previous studies on archaeological artefacts and
artificial reference materials for historical metals [39,48]. According to these studies, chlo-
rine increase is typical of intense interactions between samples and environmental agents
and confirms that the patinas of A3 and F1 samples belonged to the so-called Type II [39].

The dupondius A3 and the sestertius F1 were similar in composition (Table 1) to the
experimental “brass-IV” sample used by Liang and co-authors [15] to simulate the corro-
sion of Cu-Zn-based archaeological artefacts in a laboratory. In that case, the artificially
corroded surface of sample “brass-IV” appeared free of porosity on the external surface of
the patina, which was uniform, compared to samples with less amounts of copper in the
alloy. In the thickness of the corrosion layer no cracks and pores were found. Furthermore,
the laboratory sample brass-1V, subjected to impedance spectroscopy, exhibited excellent
corrosion. In our case, despite the ~81% wt. of Cu, both samples fell into Type II structure
patinas. This suggested that a long period of burial history, along with different soil com-
position and constraints of the system, could significantly change the state of conservation
of the coins [17].

The occurrence of Si as an exogenous element in the patinas of samples F13 and F14
protected the two quadrantes from corrosion due to good resistivity value of Si. In fact,
it is known that silica is chemically inert, thanks to the binding energy (360 kJ-mol~!)
of the tetrahedral structure. Silicon from the soil, in contact with the outer layer of the
coins, produced a protective and compact patina, which slowed down further degradation
processes of the metal, such as the infiltration of Cl-rich fluids. Based on the low occurrence
of Zn and soil elements, these patinas could be described as Type I structure patinas (“even”
patinas), according to Robbiola et al. [39]. Indeed, SEM imaging revealed a good degree of
conservation of the metal core of these two samples (Figure 6), considering the external
layer to be passive and protective, the so-called “noble patinas”. The presence of voids
could be attributable to the dissolved gases in the melted alloy during the casting of the
planchet. The elongated shape of the pores was due to the force exerted by the hammering
of the planchet, to mint the coin [46]. Despite the low presence of Cl in the stressed slip
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lines, as preferential areas of corrosion, the natural coating effect of the Si-rich patina was
confirmed by the absence of Cl at the patina—core interface and by the good degree of
preservation of the metal inner cores.

The use of HR-SEM sub-microscale imaging showed the occurrence of corroded
areas, in which a morphological evolution from a homogeneous metallic area to cor-
roded micro globular-shaped structures was observed, along with the formation of sec-
ondary Cu-mineral phases (Figure 7c,d). This confirmed that, despite the presence of
Type I patina, which protects the sample from corrosion [39], an early stage of corrosive
processes occurred.

HR imaging (Figures 3 and 7) confirmed that the corrosion is the result of the con-
tribution of complex mechanisms [46,53,54], i.e. metal working deformation, chemical
composition of the alloy linked to the Cu-Zn ratio and the environmental history of the
coins. In addition, the investigation on coins subjected to real and long conditions of
environmental stress allowed taking into account various degradation factors, such as the
interaction between soil elements (e.g. Si) and copper corrosion products.

Figure 8 summarises the complex corrosion pattern, occurring in coins that have
undergone long and natural degradation processes. Both the Type I and Type II structures
can be described as a series of overlapped layers that differ in chemical composition and
degradation pattern (presence of porosity and/or cracks, degree of homogeneity of the
external layer, degree of corrosion of the innermost layers). From a visual point of view,
bronze and orichalcum coins can be easily confused when their surfaces are degraded. In
cases of a good state of conservation, numismatic investigation can help to distinguish each
coin by denomination, issuer and year of minting and, consequently, allows hypothesizing
of the composition of the samples, according to historical sources. When the state of
conservation is poor, due to severe corrosion of the surfaces, the legends and the types
are illegible, both on the obverse and on the reverse. This prevents identification of the
samples. In this case, an archaeometrical investigation, with a multi-analytical approach, is
the best way to solve numismatic and archaeological queries.

Type | structure
—Even patina (or noble patina)
high level of mineralization, presence of Si

—Detachment between patina and nucleus

Cu-Zn uncorroded core

Type Il structure

—Coarse patina

O 4 =1 1—Chlorine at the patina-core interface
w W Internal corrosion

Cu-Zn uncorroded core

\, Cracks
_‘ Porosity

Figure 8. Schematic representation of the Type I (up) and Type II (down) corrosive structures of
orichalcum samples. In the scheme the damages that occurred in both types of structures are evident,
highlighting the highest degree of degradation in Type II, due to cracks and induced porosity causing
internal corrosion and the settlement of chlorine-rich fluid at the patina—core interface.
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Considering the most recent literature [31,60], metal artefacts, once extracted from
their burial environment, continue their corrosion processes, due to change of environment
itself. In particular, the main causes of artefact corrosion in museums are temperature,
relative humidity, atmospheric pollutants and dust. For these reasons, archaeological metal
objects should be exhibited and/or stored in a specially designed indoor environment and,
depending on the specific case, protected with specific and tested coatings.

5. Conclusions

The micro and sub-micro structures of Roman orichalcum coins were investigated ap-
plying SEM and HR-FESEM, at different resolutions, and X-ray elements mapping. The fol-
lowing information about the corrosive process and productive technology were obtained:

1.  The investigation of the patinas revealed the occurrence of selective trans-granular
corrosion, due to the Cu-Zn ratio and to the presence of exogenous elements, such
as chlorine;

2. Two different degrees of corrosion were observed, i.e. F13 and F14 samples were
protected by the presence of exogenous Si in the patinas, while the silicon-free coins,
A3 and F1, showed a severe condition of degradation;

3. X-ray maps of the main elements and high magnification investigation showed there
was also the presence of corrosion inside the slipped crystal planes, due to plastic
deformation induced by hammering. The related strain lines were heterogeneous in
composition and Zn depleted;

4. Sub-micro scale images indicated an early stage of corrosive processes, despite the
presence of the noble patina (Type I) that usually protects the sample from corrosion
(Figure 6). This consideration suggested that the structures produced by mechanical
stress could be the trigger of corrosion and degradation processes in orichalcum.

5. The use of SEM-EDS and HR-FESEM-EDS confirmed the use of cold-working by
hammering to mint coins.

6.  Laboratory simulation could be a useful guide to understand the dezincification pro-
cess, but cannot completely describe the long-term corrosive mechanism influenced
by several random factors, such as mechanical stress or environmental events.
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