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ABSTRACT

A categorization of corrosion morphologies of archaeological Sn bronzes was carried out on archaeological Iron Age objects. The objects
come from a Celtic deposit located in central France (Tintignac, Corréze) and are dated between 2nd and 3rd cent BC. Being samples of
corroded metals taken from a single find spot, parameters connected to the features of the alloy and known to influence the corrosion
morphologies were thoroughly considered. Global processes were highlighted, and corrosion mechanisms were characterised with a
multi-analytical protocol (SEM-EDS, micro-Raman spectroscopy, image analyses) according to the detected morphology. Elaboration of
the results was carried out with a multicomponent approach. Results show the presence of 5 different morphologies correlated to the
alloys characteristics of the objects. Alloy composition, microstructure, degree of deformation and grain size were found to influence
the corrosion products formed and the morphology of the attack. In particular, the ‘tentacle like corrosion’, associated to a microbial
attack was the most susceptible to the effect of metallurgical features: their occurrence is connected to a more massive presence of Fe
and Pb in the alloy, a homogeneous deformation and a larger grain size.
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1. INTRODUCTION

Archaeological objects constitute our main source of
information to study the corrosion behaviour of copper-based
alloys over long timespans. Ancient metals buried in soil or left
in waterlogged environments for centuries give the most reliable
data on how to model and thus predict the corrosion behaviour
of modern alloys [1]-[4]. When studying the overall corrosion
process, it is straightforward that the environment itself must be
considered. Much research already studied the variety of
environments and features occurring [5]-[10] on Sn-bronzes,
pointing out the importance of water (the electrolyte in the
corrosion process) and the nature and concentration of dissolved
salts inside the solution. The morphology, composition, physical
and chemical features of the corroded layer derive from the
interaction with these corrosive agents [11]-[13]. The rate and

morphology of the attack is thus affected by i) the anodic or
cathodic processes that promote the growth of salts or the
formation of complexing ions; ii) the evolution of the moving
equilibria in the anodic or cathodic direction; ii) the conductivity
of the solution [14], [15]. Cotrosion of soil can be more
challenging since, other than water, climatic parameters as
rainfall, wind, sunlight, temperature, and microbiological activity
influence the composition and the properties of the system and
allow for different types or mechanisms to occur, one after the
other or even simultaneously [16].

Nevertheless, the environment is not the only parameter that
scientists must consider when dealing with corrosion processes
of Sn-bronzes. The composition and the microstructural features
of the matrix are prominent if the alloys are exposed to the same
environmental conditions. Focusing on the composition,
corrosion properties as nobility, passivity or cathodic and anodic
processes are related to the influence of the alloying elements and
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their quantity inside the matrix [14]-[16]. From a historical point
of view typical alloying elements are As, Zn and Sn, the latter
providing the better corrosion resistance [17]-[20]. Furthermore,
the quantity of the alloying element inside the solid solution can
be beneficial or detrimental to the corrosion resistance of the
material. Research on the performances of single-phase Cu-Sn
alloys and how the growth of a passive film on the surface is
promoted by large supplementations of Sn to pure Cu [17]-[19]
were undertaken in the past. Also, how a high Zn content in
brasses promotes a dezincification mechanism is a common
phenomenon [20]. However, corrosion can be triggered also
according to metallurgical features as heterogeneities, impurities,
secondary phases, defects, or grain orientation [14]. The presence
of impurities or defects can cause higher corrosion rates by
creating preferential areas of corrosion [16] as heterogeneities
inside the solid solution or intermetallic phases can lead to a
selective type of corrosion. The presence of detrimental
secondary phases was also described in recent studies [21].

Generally, the action of each parameter is reflected in a
specific corrosion morphology that is categorized accordingly
[7], [10], [22]-]26]. Various corrosion morphologies are presented
in literature and are generally correlated to the work of Robbiola
et al. [7]. In their work, the authors defined two types of
corrosion features for archaeological Tin-bronzes in soil,
according to the preservation of the original surface that allows
to define the original shape of the artefact. These models were
obtained on a statistical study of Sn-bronzes with a Sn range of
composition from 4 to 23 wt. % and coming from the same site
of excavation. Both corrosion morphologies derive from an
electrochemical process of oxidation of the metal (anode) and
reduction of the oxygen (cathode). After the buildup of a
corrosion layer, the mechanism described further developed with
the mobility of cationic and anionic species, that interact with
each other within the metal-soil system [7]. However, the
influence of metallographic features was less considered and
typical metallurgical parameters as alloy composition,
mictostructure, fabtication and/ ot finishing techniques were not
considered.

The study wants to fill the gap on archacological materials by
considering the metallurgical parameters to play an important
role in the corrosion mechanism of artifacts buried in soil. The
archacological objects come from a recently excavated deposit
(Tintignac, Correze) located in the central part of France, from
which it was possible to obtain the necessary information to
properly interpret the corrosion behavior without external
contaminations.

2. MATERIALS AND METHODS

2.1. Archaeological context

A Celtic deposit was discovered around Tintignac (Naves,
Department of Correze) in the southwest of central France and
dated between 2nd and 3rd cent BC (Figure 1).

Different bronze and iron objects related to warfare were
deposited in a pit in the north-western area of a ritual or cultic
place (fanum). Most of the objects were intentionally destroyed
before the deposition. The square pit measured around 1 m? and
30 cm depth and around 60 metallic objects were discovered:
defensive armour (shields and helmets), war trumpets (karnykes),
and a wide variety of other artifacts. To minimize the number of
variables in the study, binary bronzes with no secondary phases
are taken into consideration and only composition and
microstructural features are analysed.

2.2. Methodology

Small size fragments suitable for metallurgical investigations
wete sampled. Of each fragment/object, one or more (1 to 3)
samples were taken. After a preliminary visual observation to
verify the surface characteristics and preservation, samples were
mounted in cold resin and subsequently polished with decreasing
grain-size diamond suspensions up to 1 pm, in agreement with
the ASTM E3-01 standard procedure. The protocol was
designed to characterise the objects through metallurgical
investigations of the metallic matrix and spectroscopic analyses
of the corrosion layers. Objects were studied and categorized
according to the morphology, composition, and microstructural
features.

2.3. Analytical techniques

A preliminary characterisation was performed prior to
metallographic etching by light optical microscopy (LOM; MEF4
M; Leica Microsystems, Buffalo Grove, IL, USA) using bright-
field (BF) and dark-field (DF) contrast methods. The latter is
particularly suitable for detecting corrosion products and allows
for an exhaustive detection of the mineralized areas [27]. The
microstructural features of the metallic matrix and the
morphology of the corrosion process were documented by LOM
and Scanning Electron Microscopy (SEM; Zeiss Evo40; Carl
Zeiss, Oberkochen, Germany). Chemical analyses of the metallic
substrate and the corroded layers were performed with energy-
dispersion X-ray spectroscopy (EDXS; Cambridge INCA 300
with PentaFET EDXS detector (Oxford Instruments,
Oxfordshire, U.K.) sensitive to light elements, Z> 5) connected
to the SEM. The EDS was previously calibrated on a cobalt

Figure 1. Different layers of the Celtic deposit discovered around Tintignac (Naves, Department of Corréze, France) and dated between 2" and 3 cent BC. (a)

upper level, (b) middle level; (c) lower level.

ACTA IMEKO | www.imeko.org

December 2022 | Volume 11 | Number 4 | 2



standard. This procedure allowed to obtain reliable values for all
elements with atomic weight higher than 11 (Z = 11), while for
lighter elements like oxygen the analysis was considered as semi-
quantitative. Amounts below 0.2 wt.% were considered as semi-
quantitative measurements and were evaluated only when the
identification peaks were clearly visible in the acquisition
spectrum. The reported compositions of the alloys correspond
to the average of at least five measurements on non-corroded
areas. All results on the alloys were normalized and presented in
average weight percent. Afterwards, chemical etching was
performed on the samples with a solution of FeCl; (5 g) diluted
in HCl (50mlL) and ethanol (200 mL) to reveal their
microstructural features. To estimate the grain size, the
procedure using the grain boundary intersection count was
carried out according to the ASTM E-112 standard. The degree
of deformation of the alloy was calculated following equations
from [28], [29]. The shape factor of the inclusions (sf) can be
computed by calculating their width/length ratio and by
correlating it to the stress absorbed by the material. The
deformation applied, resulting in a reduction of thickness (D%),
is described as:

thicky — thickenq
thick,

D% = +100 %, @
where thicky and thicke,q ate the initial and final thickness
respectively. The equation was then further implemented
correlating the sf of the inclusions to the deformation applied:

3
D%=M'100%, 2
sf
2
thicky = thickenq - Sf3 . 3

To determine the nature of the corrosion products, micro-
Raman spectroscopy (uRS, Renishaw Raman System 2000,
Renishaw, Inc., Hoffman Estates, IL, USA) was also employed.
The instrument was supplied with a charge coupled device
(CCD) Peltier-cooled as detector and excited using a 632.8 nm
He-Ne laser at 1 cm-1. To estimate the thickness of the corroded
layers and the percentage of sound metal on the sample an image
analysis software (Fiji-Image], version 1.49b) was used on 100 x
LOM micrographs [30].

A statistical procedure was also performed using the Principal
Component Analysis (PCA) to evidence correlations between
the variables and possible clustering of the samples. The original
data matrix was decomposed into two smaller matrices: the
loadings, which can be interpreted as the weights for each
original variable in the PC computation, and the scores, which
contain the original data in the newly rotated coordinate system
[31]. Also, a biplot was created with both the loadings (variables)
and scores (samples) positions on the new coordinate system.

3. RESULTS AND DISCUSSION

3.1. Metallurgical Characterisation

All objects are made of Sn-bronze with Sn as the major
alloying element and minor elements as As, Ni, Co, Fe and Pb.
Figure 2 describes the number of objects and the frequency
distribution according to the element considered (Sn, Fe, As, Pb,
Nji, Co).

Sn disperses from 6 % to 16 % in wt., with the highest
occurrence (more than the 80 % of the samples) found for the
interval 10 — 14 % in wt. confirming the high technological skills
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Figure 2. Frequency distribution of major and minor alloying elements
detected on the whole number of samples: (a) Sn; (b) As; (c) Fe; (d) Pb; (e) Ni;
(f) Co.

of the Celtic culture [32]. Minor elements as As, Ni, Co, Fe and
Pb concentrations are below 1 wt.% (even less than 0.2 wt. %),
with variations of the shape of the curve according to the
element. Fe, Pb, Co and Ni are show very high frequency in the
range below 0.2 wt. %, which is close to the limit of detection
(LOD) of the EDS. This outcome should be consideted as
semiquantitative, and more sensitive analytical techniques are
needed to confirm the distribution curve proposed in this study.
The element As showed on the other hand experimental values
modelled with a gaussian-like curve, with a distribution
probability centred at 0.3 wt. %. A microstructural investigation
was performed through LOM and SEM investigations, and
Figure 3 displays the features observed. They are characterised

Figure 3. Microstructures observed on the objects. LOM micrographs of: (a)
polygonal grains typical of recrystallization annealing; (b) twinning and slip
lines; SEM-BSE micrographs highlighting the composition of inclusions: (c) Pb;
(d) CuzxFexSa.
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Table 1. Description of the corrosion morphologies identified in the study.

Corrosion Description Penetration Corrosion products
Morphology

Type A So called classical archaeological bronzes corrosion Short-circuit of diffusion: e.g., grain  Cuprite (Cu20); Cassiterite (Sn0z);
mechanism in presence of water. Intergranular corrosion.  boundaries, slip bands, mechanical Malachite (Cu2CO3(OH).); Azurite
Red, yellowish-orange, green and blue are the twins. Interdiffusion of ions from (Cus(CO3)2(OH)2; mixed forms of tin
predominant colors both the metallic substrate (Cu, Pb,  and copper oxides.

As, Ni, Fe) and the soil (Si, Al, Fe)

Type B Archaeological corrosion mechanism in which Corrosion penetrates inside as a Uncommon corrosion features
intergranular corrosion is visible in the inner part of the compact and thick layer or inside identified as Sn0>*2H,0 and Sn(OH)a
corrosion layers or just on one side of the sample. cracks or preferential areas of the as well as Cuprite (Cu.0); Cassiterite
Compact and thick layers of different colours are visible on sample - sometimes with a waterfall  (Sn0O.); Malachite (Cu2CO3(OH).);
the other side or on the entire surface. Predominant effect. Azurite (Cu3(COs)2(OH)z; mixed forms
colours are - beside those from the classical corrosion of tin and copper oxides
morphology: brownish green, yellow, brown, grey.

Type C Globular shapes corrosion products inside compact layers  Corrosion penetrates inside the Corrosion features in globular shapes
of different thickness. Predominant colours are - beside matrix similar to a macro pitting identified as Sn0>*2H,0 and
those from the classical corrosion morphology: brownish mechanism on entire areas of the Sn(OH)as; Cuprite (Cu20); Cassiterite
green, yellow, brown, white, grey. sample. (Sn02); Malachite (Cu2CO3(OH)2);

Azurite (Cus(COs)2(OH)2; mixed forms
of tin and copper oxides.

Type D 1-1.5 um wide tunnel shaped structures. The tunnels are Not following any microstructural Mixed forms of tin and copper oxides
never completely straight but bent, dividing and crossing features as grain or twinning are detected with a predominance of
each other, giving the picture of roots or tentacles. boundaries or slip bands due to cold  tin-based oxides.

deformation. It penetrates directly Also, Sn02*2H,0 and Sn(OH), are
into the crystal without any regard detected.
for the short-circuit of diffusion.

Type E Mixtures of previously described corrosion morphologies  Type A, B, C, D Type A, B,C, D

in which many parameters influenced the corrosion
mechanism during relatively long timespans.

by a homogeneous microstructure with the presence of an o
phase (Figure 3a).

Polygonal grains, typical of recrystallization annealing after
deformation are observed, with twinning and slip lines consistent
with a last step of cold deformation (Figure 3b). Some residual
heterogeneities of the solid solution appeared in some samples,
suggesting that the annealing temperature was not high enough
to temove tresidues of the heterogeneity after casting (above 2/3
of the melting temperature of the alloy). Inclusions are made of
Fe and Cu sulfides Cuz<Fe Sz and pure Pb islands (given the
immiscibility of lead with the Cu-Sn solid solution) (Figure 3b
and c¢). Following equations 1 to 3, the D % was calculated. A
deformation between 15% and 90% was statistically associated
to the microstructure and a frequency plot (not visible) evidences
a distribution of the D % more pronounced towards higher
values (peak at 80 %0).

This outcome must however be considered as a function of
the grain size and the percentage of Sn inside the solid solution.
The grain size varies between 6 um and 50 um for M1 (not
visible), according to the percentage of Sn in the alloy.

3.2. Corrosion morphology

The corrosion features observed on the range of samples are
typologically divided into 5 groups corresponding to alphabetical
roman letters (A, B, C, D, E, see Figure 4, Table 1). They are
classified according to i) nature and features of the layers (e.g.,
composition, heterogeneity, thickness), ii) features of penetration
(e.g., degree, way). They are resumed in Table 1. The complexity
of each corrosion morphology is connected to a specific
corrosion mechanism. It is a slow process that follows a
logarithmic trend [5] (not considering localized types of
corrosion) and the presence of Sn as the major alloying element
helps create a mixed Sn and Cu passive oxide, with a

protectiveness degree correlated to the amount of Sn in the alloy
[17]-[19].

The classical archaeological corrosion (type A or 11, Table 1)
which has been already mentioned by many authors [7], [33]-[36]
is also found this study. From the micro-Raman analysis (Figure
5a) corrosion products as cuprite (Cu20), cassiterite (SnOy), a
mixed form of Sn and Cu oxides (spectrum black), malachite
(Cu2CO3(OH)2-spectrum  red), and azurite (Cus(COs)2(OH):
were detected. Impurities as Si, Al are detected by SEM analyses
and ate responsible for the small shifts of the peaks of some of
the compounds [33]. The penetration is intergranular and follows
the short-circuits of diffusion [15] where grain boundaries are the
anode, and the matrix is the cathode. In those areas a dissolution
of Sn is promoted according to the lower standard electrode
potential [37] and precipitates in the form of hydroxides and
oxides. The formed layer is porous and permeable and thus
oxygen can diffuse inward, allowing for the oxidation of Cu. A
mixed layer of Cu and Sn oxides is therefore formed (Figure 4a,
Figure 5 -black spectrum and Figure 6a - inner layer of corrosion
products or IL). Basic Cu carbonates are formed at the outer
layer (OL) due to the presence in the soil of CO; or carbonate
ions in quantities above 200 ppm [38]. A decuprification
phenomenon is also observed from the EDS analyses, as well as
diffusion processes of minor elements through the corrosion
layers [39]-[41]. Figure O6a displays the line-scan profile
performed on a representative sample evidencing the interaction
of the system alloy/oxide/environment. Calculations on the
Sn:Cu atomic ratio along the profile indicate that values are
increasing in the IL to a maximum of 2.7, which implies that
every 3 atoms of Sn in the oxide are balanced by 1 atom of Cu.
As, Pb and Fe enrich the Cu-Sn mixed oxide up to 3-4 times their
relative value in the alloy (e.g., from 0.3 wt. % to 1 wt. % for As).
This suggests that the diffusion coefficients of those elements are
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Figure 4. Corrosion morphologies associated to different corrosion mechanisms and defined as: (a) type A; (b) type B; (c) type C; (d) type D; (e) type E.

high enough to migrate inside the corroded layers. Fe shows high
concentrations inside the OL (up to more than 10 times the
content in the alloy), probably related to its diffusion from the
soil. Also Type B corrosion was already detected elsewhere [7]
(Figure 4b, Table 1). A compact layer is found at the interface
with the metallic matrix. Figure 5b resumes some of the
corrosion products found for this peculiar corrosion
morphology: an IL of CuO and Sn(OH)4, (spectrum green),
followed by SnO222H2O. Malachite (Cu2CO3(OH)2) or azurite
(Cu3(CO3)2(OH); form in the OL. The Sn oxides, which are
thermodynamically stable and have a low solubility limit as
doping elements [42], [43], slow down the process. A more
severe decuprification phenomenon is detected and values of
Sn:Cu from the interface metal/oxide to the edge respectively
from 0.2 to 2. However, no enrichment of minor elements was
detected in the corrosion layers. Variation of the B type of
corrosion, the type C, shows preferential areas of penetration.
The corrosion layer is present along cracks sometimes with a
“waterfall” effect (Figure 4c, Table 1). Corrosion products are
the same as previously mentioned for type B. The Sn:Cu value
from the interface metal/oxide to the edge increases as displayed
by the line-scans (Figure 6b) and as previously seen, up to 3,
which could be possibly connected to a further evolution of the
burial context (possibly lack of oxygen) [15]. Pitting can
potentially explain the phenomenon, a localized mechanism in
which cathodes and anodes are different areas of the sample [14].
However, it is very difficult to detect what triggered the process,
either local ruptures of the protective Sn-rich passivation film
due to foreign bodies, macro heterogeneities of the film or areas
of accumulation of aggressive ions as CI- [15].

The type D or “tentacle-like” corrosion [44] does not follow
the above-described mechanism but penetrates directly into the
crystal without any regard to the short-circuit of diffusion (Figure
4d, Table 1). The morphology shows a tunnel-like structure
entering the crystal with apparently irregular directions.

This type of corrosion and its features has led to the
hypothesis of a microbial influence in the mechanism and the
attribution to Microbiologically Influenced Corrosion (MIC) was
proven and discussed more in detail elsewhere [45]-[47]. A

Cu,CO,(OH), 154
Cu,0+5n0,

1493

T PP o - |

Intensity/a.u.
g
B

a

2000 1750 1500 1250 1000 750 500 250

Raman shif’t»'cm"I

— Sn(OH),
—— Sn0,2H,0

1601

1330

Intensity/a.u.

b

T

1750 1500 1250 1000 750 500 250
- A
Raman shift/cm

T T T

Figure 5. Raman spectra collected with a 632.8 laser on (a) Type A corrosion
morphology (b) Type B corrosion morphology; (c) Type D corrosion
morphology. Parameters of the analysis: acquisition time: 10 s; number of
accumulations: from 1 to 4; power: 25% transmittance. Vibrational bands
attribution of: 5a: mixture of Cu,O and SnO,; Malachite; 5b: Sn(OH)s;
Sn02*2H,0 with shifts due to the soil
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decuprification process did not occur, as displayed by the line-
scan in Figure 6c, since the Ka value of Cu does not decrease
linearly but fluctuates along the corrosion layer. Also, higher
amounts of Pb are found along the profile towards the OL.
Accordingly, the Sn:Cu ratio fluctuates from the metallic
interface to the edge with extrema of 0.3 at the interface
metal/oxide and a peak of 2 at the IL. This suggests that bacteria
promote the formation of Sn products at the IL. and a mixed
form of Cu and Sn oxides at the OL, influencing the overall
corrosion mechanism [47].

When all types of corrosion morphologies are observed on
the same artefact with amplitudes which may vary from one area
to another, Type E was defined (Figure 4e, Table 1).This type of
corrosion was found only on a limited set of samples and is
related to changes in the environmental context could lead to the
formation of a mixture of the corrosion morphologies. However,
the information concerning this corrosion morphology is still
under investigation considering the lack of information on the
evolution of the environmental conditions.

3.3. Metallurgical parameters on the corrosion process

The correlations between the alloy’s microstructural features
and the occurrence of typical corrosion morphologies are given
by the PCA biplot in Figure 7. As displayed in the graph,
correlations between the variables are visible. The distribution of
the A type of corrosion referred to the vatriable Sn is rather

Biplot (46.7% of total variance)
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Figure 7. Biplot of the variables influencing the corrosion morphologies
considered according to the position of the samples in the newly rotated
space. Roman numbers indicate the quadrant.
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stochastic. This outcome agrees with other archaeological studies
where this type of corrosion was associated to objects in which
the Sn content varied enormously, from 5 to 20 in wt. % [5]-[8],
[10], [22], as in our case (Figure 8).

Type B and type C corrosion morphologies show a shift in
the biplot towards the III quadrant, in the Sn direction. This is
consistent with the frequency distribution of the Sn for such
morphology (Figure 8), which exhibits a narrow range of
composition (from 11 to 15 in wt. % Sn). This could be related
to the passivating properties of the element that could shift the
corrosion potential towards higher values.

Thus, the composition of the alloy is a rate-controlling factor for
the electrochemical corrosion mechanism, as previously stated
[17]-[19].

Sn and Cu are not variables that influence Type D
morphology since the samples move along a line that connects
Cu and Sn (obviously negatively correlated since the increase of
one deplete the alloy of the other) as confirmed by the data
(Figure 7 and Figure 8). Minor elements (As, Co, Fe, Ni and Pb)
do not influence the occurrence of types A, B and C. A trend for
corrosion morphology D is discernible from the PCA analysis
along a line from the II to the IV quadrant. This morphology is
affected by the presence of the minor elements Fe and Pb. This
means the higher the concentration of these elements in the alloy
(up to a 1.2 wt. % of Pb and 1 wt. % of Fe), the higher the
probability to find ‘tentacle like” corrosion (MIC) features. It is
known that Pb and Fe in sufficient quantity (above 1 %, in our
case) modify the corrosion mechanism towards a selective type,
culminating with their dissolution [15]. However, it is still not
clear how their presence can affect such a morphology since it is
influenced by bacterial colonization. We can only infer that their
occurrence promotes the microbial attack. We can hypothesize
that: i) their dissolution is less harmful for the survival of bacteria
compared to Sn and Cu [48], [49]; ii) they can exploit these
elements for their metabolism using them as an alternative to
carbon as an energy source [50], [51].

The degtree of deformation and the grain size affects all types
of microstructures to a different extent (Figure 9 and Figure 10).
In particular, the degree of deformation seems to positively
influence the occurrence of corrosion A, B and C, while it is
detrimental for type D. Samples from D type are negatively
correlated to D % (as they are positioned in the II and III
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Figure 8. Frequency distribution of the Sn wt % according to the corrosion
type detected in the whole range of objects: (a) Type A; (b) Type B; (c) Type
C; (d) Type D.
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Figure 9. Frequency distribution of the degree of deformation according to
the corrosion type detected in the whole range of objects: (a) Type A; (b)
Type B; (c) Type C; (d) Type D.

quadrant). This indicates the higher the degree of deformation,
the lower the occurrence of type D. Figure 9 describes the degree
of deformation according to the morphology observed.

Type D has a frequency distribution centered around 35 %,
while for the other morphologies it shifts towards high values
(> 65 %). However, the D % must be considered as a function
of the grain size and all results must be evaluated accordingly.
This parameter affects these morphologies differently as
suggested by Figure 11 coherently with the outcomes obtained
from the D %.

A bivariate plot grain size of vs number of samples is
displayed in Figure 10. It is evident that the smaller the grain size,
the higher the occurrence of corrosion types A, B, and C. The
higher the number of polygonal grains, the higher the possibility
to find an intergranular penetration since defects and impurities
are localized in the areas with higher Gibbs free energy [15]. On
the contrary, type D shows an opposite trend. Figure 10d shows
a normal distribution of grain size for type D with a peak at
around 35-40 pm, which is twice as high compared to the average
grain size found for all the samples. This outcome is very
interesting but still under study since, to our knowledge, no
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Figure 10. Frequency distribution of the grain size according to the corrosion
type detected in the whole range of objects: (a) Type A; (b) Type B; (c) Type
C; (d) Type D.
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Figure 11. SEM Elemental mapping of Type D corrosion morphology with
distribution of the chosen elements along the scanning area.

information is available on the relationship between the grain
size, D %, and the occurrence of microbial corrosion on Cu-
based alloys.

On stainless steels, it seems that the smaller the grain size, the
more effective the penetration of the corrosion [52], [53], which
is in contradiction with this study. It is indeed difficult to
compare the mechanism on a different material with the one
found for Cu alloys since the microstructural features are
different (e.g., the presence of grain boundaries precipitates). It
is only possible to suppose that on a given surface the number
of impurities (localized at the grain boundaries) is lower for larger
grains, and this could become a key parameter for the survival of
the colonies and the occurrence of a bacteria mediated corrosion
mechanism. In this perspective, concomitant analyses on both
archaeological bronzes with MIC morphology and experimental
alloys are needed to better understand the effect of the grain size.

4. CONCLUSION

The main aim of this work is to isolate typical metallurgical
parameters that influence the occurrence of specific corrosion
morphologies. A categorization of the objects following specific
types of composition, microstructure and corrosion was
proposed.

The nature of the alloy and the microstructural features act as
rate controlling factors for the electrochemical corrosion
mechanism. Results show that metallurgical factors do not play a
major role in the corrosion morphology of type A, where neither
the composition, nor the thermomechanical treatments influence
its occurrence. On the other hand, a high correlation of type B
and type C to the alloy composition suggests a higher degree of
protection due to the Sn tendency to naturally passivate.

The most interesting results come from the type D corrosion
morphology (tentacle like or MIC morphology). It is affected by:
1) the presence of specific minor elements in the alloy (i.e. Fe and
Pb in quantities up to 1%; ii) the presence of microstructure
bearing a large grain size (40 um, twice as high compared to the
other morphologies) and a low degree of deformation (peak at
35%). The possible causes for this trend are still doubtful and
more research will be carried out in the future to understand this
point.
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