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Introduction

The conservation of a metallic artifact is a sturdytself [Plenderleith 1956]. This sentence
encloses the important aspect of the scientificeustdnding behind any conservation practice
which involves metal museum objects.

The present work is carried out to deepen the stfdyegradation processes occurring in
burial environment involving copper and its alloys.

Copper has played an important role in the histdtfyuman beings. The use of native copper
is at least 10.000 years old and the use of brbezame universal during the Bronze Age.
Copper-based alloys have been used, since theugthout the history for the realization of

various art objects, from jewellery to statuargjfssens 2007].

Copper is not a noble metal, and its exposure ¢oatmosphere change the aspect of its
surface, due to oxidation phenomena. The samaadar its alloys.

Bronzepatina may be aesthetically pleasant, preserving thamalighape of the object, and
thereby conferring an added value to an artifactonBe artifacts, recovered from
archaeological excavation sites, seldom preserit autesirable degradation structure: more
often they are covered with a thick and incohenmnitilayered patina, more reasonably
called corrosion.

In general, the degradation of metal artefactsaih sccurs through processes which are
different in nature: they can occur through cheinietectrochemical and microbiological
reactions. As a result, metal tend to return tamiseral’s state, as thermodynamically more
stable than the metallic one. The way this processeur is a function of multiple factors that
can be classified as endogenous (nature of ak@niblogy of manufacture, microstructure)
and exogenous (soil texture, aeration, pH, condigtidepth of burial and many others).
Those mentioned above are the main causes of degnadf bronze artefacts discovered
during archaeological excavation, and a better kedge of forms of alteration phenomena
observed in certain soil environments will certgihklp conservator and restorers to better

preserve the excavated material.



This research project is carried on with the catation of archaeologists working at the sites
of Dobrudja, the region of Romania. This regiorh@ne to Danube’s Delta into the Black
Sea and bears a long history as strategic locatidnich was exploited during Roman,
Byzantine and Ottoman times.

Archeological objects offer a great opportunityingestigate long-term corrosion behaviors
of bronze and copper-based alloys providing precioformation, which are unlikely to be
obtained by laboratory experiments. Nevertheldsheiaim is to establish the mechanisms of
corrosion, simulation experiments can be a compheang tool, which allow investigation of
the effect of different parameters (related both adoy or burial environment) on
electrochemical corrosion processes occurring ih 3bis approach is considered in the
second part of this thesis: the attention is fodum® commercially available bronzes, similar

in composition and microstructure to the ancierdgson

Scope of the thesis

The objective of the present research project isadquire a better knowledge on the
determining factors that cause the decay of ardbg®al bronzes in soil. The main issues
explored are the archaeological context, climatel geographical location, the metal

composition, the identification of corrosion prothicand the physical-chemical

characterization of burial soils.

Once a general picture of the conservation state aaprofound knowledge of corrosion

patterns of archaeological bronze is gathered, sitientific efforts move to laboratory

experiments of simulation aimed to assess corross® of natural media acting as
electrolytes, such as the soil and the seawaterafohaeological interest taking into

consideration the location of sites). These expemis: are aimed to estimate reactions’
mechanisms and kinetics, and to characterize anagirs formed in electrolytes simulating

burial conditions.

As a conservation outcome of the research, theoadéels the need to recommend some
general guidelines for thm situ conservation practice of archaeological bronzefacts

excavated in this region of Romania where they eewavated.
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I-BACKGROUND

This chapter contains the background informatioadee for the understanding of corrosion
processes of bronze artifacts taking place in bem&ironments. A reminding of the basic
principles involved is presented, followed by aiegwof the parameters playing a role in the
underground corrosion. A major role in the histofynetals has been occupied by copper and
its alloys. This is the main reason why the presesg¢arch deals with the study of degradation

and deterioration processes which involves bronzes.

.1 Underground corrosion of archaeological bronzes

Metal atoms are present in nature as stable cheogogppounds (minerals). The same amount
of energy needed to extracts metals from their ¢oetbstate is emitted during the chemical
reactions that produce corrosion. The figure belBigure 1.1) illustrates the “life cycle” of a
metallic object. Starting from the top, throughragtive metallurgy, metal are obtained from
their ores by reduction processes and, afterwanesalworking procedures allow producing
metallic objects or crafting works of art. Aftereth period of useNlourey 1987, the objects
live a period of abandon during which they are satgd to degradation and deterioration

processesAG<0), whose nature depends on the aggressivenessiocbnmental conditions.

Malachite

AG=>0

exf?'acflve Azurite, Chrysoolla

meraZZurgy/-\ Mineral pe— mineralization

Copper ox-hide shaped ingot

Metal Archaeological

i&i‘ (: \KEQ%‘ Aﬁ;@ﬁ

Ob_] ect S—degradation/
deterioration

AG <0

metalworking

Figure I.1. Life cycle of a metal artifact.
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|-BACKGROUND

At a certain point, after few centuries or evenlenihia, archaeological excavation procedures
brings them back to light, and the interest (andy)dwf conservators and restorers is
preserving them from further degradation processdsch could revert metals to their
original mineral form Gettens 1963

The study of underground corrosion had mainly itdlalsaims, as it started when the big
pipeline for the oil and gas transport took plage.ample literature Romanoff 1957; Uhlig
2000; Brown 198Pdo exist about the research in this field, whiehs especially driven by
the increasing cost of the corrosion as it wastenitn the Circular for the National Bureau of
Standards issued in 1948dmanoff 1957

This background chapter serves as an introductiothe topic of this research. The scientific
interest of corrosion scientists is nowadays deddtao the development of new and

performing alloys for various industrial applicat® On the contrary, the concern of
conservation scientists is addressed towards arba@tderstanding of corrosion phenomena,
which has affected ancient metal objects, for coad®n purposes. Ancient alloys often

show a big variability in their composition and naistructure, and this is why this field of

research is widely explored and still raises upintiterest of scientists.

It is important also to be well aware of the varief factors and parameters which play a role
in the corrosion behavior of a bronze alloy. Di#fiet corrosion features are observed for
example on bronze exposed to different atmosplemironments and namely, rural, urban
or marine. In all these media, bronzes developfferdnt kind of patina, according to the

nature of the predominant corrosive agent.

I.1.1 General principles of corrosion

Corrosion in aqueous media is of electrochemicalirea [Stambolov 1985; Selwyn 200);
Jones 1996 and othdrsThis is the most aggressive and the one involwednderground
corrosion medium.

Dry or chemical corrosion occurs by direct reactibmetals with a corrosive agent: the most
important is the direct oxidation due to the dinezction with oxygen. Anyway, this reaction
occurs at significant rates only at high tempeegur

The electrochemical process implies two or moretedde reactions: the oxidation of a metal
(anode) and the reduction of an oxidizing agentih@@e). Furthermore, the corrosion process
also requires an ionic connection (an electrolipetyveen the anode and the cathode to allow

the flow of ionic species. In most corrosion praess this ionic connection is provided by

-4 -
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water, e.g. condensation from humid air, rain, sgaw Whenever the relative humidity is
higher than 65%, there is enough adsorbed watenast clean metals surfaces to approach
the behavior of bulk water and promote electrocltaimieactions$tambolov 1985

The anodic half reactions can be written as:

Mg - M@ +2z€ (1.1)

which take place in acidic media; in basic medagredominant reaction is:
M +2zH,0 -~ M(OH), +zH" + ze (1.2)

or the formation of the corresponding oxide, whokemical formula depends on the metal
and the pH.

The corresponding cathodic reaction is the hydrogesiution, in absence of enough air to
produce the oxygen reduction:

ZH* + z& HgHZ (1.3)

EOZ+ZH*+ze‘ _>§HZO (1.4)
or the reduction of other depolarizing species.

The properties and behavior of the film of oxidatjgroducts, on the metal's surface, are of
primary importance for the subsequent corrosiorctieas, especially in what regards the
nature and kinetics of reaction involved.

In practice, during corrosion, hydrogen ions arastmned when the cathodic reactions take
place and an increase in pH allows the preciptatd slightly soluble salts, oxides or
hydroxides. Sometimes, these compounds don’t afferotective action to the metal, but for
some metals, these processes are slow enouglvwoafpassive layer to form, thus protecting

the metal’s surface.

Corrosion process is ruled by both kinetic and rtiaetynamic laws. The main interest in
research in corrosion is certainly whether or naeaction can take place, but of utmost
importance is the knowledge of the speeds of oxidand dissolution processes.

The current flowing in an electrochemical cell isnaasure of corrosion rate, and it is called
corrosion current. Electrochemical corrosion reatdj as electrode processes, occur at the
interface metal-electrolyte and imply several stepygen transportation towards the reaction
surface, reaction at the interface and the tramsgfacorrosion products to the solution. The
overall speed of reaction is determined by thosh®&lower process (limit speed of reaction)

in comparison with the others.
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From the thermodynamic point of view, a reactiopassible when the conditiokG < 0. If
AG > 0, a metal is stable in the corrosion mediumenrgiven conditions. Whether corrosion
can take place and, if so, which corrosion produetd eventually be formed, can
conveniently be surveyed in a type of stabilitygdaan, called potential-pH or Pourbaix
diagramgMattson, 1989].

Before exploring the significance of these toolpiadicting the nature of corrosion products,
the factors influencing underground corrosion Wwéltouched upon.

The principles mentioned here are valid in genewdhen dealing with underground
corrosion, multiple factors shall be consideredoSénrelated to the nature of the alloy, but

also those related to the environment. The follgwparagraphs explore them.

I.1.2 Factors influencing corrosion

.1.2.1 Endogenousfactors

Endogenous factors are those related to the olpetits structural characteristics as well as

thermal and mechanical treatments to which it lenlsubjected.

1.1.2.1.1 Manufacturing technology

Copper is the first metal used by humans (VIII B.@ative copper$elwyn 2004 VI B.C.
copper extraction in Anatoligsgott 200Rand 1l B.C. Balkans and SpaiS¢lwyn 2008. It is
ductile (can be drawn in wire) and malleable (canheammered into sheets) and possess a
very high thermal and electrical conductivity. Amgyy it lacks mechanical strength, that is
why it is often used alloyed with other elementshsas arsenic (As), antimony (Sb), tin (Sn),
zinc (Zn).

Bronze, an alloy of copper and tin, appeared alB@®™0-3100 B.C., probably by chance.
Before the era of copper-tin bronzes, a commontigeadias consisted in the addition of
arsenic to the copper ore during roasting, as jleaped to be the only way to harden the
copper metal This practice was relatively soon abandoned asguoasting the arsenic
formed toxic arsenic trioxide, which caused a losarsenic and consequently a less quality
alloy [Stambolov 1985

The use of bronze, as true alloy of copper andoeame pervasive and universal during the
Bronze Age. Since tin source was the mineral c#gt(SnQ), however, the advent of tin
bronze is still mysterious, such as are its sousr®s development of knowledge for its
mining [Scott, 200R In the full Bronze Age, the attention of detamlcreased, with the
production of finer objects and more accurate ngstiAn addition of lead was often made to

-6 -
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increase the fluidity of the metal. However, thadieg of bronzes was rather local and by no
means universalTlylecote, 199R Brass, an alloy of copper and zinc, became itambr
during the Roman period by co-smelting zinc andpeopores (as for smelting zinc the
temperature needed exceeds its boiling point).ekample, Romans produced brass coinage
from 45 B.C. Bcott, 200p

The knowledge of metallurgical technologies andirthevolution has a fundamental
manifestation in the alloy microstructures of bremaztifacts.
Phase diagrams are the tool which allows examininigh are the stable phases of a precise
metal system varying the temperature and compasiti@aragnani 2004 Their analysis
allows studying which are the stable phases ofllag during heating or cooling processes in
equilibrium condition. Indeed, there exist differeersions of phase diagrams, where stability
regions are reported for realistic working circuamstes, for which non-equilibrium
conditions are likely to occur. These are repomteithe Figure 1.2.
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Figure 1.2. Phase diagram for Cu-Sn system in giffeconditions: a) full equilibrium; b)
annealing conditions and c¢) under usual castingdioon. [Scott, 1991]

Annealing refer to a slow cooling down in the ovemjle under casting condition the alloy is

let cooling down in the mould.

The analysis of the diagrams allow inferring that bronzes with tin content < 30% (which

-7 -
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represents the most common situation because gbehiSn content the alloy becomes more
brittle), the stable phases are:

- o for Sn < 8-15%

- (at+d) for 8-15 < Sn < 30 %.
It can be deduced that copper is able to dissatvamount of tin which diminishes as the
cooling rate increases. A bronze can thereforeeptes mono-phased rather than a bi-phased
structure according to the rate of cooling. If tisisaster, then two-phased structure is formed
[Garagnani200 When a melt is allowed to cool slowly, the plasgable at high
temperatures give way to those stable at low teatpers. By rapid cooling, however, this
transition does not occur. Instead, the phasedestakhigh temperatures remain unchanged
also at lower temperatures, but in a metastable.sta
Many bronzes are leaded. With low-tin bronzes,dsty casting, the lead does not alloy with

the copper and occurs as small globules througheuwstructure$cott, 200P

1.1.2.1.2 Alloy microstructure

Metallography is the scientific discipline of exammg and determining the constitution and
the structure of the constituents in metals andyallWayman 2004 The metallographic
procedures allow studying the crystalline grainsor@hology and dimensions), the
identification of stable phases present (kind amdpiology) and the presence of defects such
as porosity and failures or non-metallic inclusiowgnesses of the thermal and mechanical
history of the alloy Garagnani 2004

In general, there are two ways to manipulate mebglscasting or by workingJcott 1991

As a result, metals and alloys present typical asituctures according to the manufacturing
or crafting technology and the amount and natura@loying elements.

The great majority of ancient castings show a déadnicrostructure (see Figure 1.3), which
follows a tree-like growing path (the term comesnirthe Greek word for tree). Sometimes
outlines of grains form between them, and the t@tehich they grow influence their size: the
faster the rate of cooling the smaller the densdritecott 199]. Dendritic growth is a
segregation phenomenon occurring during castinggchwarises in alloys because one of the
constituent of the alloy has a lower melting paisich as it happens in bronzes: melting
points for Cu= 1083°C and Sn= 232°C). The dendritesally form by coring, which is a
common feature in ancient alloys and involves theuaence of a compositional gradient
from the inner region to the outer surface dueh® different rate of cooling of the two
constituents of the alloy. In the case of brontles,inner part is therefore richer in copper,

which solidifies first and the outer part is richar tin. The remaining fluid in the

-8-



I-BACKGROUND

interdendritic areas is likely to form a differgphase, which is defined as a homogeneous
state of a substance with a well-defined compasitgcott, 199]L

It is worth underlining that dimension of dendritaad their spacing, which depend on

cooling rate, have an influence on mechanical ptegge(the best performances owing for a

smaller secondary dendrites arm spacing, SD&&yggnani 200}

original cast material
showing dendritic segregation

cold warking

['a
‘ 9

distorted dendrites as a
conseguence of cold warking
extensive annealing will
remaove the segregated
and cored structure

deformed grains with sorme
strains lines evident on heawy
hJ warking

cold warking

A
1
equi-axed \\ |

hexagonal grains

hot working
annealing { annealing

worked deformed grains
now ahowing bent twins up d
and strain lines

m cold warking w

annealing
- recrystallized and twinned grains
- _ with strain lines absent and
93&3?3;“:{5’;;;"?@-’;?' straight twin lines within grains

recrystalllized and twinned grains with straight
twinned lines, grain size usually smaller

Figure 1.4. Scheme representing the micro-strudttnensformation induced
by mechanical and thermal treatments in a f.c.catmatits alloys [Scott
2002]

Figure 1.4 illustrates the simplified scheme, répdbyD.A. Scot{199]], where he evidences
the structural modification induces on the micresture of a purdécc metal or its alloy by
working cycles. Working refers to a method or comaltion of methods for changing the
shape of a metal or an alloy by techniques sudtaasmering, turning, raising, drawing...etc.
which can be performed either at room temperaturdyoannealing, when the material
becomes too brittle to be further worked.

As an example, Figure I. 5 and 1.6 report two exiasef microstructure for a bronze alloy,

respectively, a dendritic structure and a recrijz&d one.

-9-
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Figure I.5. Two examples of dendritic segregatianGu-Sn alloys ( a. from Garagnani
1996; b. fromhttp://www.doitpoms.ac.)k

Figure 1.6. Two examples of recrystallized grairusture obtained by working techniques (a.
from Garagnani 1996; b. fromttp://www.doitpoms.ac.)k

Microstructure and therefore the manufacturing medbgy used to obtain an object, has a
great influence on corrosion behavior.

Crystallographic orientation of grains has an dffat corrosion resistan¢é@ones, 1996] By
definition, metal atoms situated along grain bours$aare not located in a regular crystal
array (i.e. a grain). Their increased strain endrggslates into an electrode potential that is
anodic to the metal in the grains proper. Thusrosion can selectively occur along grain
boundaries. Regions within a metal subjected td-wairk contain a higher concentration of
dislocations, and as a result will be anodic to-ookl-worked regions. Thus, cold-worked

sections of a metal will corrode fasfeace.org]

1.1.2.1.3 Nature and amount of alloy elements

As formerly introduced, copper is alloyed with difént metals to increase its mechanical
strength. The nature and amount of these elemesdsah influence both in the alloy
microstructure and therefore in the corrosion bedraef the alloy. Bronze refers to a pure
alloy Cu-Sn, but the term is used to indicate aewidriety of alloys comprising copper
alloyed with Sn, Zn and Pb as minor elements amnerak other trace elements (Fe, As,

-10 -
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Sb...).
Individual phases possess different electrode patenresulting in one phase acting as an

anode and selectively subject to corrosion.

1.1.2.1.4 Effective redox potential

Each metal when exposed to a certain environmestjnaes a certain potential, the corrosion
potential, B, that is the result of possible oxidation and c#dun reactions, which could
take placeJones, 1996

1.1.2.1.5 Ability of the alloy to form a protective (passive) film

Passivation is defined as the process of formatiba very thin oxide layer exhibiting
protective properties (or s a kinetic barrier) todgafurther oxidation or dissolution of the
alloy [Silvestroni, 199p When metal dissolves, its ions are producedatinterface metal-
electrolyte. For high corrosion rates (high valfiearosion current) the concentration of'M
on the metal surface easily exceeds the solulshfyilibrium constant of the hydroxide (or
any other reaction product in a specific electmlythus leading to its precipitation. The
formation of a compact layer of oxide on the metaface causes a high over-potential to be
reached, which hinder further alloy dissolution.

In order to form a protective layer, several caodé must be satisfied, namely: the metal
should be easily corrodible and the value of thHakslity equilibrium constant for the oxide
must be very small. Moreover, it shall be takew mtcount the relative volumes of the oxide
formed in respect with the volume of the metal coned to produce it. Pilling and Bedworth
has defined a relationship (Eg. 1.4) between thtege values and they call it Q-value
[Stambolov 1985
VO

nVv

m

Q:

(1.4)

where V and Y are, respectively, the atomic and molecular vosiokthe oxide and the
metal, while n gives the number of metal atomshm ¢xide. Metals with Q-values greater
than unity form films which impede the diffusiomus exhibiting protective properties, and

avoiding further dissolution of the allog{ambolov 1985

I.1.2.2 Exogenous factors

Exogenous factors are represented by the enviraiainamdition in which the artefacts have
been laying during the burial time. In the nextgmmaphs the main parameters playing a role

in underground corrosion will be considered.

-11 -



I-BACKGROUND

1.1.2.2.1 Soil texture

Soil is the corrosion medium for archaeologicalnzes. Its name is comprehensive for a
mixture of various materials which usually contamimeral matter, organic matter, water and
air [Stambolov, 1985 Their nature, and the way how these factorgiatate, will determine
the aggressiveness of a given soil in respect nvétal artefacts corrosion.

Mineral matter is a conglomerate of sand, silt elag and their relative amount determine the

soil texture (see Figure 1.6).

e
/ Eaﬁéy/\/v W f\\
AVAVAS WA

«——— Sand Separate, %

Figure 1.6. Soil texture triangle defined by thefSwww.wikipedia.i}

Sand consists of large particles with negligible specsgurface (Surface/Volume). Compact
sand grains give rise to a structure of wide ptresugh which water and air may percolate at
random. Moreover, its stable chemical compositietednines inertness as regards physical-
chemical reactions and serve but as a frameworlwhh active soil may be fastened
[Stambolov 1985

Silt consists of almost un-decomposed mineral matten évsmaller of sand particles, silt
particles do not have a specific surface large ghda be influential in a chemical or physical
sense. Their particles, having small and variaide allow a dense packing: silt pores are
narrow and therefore movement of water is obstductdhey have water holding capacity
[Stambolov 1985

Clay is the product left after decomposition of variegiseous rocks and consists of hydrated

aluminum silicates often contaminated with Fe, Mgl ather impurities. Particles have a

-12 -
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large specific surface and small dimensions progdwater holding capacity. Water is
absorbed as a film on each clay particle which emban its turn and may hold debris of
dissolve salts and keep them attached to its suri&@ter causes the clay to swell, its wetting
leads to a quite compact mass which is practicafigcessible to air.

For this reason, clay soils are non-corrosive. tBit is true for entirely clay-containing soil
as the tightness responsible for this impermeghgidue to the enormous specific surface of
clay matter (million times more than those of ceasand).

Organic matter (or humus) has a complex chemical composition, ¢oimd in an
inhomogeneous mass such diverse materials as sarfais, waxes, gums, resins, lignin,
cellulosic remains and protein. It seems that tmpmex structure of humus consists of
ordered aggregates of amphiphiles (molecules waparate polar and non polar parts)
composed mainly of relatively unaltered plant podynsegments attached to carboxylic
groups. These reacts with soil mineral grains tonfemembrane-like coatings of amphiphiles
with highly charged exterior surfaces which actsaparate ion-exchange phas@#gfner
1997.

As illustrate in the Figure 1.5 real soils are potely sandy silt or clayish but they are made
up of different proportion of the mineral particlesaving different sizes and this will

determine the soil texture.

[.1.2.2.2 Position of water table

Water plays a major role in corrosion. The positdrihe water table influences the nature of
corrosion process as it can determine the rategyafen transport (the aeration) in the soil. Its
position can vary seasonally and this may influetheenature of corrosion process occurring
on the buried structure. There exist three souotesater (Figure 1.7): gravitational water
(rainfall, snow), capillary water (held within cépry in soil particles) and groundwater
(result of the accumulation of water at the waaéie).
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RAIN/SNOW atmosphere
(meteoric water)
Surface water l H
™ Surface
SOIL
Water un-saturated zone “soil gas”
gravitational water
Capillary suctio water table

Water saturated zone
“soil water”

Figure 1.7. lllustration of water dynamics in sodorrosiveness of soil is strictly
dependant on occurrence of water un-saturated zfafts Brown 1977].

Subterranean water dynamics determine the occugrehavater unsaturated and saturated
zones in soil and this can directly affect the axy@vailability and therefore the oxidation
rate of a metal buried in it.

In water-saturated deep soils, oxygen is transgdijediffusion, which is a slow process and
therefore the corrosion rate in these conditiongely low. In the zones next to the ground
surface, the soil pores are open and the aeratiosually good. In spite of this, the corrosion
rate may be low due to the lack of electrolytetha zones just above the water table, where
the soil pores are partly filled with water, thenddion are most favorable to corrosion; both
oxygen supply and electric conductivity are suéidi for the corrosion cells to be active
[Mattson, 199p

In natural soils, the degree of water saturatiovaigable. It is the frequency of the reversible
transition from unsaturated to saturated condiidich is damaging for buried metals as the
change from unsaturated to saturated conditioneas®s the corrosion current density
[Romanoff 1985

As a consequence, in autumn, when rainfall incieas®l saturation condition are likely to
occur, the rate of underground corrosion tenddaw slown (if compared with summer). On
the contrary, in the late spring, when temperatstasts to rise up, and water evaporation
increases, underground corrosion is at its higleest.

Soil aeration is also affected by the land usscalante[1989 has defineddisturbedsoil
those in which digging or backfilling has takengaaSoils used for agricultural purposes, and
therefore subjected to ploughing, cultivation aratrbwing, can be assimilated to this
category as well. Soil compacted by heavy vehictes,the contrary, decrease aeration
[Mattson 1996
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Differential aeration corrosion, or oxygen concatitm cells, has been since long time

investigated [Evans 1921 It implies region where oxygen concentrationdifferent and
therefore the reaction§102+zH++ze‘ —>§H20 occurs at different rates on different

regions on a metal surface in contact, for exampithy a drop of water. The £ich area is
positive in comparison with other regions, which as negative and therefore corrode at a
higher rate.

The mechanism can be explained as follows: whemtial surface is in contact with water
it dissolves producing an excess of electrons wingttuces the oxygen in air by the well
known reaction 1.4 causing the precipitation oftat@xides. The oxygen consumed in this
reaction is not reintegrated at the same speesyigem rich (at the edge of a water drop) and
oxygen poor areas (in the middle of a water drépat is why the corrosion occurs faster in
the edges of a water droplet.

[.1.2.2.3 Nature and concentration of ionsin solution

The soil solution represents the electrolyte inctetehemical cells which set up in
underground conditions. The nature and concentratd soluble salts dissolved in it
determine the electrical conductivity, which is a@asure of the ability of a medium to
conduct an electrical current.
Conductivity, represented by the Greek letteis the reciprocal of the electrical resistivipy,
and it is expressed as units of Siemens per mgfery, Eq. 1.6:
o=1 (1.6)

P
As soil resistivity become lower (groundwater galtand more conductive) the soil corrosion
becomes faster. The electrical conductivity of thedium is determined by the amount of
soluble species dissolved in it. We are mainlyregeed in the following anions: TSQ?,
COs%, HCO5, PQ* not only for their contribution to conduct electdurrent, but also for
their specific interaction with the metal or alldyor example, as we will see later in the
discussion, chlorine anions have a detrimentalcefte corrosion of buried metal as may
cause the breakdown of protective passive laydatfon 1996
Sulphates have a main role in atmospheric corrosfometal exposed to polluted areas; in
soil its occurrence is not significant, even thouggpecially in estuarine environments, when
anaerobic condition occur, the action of sulfaiddeng bacteria (See paragraph 11.1.2.2.6)
can reduce sulfate specie to sulfidric acid, mauertiul for metals.
Even if soluble ion content has a direct impactruploe resistivity, certain ions will have
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opposite effect: for example €aand Md* tend to form insoluble carbonate deposits at the
metals surface, thus slowing the corrosion ratelci@a hydrogen carbonate produces
protective effects through two mechanisms, whiéghansidered here in the specific case of
copper-based alloy$fambolov 1985 HCO;’, being a salt of a weak acid, its watery solution
reacts alkaline and by binding active carbon diexidprevents dissolution of oxide layers
such as copper (I) oxide. Furthermore, at pH grahtn 8, it precipitates as carbonate (also
on the bronzes surface, thus protecting it) andsiiysequent acid condition it dissolves,
instead of the copper (II) compounds.

It is believed that phosphates have a benefic elffeing used as a corrosion inhibitor for iron
objects Mattson 1996 Phosphates occur in soils as mineral apatité,itboften has an
anthropological origin as it is used like additivefertilizers. Natural sources of phosphates
are bones and ivory which are believed to be ablabtsorb copper (Il) salts producing the
basic copper (ll) phosphate, libethinite,GDH),(PO;), [Romanoff 1985

1.1.2.2.4  Soil pH

The development of acidity is the results of theured processes of weathering under humid
conditions Romanoff, 1965 Commonly, soil pH varies in the range 5-8. Swmihtaining well
humified organic matter tends to be acidic. Minesall may become acidic due to the
leaching of basic cations (EaMg?*, K*) by rainwater and because of dissolved, @ the
groundwater. According to Pourbaix diagrams, pHugalinfluence the stability of corrosion
compounds formed. However, soil pH is generallysidered not to be the dominant variable
affecting corrosion ratesvww.nace.orfy Most soils and all loams are fairly well buffered,
resulting in a soil pH that is not affected by falh Sand, because of its high moisture
diffusivity, can have its soluble salts leached audiluted to the point that its pH will change

during heavy raifiEscalante, 1989

1.1.2.25 Soil temperature

The temperature of solil is certainly a factor ie ttorrosion processes as it influences the
reaction speed. Some interesting effects have peerted out. The resistivity of soils is
inversely proportional to temperature, and an iaseein soil temperature would be expected
to increase the rate of reaction. However, an as®ein temperature also reduces the
solubility of oxygen, which tends to reduce thectem rate at the cathod&scalante, 1989
The net result is that temperature doesn’'t haaggeleffect on underground corrosion. Also
it shall be considered that a changing of tempegatuof significance only at very superficial

depths.
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1.1.2.2.6  Presence of microorganisms

The microfauna present in soil feeds on the humrmastherefore, by decomposing organic
matter, hydrogen sulphide is formed. Copper sulghidre therefore expected corrosion
products within the patina. After subsequent oxatathey will be transformed to soluble
sulphatesTylecote 197P

Microorganisms, naturally occurring in soil, colpaithe metals surface and produce biofilms
(see Figure 11.8), where they are able to maintdifierent condition from the bulk
environment McNeil and Little 199 If anaerobic condition occurs, an important slad
bacteria that could play an important role in csiwa is constituted by sulphate-reducing
bacteria (SRB). They require oxygen-free environtmand pH values in the range 4-8. These
bacteria utilize hydrogen in reducing $0to § and HS, in this way they promote the
formation of sulphide films.
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0 | || 0| |
J‘ J l m l Y —— "
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Figure 1.8. Possible reactions within a natural acdng biofilm [McNeil and Little, 1992].
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[.1.3 The use of Pourbaix diagrams for prediction of corrosion products

The study of bronze corrosion has a very long hysfGhase 2007; Scott 20pand the E-

pH (or Pourbaix) diagrams are often used in explgircorrosion of archaeological artifacts
[Schweizer 1994; Lins 1994; Scott 2002; Little 7999

Pourbaix diagrams are graphical representationghefmodynamic and electrochemical
equilibria between metal and water, indicating letaphases as a function of electrode
potential and pH. They can be used for the premic@nd interpretation of long term
corrosion products. In these graphs there are lyswegorted the regions of stability for water
as it is itself sensible to variations in potenéiatl pH. Two lines in the graph define the upper
and lower limits of water stability against the @aiion to oxygen and reduction to hydrogen.
The figure below (Figure 1.9) reports the overlajgpbetween the Pourbaix diagram for water

and the values forfgand pH recorded in many different natural envirents.

roe — ™~
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Figure 1.9. Environments represented ongpHE diagram: the cloud indicates points measured fo
thousands of natural environments [Garrels and €Hhr1965].

The thin line which separates the points indicdtes limit of possible environments at

atmospheric pressure. The interesting thing isdhgtlocal condition can be specified on the
graph simply by measuring potential and pH in situ.

Figure 1.10 provides the Pourbaix diagram for coppater system. It can be drawn also to
indicate regions where copper is immune or inegdning that the corrosion is impossible),
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passive or active, rather than the exact coppariep@ourbaix 1963.

It must, however, be remembered that Pourbaix dragrdo have their limitations. They can
be drawn only for equilibrium conditions and speciénvironments (temperature, pressure
and concentration of reactants). Moreover, the tcocson of these diagrams doesn't take
into account of kinetic of reactionsPurbaix 1968 Even if a compound is
thermodynamically stable in defined conditions ekia factors do not allow its formation and
empirically is not encountered.

It is worth mentioning here the case of tenorieey@ are mainly interested in the use of this

tool for the interpretation and prediction of caien products for copper and bronzes.
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Figure 1.10. Pourbaix diagram for a copper-watessm (25°C, 1 atm, 701 CLF).
a) Regions are labelled with the species that istrtftermodynamically stable in that area. Water is
stable within the boundaries set by the dashedlamand b; it can be oxidized to oxygen gas above
the line b and it can be reduced to hydrogen betmnline b.
b) the same potential-pH diagram, but this time tlegions are labeled as immune, active or
passive.[Selwyn 2004].

The graphs for Cu-$D system (Figure 1.10) show a wide areas of stglibr the copper (I1)
oxide, the mineral tenorite, which is in practieealy encountered. The product usually found
on copper surfaces in the copper (I) oxide, cupiitmorite is not kinetically favored and is
usually found only in burned burial environmentstrosion appears to be strongly influenced
by the presence of cuprite and by the growth ofemals that can occur from subsequent
reactions with cuprite or with copper ior&cptt 200p
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Stability diagrams can be created for whichevetesysand it is useful to determine the stable
corrosion products forming in each condition. Feglid0 reports as an example the stability
diagram of copper in seawater. The main corrosioaycts encountered in this medium are
cuprite [CuyQO], trihydroxyl-chlorides [general formula @WH)Cl] and spertiinite
[Cu(OH),).
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Figure 1.11. Pourbaix diagram for copper in seawdtgter Taylor and Macleod, 1985].

A recent work by Chaset al[2007 proposes new Eh-pH diagrams incorporating coppelr

tin together as well as intermetallic phases, & wseful tool for an enhanced understanding
of corrosion processes regarding archaeologicaiza®

It is reported here (Figure 1.12) the diagram fbe tsystem Cu-Sn-C&H,O at various
concentration of C® It can be noticed that increasing the concemmatf CQ, the right-
hand limit of the field of stability of malachit€u,(OH),CO; (in the figure indicated as
CHOsCuw,), a copper basic carbonate, is displaced towaykenipH, and the field of stability
of tenorite (CuO), becomes smaller. It is also femnout here the question of stability of
malachite and azurite: it seems that these sobwe Bimilar stabilities and one, the other or

both could be stable.
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Figure 1.11. Eh-pH diagram for the system Cu-Sn-Eg0 at 298.15°C.
Logio m(CQ)=-3 to 0 (44 ppm to 4.4%); lqgfor other aqueous species=1. Different concentirati
for CO, are marked by circled numbers [Chase 2007].

A major result, worth underlining here, is the dgé presence of solid tin oxide (SH@s
stable phase for tin. Moreover, when the diagram lualt including the intermetallic phase
CuwsSny) (corresponding t®), this phase has resulted more stable. Even thdughknown

that tin oxide is very insoluble, its role in thermsion of bronze is still not completely clear.

-21 -



[-BACKGROUND

I.2  Ciritical review of published literature

The interest in the research field of long termrasion behavior of bronze artifacts is
demonstrated by the great number of works publishe@onservation Journaldylecote
1979; Scott 1985; Gettens 1975; Schweizer 1998;z8m2004; Robbiola 2006; and others
Recently, a conspicuous number of publications eored the study of bronze behavior in
different electrolytes$idot 2006; Wang 2007; Souissi 2007; Robbiola 2008

It is worth remembering here that already in 19Bvojvn 1977 the National Bureau of
Standard (nowadays NIST) organized an internatiomegting which was an opportunity to
bring together material science people, such asneags and corrosion scientists, with
conservators and archaeologists. It has been @gdialuseful on both fields, as the restoration
practices could have a scientific approach, bui #ig study of corrosion products that have
taken centuries to form on metal artifacts can abweeded kinetic information that usually
are not accessible with the short test periods contyremployed.

The ICOM-CC Metal Working Group Congress held i®3%aw the participation of authors
who proposed a classification of soils in termsngbact ofconservability for archaeological
heritage YWagner 1995 and Kars 19P8The definition ofsoil archives has arisen as it

indicates the nearly stable burial condition, whinthuces a slow but steady corrosive decay.

As early as in 1976, a Polish chemist, Hanna Jgslvaika Pedrzejewska 1976suggested to
consider ancient bronzes as “document of the pastl’ proposed to preserve materials of
little or no artistic value for scientific investiggons. Since that time, several authd@sdtt
1985, Robbiola 1992, 1993, 1998; Nord 2005; McN6&®2, 1999; and othefsledicate their
scientific interest to the elucidation of the lolegm corrosion mechanisms occurring for
artifact made of bronze or copper alloys. An eauplication byTylecote[1979 investigated
the effects of soil parameters on the long-termasdon of buried tin-bronzes and copper.

It has been emphasized the specific effects of dwlacteristics which are variable among
archaeological sites: sandy, silt or clay soil bawe either a protective or detrimental effect

on metal corrosion buried in therf8thmbolov 1985

A project, developed along such research directicas undertaken by the Sweden Central
Board of National AntiquitiesNlattson 1996 The interest was to investigate the causes of
deterioration of archaeological material, as arolagsts have reported an increase in their

degradation as a consequence of the acidificafioaim.

Recently [ngo 2007 the ISMN-CNR Institute in Roma has published thsults obtained
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over a five year project, EFESTUS, aimed to prop@siered strategies for conservation,
restoration and valorization of historical and a®blogical copper-based artifacts from
Mediterranean Countries. The result was the examomaf a wide variety of archaeological
metallic artifacts which provided a good insightoithe nature of corrosion layers grown on
archaeological artifacts, pointing out the mainsemuof degradation phenomena. It was found
that all over the Mediterranean archaeological exist (Italy, Turkey, Jordan, Spain and
Tunisia) the main and most harmful corrosive agenthlorine, as demonstrated by the

occurrence, in some cases, of bronze disease.

Robbiola [2009 has recently proposed a global approach basedhenalloy-patina-
environment system with the purpose of authenticatif ancient bronzes as the bronze patina
shall be regarded as the result of the interadigiween the alloy and a specific environment.
Mazze0[2004 reminded the pathways phtinas genesis in different media of interaction,
such as urban, marine and underground. As alreaidyduced, typical corrosion products
found on bronze coincide with the mineral ore frafmch copper was extracted and the most
common are reported in Table IV.2 in chapter IV td@l and Methods. For example, basic
copper chlorides characterize patinas recovereth froarine environments, while basic
copper carbonates are commonly encountered on ewnidwcal bronzes. Sulphates and
nitrates are considered relatively ,new” corrosfmoducts as are commonly found in urban

environments as a result of alloy interaction vattlutants Lins 1995.

The morphologies and mechanisms of formation ofinaatpatinas formed on bronze alloys
have been widely investigated by Robbiola and agiles, who published an ample work
[Robbiola 1998 where a phenomenological model is proposed. Theree evidenced the
occurrence of two kinds of structures as a redutigher or lower dissolution rates. After this
step, one phase controlled by ionic species ddfushrough the oxides layers takes place
followed by the ageing of corrosion products withidation of cuprous to cupric species. The
steady state is rapidly reached with respect tdbtlrging time, the duration of the two first
steps being much shorter than that of the last one.

Type | structure is effectively a passive layer aat be ascribed to internal tin oxidation,
accompanied by copper selective dissolutiBoljbiola 1998 It can be described as a two-
layered structure, the outer one characterizeaWwycbpper content and presence of elements
from the corrosive environment (O, Si, Al, P, F& &d CI). In contact with the alloy, there
is an internal layer, irregular in shape and thadsicharacterized by copper content lower

than in the alloy (decuprification) and higher¢ontent, probably present as oxide.
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Type Il structure are characterized by a threerystructure (and the presence of a cuprous
oxide) and the corrosion process is assumed toob&ratled by mass transportation of

aggressive anions from the soil (such as oxygerchlutine).

In the last decade, the scientific interest of aesleers involved in this field has moved to the
basic understanding of bronze corrosion in differeredia Ammeloot 1999; Debiemme-
Chouvy 2001; Sidot 2006; Souissi 2007; Chiavari Z(atovic 2009; Bernardi 200@ising
standard electrochemical methods.

Even though laboratory simulation timescale iscwhparable with the hundreds or thousand
year of exposure to burial condition, it is usefolperform these experiments in order to
understand the earlier phenomena occurring in reéifitt more or less aggressive
environments.

It shall be reminded here that bronze corrosion besn commonly explained using the
copper model North 1987; Hamilton 1998as the main components of bronze corrosion
products are copper-based compouiststt 2002; Mazzeo 20p4

The role of tin has been recently pointed out byeauthors, who evidenced the different
electrochemical behavior of bronze as comparedh&d of copper $ouissi 200 New
versions of conventional Pourbaix diagrams havenb@eoposed, as they provide
understanding of corrosion under diverse conditiand emphasized the role of tin oxide
[Chase 200[

Cyclic Voltammetry proved to be a powerful techrédar mechanistic and kintetic studies of
metals and alloysdps Santos 2008 while Electrochemical Impedance Spectroscopy is
nowadays a widely used technique for the investigabf protective properties on bronze
artifacts [Cano 2008; Letardi 199&s it is a powerful technique to characterizeghdaces’
structure and electrochemical properties.
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[I-THE ARCHAEOLOGICAL CONTEXT

[I.L1  Theregion of Dobrogea and its archaeological sites

The research has been carried out in close re#dtiprwith archaeologists from the Research
Institute Eco-Museal in Tulcea, ICEM, which is iludja, a region located in the South-
East of Romania (Figure Il.1). This area, whiclex¢ended both in Romania and Bulgaria,
presents a very interesting history, especiallyrduthe Roman and Byzantine times. It has
been of noticeable strategic importance, due téotation next to the Danube Delta. In the

following paragraphs, we will discover a tastetsflong history.

Figurell.l: Map of the region of Dobdja (http: //wwww.restromania.ro).

The period of the Roman domination in Dobrudja (CB- beginning of VII A.D.) is well-
known due to the investigations made at the fosgeOrgame-Argamum (Jurilovca - Capul

Dolojman), Dinogetia (Garvan), Halmyris (Murighipl) Troesmis (Iglita,Turcoaia)
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Noviodunum (Isaccea), Ibida (Slava Rusa), Aegy$sukea), at the burghs (fortifications) at
the villas rusticate from the zone Horia, Niculitel and Telita, at tmecropolis from
Noviodunum, Beroe and Enisala.

The antiquity of Christianity on the territory ofobrudja is proved by the discovery of
basilicas with martyrs’ crypts at Halmirys, Nigel, Beroe, the Palaeo-Christian Complex
from Ibida/Slava Rusa and by the organization obiEhoprics, subordinated to the bishop of
Tomis, the capital of the province.

In VII — IX A.D., the Slave invasion determined ttaandonment of the towns and,
implicitly, of the urbane life in Dobrudja. A newukture (Dridu culture), specific for the
Balkan-Danubian space appeared, fact proved byatblkaeological discoveries made at
Enisala (settlement), Nalbant and Valea Nucari@c(opolis).

At the end of X A.D., the territory between Danudred Black Sea enters in the Byzantine
Empire, fact which will lead to a flourishing of @heconomic life, demonstrated by the
investigations from the sites of Preiaskafidufaru), Isaccea, Dinogetia-Garvan, Beroe.

After a period of peace and relative prosperityibeing with the second half of XVIII A.D.,
Dobrudja becomes war theatre in the Russian - $horkir Austrian—Russian — Turkish
confrontations, fact which will lead to the destrao of the fortifications from Babadag,
Isaccea, Tulcea, Macin.

The war for the Romanian state independence brdogtk Dobrudja inside the Romanian
state borders. A period of administrative, socrad aultural integration of the new province
followed up. After this moment, Dobrudja will hagenatural evolution inside Romania, with

the particularities given by the presence of mbeatl5 nationalities on its territory.
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1.2  (L)lbida: a case study

Among the archaeological sites visited during thesars, we had the chance to study deeper
in detail the one of (L)Ibida (nowadays, Slava RusBhe possibility arose from an
interdisciplinary research project, which has iwvea the University “Al. . Cuza” from lasi,
as well as other institution in Romania. Thankshig project | had the possibility to work
together with other chemists and geologists whopsedinthe soil in the area in order to carry

out archaeo-zoological studie€dnc 2009].

[1.2.1 History

The gradual integration of the Dobrudja region, pased between the Danube River, the
Black Sea and the Balkans, to the Roman Empirenduhe | century AD, did change the
shape and aspect of the inhabited region in thiewalf the Slava River. Coins and roman
material, such as ceramics and glasses, suggéstécdtles, which took place in the region.
The Romanian historian and archaeologist, Profil¥d%arvan, identified the city gmlis
Ibida, in a writing of Procopius from Caesarea, who nosist it as one of the cities rebuilt by
Justinian.

(L)Ibida was described as the biggest city of Dgeay having a total area of 24 ha, fortified
walls built over an area of 2000 m, 24 towers dndd gates, in the shape preserved since the
Tetrarchy period (284-305 AD), with reconstructiateged back to the Giustinian time. The
city has showed up to the archaeologists of the @gKtury as “a city with enormous walls
and towers” (P.Polonic), “exceptionally big-the masgnificant of the whole region of
Dobrogea and, surely, the crossroad of all theneontways of the Province” (V. Parvan).

The defensive system of the city was ultimate witfortress, built on the hill Harada (“The
city of the lady” in Turkish), whom Northern sideincides with the city’s one.

Archaeological investigations, carried on, non-gamusly, since the beginning of the XIX
Century, has revealed — in the city centerbaalica with three naves and three apses, with
marble columns and capitals and mosaic decoratedsil a unique monument in the region of
Roman-Byzantine Dobrogea. The stratigraphy of the(tVIlI Century AD) was established
by subsequent studies.

Since 2001 ‘til today important vestiges from thenkan times were brought back to light: the
city-wall in the areas ofurtina G, Curtina D, and the West Gate, {hidae of the old bridge
crossing the River Slava, a few houses, small émeglass, the sewer network. The inhabited
extramuros centres, either in the North and South —West pfatthe city, were identified and

investigated. In the necropolis of the Roman-Byrentity over 100 tombs were investigated
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and also a family grave. The latter, having big elsions (8x3,5 m), built up in bricks and
stones, is constituted ofdtomos and a funeral room, painted in the interior paith the

brick floor, was used by 39 persons of an importamtily of the city.

II.2.2 Geography and general geological information

General information regarding climate, geography geology were gathered at the National
Geological Institute, Bucharest, before any saigling has been carried out.

Generally, the climate of the region is temperatetinental and therefore characterized by
dry and hot summers and cold and rainy autumn-wintgh temperatures mitigated by the
vicinity of the Black Sea. Precipitations resutidoe generally scarce, generally not exceeding

the value of 600 mm/year (see Table 11.1).

Tablell.1. Data relative to the mean temperatures and average rainfall recorded
in Tulcea, for the period 1961-2007

Meteo station: Tulcea
Year Annual Mean mm rain Year Annual Mean mm rain
Temperature (sum over an year) Temperature  (sum over an year

1961 114 389.6 1985 9.6 389.2
1962 11.2 508.5 1986 11.0 363.4
1963 10.6 501.7 1987 9.7 415.5
1964 10.8 413.3 1988 10.8 627.7
1965 10.2 524.9 1989 12.0 439.8
1966 12.2 666.4 1990 12.3 353.5
1967 111 328.3 1991 10.8 420.9
1968 11.2 445.7 1992 11.3 436.6
1969 10.3 567.3 1993 10.7 432.3
1970 11.6 392.8 1994 12.4 298.1
1971 11.2 490.9 1995 11.3 454.3
1972 11.0 501.9 1996 10.6 522.5
1973 10.3 342 1997 10.5 732
1974 10.6 466.3 1998 115 527.2
1975 12.0 394.9 1999 12.2 640.9
1976 105 423.3 2000 12.3 357.7
1977 11.2 383.1 2001 11.8 419.9
1978 10.5 457.3 2002 12.3 460.4
1979 114 486.8 2003 10.8 397.5
1980 10.2 625.2 2004 11.6 619
1981 114 442.7 2005 11.4 651.9
1982 111 285.9 2006 11.3 421.4
1983 115 273.7 2007 12.9 508.3
1984 10.9 476.1

The depression area in the plateau of BadabagH{geee I=Il.), at the junction of the rivers
Slava and Basprinar present land with reduced $iépgealtitude 50 m ca., Nordic exposure,
and a good drainage.

Superficial deposit consists of material loesslagpous, limestone<(20% CaCQ) with the
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addition of calstit calcareous material (5-10%). In the lower areathefsite there appears
also argillaceous fluvial deposits, calcareous\aitkd rock fragments.

The Actual soil cover is Chernozérand calcareous Chernozem, with— 4 % of humus, weak
alkaline-alkaline reaction (pH = 7.5 — 8.0). Thaaton becomes alkaline with depth (pH =
8.0 — 8.5). Apart from CaC{5 — 15%) it doesn’t seem to be present othes.sAlt area of

the site, a location, it is occupied by soil of Reimic type (Rendzinas Leptosols) that is the
subsoil is constituted by a high porous limestomgh a humus content until 4-5% and a

weak alkaline-alkaline reaction (pH = 7.5 — 8.0).

Name
Simbol on the  (terminology WRB-SR-
map 2006)
Sadl Calcic Haplic Fluwisols
LS Lithic-Eutric Leptosol
R Rendzinic-Lithic Leptosol
il
Cmnp Calcic-Vorome
Crnir Chernozems
CLe-x Calcic Chernozems (eroded
phase)
in ] ]
CHXi Calcc Chernozems Greyic
BPx Calcic Luvizols

Figurell.2: Geological chart of the region of Sava Rusa (Ibida) with its legend.

Lofor belonging to or being a rock composed of fragments of older rocks (e.g., conglomerates or
sandstone).

Chernozem, or Black Earth (from Russian: black soil) is a black-coloured soil containing a very high
percentage of humus — 3% to 15%, and high percentages of phosphoric acids, phosphorus and
ammonia. Chernozem is very fertile and produces a high agricultural yield.

Source: Wikipedia, The free encyclopedia, www.wikipedia.com.
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[1.2.3 Physical and chemical characterization of soil

[1.2.3.1 Material and methods

Soil sampling was carried out in three locationsSéva Rusa. They were aimed to
characterize reference soil profiles (Area CurthaArea “Vasilis”), and the soil where the

examined bronze objects were discovered (Area Bigldl, Area Curtina G).

Laboratory analyses were conducted using a comrabmeter provided with electrodes to
measure both pH and conductivithnions (CI, NO,, NO;, PQ* and SG@*) were
determined by ion chromatography using a Dionex BD80 instrument equipped with ICS-
3000 SP isocratic pump with degas, ICS-3000-TC ntlaércompartment with Rheodyne
injector, Dionex lon Pac AG22- guard column (4 xrBth) and AS22 column(4 x 250 mm),
ASRS 3000 4-mm conductivity suppression unit an&-BD00-CD conductivity detector.
Isocratic eluent (1.2 mL min flow rate) was a mixture of 4.5 mM MaO; and 1.4 mM
NaHCG;. Applied current was 31 mA and injection volumeswzb pl. All chemicals were
reagent grade and used as purchased from DIONEXoutitany further purification. Details
of analytical operations are reported elsewl®iene 2006] . For the present anions analysis
soil samples have been treated as following. Addutg of each solid sample has been
weighted into clean dry beaker. After that, 100afnbidistilled water has been added and the
new mixture undergoes sonification for 45 minutéfer few hours, time enough to allow
residue to settle, aliquots of 10 mL was vacuuner@d on cellulose acetate filters (0.45 um
pore diameter) before injection on IC apparatuktafion was motivated to avoid damage to

the analytical apparatus.

The samples were previously characteriz&irfau 2009] to determine their texture
(Kackinski method), calcium, magnesium carbonathé®ler method) and humus (Walkley-
Black, Gogosarea modificated) content. Mineralolgicanposition by FTIR and micro-FTIR

spectroscopy was performed in our laboratory.

[1.2.3.2 Results

Analyses of two soil profiles were aimed to chagaee the soil in two different area of the
archaeological site: one (Proprietatea Vasilispted in the village of Slava Rusa (actual
name of the former city of Ibida) and the otherritia G) situated close to the external wall
of the city (see Figure 11.3, the map of the site).

Another sample was taken during excavation pro@dwhere few bronze artifacts were
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discovered. This sample has been used to perfarsithulation experiments.

In general, data obtained from reference earth kmm(goil profile studied in undisturbed
areas) suggest the stability of climate conditiveraa long time. Soils are weakly developed
(Calcareous Chernozem, A-C profile type) their textbeing not well differentiated and
calcium carbonate being present from the soil serfantil a depth of 3-4 m. All these
characteristics confirm that actual climatic corudiit(high temperatures, low precipitation)

were unchanged over a long timescale, showing emigll oscillationsPirnau 2009].

Curtina G

Proprictatea
Vasilis

= ’ Edificiul 1

-0 Ilul (L1 J

( W 'é’ frujimina g
&

uquanqup

Figure I1.3.Map of the archaeological site of (L)Ibida
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Area “Curtina G”

0-30cm pH-8,5; CaC@10,43%; humus-1,76%;
clay-25,8%; loam, silt

30-48cm pH-8,5; CaC@12,23%; humus2,13%;
clay -22,6%; loam, silt

48-69cm pH - 8,5; CaC@ - 38,91%; clay -
15,1%; sandy loam

69-90cm pH - 8,4; CaC@ - 29,22%; clay -
17,3%; sandy loam

110-137cm pH-8,2; CaC@6,46%; humus-
0,86%; clay -20,6%; loam, silt

137-150cm pH-8,2; CaC@2,88%; humus-
0,38%; P-328ppm; K-1332ppm; clay -24,8%
loam, silt

150-190cm pH - 8,4; CaC@- 6,46%; clay -
36,8%; clay

190-250cm pH - 8,4; CaC@- 16,31%; clay -

34,8%; clay
Figurell.4. Soil profile
Sector Curtina G -Turnul 8 Sector Curtina G - Turnul 8 Sector Curtina G - Turnul 8
Valori pH CaCO3 (%) Humus (%)
8 81 82 83 84 85 8.6 0 5 10 15 20 25 30 35 40 45 0 0.5 1 15 2 25
L L L L L L J
0-30 0-30 0-30
3048 3048 3048
5 4869 5 869 5 4869
$  69-90 $ 6990 $  69-90
g 110-137 E 110-137 g 110-137
c c c
S 137-150 S 137-150 S 137-150
2 z 4
150-190 150-190 150-190
190-250 190-250 190-250

Figurelll.5: pH values, CaCO; content and humus content in the

A critical examination of results allow to say thpd values are higher in the upper part, until
1 m, where also content in calcium carbonate ikd1i§10.43-38.91 %, the interval 50-70 cm
corresponds to a level of mortar with traces ofning). From a depth of 1 m, chemical

parameters present usual values for the area, pldjum carbonate content and clay,
increasing with depth.

Morphological aspect and physical-chemical parameaitthis profile indicate a layer heavily

disturbed and mixed until the depth of 1 m. Belbwvg tevel, soil is more homogeneous, but it

presents as well features influenced by men.

-32-



[I-THE ARCHAEOLOGICAL CONTEXT

Area “Vasilis”

|3
0-30cm pH - 8,4; CaC@- 3,7%; humus - 4,22%,; clay-24,0%
loam silt %
30-70cm pH - 8,4; CaC@- 4,2%; humus - 3,65%; clay
25,8%; loam silt
70-80cm pH-9,0; CaCQ@ -49,79%; humus-2,56%; argil
24,9%; loam silt

90-136cm pH - 8,8; CaC@- 3,03%; humus - 2,08%;; clay -
27,6%; loam silt i
136-165cm pH-8,8; CaC@7,06%; humus- 1,71%;; clay -|
28,8%; loam silt

165-200cmpH - 8,8; CaC@- 7,57%; clay - 30,9%; loam silt

200-265cmpH-8,7;CaC@8,75%; clay -27,3%; loam silt

280-310cmpH-8,7;CaCQ@-2,19%;clay-29,8%; loam silt

Fig. 11.6. Soil profile.

Sector "Proprietatea Vasilis" Sector "Proprietatea Vasilis" Sector "Proprietatea Vasilis"
Valori pH CaCoO3 (%) Humus (%)

8.18283848586878889 9 9.1 0 10 20 30 40 50 60 005 1 15 2 25 3 35 4 45

030 L L L L L L L L L 1 | 0-30 | | | | | | | 030 | 1 1 1 L L L L L I}
. 3070 3070 . 3070
5 7080 5 7080 § 7080
$ 80-136 $ 80-136 3 80-136
g 136-165 E 136-165 g 136-165
8 165-200 § 165-200 § 165-200
200-265 200-265 200-265
280-310 280-310 280-310

Figurell.7: pH values, CaCO; content and humus content in the

This site is located in the village Slava Rusaselto the actual river Slava. Values of pH and
calcium carbonate content until a depth of 310 oenraaccordance with characteristic values
for this region. The layer 70-80 cm present a Bghtolor and the high value of pH and
calcium carbonate content confirm the presencelayer of bricks and mortar with traces of
burning.

Soil samples from this site were available to penfdurther chemical investigation by ion
chromatography and flame atomic absorption spexdmsin order to measure anions and
heavy metal content.
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0-30 cm #
: ] o §02
3070 o) o PO
70-80 cm = MOy
= CF

|

136-1B5 cm‘g—’—r
I

165-200 cm ‘H
:

200-265 cm‘ﬁ"
:

1
280-310 cm|_—|—'

20 40 B0 8O0 100 120 140 160 180 200
ppm

]

Figurell.8: IC results for the profile Vasilis Property.

Particularly interesting to notice is the incregsooncentration of chlorine with depth (Figure
11.8), fact which could be explained to the infleenof the vicinity of the Black Sea.
Furthermore, chlorides are leached easily by paticg water and thus present higher
concentrations in depth.

This result is confirmed also by conductivity measnents which register the higher values
(around 300 S/cm)) for the samples collected at depths > 2em [&ble 11.2). Anyway, it
shall be reminded that these values are very lewhey are comparable with the conductivity
of still water.

TableIl.2. Values of conductivity for the
samples according to the depth of sampling

Conductivity T

Sample (uS/cm) )
0-30 cm 133.5 20.4
30-70 cm 181.3 20.5
70-80 cm 209 19.9
80-136 cm 168.5 19.7
136-165 cm 269 20.1
165-200 cm 273 20.3
200-265 cm 300 20.4
280-310 cm 304 20.7
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Area “Building E1” (Edificiul I)
Another soil sample was taken during excavationcedare, when few artifacts were

discovered. The location is illustrated in the Fegll.9.

Figure 11.9: Location of sampling
during excavation procedures.

230-240cmpH-8,7;CaCQ@- 0,76%;clay-
17,7%; sandy

Clay content is particularly low for this sampledat can be classified as sandy soil.

Results provided information useful for the redima of simulating solution to be used as
electrolytes in the electrochemical experiments.

Taking into consideration the depth where the samplere taken, the value of conductivity
(Table 11.3) is expected and comparable to theregestered for soil samples Rtoprietatea
Vasilis.

Table I1.3. Conductivity value for the withdrawn sample

Conductivity T
(nS/cm) (C)
230-240 cm 316 21.2

Sample
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[1I-M ATERIAL AND METHODS

.1

The excavated bronze artefacts

[11.1.1 Selection of archaeological bronzes

As introduced in the previous chapter, archaeoldgimds were kindly provided by the

archaeologists working on the excavation site ketat the region of Dobrogea, Romania.

Archaeological samples have been chosen accordliting tfollowing criteria:

Object similar in shapes and dimension, dating @aprately from the same historical
period: the choice was addressed to small artefacttheir easier availability and
suitability to be sampled. They are mostly bronoéng, fibulae, rings, earrings,
hairpins, bars, etc.;

The materials should not have been subjected toreg®n nor to cleaning procedures
since the interest was to study the object innitsgrity, preserving information stored
in the corrosion layers and external deposit. Higldrroded material were preferred
in order to investigate the development of cormodayers during burial;

Samples for which the knowledge about the locatbrthe excavation and soil’'s
physical-chemical characterization is available @frgreat importance because they
allow establishing some correlation between thomempeters and the conservation

state of the objects.

Table 1ll.1 displays, as relates the selected dabjebosen for scientific investigations, a

description of the conservation state and, for sofmiem, the approximate dating. Among

these, the significant case studies, as regardddbeadation typology, were selected and a

detailed description is provided. They have bedreatavated in the archaeological sites

located in Dobrogea, Romania, whose descriptioapsrted in Chapter II.

The artefacts were indexed after the archaeologitalArg - Argamum, Ib - Ibida and Nuf -
Nufarul) and the year of excavation (e.g. .06. dsaior 2006).
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Table Ill..1.List of the examined archaeologicabibzes.

{(2[019q0d 12} ,,S20qNq,, SUNSA 2]

TROIG ST T T2 M mh,.lu._um 21]) 0] 250[2 eaJe pue m«.ﬁ.&m m:—un_a AZUOIT 09°7- c00T 0TS0 I
U2a15 NS 2108 107 3daoxa U01R01109 SN0aU5 0TOH
TOT)R)SILIDUL [0S pue jods naais
B s ﬁu:—u__ui_n_ TOTSOILI0D MIep JIoS .ﬁum_,ﬁ_.u__ 21} Jo mﬁ_n:m %.:E I0 SULey 09°7- c00T 850 I
[EMSLIO 1]} PAULIOTAP JALT] 0 SIS HIM TOTS0II0))
TAOIQ ST )1 2T2M
gagpa atp uo spunodurod Wwaals S pue UoT)e)SnIam 12315 azuoIg 0Lz~ S007 9SO qI
[108 PAZI[EI0] [)IM “UOISOII0D YIBP SN0ATAS WO
U20Iq 81 ST o o e,
- - - ST [ = 7
JaTaym aspa atp je spunodros wsa s sy pazeso] COuHEd 06T £00¢ 550"
TIOLJRARIXA 13)J¢ UOTJEATRSTUOD SU0IM
21} O anp Tonipued pegq .Az.,,._.wf,ﬂ:u__u DATIOR) 2IBLME enqrg 0L T- c00T S0 I
atp 120 [Je sjods WIS NST pue IEP TONRISNIMUL [0S
(Uo1s 01109 3AT)OR) T p— o o .
- - > .| - s (
aserms atp vo sjods waars yrep pue Jys1 ‘ewmed yreq 193 apapued 0Lt =001 s
TOISOI0) TRILIIXS YIe[q YOI ‘PIZI[eIMT (x1s) - 0007 00° N
o ' ) R T smod raddoa Jo peon ¢
av ‘»s - - X -
AL eunjed £315-umoiq JS1 uropun pue joedwo (yred) enqry - 0007 9°00°'3IV
MOLIE 3pPEq - 0007 F 003V
PaTFIuR prU0 - 0007 0030y
2d 135 — _ ]
A eurjed A315-umoiq 51 unopun pue Joedwo u109-31g - 0007 1°00°31V
- suipul] | AI2A0JSIp
sume(q SUOTICATIS(O) uondrsaq ELTHN
Joyda(q e

-38 -



[1I-M ATERIAL AND METHODS

wq eI

Juasard ame spunodimoo U215 [OIM U0 “eade I o ¢- 7 LT'80°
! ! > 1PN Hed AZUOIq pUe JUAWS eI} SUL o't 8007 LTsoa
I - arpuey
‘gpunodimod a)TM pue WLaIs i
b i X s = 1 TOJI THIM 3SeA € TWOIJ 09°1- 2007 9T°'S0°qI
‘euned JYSTT (FIPURT WOIT) aSA IT) WO Uaye) Sfdies Lo : -
Hed Jus1T (IPULT UOIT) 35eA AT WO Uaey I dues pajdwes Juatus eIy azuoliq
TOT)R)SILIIUL [O8 “PAPOIIOI AUST pLat
{ A (VB CLLIOD ks [ ri * *
ey [10s "pay IaTH padeys punol mim md 05T 2007 Zr'sorar
Tios JUATIS RIT TN02 007 2007 80T
—_ A " - f
JO smmewral awos ‘unopun ‘eunjed yoe[q ‘JuawuSeIy mo) ey i ¢ =
ap1s auo wo Juasaxd am aders . _ o
- - - Wy f
gpunoduos parusa s ApULIaIIp papoIIod eale oM, | PAUIAP “JUAWS LI 3ZU0Iq ==t 8007 58074l
SUIRTR I 105 AqQ patarod eumed yuep e IEIERIAG] 0eT 2007 R
yuazaid ) Ja120e1q e Jo yed Aqeqord por SUO W f-¢ AZUOIq & WO JUIWS eI e ¢ i
"2OLTINS AT WO PIJLJSNIIT SPOS “$)AATS AZUOIQ PAPTURQ Papuaq ‘8)a3TE AZU0Iq SL T 2007 <804l
A2BLIME 1) U0 (npoeewn A)LIdND) STWOYIATITO -
_ . : : : AYO1Lq B WIOIT JUIUIS eIT $O'7- 2007 1'80°4I
paluaals awos ym ‘eunjed yaerq waogmm pue jaeduros
(U2 55 Y5 17) ManEnet 1o md 0 0() () 00'qI
_ ' SAT)RITRT ac - 0007 00"
UOIS0LI0) PAzZI[ea0] Juasard “aSe)s pazijeraur Jsoune PnsIeq : bt SHUe o
(U225 USSR I ape[q Ajqeqoad 0 0() () 1'90°q1
o - g el ) 0 c'7- 0007 ‘09"
WST) U0IS0LI02 pazIfeao] Juasaxd ‘a5e)s pazijeraunu "t IPLIQ Al9kq a SHUe -
TOT) RIS JI08 pue spunoduros uaars . )
SR S . . - ud azuoq 0L7- $007 ST'S0°a1
WET “adets [RUTSLIO JO UOT)RULIOIRP ‘PaporInd AJUsiy :
RAIR T2 IS A0S OIS [T08 [)IM TOIR0LI0D JIe] JITeN 097 S007 rd SN |

-39 -



[1I-M ATERIAL AND METHODS

Case studies

A selection of objects were subjected to more tetastudy, which consisted, besides the
analysis of external corrosion products, in the@arg of a fragment and the realization of a

cross section. The following list is realized bgsam the archaeological sites where they were
excavated and furnishes some more details regatidengonservation state.

(L)Ibida, Slava Rusa, Dobrogea

1b.05.08 Earring or ring.

The object presents a rough surface
characterized by red and green corrosion

products and soil concretions.

Fractures are observed along the corrosion

layers.

Figure Il1.1.
Place Ibida
Year of findings 2005
Depth of finding -2.60m
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1b.06.09

Hair-stick or pin

The fragments are almost completely
mineralized. The most external corrosion
layers contain also soil incrustation, but they
mainly consist in green corrosion products.
Some lighter green spots are present on the
surface, probably made of copper

hydroxochlorides.

Figure 1l1.2.
Year of findings 2006
Place Ibida
Depth of finding -3.30m

1b.08.04

Bracelet

The object presents a uniform dark surface
and doesn't show evidences of active

corrosion.

Figure 1l1.3.
Year of findings 2008
Place Ibida
Depth of finding -230m
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Argamum, Jurilovca, Dobrogea

Arg.00.1

Figure 1l1.4.

Year of findings 2000

Place Argamum

Depth of finding -

Figure 1l1.5.

Year of findings 2000

Place Argamum

Depth of finding -

Coin (pre-coin)

The object has been identified by the
(ICEM-
Tulcea) as a greek “pre-coin”, dating back
in the VI-V century BC.

archaeologists Mihaela lacob

It presents a uniform brown surface,

without apprent signs of active corrosion.

The stable from the

conservation point of view.

object seems

Unidentified object

This object could not be identified. The
high weight suggests the presence of lead in

the alloy.

It presents a rough surface, characterized by
the presence of brown, green compounds.

However, the conservation state seems

stable.
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Arg.00.4

Figure 1lI.6.

Year of findings 2000

Place Argamum

Depth of finding

Nufarul, Dobrogea

Arrow head

The object is described as an arrow-head,

probably Greek.

It presents a rough brown surface, and some
green spots probably sign of active

corrosion due to copper hydroxochlorides.

coin Il

coin IV

coin V coin VII

Figure 111.7.

Hoard of copper coins

The

corrosion patterns. The external

coins present similar

layer is made up of green to blue

compounds, probably copper

corrosion products, and soil
incrustation. Evidence of wooden
inclusion is also reported. As they

were found as fragments, it was

Year of findings 2000

possible to identify a thick black

Place Nufarul

layer underneath.

Depth of finding
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[11.1.1 Techniques and procedures

The following paragraphs illustrate the techniquesd procedures employed for the

characterization of the metal artefacts. The expemntal protocol has been developed and
implemented according to the instrumentation ab&lan the laboratory and in the partner
institution with which a scientific collaboratios iactivated. These are the Microchemistry
and Microscopy Art Diagnostic Laboratory (M2ADL)NIBO, Ravenna Campus, Italy; the

Instituute Collectie Nederlands (ICN), AmsterdarhgTNetherlands; the Aristotle University

of Thessaloniki (AUTH), Greece.

[11.1.2.1 Visual examination

Careful observation, carried out by naked eye ld with the use of the stereomicroscope,
and an exhaustive photo-documentation are the inat@edapproach for a scientific
investigation. These operations have the scopelassity the objects and determine the
conservation statand the degree of deterioration. In addition, weampling is allowed, this
examination has the aim to choose a suitable fragnte be withdrawn and subjected to

further investigations.

l11.1.2.2 Preparation of cross sections

Representative micro-samples (approximately 50x%0) rare withdrawn from the object,
mounted in a polyester resin, grinded and poligbeéalize a cross-section (CS).
The methodology used to realize the CS employsfahewing materials, all provided by
Struers, Copenhagen:

- Styrene (Serifix Resin);

- Hardener (methyl ethyl ketone peroxide, Serifix dtarer);

- Mounting cups (SeriForm, Struers)
The procedure consists in the preparation of aurexby adding a small amount of hardener
to the liquid resin (using the proportion 5 to 20),matirring well, but very slowly. The sample
is placed on the mounting cups and fixed with glwewax and the previously obtained
mixture is poured on it until its complete immersio
After one night (twelve hours), the resin is haetband it is thus possible to remove it from
the holder, and proceed to the grinding procedusa®y Silicon carbide (SiC Paper, grit 320,
500, 800, 1000, 1200, 4000) papers on an autorpalishing machine (LaboPol-5, Struers,
Copenhagen). When chemical etching needs to berpetl, the sample is polished using
diamond (DP-Spray, P; 6-34{lm) or alumina (3-1um) pastes until a perfect mirror-like

surface is obtained.
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The cross section thus obtained is ready for tilsemation at the optical microscope. In order
to be analyzed by SEM-EDX the section’s surfacelade be conductive and, therefore, it is
covered with a very thin layer of graphite. For iresent study, a carbon coater EMITECH,
K250, coupled to the sputter coater, K575X, proglidiy QuorumTech, was employed. It
works with a Rotary Vacuum pump and it utilizesaaisty of fibres types (Carbon Fibre Hi-

Purity, Quorum, EmiTech) to cover a wide range efasition thickness

111.1.2.3 Optical microscopy (OM)

Optical microscope observation, utilizing differemtagnifications, provides alone much
information about the morphology and nature of @sion compoundsScott 1991; Wadsak
200Q. Their colour allows already getting an idea loéit chemical nature as these are all
characterized by a specific colour (Table 111.2pr Example, cuprous oxide (Cuprite, O
presents orange to red hues, while hydroxyl-chésidand hydroxyl-carbonates are
characterized by a green-blue tone.

Table 111.2. List of the most common corrosion prod detected on archaeological bronze [after
Scott, 2002, Mazzeo 2004].

Class of Mineral Chemical Formula Crystal Colour
compounds Name system
. . . submetallic red,
Oxides Cuprite Ci0 cubic orange
Tenorite CuO monaoclinic black
Carbonates Malachite GOH),CO; monoclinic pale green
Azurite Cu (OH)(COy), monoclinic vitreous blue
Chlorides Nantokite CuCl cubic pale green
Atacamite Cu(OH):CI orthorombic vitreous green
Clinoatacamite CAIOH):CI monoclinic pale gren
Paratacamite G(Cu, Zn)[(OH)|CI]* rhombohedral pale green
Sulphides Covellite Cus hexagonal submetallic blue
Chalcocite CeS hexagonal metallic blackish
gray
Spionkopite CusS rhombohedral metglrllaf:yblue
Phospates Libethenite C(OH)(PQ) orthorombic light tgr(:z?arr:( olive
Silicates Crhrysocolla (Cu,Al);H,(OH);Si,OsXH,O  monoclinic wtregtjeséiarthy

* according to Scott [2002], Martens [2003]
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While for identification of colours, the dark fieldethod is used, metallographic observations
are carried out using the bright field modality €8k methods differ because while working in
DF modality, a so-called Dark-Field slider is irteerin the optical path and doesn't allow the
specular reflected light to reach the eye. Thigvadl a reliable observation of natural colours,

which are normally obscured in the bright field rapdppearing greyish.

For this study, two microscopes were mainly usembiing to the typology of observations
made:
- A Zeiss Axio Imager Alm, provided with a high ragobn digital camera (AxioCam,
MRc), and interfaced to the personal computer wighAxioVisionRel 4.7 sofware;
- A XJP-6A metallurgical microscope, with inversedogeetry, and coupled with a

Canon PowerShot digital caméra

[11.1.2.4 Scanning electron microscopy coupled witfEnergy Dispersive Spectrometer
(SEM-EDX)

Scanning electron microscopy is a popular and widptead technique, nowadays present in
almost every laboratory of materials’ sciencesliscess is due to the easiness of employment
and the extraordinary results that could be ackieVie “illumination” of the samples occurs
with an electron beam and, having a much lower Veangh if compared to normal light,
allows a much higher magnification of the objecbt Mnly a much higher magnification can
be achieved if compared to classical optical moopss, but, more important and useful, a
much higher depth of field which is responsible tbe capability to obtain a three-
dimensional-like pictures.
Due to charging phenomena, only conductive sampées be analyzed. The maximum
resolution, which is of 3 nm, achieved at 30 kVaerating voltage, is far from being reached
during analyses of archaeological samples, whieh aten analyzed without any surface
preparation. Nevertheless, the power of the teclnfqr this application is surely the higher
magnification, but also the possibility of simuléaus imaging (topography and morphology
of surfaces) and chemical analyses (elements fatibn).
As concerns imaging techniques, a scanning electricroscope “builds” the image through
different signals (see Figure I11.8):

- Secondary electrons (SE) are low energy electrarigch are ejected from the

specimen’s surface because of the interaction thighprimary beam. They create a

! Analysis with this microscope were kindly carriedt with the help of Prof. Romeo Chelariu at the

Material Science Department (SIM) of the “Gh. Asadtechnical University, lasi, Romania.
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image rich in surface information.

- Backscattered electrons (BSE) are those that softdtiple collisions with atomic
nuclei making up the specimen, without loosing mo€htheir initial energy. This
produces images with a higher atomic number (Z}resty which arises because the
backscattering coefficient rises monotonically watomic number of the scattering
atoms Blake, 199

[ncident
beam
Eseaping
secondary
t:ﬂd:?:mrm clectrons Backscaulered
e " electrons
./ A
B Pl
ks L3 -
Ly « Ut
« \ Absorhed
LA WL o secondary
electrons

Figure 111.8. Schematic drawing of the possible ptrmena of the
interaction between the incident electron beam thiedmatter.

Semi-quantitative analyses are performed usingZthE method without standard. A high

number of point analyses are preformed for eachabband quantification is done using the
software Esprit. For each analysis, the sum of eotration for elements with Z > 11 is equal
to 100. Therefore, the concentration obtained ateabsolute values but interdependent. In
order to get rid of this analytical constrain, cemitations are normalized to that of an

element which can be considered a neutral variaid® analysis.

The present research has been carried out usingMa \EGA 1l LSH manufactured by
Tescan Co., Czech Republic, coupled with an EDX QUAX QX2 detector manufactured
by Bruker/Roentec Co., Germany. The following instental settings were used: 20kV
accelerating voltage, 120 nm beam spot size, 1616 working distance. The working
pressure is less than i®a. Quantification was performed using the stahdaF method
[Goldstein 199R The image acquisition is obtained using thevgafe VEGA TC, while the
microanalysis is controlled through the Espritsafte. The latter allows a variety of methods
to be used, such as point or area analysis, elansrdn over a line or mapping of selected
elements over an area freely selected.

SEM-EDX makes up the major part of the present vasrkkhe information provided, coupled

and compared to the ones obtained by optical noopmes allows an accurate characterization
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of the specimen’s surface, concerning its morphgloglour and elemental composition.

[11.1.2.5 Metallography

Crystalline structure of metals and alloys is résgdhrough the chemical attack of a polished
cross section by means of etchings (i.e. reageblis @ dissolve selectively the grain

boundaries thus revealing the microstructuAgN¥ Metal Handbooks, 20D4

In archaeometallurgy, metallography is used to abwad interpret the microstructures of
ancient metal artefacts and, in conjunction with thsults of other chemical analysis and
microanalysis, information about the history of tin@terial and metallurgical technologies

employed to obtain them are gathered.

A major limitation to this kind of studies for ambological samples is the possibility to

perform a sampling, as often there are restrictimnghis practice due to its invasiveness.
Moreover, even though sampling could be permittieel fragment obtained could be far from

optimum metallographic conditions, especially agards its being representative of the
whole object (e.g. sampling of a knife in his shagge or at the basement of the blade).
When sampling is restricted, it could be permigstbl perform metallography on the external
surface, without cutting the object, for examplepojishing the rim of a coin. Whichever the

methodology employed, it is important to obtainlat surface in order to observe it at the
optical microscope. However, if it is not so, tlvarsning electron microscope provides a good
alternative, with its significantly higher depthfadid.

Another inconvenient, when dealing with archaealabisamples, is their poor condition,

meaning their advanced state of degradation aretidedtion. The burial for long time causes
the conversion of metal into corrosion product®redeeply in the object. It is common the
preferential attack of one phase, which provides méveal of the original microstructure

without the need of metallographic etching.

The present work concerns mainly the study of coppd copper-based alloys: the following
table (Table 111.3) reports the main composition gmocedures of etching solutions.

Table I11.3. Chemical composition and employmentcpdures commonly utilized
for copper-based alloys [Scott, 2002; ASM Metal Haooks2004]

Composition Procedure
FeCk, g HCI, mL HO, mL Immersion or swabbing, etch
5 50 100 lightly or by successive light
20 5 100 etches to required results
25 25 100
1 20 100
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8 25 100
5 10 100

Immersion or swabbing from 1
5 g FeC}, 100 mL ethanol, 5-30 mL HCI _
to several minutes

25 mL NH,OH, 5-25 mL HO,, 25 mL HO Immersion or swabbing

diluted HNG Immersion or swabbing

The alcoholic ferric chloride solution represerite tnain choice for the results presented in
this work. Nevertheless, each case study needs tofisidered individually and often several

trials are done in order to obtain the best result.

I11.1.2.6 FTIR spectroscopy

Fourier-transformed infrared spectroscopy is a comignused technique for the analysis of
organic and inorganic compounds characterized legip molecular vibrations. We based
on published literature as regards basic principieshis technique Atkins 1997;Derrick
1999. The following table (Table 111.4) present the chaeristic absorption frequencies for
the typical compounds encountered on archaeolodicaizes and provide a tool for the
interpretation of the spectra collected in the Appe .
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Tablelll.4. Characteristics absorption frequencidentifying the minerals detected on the excavated

bronzes.
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(3)Reference: Bentley, Smithson, Rozek, InfraredcBpa and Characteristic Frequencies ~700-300
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*Or, more correctlyclinoatacamite the monoclinic polymorph of the compound,(fdH):Cl.

(2)Reference: Omnic Library (M2ADL Laboratory)
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[11.1.2.6.1 Diffuse and specular micro-FTIR

Micro-FTIR spectroscopy allows realizing spectra ancompletely non-destructive (not-
touching) way or directly on the cross sectionfdigusing the IR radiation on a selected area
of the sample and by registering the spectrumfleagon mode. It is worth mentioning that
the result spectrum may be complicated becausedwwgponents of the reflected radiation are
registered simultaneously: diffused and specularthie following paragraphs, theoretical
considerations are briefly touched upon, being s&mg to better interpret and extract
information from the spectrum obtained.

Specular reflection

In the presentation of this technique, we’ll comesidnly the specular reflection mode under
small angles of incidence (10-3@lue to configuration of the objective of the ro&rope we
used. Pure reflectance spectrum is obtained forpkmrhaving a reflecting surface, flat,
homogeneous and opaque (meaning that no radidtearidscome from the rare surface of the
sample)Bruker].

Taking into account this aspect as the main phenomewhich could happen during one
measurement, the reflection spectrum could haveriaative-like shape, which is caused by
the frequency dependence of the dispersion of #mepke refractive index. The Kramer-
Kroening transformation (KKT) command from OPUS ta@fre, extract from a sample
reflectance spectrum either the complex refractinaex, complex dielectric constant, an
absorption spectrum or the phase change of theeildue to reflection. In principle, KKT
enables to determine all important optical paranset@ the basis of its reflectance spectrum
of the sample.

The sample reflectance is defined by the refradtidices of the sample and the air. In the

case of Fresnel reflection, the reflectivity carch&ulated as a function of the frequency by:
RW) =r?(v) =[n(v) -1 /[n(v) +1° (I1.1)

where:v = wave number; v) = amplitude of the reflected light;w)(= refractive index

For absorbing samplesyj(and ng) are complex:
N (V) = n) - k@) T V) =r@)e® =0 v)-1/n" v)+1 (111.2)

where: r(v) - Fresnel coefficient for reflected light(v) - phase difference between reflected
and incident beam; kJ - absorption index.

From the imaginary part of the refractive index #o-called absorption coefficientvi( the
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absorbivity AQ) of a layer with a thickness d can be calculatgd b
A(v) =log(e)2radk(v) (11.3)

Equation (3) is implemented such that OPUS doesalatilate A¢) from a given thickness d
but selected, with a maximum of W(being 1.0. This results in comparable intensisieslar
to absorption spectra measured in transmissiontefdre, the intensities of & are only

defined up to a freely selectable scaling factor.

Diffuse reflection

Diffuse reflectance occurs for heterogeneous sanplgpowders and solids having a rough
surface. The diffusely scattered radiation from shenple is collected over a wide range of
angles. Different measurement accessories can plee@dpn MIR and NIR spectral range
rather usually for pure diffuse reflection spectrum

The diffuse reflection spectrum is defined by thsaption and scattering behaviour of the
sample. Only the part of the beam that is scatteidn a sample and returned to the surface
is considered to be diffuse reflection. The mathigahtransformation given by Kubelka and
Munk expresses the relation between the diffusélécateon and the absorption spectrum,

which can be described by the equation (111.4):

@-R,)? _ 2.303c

F(R.) = 2R S

(I11.4)

where: R, — reflectivity of an “infinitely” thick sample layers - scattering coefficienty -

absorbtivity; ¢ - concentration.

Experimental set-up

The instrument consists of a TENSOR 27 spectronfetenid-infrared range coupled with a
HYPERION 1000 microscope from Bruker Optics—Germafye spectrometer is an
advanced flexible benchtop instrument suitablerémtine applications as well as laboratory
research. The standard detector is a DLaTGS typighwovers a spectral range from 12000
to 370cm’ and operates at room temperature. The resoluiomimally 4crit. TENSOR is
completely software controlled, by OPUS software.

The detector is a MCT cooled with nitrogen liguithe spectral range is 7500-600trmand
the measured area is optimized for a diameter 6fu®5with the possibility of reaching a

minimum diameter of 20 um and an IR optical objexthf 15x.
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111.1.2.7.  X-ray diffraction (XRD and micro-XRD)

X-ray diffraction is a versatile technique that @als information about the crystallographic
structure and chemical composition of materials.

This technique is based on constructive interfexen€ monochromatic X-rays and a

crystalline sample. These X-rays are generated bgtlaode ray tube, filtered to produce
monochromatic radiation, collimated to concentraed directed toward the sample. The
interaction of the incident rays with the sampleduces constructive interference (and a
diffracted ray) when conditions satisfy the Brag@w (Eq. 111.5):

nA = 2dsind (1n.5)

This law relates the wavelength of electromagnetdiation to the diffraction angle and the
lattice spacing in a crystalline sample. Theseralited X-rays are then detected, processed
and counted. By scanning the sample through a rah@dangles, all possible diffraction
directions of the lattice should be attained duehi® random orientation of the powdered
material. Conversion of the diffraction peaks tephcings allows identification of the mineral
because each mineral has a set of unique d-spatimgdiffraction pattern is the fingerprint
of a crystalline compound. Identification of compds is achieved by comparison of d-

spacings with standard reference patterns.

For the present work a diffractometer: Bruker D8 \WMANCE (Germany, 2006) was
employed, using the following experimental conditions:

- Technique: Wide Angle X Ray Diffraction (WAXD)

- Bragg-Bretano geometry

- Ni-filtered Cu-K, radiation { = 0.1541 nm)

- 40 kV; 30 mA;
All the diffractograms were investigated in thegarof 2-80 degrees, 2-theta degrees, at room
temperature. The analyzed material was finely gdpunomogenized and bulk composition

was determined.

In the field of cultural heritage, a great limitati of the method is the analysis of bulk
samples which causes the lost of spatial informat@n a selection of case studies, XRD
measurements were carried out at the ICN, Amsterddra laboratory is equipped with a

Bruker Platform Microdiffractometer which allowsnan—destructive analysis, preserving the

2 The analysis were carried out at the InstitutMatromolecular Chemistry “Petru Poni” by Prof. Delni
Timpu.
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spatial resolution. The instrument is equipped vaithliStar detector and GADDS software.
The diffractograms were aquired using Guiddiation at 40 kV and 30 mA and evaluated
using the Bruker Eva software package.

The specimen is placed in the chamber and thetrawlibocused on an area of 2x2 mm, as

shown in the picture (Figure 111.9). Figure Ill.18ports the X-rays pattern obtained.

Figure I11.9. Area selection using the micro-Diféttameter.
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Figure 111.10. XRD pattern recorded on the selechegla. This particular case reports the analysis of
corrosion layers of the sample 1b.06.9 where cepistthe mainly present.
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1.2 Experiments of corrosion simulation

This paragraph furnishes the details regarding madde techniques and methodologies
employed for the experiments of corrosion simulatmd which have been conducted at the
Department of Chemical Engineering (UTI) and thep&ément of Analytical Chemistry
(UAIC), lasi.

I11.2.1  Material

[11.2.1.1 Description of “new” bronze samples

Two commercial bronzes were employed for this stighth of them present an analogous
composition, CuSnl1l (wt.%), but they were manufi@ctuusing different procedure. The
materials were chosen also for their commerciallabvidity, since it is more complicated to
manufacture a piece with similar characteristicsha@sancient bronzes. Both of them present
cast, uniform dendritic structure, which is in gaamctordance with microstructures observed

for ancient cast artefacts.

OM

SEM

1kx_BSE

Figure 111.11. Bronze 1: optical and scanning elect
microscopy evidencing the microstructure of theyall

Bronze 1 was produced and kindly provided by the companyNR®N S.R.L., lasi,
Romania: it is a cast bronze; the alloy has beenufaatured starting from pure elements Cu
and Sn in an electromagnetic inductive furnaceaim A protection flux (CUPROM, a
mixture of salts) has been used in order to claaratloy from the impurities. Before melting
at 1100°C, nitrogen has been gurgled for 7 mininesrder to remove air bubbles. The

material was furnished as barld 15 mm). Elemental analysis has been realized with a
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spectrometer MetalScan2500.

In order to characterize the microstructure, a digks cut out and prepared using the
metallographic procedure: chemical etching has Ipegformed using in an alcoholic solution
of FeCk in HCI. As evidenced in the Figure IIl.11 , theespnen present a dendritic structure
and two phases are present. They are particulaitieet from the back-scattered electron
micrographs, which shows lighter areas in the deadritic spaces: the eutectadd is
richer in Sn and therefore appears lighter in theré. Moreover, again the BSE image allows
appreciating the high porosity characterizing theerial.

Bronze 2is an industrial product furnished by MetalParrarrRa, Italy. The alloy has been
characterized in the same way as for Bronze 1 (Eigjl12) and the results show a similar
microstructure, two-phased material with a dengstructure, but, in this case, the dendrites
have a smalleBecondary Dendrites’ Arm Spaci(@DAS). In this case, porosity is present

but is lower then for Bronze 1.

oM

SEM

1kx_BSE

Figure 111.12. Bronze 2: optical and scanning elect microscopy
evidencing the microstructure of the alloy

The composition of both alloys is provided in tbdwing table (Table 111.13):

Table 111.5. Elemental composition of the two afidyalues given in wt. %)

Cu Sn Pb Zn Fe Al Ni Si Mn P
AAS rest 11.20 1.05 139 040 0.02 029 0.02 o0.01 -

BRONZE 1
EDX* 8255 1289 161 1.20 040 0.23 0.67 - - -
AAS rest 11.1 0.005 0.09 0.09 - - 0.012 - -

BRONZE 2
EDX* 85.47 13.26 - 0.54 0.26 0.29 - - - 0.17

*mean of three points of analysis on an area of/280
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Manufacture of bronze electrodes

The electrodes (Figure 111.13) were manufacturexanfithe

experiments, the specimens have been polished &g

bronze bars using a lathe and by embedding theneloka rﬂ_' -

cylinder in Teflon in order to obtain a one-dimemsil ‘ P '

surface with a diameter of ~ 8 mm. An internal #ite ! \

(groove) was realized in the interior part of the side in b | | |

order to connect it with the support of the insteuntation l | TEFLON

employed and to use it as a rotating electrodeof@egach | /éE CTRODE
=

20

B e

paper, from 250 grit up to 4000, in order to obtdirna

mirror-like surface.

o0

Figurelll.134. Scheme of the electrode
used for the electrochemical experiments.

[11.2.1.3 Corrosion media

As the aim of the study is to simulate the corrnsid bronze samples in the archaeological
sites, the electrolytes were chosen in order toodce the environment that they could have
experienced when objects were buried in these.ddileng a field campaign in the region of
Dobrudja (Romania), where the archaeological sateslocated, samples from a soil profile
has been collected (Chapter Il). Moreover, sinasé¢hsites are situated very close to the
Black Sea, an amount of seawater was sampled as\Wielconsidered of scientific interest
also comparing the electrochemical behavior of bean the Black Sea and in Mediterranean
Sea, because we could appreciate a sensible differen their composition as concerns
chlorine and sulfate concentration.

The soil extract was prepared by diluting 10 gaf sampled at the area Building E1 to 100
ml of distilled water. Two artificial solutions, “Aand “B”, obtained respectively by
doubling, and ten times increasing, the concewimatf chlorine, nitrate, phosphate and
sulfate (compared to those of the soil extractyewsepared in order to study the electrode’s
surface after electrochemical experiments and talsomulate accidental local concentration
of salts as could happen in soil by evaporatiowater.

Table 1l.6 reports the composition of the corrosimedia used for the electrochemical

experiments. The artificial solutions were prepawnsihg the following A.R grade chemical
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reagents: KCI, NaNg) KsPOy, NaaSO4[10H,0. The system N&0O3;/ NaHCG;. has been used
to adjust the pH to an alkaline value of ~ 8.5.

Seawaters were sampled from Constanta in Romadi@aadroatia during 2008.

Table I11.6. Composition of electrolytes used fog £xperiments

CI NO; PO* SO* pH  Conductivity
mmol mmol mmol mmol mS
Soil Extract 1.128 0.726 1.053 1.145 8.86 0.32
Solution "A* (x 2)* 2.323 1.544 2.107 2.292 8.56 98.
Solution "B* (x 10)* 11.273 7.256 10529 11581 B.9 13.03
Black Seawater 244,534 _ _ 14.454 7.10 27.45
Mediterranean Seawater  694.209 _ 37931 8.22 056.7

lll.2.2 Techniques

In this paragraph, the basic principles of the tebehemical measurements performed are
touched upon. They include Open Circuit Potent@CP), potentiodynamic polarization
methods (Linear, LV and Cyclic Voltammetry, CV) arilectrochemical Impedance

Spectroscopy (EIS).

[11.2.2.1  Open Circuit Potential (OCP) measurements

The open circuit potential is the potential of thwerking electrode relative to a reference
electrode when no potential or current is beingiadpo the working electrodd$nes 199p
Measurement of electrode potential is necessadgtermine the driving force or free energy
(AG) in an electrochemical cell. A characteristiccofrosion phenomena is the occurrence of
two different, simultaneous reactions which takacpl on the electrode surface. The cell
potential measured is therefore the so-called s@mmopotential, &y, and falls between the
standard half-cell potential {Eof the reactions of oxidation and reduction imveal.

OCP measurements are performed by measuring thageotliifference between a material
immersed in a corrosion medium and an appropreference electrode. In this study, it was
used a Standard Calomel Electrode (SCE), whosenfmtés 0.241 V versus the Standard
Hydrogen Electrode (SHE).

[11.2.2.2 Polarization methods

Polarization methods, such as potentiodynamic tireead cyclic polarization and cyclic

voltammetry are often used for laboratory corrostesting because they can provide

important information regarding corrosion mechanisorrosion rate and susceptibility of

specific material to corrosion in designed medihey involve varying the working electrode
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potential and monitoring the current which is progl as a function of time or potential.

Cyclic polarization (cyclic Voltammetry)

Cyclic polarization consists in the registrationpaflarization curves by increasing and then
decreasing values of the working electrode's piatieand registering the current in the circuit.
There are several ways to report the results, doggpito the aim of the work and the process
which need to be studied. The most used way tcesemt the data is by plotting values of
current density or current as a function of potntl = f(E) or | = f(E). Semi-logarithmic

scale is also employed to evidence better someepses.

The analysis of cyclic polarization curves (cycholtammograms) allows obtaining

information regarding the type of electrochemicalgess occurring at the electrode/medium
interface. These could be generalized corrosiatglived corrosion, surface passivation and
redox reaction of species in solution. The mathaakhbr graphical elaboration of these

curves allows evaluating the corrosion potentifle toreakdown potential and the re-

passivation potential (see Figure 111.14).

Where:

Estart — Starting potential, corresponding to the metpléential when the circuit is closed,
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Figure 1l1.14. General aspect of a cyclic voltammay.

without applying an overpotential;

E.or— corrosion potential;
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Ecp — critic potential of passivation, which corresgerio the begin of the process of primary
passivation; the correspondence in the ordinatieeicurrent density,cd which is the highest
value of the current density on the passivatioveur

Ear — anodic re-activation potential: it is presentyoif the metal shows an accidental
activation, after the critic passivation potential;

E, — passivation potential;

Emp — maximum passivation potential which correspotwdshe minimum value of current
density, dp;

Esp — breakdown potential, which corresponds to thieadrthe passive domain;

Erp — trans-passivation potential, corresponding &dinrent densityyd, the maximum value
of current density in the trans-passivation domain;

Esp— secondary passivation potential — it appearg famlpolarization curves of metals which
show a second passive domain; it corresponds touttient densitysk;

Ev — vertex potential — it is the potential corresgiog to the inversion of the polarization; it
can coincide with the hydrogen evolution potentiaorresponds with the value of current
density, ¥;

Ep — re-passivation or protection potential, wherasspve layer is produced again.

Cyclic voltammetry involves sweeping the potential a positive direction until a pre-
determined value of current or potential is rea¢tibdn the scan is immediately reversed
toward more negative values until the original eatw potential is reached. In some cases, ths
scan is done repeatedly, to determine changeseirtuirent-potential curve produces with
scanning. Cyclic polarization test are often usedetvaluate pitting susceptibility. The
potential is swept in a single cycle (or slightgs$ than one cycle) and the size of the
hysteresis loop is examined along with the diffeemnbetween the value of the starting open
circuit potential and the return to passivationeodial. The existence of the hysteresis is
usually indicative of pitting corrosion, while tiseze of the loop is often related to the amount

of pitting.

Linear polarization (linear voltammetry)

The method involves the sweeping of working eletrpotential towards more positive ot
more negative values. Linear polarization curvdewalthe calculation of the polarization
resistancgRocchini 1993] which is defined as the slope of the potentiatent density

curve at the free corrosion potential.
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Slope =R

P —
0z 2

o

Polarization (E-Ecor}

Current density

Figure 111.15. Ideal linear polarization plot.

The polarization resistance,,Rcan be related to the corrosion current by therrSGeary
equation Roberge 2004

Rp:i:(dl_fj a - babe

I corr di AELO 2'3'(ba+ bc)

where:

Rp is the polarization resistandgsr is the corrosion currenB is a proportionality constant,
which can be calculated frolp andb,, the anodic and cathodic Tafel slopes.

The Tafel slopes themselves can be evaluated exgetally by using real polarization plots.
The corrosion currents estimated using these tqaksican be converted into penetration (or

corrosion) rate using Faraday's Law.

The present study were performed, in aerated solutit potentials near the,k in the
potential range £ 150 mV against the open circateptial and a scan rate of 1 mV/sec. The
polarization resistance was calculated as tandepe sat theelectrode potential/s. current
densitycurve, at the k. The cathodic Tafel slopedbwas calculated as the potential change
over one decade (one order of magnitude) decreabe icurrent density at potential near the
E.o The anodic Tafel slope Javas determined in a similar way using the andaanch of

the polarization curve.

[11.2.2.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectrometry is an ewy@rial method for characterizing the
surface structure of an electrode in an electroetensystem. It has been recently used for
the evaluation of the protective properties of o for metallic cultural heritage [Cared
al., 2009].

Impedance is the opposition to the flow of alteimgatcurrent (AC) in a complex system. A

passive complex electrical system comprises bo#rggndissipator (resistors) and energy
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storage (capacitors) elements. If the system islpuesistive, then the opposition to AC or
direct current (DC) is simply resistance.

An important advantage of EIS, in comparison witiheo laboratory techniques, is the
possibility of using very small amplitude signalstheut disturbing the properties being
measured and also the possibility of studying om reactions and measuring corrosion
rates in low conductivity media where traditional Inethods fail Letardi, 1998.

The technique is based on the application of a Isanaplitude alternating electric signal
(current or voltage) to the corroding metal and shbsequent analysis of response function,
which depends on the reactions taking place ineteetrochemical system. The response is
usually described by the complex impedance Z.

The time-dependent current response I(t) of antrelde surface to a sinusoidal alternated
potential signal V(t) has been expresfigdrd 1980] as an angular frequenc) dependent

impedance AQ), where:

Z(Q)=V(O)/I(1) F

= time N\
V(t)=VO0 sinQ.t i \/ \/ *

I(t)=10sin(Q.t+1) ‘
1 =phase angle between V(t) and I(t)

[ I
Figure 111.16. Sinusoidal responses in : / | \/ \/ t

linear system.

phage—shift

Various processes at the surface absorb elecwimalgy at discrete frequencies, causing a
time lag and a measurable phase arfylebetween the time-dependent excitation and the
response signals. These processes have been
tal simulated by resistive-capacitive electrical citsui
| | . (e.g. Figure IV.17) and they are usually employed f
the interpretation of EIS results.

These circuits are often an adequate representation

— P — a simple corroding surface under activation control

The different elements of the equivalent electrical
Figure 111.17. Equivalent circuit fo
redox reaction without magsansfel

limitation the system under study, but there is no one-to-one

circuits are assigned to different physical elernenit

correspondence between EIS data and the equivalent
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circuit, and different circuits can be employedrtodel the same results.

EIS data are often presented using Nyquist pldisy tshow a semicircle, with increasing
frequency in a counter-clockwise direction. At vehygh frequency, the imaginary
component, Z", disappears, leaving only the smtutesistance, & At very low frequencies,
Z" again disappears, leaving a sum @f Bnd the faradic reaction resistance or polaopnati
resistance, Rp.

The faradic reaction resistance, or polarization

g g 1 resistance, Rp, is inversely proportional to

corrosion rate. The impedance.(Y( may be

Im2Z

expressed in terms of real, @), and imaginary
Z"(Q), components. Z}=Z'(Q)+Z"(Q2). The

impedance of an electrode may be expressed in

o A

Fea

Nyquist plots of Z" Q) as a function of Z) or in
Figure I11.18. Nyquist diagram of a RC a Bode plots, which display the logarithm of the
parallel circuit. The arrow indicates impedance modulus (log|Z|), and phase angles,

increasing angular frequencies. versus the logarithm of the frequenicyin cycles
per second, hertz), whe€g=2n.f.

The EIS spectra were registered with The PGZ 3@énpiostat (Radelkis, Copenhaga), using
the same three-electrode cell as in the potentmadio measurements.

For analysis of the impedance data, a softwareranodZSimWin” was used, after a priori
data conversion, with a special software. The @gused a variety of electrical circuits to
numerically fit the measured impedance data. Tlgnam is capable of conducting analysis
of heavily convoluted frequency dispersion datadbgonvoluting the complex response into
those of simple subcomponents. This approach cadbwith the general nonlinear least
squares fit procedure allowed us to construct edent circuit (EC), whose simulated
responses fit actually measured data well. Aftasheaxperiment, the AC impedance data
were displayed as Bode plots (|Z| vs. FrequencyPirase angle vs. Frequency, where |Z] is
the absolute value of the impedance). The advardatjee Bode plot is that the data for all
measured frequencies are shown and that a wide i@ngipedance values can be displayed.
The frequency dependence of the phase angle iediegiether one or more time constants

occur and can be used to determine the valueseqidhameters in the equivalent circuit (EC).

l1l.2.2.4  Surface characterization by optical and bemical methods

The corroded electrodes’ surfaces were documerdied @ normal digital camera in order to

have a first criterion for their examination. Futhmore detailed, analyses were performed
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using an optical microscope (Zeiss, AXIO) equippéth dark and bright field filters and a
digital camera, and a scanning electron micros¢dpscan).

Attempts, successful in few cases, to charactaheecorrosion products formed on their
surfaces were realized by using micro-FTIR specttoyn previously described (paragraph
11.1.2.).

[11.2.3 Methods

The experiments of potentiodynamic polarizazion aetectrochemical impedance
spectroscopy were performed with a VoltaLab 21 tEbehemical System (PGP201 —
Radiometer Copenhagen) equipped with the acquisiand processing data software
VoltaMaster4. A three electrode electrochemicdlwek used.

The evolution of the OCP was measured using antretec millivoltmeter ALDA, type
890C, with entrance impedance of 10 MOhm. At thsitpe@ pole, was placed the bronze

specimen, while at the negative one, the standalaine| electrode (SCE) was positioned.

[11.2.3.1 Evolution of Open Circuit Potential in simulated and natural soll

The evolution of the open circuit potential (OCPgsainvestigated using the electrochemical

system illustrated schematically in the FigurelBL.

( r |
Digital
Voltmeter
Teflon «—4— ! Ref
, Reference

|
;:' Electrode

Bronze ¢ !
specimen

agar
gel

<+t

Figure 111.19. Electrochemical cell for the OCP nsemements in agar gel; the same installation was
employed also for the study in soil.on the rightidhaide, the photo of the experimental set-up.

Soil simulation was obtained by using an agar gkiton (20g/L) soaked with a mixture of
anions (Cl, PQ¥, SQ%, NO;) at pH 8.5 and concentration which provides thd so
environment of the selected archaeological site rEfierence electrode is a saturated calomel
electrode (SCE). OCP measurements were recordatxamately every day for a month.
The same installation was used also to measur©@¥ in natural soil, which have been

sampled in the archaeological site of Ibida, inAlnea Building E1.

-64 -



[1I-M ATERIAL AND METHODS

Details are given in the chapter Ill.
[11.2.3.2 Corrosion simulation in natural soil

Three working electrodes for each Bronze type vker# in a closed PET container filled up
with natural soil (E1), humidified with distillatevater, pressed and kept in a dark
environment. At the beginning the electrodes’ stefavas polished with SiC up to 4000 grit.
The specimens/working electrodes were characteratst 30, 60, 90 days by means of
different electrochemical methods: EIS, OCP, LV,.Gihce EIS does not modify the surface
composition, after these measurements the ele¢sradeface was investigated by means of
OM and SEM-EDX. Linear and cyclic voltammetries uiséd an oxidation of the surface and
therefore were performed after optical methods.

[11.2.3.3 Corrosion simulation in natural soil solution, seawater and soil-simulated
solution

The aggressiveness of different solutions on theosmn of bronze was investigated by
immersing the working electrodes into different rosive media as described in section
[11.2.1.3. The electrodes’ surface was investigdigdDM, SEM-EDX and micro-FTIR.

[11.2.3.4 Electrochemical behaviour of bronze in s, soil simulated solutions and
seawater

The study of bronze behaviour in different solusidras been performed using the following

sequence of electrochemical techniques:

1. OCP (5)

2.LV (-300...+500) vslast; v=0.5mV/s
(-300...+500) vs last; v=1.0mV/s

3. EIS Max frequency 100 kHz
Min frequency 10 mHz
Frequency per decade 10

4. CV Ep=1500 mV (start)

E=free

& =-500 mV (end)

E = +1500 mV (max)
v =10 mV/s
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All the measurements were performed in aerateditons.
Electrodes surface was characterized by opticakchecical methods after the measurements

in order to investigate the morphology and compasibf the corrosion layers.
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[V-RESULTS ANDDISCUSSION

IV.1 Examination of excavated bronze artifacts

The research took into consideration twenty-twceoty (introduced in Chapter Ill), recently
excavated archaeological bronzes, originating fribmee Romanian archaeological sites
(described in Chapter Il) and presenting diffeidgjradation patterns.

The approaches for this study aimed to carefulastarize both, the alteration layers and the
metal core in order to investigate the long-termragzion behavior of copper-based alloys. It

can be summarized in the following points:

A. Visual examination of the artifacts: general obagon regarding the aspect of
degradation layers, photographic documentatioaesthetics and morphology of

natural patina;

B. Physical-chemical characterization of corrosionefay(FTIR and micro-FTIR,
XRD, Raman);
C. Selection of few objects which could suffer samglim order to perform

metallography and study the transversal sectionoofosion layers by OM and
SEM-EDX to evidence their stratigraphy;

D. Discussion of the results of this work and compariith literature;

E. Plan of corrosion simulation experiments based xgeemental observation on

real case studies, in order to simulate specifidiomns.

This chapter aims to present the results obtaivedhie case studies which were selected
among the archaeological artifacts excavated. Weldvbke to mention here that a large
amount of material was studied and classified,dmly a selection of these was subjected to
further investigations for the purpose of this the# large amount of material was found
completely mineralized, and no metal core was &ifice we were interested in studying the
dissolution of copper and the other alloying eleteeand their nature as corrosion products,

only the objects for which the metal core was ptilsent was taken into consideration.

IV.1.1 Morphology of corrosion products and aesthetics of ancient bronzes

Metal objects recovered from excavation sites dehttw anymore their lustrous and shiny

surface, but are often covered by a successioarodsion layers.

Even though the termpatinarecall a smooth and protective layer made upaijlstcorrosion
compounds, implying a positive or desirable asped,widely used since Gettens as early as
in introduced it 1975,Gettens, 1975 Nowadays, the term has a broad meaning andsréder
the effects of time, weathering, accumulation atipalate matter, corrosion on different kind
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of materials.

Gettens distinguishes between patirudile when the protective and desirable layers occur,
but refer to patinavile (weak, poor)when the growths of corrosion products lead to the
disruption of theoriginal surface[Bertholon, 200]L

Robbiola 1999 classifies these structures in Type | (or “evesitfaces) or Type Il (or
“coarse” or “burgeoning” surfaces) for which is rpmissible anymore to extract information

about the original surface from the external layers

The visual examination of the objects has allowedriake some observation about the
morphology of the corroded structures and, in orerclassify them, the nomenclature
proposed by Robbiola and co-AuthoRopbiola, 199Bto describe archaeological patinas,
have been used. Information regarding the colasthetical appearance, hardness of external
layers is reported (Table IV.1). The general caowsype and the preservation or not of the

original shape and surface of the object is alsotioeed.

Table IV.1. A description of the external corrosiayers of the archaeological artifacts.

Limit of the .
Sample Colour Appearance Hardness original surface Corrosion type
Smooth, Dense, very _
Arg.00.1 | Grey, brown Preserved Uniform
compact hard
Uniform
Grey, brown, Preserved by _
Arg.00.2 Rough Hard ] (intergranular),
red corrosion products
presence of spots
Uniform
Green, grey, Smooth, Hard to ) .
Arg.00.4 Preserved (interdendritic) +
brown locally rough powdery _
localized
Arg.00.6 | Grey, brown Smooth Dense Preserved Uniform
Hard to _
1b.05.2 Brown, green Rough Destroyed Uneven, localized
powdery
Brown, light- Hard to _
1b.05.3 Rough Destroyed Uneven, localized
dark green powdery
Hard to ) )
1b.05.5 Brown, green Rough Deformed Uniform+localized
powdery
Brown, green _ Hard to _ _
1b.05.6 Uniform Deformed (?) Uniform+localized
locally powdery
Brown, red Hard Uneven, advanced
1b.05.8 Rough ] Destroyed
green (concretions) craks
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Rough
Hard to . .
1b.05.10 | Brown, green| (presence of Deformed Uniform +localizeg
powdery
“buboes”)
1b.05.12 Green, red Rough Hard Seems preserved Uniform
Red to green
1b.05.13 (presence of Rough Hard - Uniform+localizec
wood)
Brown to light Hard to Uneven,
1b.05.15 Rough - _ .
green powdery ,mineralized
Brown, )
_ , _ Uniform + local
1b.06.01 dark/light Rough Hard Mineralized
attack
green
Uniformly
Green, red, . :
1b.06.09 Rough Hard Mineralized advanced
brown _
corrosion, cracks
Smooth,
1b.08.1 Brown Hard Preserved Uniform
compact
Hard to _
1b.08.3 Brown, green Rough - Uniform
powdery
Smooth, soil Preserved as
1b.08.4 Brown _ _ Hard - _
incrustation corrosion
Hard to
Smooth — .
1b.08.5 Brown, green powdery — Lost Localized
Rough
Hard
1b.08.7 Dark brown Smooth Hard Preserved Uniform
Hard to
1b.08.12 Brown Rough Lost Uneven
powdery
1b.08.16 Brown Smooth Hard - Uniform
Preserved by Uniform+local
1b.08.17 Brown Rough Hard )
corrosion products attack
Nuf.00.1 | Brown, black Rough Very hard Mineralized Uniform
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Mainly, two different corroded structures are olser

One is characterized by a uniform smooth appearamael and compact patina, which
preservs the original shape of the object [andortginal surface;Bertholon, 2001l This
structure has been observed for few case studietheg are illustrated in the figure (Figure
IV.1).

1b.08.7

Ib.08.1 Arg.00.1

Figure IV.1. Examples of archaeological bronze shgva “noble” patina (according to Gettens) or
Type | corrosion pattern (according to Robbiola).

These objects represent a good example to showsheonoblepatina[Getterns 197pcould
look like: a homogeneous and compact layer whidhtegts the underneath metal. A deeper
elemental investigation reveals the composition stnatigraphical subsequence of corrosion
layers.

A second type of corrosion structure is observedrfost of the objects. This is characterized
by rough incrustation made up of light and darkegreminerals mixed together with
red/orange compounds and soil particles. In thie cthe original shape of the object is not
preserved and the original surface is hidden drggdised. In Figure V.2. some examples are

reported.
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a. 1b.05.3

e. 1b.05.15

Figure IV.2 Examples of archaeological bronzes shgva patina “vile” (Gettens) or Type Il
corrosion patterns (Robbiola).

In some extreme case, as shown in Figure V.2.eulimaate effect of corrosion (bronze
disease, as we’ll see later on) is to reduce theltea heap of light green powdery material.
These kinds of structures have been classifie@Géyeng 1979, as presenting the so called

patina vileand more recently, bigobbiola[1998 Type Il structures (see Chapter II).

IV.1.2 Relationship between patina and burial environment

Soil can be described as a mixture of various nasesuch as mineral matter, organic matter,
water, air. Each of these items will have an inficee on corrosion of metallic structures
[Stambolov 1985in such a way that peculiar soil characteristigé correspond to specific

aggressiveness on buried metals. This is the reabgmphysical-chemical characterization of

the burial soil has been carried out at the ardogeml site of (L)Ibida.
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Details of the results obtained for the analysisaf profile in the archaeological site of Ibida
have been reported in detail in Chapter II.

In this region, soils are weakly developed (CaloaseChernozem, A-C profile type) their
texture being not well differentiated and calciuanbmnate being present from the soil surface
until a depth of 3-4 m. All these characteristiogfaom that actual climatic condition (high
temperatures, low precipitation) were unchanged avieng timescale, showing only small
oscillations.

In this paragraph we attempt a correlation betwten corroded structures observed on
archaeological objects and the characteristicanbenvironment.

As presented earlier, the most of samples recovieoad the archaeological site of (L)Ibida
present uneven surfaces with incoherent and hetaemys corrosion products (examples are
reported in Figure 1V.3).

Figure IV.3. Examples of artefacts showing uneweshiacoherent corroded
surface.

This observation is in accordance with the resol¢ained for soil analysis. From the
granulometry point of view, they are classifiedl@am siltsoils, because of the low amount
of clay. This is also the reason why they preserdglevant porosity, which induces a good
aeration until a significant depth.

Also, the moderate amount of gravel or stone withaarchaeological stratigraphy (building
materials due to human activity) will contribute ttee formation of spaces among the soil

particles, thus providing a good aeration. Thislso further confirmed by the presence of
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high quantity of CaCg) which means that air and water are easily traretealong the soil
profile.

However, chemical analysis has shown an alkalinemptHa low content in aggressive anions,
such as C] NO,, NOsy, PQ® and S@, indicating a definitely non-aggressive environinen
from the chemical point of view. Values of conduityi are very low, about 32(S, a value
comparable with still water.

In these conditions, the tool of stability of Poaisbdiagram previously introduced allows to
make some consideration about the occurrence bfestarrosion products. Malachite and
azurite, two basic copper carbonates, respecti@eifOH),CO; and Cy(OH),(COs),, are
stable corrosion products in well aerated soilsyels as the cupric oxide, CuO, tenorite.
Nevertheless, IC analysis carried out for a saifif|, revealed the increasing concentration
of chlorine with depth and, taking into considevatithe depth where the archaeological
material was found, this could be the cause ofbte state of conservation observed for the
majority of metallic artifacts. The green compoundsll crystallized on their surface could
possibly be chlorine-containing compounds and a&rstgation of powders sampled on their
surface, will reveal their nature.

The presence of chlorine anions is particularly gdmaus as it is the early step for the

beginning of thdronze disease

Bronze disease

At the end of XIX century, Marcellin Berthelot (18P was the first who attempted an
identification of the products of a reaction whiohngs to the instability to certain bronze
objects Bcott 200R Nowadays, the bronze disease is a commonly vbdgyshenomenon, but
the mechanisms of its action are not yet clear ghou

Berthelot has identified the products of this reactas a basic copper chloride, and also
supposed the cyclic character of the reactionsiwezo

The currently acceptedsgott 2002; Mazzeo 20P4eaction which is believed to be at the
basis of the phenomenon of bronze disease is tildaton and subsequent hydrolysis of
nantokite as:

2Cu,Cl, +0, +4H,0 = 2Cu,(OH),CI+2[H" +CI ], (IV.1)

While in anoxic environments the reaction whichelplace is the hydrolysis of nantokite
(Eq. IV.2) with the formation of cuprite. The inase in acidity due to the reaction of
hydrolysis, is supposed to accelerate the disswluf bronze, or copper, (Eg. IV.3) and more
CwCl; is then formed again: this explains the auto-gtitatharacter of the reaction.

-73-



[V-RESULTS ANDDISCUSSION

Cu,Cl, +H,0 = Cu,0+2[H* +CI"],, (IV.2)

2Cu+2[H" +CI"],, = Cu,Cl,+H, 1 (IV.3)

Anyway, this mechanism is not completely clear yetpractice, when Gl is in contact
with copper and a drop of water is added, cupotenfition does not occur and copper tri-
hydroxyl-chlorides is the principal producBdott 1990 Also, the Gibbs free energy of
formation is greater than 0 and the solubility oc&ntokite in water is very low
(0.006g/100mL).

Pollard et al. [1999 has determined that the reaction (2) occurs umdest oxidizing
conditions. The authors has concluded that, desipgteslightly positive value of Gibbs free
energy of formationAG; = 13.5 Kcal/mol), this is the main reaction takipigce in burial
environments. However, when an object with presesfceantokite is exposed to air (as a
consequence of excavation procedure), the cuptalosiree tends to react to produce one of
the copper hydroxochlorides.

Paratacamite (or clinoatacamite) results to be rniwst stable phase among the three
polymorphs with the formula G(OH)sCl. Basing on the Ostwald principl&artens 2008
which supposes that, when a chemical reactiontresskveral products, then the first phase
to form is the one with the highest free energyfaimation, the order of stability is
clinoatacamite>atacamite>botallakite.

The role of cuprite has been elucidatedUogey[1973. He suggests that the cuprite layer,
being an electrolytic conducto6fambolov 1985; Lucey 1973acts as a diffusion barrier,
reducing the loss of copper (1) ions in solutiordallowing the permeation of chlorine.
Moreover, cuprite acts as a bipolar electrode (feig¥.4) with an anodic reaction taking

place on the inner surface of cuprite and a cathiadiction taking place on the outer surface.

0,+H,0+4e - 40H"
Out

Cu" - Cu* +e

Cu,0, cuprite

Figure IV.4. Scheme showing
the role of cuprite within a In

2+ +
corrosion patina [Lucey, 1972] Cu+Cu™ - Cu

An interesting aspect has been pointed ouBbgtt[199( the possible effect of the alloying
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elements according to their redox potential, if atah lower than copper in the

electrochemical series is present, then the pramucof hydrogen is promoted thus

representing a limiting factor for the reaction @Yto occur. If it is so, it is clear the effedt o

zinc in the promotion of the hydrogen evolution.

Noble 4 Au
1 Ag
E + Cu
+ Sn
T Pb
1 Fe

Active | Zn

Figure IV.5. Electrochemical series of
alloying elements and micro-elements
commonly found in bronze alloys

However, observation on archaeological artefactsshawn the relative stability of nantokite,

which lies in a dormant state until it comes inte@hwith oxygen and moisture again.

This situation is likely to occur during excavatiprocedures, as the stable state of a bronze
artefact is “disturbed” and when it is brought béekight. [Escalante 1989; Sandu 2006
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FTIR characterization of corrosion products

FTIR spectroscopy represents a micro-destructivéhode which provides the molecular

identification of corrosion productsSfoch 200D Its limit consists in the lost of spatial

information as the powder is removed by scratchihmg object’'s surface. Nevertheless, it

represents a fast and easy way to identify ther@atiucorrosion products.

Results are shown in the table (Table 1V.2) andgbectra are reported in the Appendix I.

Each object has been subjected to this analysisder to characterize the nature of external

layers of degradation.

The following observations have arisen:

Soil components were identified for almost all tigects: namely aluminosilicates
(montmorillonite), quartz (Si® and calcite (CaCg); the source is, of course, the
burial soil.

Detection of cuprite (G®) was reported for few cases. This compound igllysu
located at the interface with the metal core amaetdore it is unlikely sampled when
the surface is scratched. This layer results mucteravident when a sample is taken
and a cross-section is realized.

Hydroxochlorides are the main minerals identified these objects, as corrosion
products. The reason must be found in the locatiothe archaeological sites (see
Chapter.lll), which is along the coast of the Bld®ka, close to the Danube Delta.
This factor, together with the depth of finding, evd concentration of chlorine is
found to be higher due to its easy percolatiorthes causes of the high amount of
chlorine-containing minerals detected.

Even tough malachite and azurite are the main smmo products found on
archaeological bronzes, the analysis have evidelicenl presence only for few

artifacts.
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Table IV.2. FTIR spectroscopy results for the dekarchaeological artifacts
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IV.1.3 Non-invasive identification of corrosion products

Analysis of archaeological and therefore uniquéaats poses the problem to identify the
chemical nature of corrosion products using norasmne method. Analysis by SEM-EDX is
a choice as it requires no sample preparationjtlildesn’t furnishes information about the
molecular nature of the compounds, and measurensémgrbon and oxygen signal are not
reliable enough to base only on X-ray spectrosctipig. therefore necessary to couple this
technique with others, able to provide moleculéorimation.

In our laboratory, we performed the investigatidrtarrosion products by means of a micro-
FTIR spectroscopy using a normal FTIR bench couplgth an optical microscope. The
possibility to focus both the visible and infradgght on a selected area of interest, allows to
perform a molecular characterization and to coupé&e information to a microphotograph.
This technique is particularly interesting as itcismplementary to Raman Spectroscopy,
which is also a technique providing molecular infation based on the Raman scattering of

an incident monochromatic radiation.

Measurements were performed in reflectance modewsimicro-FTIR spectrometer and its
working principles are widely detailed in Chaptet Here we want to specify the working
condition, which were used for the experiments. aperture used was 250x2nfn, the
spectral range 4000-600 ¢mb4 scans were recorded for each spectrum wigs@ution of 4
cm™. As anticipated, no sample preparation is requaredl analysis can be performed directly
on the object on a microscopic area. As backgrowsdused a gold mirror which reflects
nearly 100% of the incident infrared radiation.

The most interesting results have been obtainedr®en compounds on samples which are
affected by théronze disease

As introduced before, the occurrencebobnze diseases very dangerous, as it can lead to the
complete lost of the metal object. The possibildly a non-invasive detection of the
compounds related to the occurrence of this degmadprocess is reported in this paragraph.
Among the investigated artifacts, several of theswehshown a severe corrosion process
which has occurred possibly after the excavatiatcedure.

Two samples were considered in detail: fibela shown in the Figure IV.4 and the bronze

bended sheet here illustrated, Figure 1V.5. In budkes, two different green areas can be
identified on their surfaces, one characterizeé light green colour and powdery nature and
the other characterized by a dark vitreous greéucand crystalline nature.

-79 -



IV-RESULTS ANDDISCUSSION

a b

Figure IV.7. Object I1b.05.2: a bended bronze
sheet.

Spectral features relative to each of these areageported in the following images. As
introduced in the previous chapter, both diffusd apecular reflection phenomena can occur

when the radiation interacts with the sample.

As a first approach, we selected all the artifdotswhich the presence of these compounds
was evidenced and we recorded the reflection spectrthese areas in order to evaluate the
spectral features. Figure V.6 and V.7 show thetspdancorrected) collected directly on the
external surface of a selection of objects for eetipely the dark green and light green

compounds.

-80 -



IV-RESULTS ANDDISCUSSION
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Figure IV.8: Spectra collected for the dark gre@mrosion compounds. It is worth noting the
derivative-like shape of the peaks, particularlidewnt in the region of O-H stretching 3500-3300 cm
! and below 1000 cm

Ahsorbhance
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3500 Jooo 2500 2000 1500 1000
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Figure IV.9. Spectra collected for the light gremarrosion compounds. Absorbance peaks are again
particularly intense in the region 3500-3000 tand below 1000 cth

It can be noticed that they present different seaped noticeable is the derivative-like shape

of the spectra collected on the dark green areas.
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The possibility to simultaneously take a photo aontlect a spectrum over a selected area,
allowed us to further investigate the phenomenoasll Wfystallized dark green and powdery

light green areas were selected on the artifacts aaninfrared spectrum was collected in

reflectance mode.

Kramer-Kroenig corrected

Original spectrum

Absorbance

I I I I
4000 3800 3600 3400 3200 3000
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Figure IV.10. Spectral range 4000-3000 travidence of the shift and shape difference before
and after the KKT.
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Figure IV.11. Spectral range 1200-600 trevidence of the shift and shape difference bedark
after the KKT.
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The results spectrum is affected by a strong distowhen the specular reflection occurs,
while diffuse reflection spectra present only aat@on in the relative intensities of peaks.
Both these phenomena can be corrected using thadfsronig transformation (KKT) and
the Kubelka-Munk correction (KM) using the OPUSta@ire and the spectra compared with

transmission spectra from databases.
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Figure IV.12. Spectral range 4000-3000tof the spectrum recorded on light green area.
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Figure 1V.13. Spectral range 1200-600 tuf the spectrum collected on the light green area.
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It can be observed that, while for diffuse reflect spectra the position of peaks doesn’t
change, the spectra collected on dark green andese the specular reflection is the main
interaction, the use of the KKT correction allowsdetermine the exact position of peaks.
The following table (Table 1V.3) provides a compgan between the peaks of experimental
spectra compared to those of literature. A sensihiference exists between values of
frequencies for the experimental data and thoserded for natural occurring minerals or
synthesized ones and this is probably due to tifectebf impurities and the different
geographical origins of minerals.

Table IV.3. Infared wavenumbers (§imcomparison between experimental (reflectance) an
literature (transmission or attenuated total retiea) data.

Dark green Atacamite Atacamite Light green ParatacamiteParatacamite

b.053 Ref.1  Ref.2 Ib.05.3 Ref. 2 Ref. 3 Assgggent
3458 3444 3457 3469 3420 3442
3360 3337 3433 3386 3330 3358
3364 3342 3280 3307  Hydroxyl
3349 3289 stretching
3328
3208
990 985 987 996 987 986
953 949 974 954 926 921
920 915 957 938 915 905  Hydroxyl
899 894 912 913 900 891  bending
857 849 864 873 865 862
823 819 839 822

Ref. 1: Omnic Library
Ref. 2: Frost. Ret al. Journal of Raman Spectroscof$,801-806 (2002)
Ref. 3: Martens, Wet al.N. Jb. Miner. Abh178 2 197-215 (2003)

Around the identification of hydroxyl-chlorides mascientific efforts have been done in
these last yeardVartens, 2003; Frost, 2002The occurrence of bronze disease has always
posed the problem to identify the chemical natdrgh@ compounds formed by the interaction
of cuprous chloride, nantokite, with moisture ang/gen. The minerals such as atacamite,
clinoacamite and botallakite are polymorphous dre tpresent minor spectral differences,
being spectroscopically characterized by absorppeaks in the hydroxyl stretching (3500-
3300 cnt) and deformation (1000-800 Envibrations regions.
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A draft identification of these compounds can beelbased solely on optical microscope
observations. As these corrosion products are @eheir morphology and structure is well
defined by mineralogists. Atacamite is found innfoof orthorhombic crystals and vary in
colour from emerald to blackish green. Paratacamitelinoatacamite, is more often found
as a powdery, light green and present as spothepdtina surface or in pustuleScptt,
2003.

SEM-EDX observations of the external corrosion tayaf the object 1b.05.3 has allowed to
put in evidence the crystalline nature of the dgiden mineral as it is reported in the Figure
V.14,

Figure IV.14. SE-BSE micro-photograph of the dark
green spots on the object 1b.05.3
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IV.1.4 Classification of corrosion structure

The following paragraphs report the results obthifex several case studies, at the end a
summary of the corrosion typologies is provided.

Identification of corrosion or alteration produdss challenging as it doesn’t exist “the”
analytical technique, which provides all the ansybut an integrated approach, based firstly
on a careful visual examination, needs to be engaloy

The usual methodology foresees a selective samjptingrder to analyze the scratched
powders by classical method, such as FTIR spedpysand XRD. When sampling is
allowed, a representative fragment is withdrawn, arsihg the methodology detailed in the
Chapter 1ll, a transversal section is prepared stndied by means of optical and scanning
electron microscope.

When more information is needed, other technigeesh as XRD, micro-XRD and Raman

spectroscopy, have been used in order to provelartbwers to the proposed questions.

IV.1.4.1 Striated corrosion patterns

Bronze objects recovered from burial condition ofpeesent periodic, rather than continuous,
corrosion layers Graedel, 198) This is the case of the objects reported hepssiple
pathways which brought to this
behavior will be presented.

These objects, identified as fragments
of an hairpin or hairstick, labelled
1b.06.09 and shown in Figure V.15,
was discovered in 2006 in the
archaeological site of Ibida, the village
of Slava Rusa today. It has been

discovered, during excavation

Figure IV.15. Photo-documentation of the object

labelled Ib06_09: a bronze pin or hair-stick. procedures, at a depth of -3.30 m n the

sector of Curtina G, close to the
external city walls.
As anticipated, the main questions that arise wiesaling with archaeological bronze, and an
answer is due to the archaeologist and the restisrevhich possibly could be the original

shape of the object? How did the object corrode?

As proposed already more than 30 years agddurzejewskd197q corrosion layers, or
patina, offer an opportunity to better understamgrddation pathways which have taken
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place over a long timescale, and excavated matialis excluded from the exposure in

museums, can assume a significant scientific istere

According to the experimental protocol, samplinghe corrosion layers has been performed

and the powder has been analyzed by FTIR (Figurkslv

[h.06.09

ATACAMITE
Cu (OHLC1
gt oRET
MATLACHITE
Cu (OHL(C0) \ \/

2000 3500 00 2500 2000 1500 w00 sw
Wavenim bers fem-1)

Figure IV.16. FTIR spectrum of the powder scratcfreth the sample 1b.06.09

Two common corrosion products were detected, tyicanderground corrosion: malachite,

a basic copper carbonate and atacamite, a bagiecoploride.

XRD patterns allow identifying the oxides (hardigtectable with infrared spectroscopy in
the mid-IR region) such as cuprite (@) and poorly crystallized cassiterite (ShO

Optical microscope observations revealed the vetiqular sample’s cross section and
allowed appreciating the striated textured pat{&igure V.17) surrounding a central solid
metal core with a composition of Cu 90.2, Sn 9.8 84). Chemical etching with an alcoholic
solution of Fed in HCI allowed studying the microstructure of thiow (Figure V.18),

which revealed to be a homogeneous recrystallagzthase bronze showing very small

twinned grains; this accounting for long and repdatorking cycles.
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Figure IV.17. Micro-photography of sample’s crogstion by OM, Dark Field: a.
overview (50x).

o

Figure IV.18. Metallographic sectidﬂ of the sample:
small, re-crystallized grains.

An insight into the corrosion layer consisted ia thvestigation by SEM-EDX, characterizing

the distribution of Cu, Sn, O, Cl in the cross-smtt There is a segregation, around the
central metal core (Figure V.19), of Cu-containemgd Sn-containing compounds, possibly
cuprite (as indicated also by the red-orange cdlotine micrograph) and cassiterite.

The same segregation is observed also along thestam layers: subsequent layers of cuprite
and cassiterite of variable thickness (few to haddmicrons) are alternated, from time to
time, with green layers, consisting of malachited amtacamite (as identified by FTIR

spectroscopy), the latter being mainly locatechaeéxternal area.
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Map data 179
MAG: 300 x HV: 300 kV' WD:16.6 mm

00 g 200 pm VEGAN TESCAN

Figure IV.19. Comparison between BSE micrographiamate reporting the
overlapping Cu-Sn showing the segregation of cagitd cassiterite.

The fine structure of the striated textured patteas been further investigated at higher
magnification at the SEM-EDX. Results shown hereehdeen obtained at the ICN,
Amsterdam, with the researcher Ineke Joonsten.

Figure IV.20. BSE images, and correspondig faldewicture, representing the Phases
characterized by the spectra reported in Fig. ie(green colour in the right top image
represent the embedding resin.

The advantage of this technique, compared to th& ERapping performed in our laboratory,
is the possibility to record a map where the défér colours identify different phases,
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characterized by a well defined spectrum (Figur0yY.

In the following image (Figure IV.21) the three spa characterizing the red, yellow and
blue phases are reported.

According to these spectra, and correlating thelteslso with the FTIR and XRD results, it
can be concluded that the red phase correspontalgyoto a copper-rich phase, which is
metallic copper in the alloy and cuprite in therosion layers. The spectrum relative to the
yellow colour shows peaks of tin and oxygen, thasehcassiterite (Sn{) or hydrated tin
oxides are present. Peaks of copper, chlorine aiydenm identify the blue phase and can
therefore be associated with the presence of amokgdhloride, such as atacamite or
paratacamite.

It is worth noting the porous nature of the cupldigers if compared to those characterized by

Sn-rich spectrum.

- EES

150000 H Cu
100000
UIEETN 50000 =
Sn Cu
o
0 JIll,l Sn Cu
T T T T
0 5 10 15 20
kel
10000
Sn
4000+ Cu
6000 —
40000 Cu
2000 {|[Sn
Cl
| e
0 T T T T
0 5 10 15 20
kel

-90 -



IV-RESULTS ANDDISCUSSION

Fhase3

1500 Cu ©

1000

100 pm 500 - 0 cu
Sifisn
0 jl "“M"l I I

T
0 5 10 15 20
kel

Figure IV.21. Phases and the relative EDX spedtram top to bottom: Phasei4 characterized by
copper-rich spectrum, Phase<characterized by Sn and O-rich spectrum andsetfcontains Cu,
Cland O.

As demonstrated, the EDX mapping offers a usehlttmbe coupled to the micro-destructive

technique of FTIR spectroscopy, which however felies essential molecular information.

At the ICN, Amsterdam, we decided to confirm themical nature of these two phases by a
technique able to give information about the ctiiis& structure, which is the X-ray
diffraction XRD.

The main advantage of this technique is the pdagilbo collimate the X-ray beam on a
selected area of 2x2 mm, visible through a weboaratéd in the chamber. The result is

shown in Figure 1V.22.
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Figure IV.22. XRD pattern of the powder scratchednfthe sample 1b.06.09.
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The nature of the compounds giving rise this stdadtructure was elucidated: a succession of
cuprite, CuO, and cassiterite, SnJayers are the main components of this pattevhde on
the outer layer tri-hydroxyl-chlorides are presemhey were probably formed by the
interaction of formerly present malachite with tgorine in the environment.

Such a striated structure has been already obsdryemther authorsJcott 2002; Brown,
1977, Stambolov 1985and attempts to relate it to the age of an ddj@s been proposed.
Even though these are fascinating theories, theg hat been confirmed since underground
corrosion is affected by many factors and the sesalternation of temperature, rainfall,
moisture content or local content of carbon diox@ae only partly the cause of the
phenomenon. As supposed Byambolov[198], if considered from the chromatographic
point of view, this behaviour is more reasonablan8ic oxide can act as a chromatographic
adsorbent, such as silica gel, through which coppes from the alloy are allowed to diffuse
outwards, while soil components could move inwdigtambolov, 1985 When cuprite or
malachite finds saturation condition, they preea@t leading to thisstriated textured
structure Scott has considered such hypothesis in an apiddished in 1985, when he refers
to periodic or oscillatory reactions, often calle@segang phenomen&dott 1985; Muller
1983. These phenomena are observed in the laboratsiryg for example an agar gel
solution in which a soluble electrolyte such asp=yp(ll) acetate is usedgller, 1981;
Mueller, 1982. A second medium is then allowed to slowly di#ugrough he gel and a
number of malachite layers are observed. Sometimpsssible to verify some mathematic
relationship among the spacing and width of thesgers according to experimental

conditions and parameters such as pH.

In burial condition, these phenomena could
7 occur very slowly and factors such as seasonal
coppet (1) oxide .. .
///////////// ppes variations in temperature, pH and amount of
”Rfjg%ﬂj“ifw malachite rainfall could led to the formation of these
- - DL . : , ,
C :It.’.:’e_—.-
2 1 :fﬁfﬁ;f_:;; copper (D oxide banding structures. It is proposed in the figure
@ R IO e . . .
= g (Figure 1V.23) a possible mechanism of
g— o T BB
- [y e . . . . . .
I 8 E . | malachite formation of bending structure: tin oxide acting
= _‘.,,'_,JI ‘_l-;'x_\, . . .
@ Cu%m—%gfga;f copper (I) oxide like a chromatographic adsorbent and copper
L L e . . . .
A% ions diffusing through it.
Figure 1V.23. Scheme of the However, it seems that these bandings are not

chromatographic behavior of stannic

oxide layers [after Stambolov, 1985] explicable according to the initial microstructure

of the alloy Bcott, 198h Even though an object
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subject to cold working techniques, and presensimgll grain size, would be more easily
corroded along the grain boundaries.

Another interesting observation concerns the foacttires, which are observable in the cross
section and also longitudinally along the height toé object (see Figure 1V.15). An
interpretation of this behaviour could be the araishape of the object, possibly realized
using one of the illustrated techniques to reatmstallic wires (Figure 1V.24).
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Figure IV.24. lllustration of the different techuigs to

0 &
D F
reallze meta”lC W||’eS In the AnthIUlty (from “I M| Tech;iques to realize n’éeta\hc;/uires inthe Anti)quitgr ifrom "1 metalli del
monda antica”, C. Giardino, Ed. Laterza, 2002
. ” . . A-D: full-section metallic wire
nel mondo antico”, C.Giardino, Ed. Laterza, 2002). E-F: emply-section metalic wire
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As another example of striated corrosion patteresrgport here the results obtained for

another case study.

Figure IV.25. Ring fragment (labeled
Ib.05.8) excavated at the archaeological
site of Ibida in 2005 and subjected to
scientific investigation

The object, made of bronze, is probably a fragnoérda ring (Figure 1V.25). It presents an
inhomogeneous and incoherent corroded surface atrared by red, green, grey and brown
corrosion products. It results, in few places, deta from the underneath layer but the
minerals are strongly crystallized and the actionremove them with a scalpel results
difficult.

FTIR spectroscopy has been used to characterizepdeler sampled directly from the
surface. The spectrum is reported in the append@opper oxide and copper hydroxyl-
chlorides were detected, as well as soil composech as calcite, aluminosilicates and
guartz. The discontinuity is due to the “spallinf-@ffect as a consequence of formation of
corrosion products of bigger relative volume widspect to the metal itselMpzzeo 2004
This phenomenon causes the lost of informationlasidof sequence of corrosion layers.

Figure IV.26. Micrograph (OM, DF) of the cross sent(Ib.05.8). a- overview: 50x; b- detail of the
layered structure: 100x.
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A small fragment was sampled and a cross-sectich pr@pared according to the standard
methodology. Optical microscope observation of st@tigraphical section evidences the
succession of corrosion layers, the whole sequikeirg) preserved only on the left side.

A rough identification of the nature of corrosioongpounds is conducted by simple optical
microscope observation. Starting from the metaécbomno green layers are present: the first
one evidencing the crystalline microstructure of #illoy and the second one being more
compact and slightly lighter.

Comparison between dark and bright field obserma#ib the optical microscope, allows to
better study the layers at the interface betweenntietal core and the first, red layer of
cuprite. The compact layer, which results lightegrén the dark field image and translucent
orange to blue in bright field, may be identified mantokite, CsCl,. Chlorides, and the
electrolytic conductivity of the cuprite layfrucey 1972; Stambolov 198%re responsible for
its formation. As mentioned previously, this is tharly stage of the so-called “bronze
disease”, the main harmful corrosion phenomenongchwhf not controlled, leads to the

complete mineralization of the object.

Figure 1V.27. Micrograph (OM, DF) of the cross seat(Ib05-8). a-overview: 50x; b-detail of the
layered structure: 100x.

After these two, a sequence of red layers, altechat the external part with a green layer
possibly a copper hydroxyl-chlorides, are preskns worth noting the different nuances of

red layers, which it is sometimes alternated tghsly lighter layers: this is possible a

consequence of the mixing of cuprous oxide (typygalesenting an orange to red colour) and
stannic oxide (characterized by a white colour).

The alloy composition was determined by Energy Bisiye Spectrometer (EDX) and it is

given in the table (Table IV.4)
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Table 1V.4. Alloy composition by EDX.

Copper Tin  Sulfur Chlorine Silicon
wt. % 90.56 8.81 0.27 0.22 0.14

Metallography reveals the microstructure of theeobjIt presents very tiny, re-crystallized
twinned grains, with the presence of straight twmes (Figure 1V.28). The object was
probably obtained by annealing and hot-working, enehtually cold-worked to give the final
shape. Darker areas in the section render the stiacture visible even without etching: is a
sort of “natural” chemical attack due to the chieriwhich corrodes the alloy along the grain

boundaries, thus revealing their structure.

s

Figure IV.28. Metallography of the sample metaleeshowing the recrystallized structure and the
intergranular corrosion due to chlorine

It is already pointed out here the danger of aasive attack driven by chlorine ions. As
previously mentioned, their small dimension and gbssibility to diffuse through the oxide
layers forming the primary patindycey 1972; Stambolov 1985; Sandu J086d directly
react with the alloy’s components.

We also want to mention here the similarity betwgsnmicrostructure of this sample and the
one previously presented. The corrosion layersisdase as well present a striated structure
and the original surface is not easily detectedramg.

In order to better identify and characterize the@sion layers, several EDX point analyses
on the sample’s cross section have been carried @unhplementarily to the FTIR
spectroscopy used on the powder scratched fromstiteace. Molecular spectroscopy
identifies mainly cuprite (see spectrum in the Amlig 1), as well as hydroxyl-chlorides.

An elemental line scan performed with the SEM-ERXaipowerful tool to put in evidence
the distribution of the elements in order to ma&emes hypothesis about the mechanisms of

corrosion
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It is reported in Figure 1V.29 the line scan shagvthe elemental distribution of copper, tin
and chlorine. It is evident the significant increas the chlorine signal corresponding to the
two green layers observed right next to the meied @and the corresponding decrease of the
tin signal.

It can be therefore confirmed the presence of rkaetoor cuprous chloride, at the interface
between the first layer of cuprite and the alloy.

100+ Fa

o = 7o W =LA s ot -~ St A

Figure 1V.29. Element profile obtained by EDX-ls@an: distribution of Cu, Sn and O.

The observations arising from the results of theXElban are the following:

- Decuprification occurs in the first 2Q0n of the corrosion layers, corresponding to a
increase in the chlorine;

- Tin mantains the same concentration for the figf im: between 300 and 6Q0n
it is again present with relevant concentratiom firms the very insoluble stannic
oxide, probably present as hydrated compound,@Bi0. Its presence is detected
even among the most external layers, in areas wbpper concentration decreases,

and when it is possibly present a mixture of tid anpper oxide;
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- Low concentration of soil elements, or contamingi®s Al, ...) even in the most
external layer (not reported in the figure);

- Presence of chlorine: its concentration grows siice very internal layer
demonstrating its diffusion until the sound metal was evidenced before the
intercrystalline corrosion). Moreover, we observeadrupt increasing around 200
um: a depth which correspond to the light greenrayentified as nantokite.

An experiment was carried out by exposing the sampross section to 100 % RH. The
image below (Figure 1V.30) shows the formation ofnplex hydroxo-chlorides (as confirmed
by micro-FTIR spectroscopy) as a consequence ofdhetion of nantokite with water.and

oxygen (Eq. IV.1).

1.0

After RH 100%

Absorbance Units
0.8
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Figure IV.30. Photos before and after exposurénefdpecimen to condition of 100% RH:
growth of hydroxyl-chlorides as verified by micrdiR
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IV.1.4.2 Preferential-phase corrosion patterns

I nterdendritic corrosion: cast objects

As stated, the corrosion patterns are differenditing to the microstructure of the alloy. An
issue which is not yet clarifiegBcott, 1990; Taylor, MacLeod, 1984; Feipeng, 20@9the
preferential corrosion of the Cu-rich rather thaa Sn-rich phases in a cast object showing a
dendritic microstructure. The experimental obseovatare reported here for two objects
excavated in the archeological site of Argamum sintulation experiments are also aimed to

a better understanding of the phenomenon.

Figure IV.31.

Bronze “pre-coin”
excavated in Argamum
in 2000. it is labeled
Arg00_1

The object was described as a pre-coin by the aotbgists (from ICEM-Tulcea) and it is
shown in Figure 1V.31

Since the general conservation state is good arfidcgudetails are still evident, no sampling
was allowed. It was therefore decided to polistyamle side, along one of the edges, in order
to study the metallography and the corrosion laysr,directly locating it in the SEM
chamber. The images (Figure IV.32) illustrate tiverall section of the coin and the alloy

metal core, underling the presence of inclusiorthénright-hand photo.

JHV: 20.00 KV WD: 16.6000 mm WD: 16.6000 m ;2000 KV WD: 16.6000 mm T
jew fleld: 3.30 mm __ Det: BSE Detector 1 mm A e .16 ym _Del: BSE Dete lew fleld: 45240 ym _ Det: BSE Detector 200 m VEGAW TESCAN| C

Figure IV.32. Micrographs obtained at the SEM: acaew image; b_800x_solid metal core;
¢_500x_detail of the solid metal core, showing nwtallic inclusions
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Backscattered electrons micrographs allow intenpgethe structure according to the atomic
number contrast, and higher molecular weight phasesecognizable by a lighter color. The
lighter areas represent therefore Sn-rich phasédle wdarker ones the Cu-rich phases.
Particularly interesting is to notice the presenteseveral non-metallic inclusions, mainly
probably as cuprite or Si- and CI- containing coomuis, witness of the ancient metallurgical

technology: the coin is dated back to the V-VI centB.C.
Table IV.5 . Elemental composition of the alloy aMealue of
three areas 400x40@m.

Copper Tin  Sulfur Chlorine Silicon
wt.% 90.56 8.81 0.27 0.22 0.14

Metallography has been performed on one polishael @i the coin. Micrographs are reported
as Figure IV.33: it is observed the dendritic stoe with locally distorted dendrite probably

due to cold-working procedures after the casting.
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Figure IV.33. Metallographyof the edge surface of the coin: dendrites areeplesi; those in figure
(b) are slightly distorted due probably to a coldrking procedures after casting.

A further study of the corrosion layers has beedeumtaken by EDX mapping. This is a

particularly useful tool allowing the location deeent characterizing each layer. Results are
shown in Figure 1V.34. Again, the BSE image alldaowvsppreciate the selective dissolution of
copper in the internal layer, while the externaé @ppears much darker, demonstrating the

richness in low atomic weight elements such asaili aluminum and oxygen.

! Optical micrograph realized at the Material SceeBepartment (SIM-UTI) by Prof. Romeo Chelariu.
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Map data 383

MAG: 1997 x  HV: 20.0kV WD: 16.6 mm MAG: 1997 x HV: 200 k¥ WD: 16.6 mm

MAG: 1997 x  HV: 200 kV _WD: 16.6 mm

Figure IV.34. EDX mapping showing elemental disttitn for Cu,
Sn, O

The EDX maps allows to identify two layers above thiginal Cu-Sn alloy:

- an internal layer, between the original alloy ahd external layer: richer in tin and
oxygen (20-8Qum). Tin is probably present as tin oxide (ShQhis layer is found to
very clearly delimit theriginal surfaceof the object;

- an external layer (100-20Am), characterized by presence of oxygen and silicon
which could be defined as a contamination layernelcomponents from the soil are
present (Si, O, in this case)

It is worth noting the total absence of copper e texternal layers, being completely
dissolved. This is confirmed also by the FTIR speut reported in the Appendix |, where
only soil components were identified.

It is important noticing that the replacement ok thlloy with tin oxide occurs in a
“pseudomorphic” fashion, without changing of voluraad consequently, preserving the
appearance of the surface. Analyzing the corrosayers is still possible to deduce the

dendritic structure of the alloy, typical of a cabject.

Tin oxide, being very insoluble, maintains the orad shape of the object while copper ions
are allowed to diffuse to this layer dissolvingte surroundings or re-precipitating as Cu(ll)
compounds in the external layers. It can also geeat that the corrosion proceeds from the

original surface towards the internal layers.
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A dissolution factol fCu, can be calculatedRpbbiola 1998 according to the following

equation, assuming that the dissolution of Sn gdewted if compared to the one of copper.

Cu
Cu+Sr

{x}
f =1—& where: Xcuat Xsa=1  Xg, =

X and Xs, are the atomic fractions of copper and tin, whhe pedicelsa and p
indicates, respectively, alloy and patina.

The results are shown in the following table. Thesolution factor assumes a value close to
the unity for the middle layer, meaning that thapger has almost totally vanished from this
layer. In the outer layer, the value approacheslaevcloser to 0, meaning that the ratio Cu/Sn
ratio is preserved in this layer, like in the all®robably, copper is present here as copper (I1)

compounds, mixed with soil contaminants.

Table IV.6. Values of Cu/Sn ra@mdfc, calculated for each layer.

Layer X sn Cu/Sn (wt. %) feu
External layer 5.60 0.36
Internal layer 0.81 0.91
Alloy 0.06 8.80

This result is also in good accordance wRwbbiola [1998, who found a value of

approximately 0.94 for alloys whe X sn< 0.08.

This kind of alteration layers recalls that “nobjgitina to which Gettens was referring to in
his work in 1975. This structure is also in goodadance with Robbiola’s Type | patina that
is passive-like layer, which preserves the allayfrfurther dissolution. In fact, in this case, it
seems the alloy oxidation proceeds towards the @btlke metal, while the external layer is
relatively stable.

Taylor and MacLeod1983 have observed that bronze corrosion in seawatdependent on
the oxygen level of the surrounding water. In velirgenated media, copper rich phase is
preferentially attacked, whereas under less oxidiziondition, the tin richo(+d) eutectic is

selectively corroded.
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The case history of an arrow-head discovered i) 20@he site of Argamum is reported in
the following paragraph. Unfortunately, no informatregarding depth and circumstances of
finding were available. The object has been reaxVar the archaeological site of Argamum

and no information about the soil profile is avaita

Figure IV.35: Photograph of the
object named Arg.00.4.

The object presents a fairly good conservationestaith only few localized areas where
green corrosion compounds, probably paratacandenf{ifiable by its powdery nature and
pale green color), is present.

However, the original shape of the object is stdlll recognizable, and it was therefore not
allowed to sample a fragment for a metallographicy However, it has been decided to
polish the arrowhead on one side and to placeacty into the SEM chamber to study the
stratification of corrosion layers. Also, no optigaicroscopy could be use to study the

section as the object is too high and doesn’trfitree stage of the microscope.

Figure 1V.36: BSE-SEM micrograph of the ‘

stratigraphical section of the arrowhead

Overview of corrosion layers: as it is
commented in the text, the surfaces differ

the internal and in the external side of th‘_

. T WD: 16,6000 mm
section. jew field: 868,66 um  Det: BSE Detector VEGAW TESCAN
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The object was probably obtained by casting usimglds as it is empty inside. The BSE
micrographs show an overview of the corrosion Isyan both the internal and the external
surfaces (Figure 1V.36). It can be observed thékhce in the corrosion behavior of the
external layer, where the surface appears disrupted the interior part, where the original
surface is still well delimited.

Furthermore, it is worth noticing the non-metalhiclusions, which appears like black spots
in the BSE micrograph. Higher SEM magnificationtloé metal core confirmed its dendritic

microstructure (see Figure). The alloy compositgreported in the following table.

Table IV.7. Microstructure of the alloy (BSE, 1kxy its composition
(average over three analysis points)

Copper Tin Zinc  Chlorine Silicon  Sulfur
wt.%  86.50 11.07 0.84 0.22 0.14 0.27

Three different areas can be identified in the €mection of this object, each of them being

characterized by a different distribution of copprd tin within the corrosion layers.

Internal side of the arrowhead

{ Sn]
40um Map data 384
£ MAG:BOOX HV:Z200KV WD:166mm MAG:B00x HV:i200KV WD: 166 mm

Si

B si Si
Map data 384 40 pm Map data 384 40 pm Map data 384
MAG:800x HVI200kV WD: 166 mm T ' MAG:B00x HV:200kV WD:166mm e —— MAG:B00 x  HV:200 KV WD: 166 mm

Figure IV.37. EDX mapping showing the elementatithistion of Cu, Sn, Si and O in the
corrosion layers. (Magnification 800x)

The EDX elemental mapping (Figure 1V.37) allowstidiguishing three areas according to

the elements characterizing each layer:

v Alloy: consists in the metal core and it is maioharacterized by the presence of Cu and

Sn: original alloy. The local presence of Si or Dother elements coincides with the
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presence of inclusions due to the metallurgicainepue employed;

v Internal layer: as observed in the back-scatteneage, this layer is characterized by
lighter areas coinciding with the dendrites andaaker one, meaning that the atomic
density is lower in those areas. The elemental awaydirms this intuition and the main
presence of oxygen suggests the presence of amsexighase, probably consisting of
SnG;

v' External layer is characterized by the absencd@fiag elements, Cu and Sn, and by the
only presence of Si and O: this is a contaminateyer containing only elements of
environmental origin (earth deposit: silica, clay,...

This example, together with the “pre-coin”, reprasethe case of interdendritic corrosion,

particularly interesting because it is an evideoictne preservation of the original surface.

External side of the arrowhead

1{ __-
i g

ez 20 oy I B 3§ | —= = IO [ n —

Figure 1V.38. EDX mapping showing the distributmfrcopper and tin (magnification 800x).

The elemental mapping (Figure IV.38) reports thstriiution of copper and tin over an
external on the external side of the arrowhead.d&erve an enrichment of copper in the
outer layer which is in contrast with the generalbserved phenomenon of decuprification.
The maps show that tin and copper well resembledémalritic structure, indicating tin-rich
and copper-rich phases. In this case is not stifaigiard affirming that the limit until where
tin is present gives a clue for the localizationtloé original surface. Anyhow, a selective
dissolution of tin is not likely to occur as it mrmally assumed that its dissolution can be
neglected with respect to its surface oxidationmiog SnQ (AG = -519 KJ/mol) or
hydrated compound®&pbbiola 1998 A possible explanation is the dissolution of pepand

its re-precipitation as copper (I or 1) compounuisthe outer layer, which is then covered by
soil deposition/concretions.

Darker inclusions observed in the BSE image ardably quartz or other soil’'s mineral

grains.
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Localized corrosion
Some evidences of the disruption of the originalasie are reported in the following pictures
(Figure V.39). It is worth noting that these pi@sirrefer to the external side of the object
indicating that probably the alloy has sufferedfecent dissolution rate in the external side.

2 1

s
HV: 20.00 kV
iew field: 279.92 um BSE Detector 100 ym VEGAW TESCAN a iew field: 452.40 um  Det: BSE Detector 200 pm VEGAW TESCAN b

Figure IV.39. BSE images of external corrosion tagsdencing the disruption of the
original surface. The occurrence of bended struesug) and localized corrosion due
to chlorine (area correspondent to a green “pustdla).

These structures, banded or sandwiched, are offteerwed on archaeological artifacts, but it
is interesting to notice that different corrosioattprns could occur on the same object
[Robbiola,1998; this woik
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IV.1.4.3 Sulfiding reactions

Anaerobic conditions are likely to occur occasibnat soil, especially in peat or seawater
sediments. In these environments, reduction oatfBcott 200Ris possible by the action of
anaerobicsulfate-reducing bacterigSRB), which are able to produce sulfide ions bg t
reaction (Eq. IV 6):

250> =S° +S* +40, (IV.6)

Bacteria utilize the oxygen for their activity atieé end product is hydrogen sulfide,SH

It is thus not uncommon to discover bronze objeascavated from this kind of

environments, and covered with a black-bluish patmade up of copper sulfides.

A hoard of copper coins’ fragments (Figure IV.4@Qre excavated in 2000 in the
archaeological site of Nufarul. The archaeolog&itd is situated in the beautiful context of
the Danube Delta, being located on the bank of oheiver's arm, “Sf. Gheorghe”.

Unfortunately, no information about circumstancéséiraing was available. An approximate

dating of the hoard is to consider during the Bymwantimes.

coln IV coln ¥ coin Vil

Figure IV.40. The hoard of copper coin excavatetlirfiarul, Dobrogea, in
2000.

We faced here a case study where the corrosiondms to an end. The coins are completely
(or almost completely) mineralized, their metalebeing replaced by corrosion products, as
showed in the Figure IV.41.

Their conservation state is particularly bad andla¢de justified by the occurrence of some

specific local conditions, which lead to a highsdisition rate of copper.

All the coins are characterized by the presenca wéry thick external layer, black-bluish in

color and lustrous in the aspect.
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It is reasonable supposing that those anaerobiditbmms could have occurred during the
burial time of these coins and this could be thaieation of the detection of copper sulfides.
The interest and experimental efforts has beeretber driven to their identification. In the
literature, there are few cases report@ddy 1982 and when their occurrence is reported, it

is usually considered amusualor uncommorphenomena.

Figure IV.41. a-The transversal section of onghefcoins excavated in Nufarul;
b-Particular of the mineralized metal core.

The table below reports the description of the cigjetheir microstructure (where it is still

observable) and the analytical technique employadtlie characterization of corrosion
layers.

Table IV.8. Summary of the results obtained bysthentific examination of the coin’s hoard.

_— . Analytical | dentified
Label | Description Alloy microstructure technique Corrosion Products

Heavily corroded: Cu,

I coin fragment Pb islands (Sb, As) SEM-EDX ,XRD Atacamite, Quartz

Il “ n.d. SEM-EDX -
i ! Mineralized, Pb islands SEM-EDX ,XRDj|Covellite, spionkopite, Anilite
(Sh, As)
“ Coppera-phase, Pb islands i i
\Y (Sb, As) SEM-EDX
\% “ Mineralized SEM-EDX -
VI ,‘ Mineralized, Pb islands SEM-EDX, Atacarxlztﬁ;:\t/lealachlte,
(Sh, As) FTIR ’

Covellite, Spionkopite, Anilite

All the coins have been investigated by optical (O&dhd scanning electron microscope
(SEM).

Microanalyses, performed by EDS on the cross secti@oin |, revealed that high amount of
chlorides (probably nantokite, gCil,, Figure V.42) are located below the red layer of copper
(I) oxide, cuprite. This confirms the role of thepper (I) oxide discussed by Luceyucey
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1972: it has been considered acting as an electralytitembrane allowing the transport of

anions such as Cind Q’ inward and cuprous ions outward.

Indeed, the presence of copper chlorides in thieaaaogical artefacts indicates a noticeable
transportation of chloride ions from the soil thgbuthe permeable alteration product layers to
the internal zone and remaining Cu matrix.

The very thick degradation layer appears to bdypddtached from the corroded metal core,
and looks very compact. A number of point measurgmbave been realized in order to

characterize this layer. EDS measurements, togetiterCu, have detected elements like Si,
Al, Fe, Ca, Mg, and ClI, thus demonstrating the v&rgng relationship that exists between

soil constituent and degradation products.

"1[- image (T x)

Figure IV.42. SEM-EDX mapping illustrating thetdisution of Cu, Cl, S, O, Si, P. Ca, Al.

Elemental mapping, realized with the SEM-EDX, ipaaverful tool to study the distribution
of elements over a selected area. In this castath is given to the distribution of copper,
sulfur, oxygen and silicon. The external thick dmack layer of corrosion is characterized by

areas, which appear light in the BSE micrograple (Bgy. 41, a) and black bluish with
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metallic lustre in the OM image. It is worth notitige presence of sulfur associated with
copper in the EDX maps: the black colour, with esdent bluish reflections, of the thick
external layer, suggests the presence of a coppialessuch as CuS (covellite), ¢ (or

more complex combination between these elemerdisidimg Iron as well.

Attempts to identify the crystalline form of therspound has been undertaken by means of
Raman Spectroscopyand Covellite (CuS) could be detected. Further XiRiZestigations
were carried out at the ICN Instituut Collectie Netand, Amsterdam, with Dr. Luc Megens,

using an X-ray diffractometer equipped with a deutiétector.

We could identify the presence of three differemages: covellite (CuS), but also spionkopite
(CuzeSg) and anilite (CuSy), Figure 1V.43. These are the most stable phases asg
demonstrated also by McNeil and LittE9P2, 1999

L
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Figure IV.43 XRD pattern showing reflection ideetifas Covellite (CuS), spionkopite gg) and
anilite (CuSy)

2 Raman spectroscopy analysis was performed wiih Ricolae Buzgar, at the Department of

Geochemistry, UAIC, lasi, Romania.
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IV.1.5 General corrosion features

The research took into consideration several cdsdies, and for some of them, a
stratigraphical section was realized in order trdlighly study the complex succession of
corrosion layers. We observed the occurrence of twommon or atypical corrosion
features, such as a complex striated or periodiactsire and one characterized by the
presence of a thick layer of copper sulphides.

The following table reports a comparison amongrésilts obtained in this work and those
found in the literaturgRobbiola 1992; Oddy 1982]The parameter chosen to classify them is
the ration Cu/Sn, which was calculated both forahey and the corrosion layers.

It shall be pointed out here that the results priegsefrom the referenc&pbbiola 199Pwere
obtained by superficial analysis of corrosion layeithout any sample preparation. The data
referring to reference 2Jddy 1982 and done in this work were obtained by analy$ithe

corrosion layers on a cross section of a fragmeniiteglded in resin.

Table IV.9. Classification of bronze objects acdogdo the value of Cu/Sn ratio in the corrosion

layers.
Object Corrosive Cu/Sn corrosion Sn Cu/Sn alloy Ref.
medium (wt. %) (wt. %) (wt. %)
Sword :
(1000BC) sandy soil 25 8.71 9.4 1
Droplet .
(100 BC) soil 0.14 and 42.5 22.2 2.9 2
Stem (Iran, . .

2000 BC) arid soil 0.8and 0.12 9.6 9.4 1
AxeA(gg) nze temperate soil  0.55and 0.64 10to 15 6t09 1
Axe (Bronze .

Age) temperate soil 0.55 114 7.8 1
Bronze buckle marine 0.2 (Pb$676%) 16.4 1
. arid soill .
Pre-coin S This
marine 0.91 and 5.60 10.1 8.9
(Arg.00.1) environment work
arid soil, This
Ring (1b.05.8) marine 2.60t0 86 8.6 10.6 work
environment
arid soil, 1.28 (16.12 .
géagse'i)t marine 2.95t06.48 zZn; 2.11 62.9 s
T environment Pb)
I arid soll .
Hairstick S This
marine 0.65 to 65.48 9.6 9.4
(Ib.06.9) environment work

(1) [Robbiola, 1992]
(2) [Oddy, Meeks, 1982]

According to the values of Cu/Sn in the corrosiayels, it is evident the general trend of

corrosion which consist in trdecuprificationphenomenon.

-111 -



IV-RESULTS ANDDISCUSSION

It can be pointed out from the table the occurreoteery different values for the same
object. This is due to the presence of copper-tafers (probably cuprite), where the
concentration of tin is very low. These samplestiaeeefore characterized by two limit values
of Cu/Sn ratio, the lower of which is always muolwvér than the same ratio evaluated in the

bulk alloy, thus confirming the decuprification plognenon.

In general, we observed different corrosion pagiteancording to the microstructure of the
alloy: inter-granular corrosion is observed for Bemogeneously recrystallized—-phase
while, for dendritic structures, tlee-phase corrodes first with respect to thed)—phase.
According to the results obtained for the artifas¢dected for this study, it seems that the
microstructure has a role in the corrosion behawfothe alloy. Dendritic structures mostly
showing the occurring ofype | patterns omoble patina with an easy identification of the

original surface, kept by the presence of tin oxide
Casestudy Arg.00.1: Interdendritic corrosion patterns

This object is characterized by a smooth and cotgmacosion layer. Its stratigraphy presents

a two-layered structure as it is evidenced in tB&Bmage (Figure 1V.43).

e
pFogz

o 70 VTR b
HV: 20.00 kV WD: 16.6000 mm
iew field: 228.08 ym  Det: BSE Detector 100 pm VEGAW TESCAN

Figure IV.43. Backscattered electron image(1kxhef
corrosion layers for the precoin labeled Arg.00.1.

The internal layer shows the “ghost” structure bé tdendrites characterizing the alloy
microstructure. As already reported previously, fighter areas in these regions are
characterized by the presence of tin. This layso alearly defines the original surface of the
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object.

The graph (Figure 1V.44) reports the concentrabb@u, Sn, O and Si in the corrosion three
identified areas. This structure can be interpreasdthe results of a two step corrosion
mechanism, as proposed Bpbbiola[1999. In low aggressive media, it occur the formation
of a passive layer, mainly composed by tin oxidad$. This fits well with the primary
passive film defined byMacDonald [19970 for passive film formed under steady-state
conditions. When a certain thickness is reached, dbrrosion rate decreases and the
migration through this layer becomes the rate-da&teng process.

A second step involves the growth of the corrogimough the previously formed passive
film. This phase (according to MacDonald) is coléa by the mass transportation of cations

from the bulk alloy outwards and the anions from éectrolyte in the opposite direction.

It is therefore concluded that this structure cgpoad to the Type | corrosion structure,
according to the classification proposed by Rolzbitilis worth underlining that the corrosion

patterns reveals the grain boundaries and this dstrades that the patina grows into the alloy
and the process is controlled by the inward trariaion of oxygen anions.

\ /\30
\_/
U v
40 /\
/ N\
. AN

Alloy Intcrnal External

Figure IV.44 . Elemental distribution along the ousion layers for the
sample Arg.00.1

It is worth mentioning that in this case it has@en detected a layer of cuprite in the interface
alloy-external layer. This is also mentionedRgbbiola [1998]as a feature by which Type |

corrosion structures differ from Type |l patterns.
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Case study 1b.05.8: multilayered corrosion pattern

The case study here reported is a typical Typérdicture, showing a complex, multilayered
corrosion pattern. The BSE image shows a selectesl @ the striated textured corrosion,
which is visible, complete, in the optical microgha Layer 1, 2 and 5 are characterized by a
green colour, while the rest of the sequence shibffierent hues of red-orange colour and a
porous texture. A fracture is also present withi@ torrosion layers, probably due to internal
tensions due to the growing of corrosion products.

[ 200 pir

Figure IV.45. OM and BSE micrographs of the craagisn (sample 1b.05.8) evidencing the layered
textured structure.

The following graph (Table 1V.46) reports the elena distribution along the corrosion

layers. It can be noticed that the decuprificatomturs, but it is not as marked as in the
former case. Also it shall be underlined the camspaesent of tin, which is comparable to its
percentage in the original alloy, even in the csion layer. The red-orange layers which
made up the corrosion pattern are made up of cgpaad stannic oxides. In fact, at a more
careful sight, this layers show a white colour aalwmixed with the red cuprous oxide

(cuprite, CyO).
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Figure 1V.46. Elemental distribution along the cosion layers for the
sample 1b.05.8

In this case, possibly due to a high oxidation,réite and copper oxides are formed. The
higher corrosion rate can be due either to an asg@ aggressiveness of the soil, but also to
the alloy itself. The recrystallized microstructur@btained as a consequence of intense
working procedures, presents very small grains thedefore holds a higher strain energy,
which could be the cause of an increased susclkytiioi corrosion.

Afterwards, the growth of corrosion layers is undeionic diffusion controlRobbiola 1998
and it takes place though the porous oxide layke dlectrolytic conductivity of the cuprite
layer, often mentioned in the text, is recalledehagain as it explains the presence of chlorine
in the internal layers. It then reacts with metatiopper to form the cuprous chlorine trough
the reaction (3), already presented. In this wae dissolution of alloy proceeds inward.

This layer lies dormant, as it is somehow protettedhe oxide layers, until contact with air
and humidity when it reacts to form the basic ddies already introduced in the former
paragraphs.

This structure well resembles the Type Il corrossbructure leading to corrosion features
which transfigure the original surface. In this eathe corrosion resumption could occur
involving the formation of cracks which lead to thetachment of part of the corrosion layers.
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Case study 1b.08.4: effect of other alloying elements
The third case is an object, probably a braceleifjanof brass alloy, which composition is
given in the table. Lead globules are visible ia backscattered image as white spots. Figure

IV.47 . reports the composition of the alloy.

Table 1V.10. Elemental composition of the alloydmef
three analysis points by EDX)

Copper Zinc Lead Tin Iron Aluminium
wt.% 80.04 16.12 2.11 1.28 0.17 0.27

As indicated in the backscattered image, a thrger Iastructure is present. The first, internal
layer is discontinuous and identifiable by the padour, typical of cuprite, in the optical

micrograph. Than, two different layers are presrihe interface between the cuprite layers

and the external layer, mainly a contamination one.

Figure IV.47. OM and BSE micrographs showing thre¢Hayered structure

In the same way, as for the other case studiesfoll@ving graph reports the elemental
distribution along the corrosion layers. Since #mount of tin was very small we could

ignore it in the presentation of results.

The graph shows a noticeable decuprification araind#ication. A wide literature exists

[Brown 1977, Jones 1996, Scott 1P9@bout dezincification as, according to the
electrochemical series of metals, it is much mativa and it is selectively dissolved from
the alloy.

It is worth noticing the increase in the concembratof lead, especially evident in the I
interface layer, also visible in the BSE imageigistér areas.

Lead is insoluble in the bulk allow and it is fourm$ globules or inclusions. Being
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electrochemically more active than copper, it csediirst probably forming some compounds
such as PbCPor lead oxides. Nevertheless, it is interestingjceoits enrichment in the
external corrosion layers.

The external layer is characterized by a decreashe concentration of all other species

excepting silicon and oxygen, thus revealing th&amination nature of the external layer.

70 \\ o
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.m X
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wit. %o

alloy Internal Tinterface ITinterface External

Figure IV 48. Elemental distribution along the casron layers: sample 1b.08.4

It seems, however, that the cuprite layer delimibgdthe first interface layer, could be
ascribed to the original surface. According to #lemental distribution, this layer is also

characterized by a still high copper concentratiamich further decreases after that.
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IV.2 Electrochemical behavior of bronze in natural environments

The results obtained studying the long-term behavior of bronze in burial condition has raised
up the scientific interest to investigate the mechanisms through which these alloys corrode in
natural environments.

We have therefore undertaken a research examining the electrochemical behavior of bronze
(Cu-10Sn) in soil and soil simulated environments. We also took into consideration more
aggressive media such as the sea water, as the archaeological objects which were studied
often presented a degradation patterns involving chlorine. The sites where these artifacts were
excavated are located next to the Black Sea and therefore an influence of chlorine is expected.
The chosen adloy was considered representative for the mgority of ancient aloys, as also
demonstrated by the results obtained for case studies. The choice was also driven by the

commercial availability.

IV.2.1 Evolution of Open Circuit Potential (OCP) in simulated and natural soil

The first approach for this investigation was the study of the evolution of OCP in soil-
simulated environment. As reported in literature [Van Der Schijff 1993, and references
therein], asimulation of soil can be obtained by using agar gel because its character provides

agood aeration and the possibility to disperse an electrolytein it.

Possibly due to the very low aggressiveness of the solution acting as electrolyte and to the
variability in the room temperature, measurements of the OCP over a month time, were not
satisfactory, and a general trend couldn’'t be identified. We' ve therefore decided to carry out

the same experiment using the natural soil as corrosive medium.

Open circuit potential measurements were followed placing the bronze electrode in natural
soil (sampled from area Bulding E1, see Chapter 11), which was sampled in the archaeol ogical
site of Ibida during excavation procedures in the summer 2008.

OCP were recorded on a daily basis for a month and the results are reported in Figure 1V .46.
We observe a dight, linear decrease of the open circuit potential indicating a reduction of the
corrosion resistance as the sample is kept in soil. The cause of this behavior could probably be
related to the beginning of interdendritic corrosion which leads to the increasing of the active

surface.

-119 -



IV-RESULTS AND DISCUSSION
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Figure 1V.49. Evolution of OCP in natural soil ovamperiod of 30 days.

It shall be underlined that OCP measurements deperskveral environmental factors, such
as temperature, relative humidity, etc., whichreelly kept under control.
Therefore, these measurements cannot be considdvedlutely reliable if all these

parameters are not known and carefully checked out.

Figure IV.50. Micrograph of the electrode Bronzafter 30
days exposure to soil (200x, BF).

It is worth reporting the images obtained by OMtlod electrode’s surface after one-month
exposure in the soil medium (Figure 1V.50). Theghtiblue zones indicated the+)-phase
which remains un-corroded, while the dark browraarglicates an oxidation of thephase.
The same behavior is reported for Bronze 1 and 2.

This represents a first interesting result, aspih@se-preferential corrosion is an issue which
is not clear yet in the literatureS¢ott 1990; MacLeod 1984; Feipeng 2P08s already
observed for the case studies, tiphase is the most likely to be corroded first. ®or

evidences of this behavior will be pointed outhe following exposition of results.
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IV.2.2 Comparison between pure copper and bronze behavior

As stated, the aim of the research is an investigabf bronze behavior in natural
environments. In the literaturédgmilton 2000; North 1987 corrosion of bronze is often
explained using the copper model because, in gerapper-containing compounds have

been reported to the main constituents of bronsaga many different environments.

The first approach was therefore to compare th@@opnd bronze behavior in soil solution
and sea water, the two natural electrolytes chésethis work, whose composition, pH and
conductivity values are reported in Table 1V.11.

Table IV.11. Composition of soil solution and Bl&sa water used for the experiments.

Cl NO5 PO,* SO* pH Conductivity
mmol mmol mmol mmol mS
Soil Solution 1.128 0.726 1.053 1.145 8.86 0.32
Black Sea water 244.53 14.45 7.10 27.45

We performed linear potentiodynamic polarizatiomgsa sweeping rate of 10 mV/s and the
results are reported in the following illustratigfigure 1V.51 and IV.52).

—  Copper

—— Bronze 1

—— Broenze 2

Current density [mAfc:mZ]
£
m

-0.5

048 0 045 1 16
Potential [V]
Figure IV.51. Linear polarization curves (sweepimate 10 mV/s)

registered in soil solution: comparison among poogper, Bronze 1
and Bronze 2.
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Figure IV.52. Linear polarization curves (sweepnage 10 mV/s)
registered in soil solution (a) and sea water @mparison among
pure copper, Bronze 1 and Bronze 2.

At a glance, it can be observed that in the leggesgive medium of soil solution, the bronze
specimens show a wider passive domain with regpecbpper, for which on the contrary
starts an active corrosion at thg,E Nevertheless, Bronze 1 behaves differently, itve

resembling that of pure copper. This inconsistarozéd be due to the low conductivity of the

corrosive medium these curves may be more affdnexirors due to ohmic (voltage) drop.

In the more aggressive medium of Black sea wakes, iehavior is enhanced and can be
appreciated by the values of current density ahdrigpotentials. The same behavior was
reported in the literatureSpuissi, et al., 20Q7n aerated agueous NaCl solutions.

The following table (Table 1V.12) reports the valw# corrosion potential and the
correspondent instantaneous current density fopeom@mnd the two bronze specimens,
respectively in soil solution and sea water.

In the case of sea water, both values of corrgsatantial and current density indicate a much

higher stability for the bronzes in comparison watdpper.

Table 1V.12 Comparison of corrosion potentials @aondrent density values
for linear polarization in soil solution and seawiwa (Bronze 1).

Soil solution Black sea water
E(|=o), Jcorr ) E(|=0)! Jcorr 313
(mV/SCE) (LA/cm?) (mV/SCE)  (mAlcn?) Cu
Cu 33.5 3.067 -145 0.495 1
Bronze 1 -46.7 5.332 -226.4 0.118 0.24
Bronze 2 480 0.757 -206.8 0.169 0.34
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IV.2.3 Influence of the potential scanning rate

It was investigated the influence of the potensBaleep rate on the shape of the linear
potentiodynamic polarization curve using the Blael water as electrolyte (Table IV.11) , its
composition). The graphs (Figure 1V.53) reportsomparison, for the specimen Bronze 1,
among the linear voltammograms registered overngea8061500 mV using different

potential scanning rate: 1-10-50-100 mV/s.

The results here presented related a comparisimeat potentiodynamic curves recorded for

Bronze 1 and Bronze 2 in soil solution.

1 mV/s
10 mV/s 1 mVis

50 mVig 10 mvig

50 mVis

100 mV/s

100 mV/s

s

o
&
nt density [ma/cm?]

nt density [ma/cm?]

Curre

Curre

0.5
-05

05 o 0s 1 15

05 0 05 1 15
Potential [v] b

Potential [V] a

Figure IV.53. Electrochemical behavior of Bronzgjland Bronze 2K in soil solution.

It can be observed that at high over-potentialspibtential scanning rate doesn’t appreciably
influence the shape of linear polarization curveeging for higher scanning rate (100mV/s).
Moreover, in order to put in evidence the proceskasing place during the anodic
polarization, in this study we have evaluate tdqrer cyclic Voltammetry using 10 mV/s as
sweeping rate.

The curves registered in Black Sea water show terdiit shape (Figure 1V.54). It is
evidenced the loss of the differentiation of theotwnodic peaks which are clearly
distinguished for the black and red curves, respelgtl and 10 mV/s. At this scan speeds the
reaction has time to take place and the electredetion occur at equilibrium condition
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Figure IV.54. Specimen Bronze 1- comparison amatayization curves at
different potential scanning rate, 1-10-50-100 mV/s

This result was useful as in for future experimaitpotentiodynamic polarization the chosen

sweeping rate were respectively 1mV/s for lineattarometry and 10 mV/s for cyclic

Voltammetry, a value which has been judged appatgrior the investigation of electrode’s

processes.

It is evidenced and pointed out the effect of tbheeptial sweep rate on the relative position of

the peaks. Even though the shape of the curve tdssrfor the voltammetries at 1 and 10
mV/s, the position of anodic peaks; @nd A;) is shifted (Table IV.13).

Table IV.13. Influence of the potential scanning

Al

rate on the position of anodic peaks.

10 mV/s

1 mVis

E (mV) -20.7

J(nA/cm?) 11.99
E (mV) 451

J@A/cnr) 10.79
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IV.2.4 Potentiodynamic polarization in natural soil solution: a comparison

between Bronze 1 and Bronze 2.

As a mean of distinction between bronze 1 and l&odz cyclic voltammograms were
recorded in natural soil solution (E1; pH = 8.8&laonductivity = 316uS) for the two
specimens (Figure 1V.55). The main parameters onbthirom the curve are reported in the
table (Table 1V.14).

(-2

1 - Bronzl
(10 ]
2 - Bronzl

[l |

Cwrrent densicy [a/cn 2]

izl

oal

08

04 a =3 1 15

Potential [V]

Figure IV.55. Comparison between cyclic polarizatourves recorded
in soil solution for Bronze 1 and Bronze 2.

Table 1V.14. Parameters evaluated from the
cyclic potentiodynamic curve

Bronze 1 Bronze2
E(-0), MV (SCE) 352 223
Egp, MV(SCE) 730 -
Ep, MV(SCE) 110 182
Je=15vy MA/CNT 1.08 1.13

It can be stated that they show similar behaviorchviis characterized by the presence of a
hysteresis-like loop, typical for pitting behavids the potential is scanned towards higher
values, we observe the occurrence of a passive idamndil approximately 700 mV, where
the breakdown of passivity occurs (thgpEvas taken in correspondence of the rapid and
stable increase of the anodic current density)s Thparticularly evident for Bronze 1, while
it cannot be well defined for Bronze 2. In this e&athe pitting corrosion begins already at
small potential, close to the corrosion potentiadl @he pit growth occurs at slow rate until
approximately 1100 mV, when it increases the grospded with the current density.
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After the loop, both curves move towards small galwf current density, but they don't
retrace the same path, thus demonstrating theppiisagationBellezze 2004

The repassivation potential are close for both besnbut the intensity of the pitting corrosion
is much higher for Bronze 1, the area of the loemdp proportional with the amount of
pitting.

Surface characterization was performed by optical scanning electron microscopy. The
images show the pitting behavior for both Bronzndl 2, which confirms the result from the
electrochemical experiments. The BSE micrograpigu(e IV.56) shows evidence better the

preferential corrosion of thephase, theots)-phase being visible by the brighter color.

WEGAN TESCAN

200x_BF 1kx_BSE

Figure IV.56. Comparison between Bronze 1 and B¥@ptical and scanning electron
characterization of the corroded surface. It isd®riced the localized corrosion

In the exposition of the next results, the most megful results, either obtained for Bronze 1
or Bronze 2 will be reported.

- 126 -



IV-RESULTS AND DISCUSSION

IV.2.5 Cyclic potentiodynamic polarization in natural and simulated soil

solution

In order to have a term of comparison, two solgjoh and B, were prepared (Table IV.15) ,
for which the concentration of Chlorine, Nitratehd3phate and Sulphate anions are
respectively doubled and increased 10 times wgheaet of the soil solution. These solutions
can also provide a simulation of local increaseaceatration as a consequence, for example,

of repeated events of water evaporation.

Table IV.15.Composition of electrolytes

cl NOs PO SO2 pH Conductivity
mmol mmol mmol mmol mS
Soil Solution 1.128 0.726 1.053 1.145 8.86 0.32
Solution "A* (x 2)* 2.323 1.544 2.107 2.292 8.56 8.93
Solution "B* (x 10)* 11.273 7.256 10.529 11.581 8.95 13.03

Figure IV.57 reports the polarization curves reeardespectively in Soil Solution, Solution A
and Solution B for the specimen Bronze 1. It carobserved that the corrosivity of these

media is very different, the soil solution havingeay low aggressiveness on bronze.

35

30

25 1 - Soil Solution
2 - Solution A
0 3 - Solution B

Cwrrent density [nA/cm? |

&

-1 05 ul 05 1 15

Potential V]

Figure IV.57. Cyclic potentiodyamic curves recordespectively, in soil
solution, solution A and solution B. results arewh for Bronze 1, but
the same behavior was obtained for Bronze 2 as well
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The most concentrated solution, B, has been usedtalsimulate an “accelerated” corrosion
of bronze and reaction products have been inveastigay EDX spectrometer coupled with
SEM.

The shape of the three voltammograms indicates ttfetalloy present a typical “pitting”
corrosion behavior, as previously discussed. Tharpaters characterizing these processes
are shown in the following table (Table 1V.16):

Table IV.16.Composition of soil and simulated solltion used as electrolytes

Ecr Esp  Ep  AEn  J(E=1500mV)

mv) mv) (mv) (mv)  (mAcnd)  Msoisa

Soil solution 350 230 109 121 1.17 1
Solution A 505 1035 247 788 18.23 15
Solution B -293 834 -43 791 35.24 30

By comparing values of J (mA/@nfor E = 1500 mV it is possible to conclude thae t
sample is much more stable in soil solution tharsatution A (15 times less stable) and
solution B (30 times less stable).

It can be noticed that as concentration of saltee@ses, the passivity domain (represented by
the value ofAE;,) extends considerably.

It shall be underlined that the calculation of ogion potential is affected by a considerable
error because in these solutions at low potenti@specimen is practically passive and small
fluctuations which could modify surface’s qualifyo{ishing grade, alloy’s imperfections, but
also local @ concentrations, temperature) lead to a considei@idnging of the potential.

On the other side, it can be concluded that in rdesef an external potential applied, the
bronze sample is sufficiently stable.

The same behavior was observed for Bronze 2.
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Optical and scanning electron microscopy (OM and SH-EDX)

The surface morphology of the electrodes’ surfea® lheen investigated by optical methods
after electrochemical experiments in order to falyaracterize the corrosion process.

As expected from electrochemical results, optidagenvations have evidenced the pitting
corrosion on bronze electrodes measured in soilsailedsimulated electrolytes. A general
overview is provided by the BSE-image in the Figives58, which reports the surface’s
morphology for Bronze electrode examined in soluti®yy the most concentrated (see Table
IV.15)

WO T6E0mm
fow fod 388 mm Dol BSE Delechr 1 mm VEGAN TESCAH P |

Figure IV.58. Low magnification BSE image {0x) and optical micrograptb( BF, 50x) of the
electrode surface after electrochemical experimangolution B.

A single pit was selected and an EDX line-scan pesormed in order to characterize the

elemental distribution across it.

Figure 1V.59. High magnification (BSE image, 5000ka pit and EDX line scan performed across it.

From result is provided in the Figure V.59 it cha observed a significant decrease in
copper, demonstrating its selective dissolution #edincreasing of Sn and O content within
the pit. A possible explanation is the formation bufth copper and tin oxides, probably

associated to an higher current density, locally.
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Next to the pits some areas were identified ancewbaracterized by the structure illustrated
in the following images (Figure IV.60). It is eviule by examination of the BSE image, that
corrosion selectively involves the dendritic phdsaying uncorroded the{p)-phase (bright
areas in the BSE image corresponding to the ligig phase in the OM).

000KV WD: 165470 mm L L
Pl 226 20 Dol BSE Dwlector WEGAL TESCAN b

Figure IV.60. Evidences of selective corrosion lawvg theo-phase. (Bronze 2, after potentiodynamic
polarization in solution “A”; a. optical microscope, BF, 500k; BSE, 1kx)
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IV.2.6 Linear and cyclic potentiodynamic polarization in sea water

It is relevant for this study to investigate theotwme behavior in more aggressive
environments. The interest is justified by the elagcinity of the archaeological sites in
Dobrudja to the Black Sea and by the needing talystihe particular effect of high
concentration of chlorine as it is considered hgwardetrimental effect on bronze objects.

For this study, it was considered also the Meditggan sea water as their composition have

been found to be sensibly different by ion chrorgedphy analysis (Table IV.17).

Table IV.17.Composition of the Black and Meditea@m Sea used as electrolytes

o} SO~ pH Conductivity
mmol mmol mS
Black 244.534 14454  7.10 27.45
sea water
Mediterranean 694.209 37931 822 56.70
sea water

Figure IV.61 shows a comparison among the cyclitamemograms recorded in soil solution,
Black Sea water and Mediterranean Sea water. Tgredacibility was verified performing
three scan for each sample. Behavior of bronzeilrsslution has already been discussed in
former paragraph and it is reported in the imagesédke of comparison.
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Figure IV.61. A comparison of cyclic potentiodynammdlarization curves for
Bronze 1 in soil solution, Black and Mediterranemawater.

-131 -



IV-RESULTS AND DISCUSSION

In sea water corrosion is much more intense thawiinsolution and this is demonstrated by
both, the cyclic polarization curves and by theigghtand scanning electron microscope

observation of the electrode’s surfaces.

On the anodic branch it is possible to identifyethdifferent peaks (Table 1V.18), occurring
for the two sea waters in different positions.

Table 1V.18. Identification of anodic and cathog&aks for Bronze 1 in seawaters

A A Ay C
524 98 340  -861
Black Sea E (mV)2
2.9 13.1 16.3 408  Juemd)
et ., 548 1% 37 718 E (mV)
editlerranean sea _; gg 24 119 668  Jfcm?)

The list of possible electrode reactions is pressrdccording to PourbaiB@bic 2001

2 Cu+HO — CwO +4H + 2¢
CwO + O — CuO + 2H + 2¢
Cu + 2H0 — Cu(OH) + 2H" + 26
Sn + 2HO — SNQ + 4H' + 4€

In the presence of chlorine anions, as we areamseer, leads to the following reactions:

Cu+ClI—CuCl +e
Cw0 + CI + 2H,0 — Cw(OH):Cl + H'
CuCl + CI —- CuChk

This last reaction, leading to the formation of gbdexes, takes place when an excess of
chlorine anions is preseridgs Santos 2007

The first small peak, at around -500 mV for botlhves (Black and Mediterranean Sea) can
be attributed to the beginning of Cu oxidation bgnfation of Cu(l) oxide, GX©. The process
goes on with increasing of the current densitycpealing to further corrosion by formation of
Cu(OH), or CuO; phenomena which occur with different sgeaidformation in two different
sea waters leading to the formation afuplexstructure Babic 200]. The formation of this
duplex structure protects the bronze from furthesalution of the alloy and this can be
demonstrated by the decreasing of the current geimsthe curves after the third peak. The
presence of tin, forming the unsoluble tin (IV) @& SnQ, is probably playing an important

role in this behavior as it is insoluble over a@dnge of pH.
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In the cathodic branch, it is remarkable to obseéhes presence of a single peak, probably
representing the reduction of cupric species talmetCu, cubic, as it also demonstrated by

the BSE image showed in Figure V. and obtained #iteelectrochemical experiments.

Vi 2000 kY WO 11,3710 mem

V' fdd” 2250 pem Dl 5 Dalwcion o VEGAY TEECAN

Figure IV.62. BSE image showing the formation
of cubic Cu-crystals as a consequence of potential
scan towards negative values.
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Optical and scanning electron microscope charactezation

In presence of chlorine and sulfate anions, thegs® doesn’t stop at this stage: Cu(9id)
unstable and subsequent reaction with chlorine keathe formation of alkaline copper
chlorides or sulphates. This is visible in the iet taken at the optical microscope and
showing the formation of green-blue compounds.

Figure IV.63.0M micrographs of Bronze 1 in Meditarean Sea water after
electrochemical experiments.

Figure IV.64.0M micrographs of Bronze 1 in Blacl Seter after electrochemical
experiments.

SEM-EDX allows performing point and area elememtadlysis of the surface, on selected
areas. The bronze specimen withdrawn from the Madihean Sea exposure was subjected to
such an investigation in order to identify the edeits characterizing the corrosion structure.
Figure V. reports the BSE image, magnified 1000emand the correspondent spectrum
recorded on the selected area, for the electrotier aflectrochemical experiments in
Mediterranean Sea. Two different zones are idewtifone correspondent to these blue/green
deposition and another one, characterized by a aotpyer, which presents cracks. The
EDX spectrum registered on the deposit confirnsitsposed nature, being identified by Cu,
Cl and O, the elements characterizing the hydrokybrides, such as Atacamite or
Paratacamite. The compact area results to be cadnsCu, Sn, Cl, and O, the exact nature
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of this compounds being not clarified, and microEXRr similar advanced methods are
required for its identification. It can be supposeat a complex layer, formed by a mixture of
tin (IV) oxide, Cu(l) oxide and Cu(l) chlorides other compounds involving Cu(ll) species
such as hydroxyl-chlorides is there.

WD:16.6000mm [ . o o 1 o 4o | V= v WD: 16.5740 mm
0pm Det: BSE Detector /i C W 297 ym  Del: BSE Deteclof

Figure IV.65. BSE images of the corroded surfate Jelected area were analyzed by EDX and
chlorine has been found to be the main corrosivenag
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IV.2.7 Comparison between soil-simulated solution and sea water

The comparison between the polarization curve i water and soil solution previously
presented, doesn't allow appreciating the diffeeeritis proposed here a comparison among
curves registered in Black sea water and the sol@i which, | remind, was prepared by ten
times increasing the concentration of, GlO;, SQ%, SQZ.
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Figure 1V.66. Cyclic polarization curves for Bronteecorded
in Black seawater and solution B.

The behavior of bronze in sea water is differeabfrthat of bronze in soil and soil simulated

media, in which case the potentiodynamic curve shawide passive domain. A protective

passive layer is likely to be formed, even thoulgé breakdown of passivity, occurring at

higher potential, leads to a pitting phenomenoncivhis observed already at naked eyes
(Figure 1V.67).

~

: Ma 08
Figure 1V.67. Photographs of bronze 1 electrodésradlectrochemical
experiments (a-in sol B; b-in Black Sea)
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IV.2.8 Surface characterization of bronze electrodes kept in soil by optical and

potentiodynamic polarization methods

Bronze electrodes were kept in soil for a totaliqeerof two months. Each month, one
electrode was removed from the container and ifase investigated by optical and scanning

microscopy before the electrochemical measurements.

b

Figure 1V.68. Optical micrographs (200x, BF) showithe bronze electrodes surface after,
respectively, 304), 60 ©).

It can be observed from the images (Figure IV.68) @also for sample buried in soil, the

oxidation starts from the copper-rich phase, whike tin-rich remains uncorroded and it is

visible by the light blue colour.

We believe that the corrosion process involvesfénmation of a very thin layer of tin and
copper oxides, few nanometers thick only, whichasct passive layer. Tin (IV) oxide is a

very stable species, being insoluble over a widgeaf pH Pourbaix 1977.

Afterwards, linear and cyclic potentiodynamic p@ation curves were recorded using the
natural soil solution as electrolyte. The resuttsthe linear voltammetry are reported in the
following table (Table IV.19) and compared with thehavior of a freshly polished electrode.

Table IV.19. Parameters characterizing linear voitaetry: a comparison among
freshly polished electrode and kept in soil foraB@ 60 days.

Parameters freshly polished ?‘:gﬂtzhl ’isnoﬁos"oi rir:rﬂié ’,igoSiIOislozl.
S{%:ﬁ‘zﬁe 0.55 0.5027 0.5281
(m\?/%I(D:E) 76 -60 -55
(nfv(/Js:g)E) 29.00 -0.40 -121.10
(uijg%z) 1.01 1.13 216
(kohn?  cf) 40.74 25.07 12.61
(n?i‘,) 242.2 202.6 152.6
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(nt]’{/) -259.2 -149.6 -197.0
Veorr 11.86 13.17 2455
(um/year)

Particularly relevant for a critical comparison ar@ues of the corrosion potentidt (o)
instantaneous current densitltg) and the resulting corrosion rate.4;) calculated using
the Tafel method.

Polarization curves, for a freshly polished surfand for samples maintained in soil one and
two months respectively, measured in soil solutreweals that for these last two specimens
the tendency to corrode becomes higher as it deevifrom values of &; calculated from the
linear polarization curves. [-0.4 -121.0 mV] and from the instantaneous values ef th
corrosion current, which becomes higher [1:18 16pA/cm?].

Moreover, the stability plateau (or the passive dmy is much more pronounced for the
polished sample, while it is not present for theeottwo samples, for which the corrosion
begins already at the corrosion potential but welatively low rate (values of current density
~0.1 mA/cnd), as the corrosion process has already beganeoyr@hemical and chemical

processes in soil.

freshly polished

0.8 2 months m goil

1 months in soil

0.6
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Figure IV.69. Cyclic polarization curves relative Bronze 1, freshly
polished and after 30, 60, 90 days kept in sodjstered in soil solution.

It can be notices that, once with time, the shdpbe curve tends to resemble the one of the
polished sample, indicating an increase in theipadsehavior of the surface especially at
over-potentials higher than ~300 mV.
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IV.2.9 Surface characterization of bronze corrosion products after exposure in
sea water by optical methods

Bronze electrodes were kept in a closed containesda water, both Black Sea and

Mediterranean Sea. Their surfaces have been igetsti after 40 days by optical and

scanning electron microscope as well as by eldognmacal impedance spectroscopy (EIS).

Bronze 1 in Mediterranean Sea water

50x_DF 100x_DF

Figure IV.70. Dark field observation at the OM ralsethe colorful corrosion products which have
formed on the electrode’s surface after exposuidéditerranean Sea water for 40 days.

200x_BF 200x_DF

Figure IV.71. .A comparison between dark and brig#t allows evidencing the un-corroded phase,
a+0 in this case, which appears brighter under brifiald conditions; the dark field observation
allows appreciating the colour of corrosion produitte green colour can be attributed most probably
to basic copper chlorides.

One month exposure to the Mediterranean seawabelupes a variety of colorful corrosion

products, as we can observe in the pictures aldéigeirgé 1V.70). Orange to red compounds
are possibly ascribed to copper(l) oxide, whileegréo blue compounds can be identified as
copper (II) hydroxide or basic copper chlorides anbhates. It is worth noticing once again,
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the preferential attack of thephase, clearly visible in the left image in FigWwe&'l. The
brighter areas represent thet§)-phase which is still uncorroded. This result desimtes
that even in more aggressive environments, alweseted, the preferential dissolution of the
copper-rich phase occurs.

The following BSE images (Figure IV.72) show at heg magnifications the electrode’s
surface. The image on the left-hand side showsabai tin-rich interdendritic phase and the
presence of an inhomogeneous corrosion layer aftettte dendritici—structure. These areas
are characterized by copper and an high tin conba#ide elements such as O, Na and Mg
finding their origin in the corrosion medium (itee seawater).

The image on the right shows the presence of tedirah crystals, fewum big, whose EDX
spectrum is presented in the below the image.
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Figure IV.72. BSE micrographs of the bronze elatgrexposed to Mediterranean sea water. The
brighter zone in the left-hand imaga® @re the uncorroded: d)-phase, while in the right-hand
image b) tetrahedral crystals are observed.
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Bronze 1 in Black Sea water
Visual examination of the electrode’s surface aftee month exposure to Black Sea water let
us appreciate the occurrence of a more or less gensous surface, covered by green/blue

compounds. Optical micrographs provide an insigtd the surface.

50x_DF 100x_DF

Figure IV.73. Dark field observation at the OM ralsethe colorful corrosion products which have
formed on the electrode’s surface after exposutdediterranean sea water for 40 days.

BSE images, showed in Figure V.74, illustrate therphology of corrosion structure. It is
evidenced the occurrence of two typologies of @ products, their exact nature
remaining unidentified.

The EDX-spectra provide a source of informatiomeggrds the qualitative information about
the element present. In both cases, copper anceoxgge present as major component, while
tin, chlorine, sulphur and aluminium are presentr@isor elements. It can be supposed that
copper is present as cuprous oxide or basic cldsridhile tin is present as tin oxide, even
though signal from the original alloy is expect&éte source of aluminum would likely be the

Sea.

This is in accordance with the literatugbf Santos 2007, Wang 2(00&s the main corrosion
compounds detected on bronze alloy are copper bhkicides and a mixture of copper and

tin oxides.
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Figure IV.74. BSE micrographs of the bronze elatgrexposed to Black sea water.
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IV.2.10 Electrochemical impedance spectroscopy: comparison between the

behaviors of corrosion layers formed in soil and seawater.

In the last part of the work, scientific efforts weaimed to characterize the corrosion layers
formed on bronze specimen both in soil and seawaldre following represent preliminary

results, which disclose possible further developméor the research.

Electrochemical Impedance Spectroscopy is maybe ntlest spread technique for the
characterization of surface structure of a corraaetal Cano 2008 It is a powerful method
which allows the estimation of corrosion resistantelectrochemical and corrosion system.
EIS is essentially a steady state technique thagpmble to access relaxation phenomena,
whose relaxation times vary over orders of magmisuand permits single averaging within a

single experiment to obtain high precision levels.

The EIS spectra recorded in natural soil solutmnBronze 1 after burial in soil after 30, 60
and 90 days are shown in Bode plots (Figure V.7%h@ logarithm of impedance magnitude
and of the phase angle as a function of the fregyieriogarithm. The impedance spectrum
indicates the formation of an oxide with two layars. a porous outer layer and a compact
inner layer Pan et al. 199p Those can be divided in two distinct frequenegions: the
high-frequency part, which arises from the unconsp&ed ohmic resistance due to the
electrolytic solution and the impedance charadiesigesulting from the penetration of the
electrolyte through a porous film, and the low-fregcy part accounting for the processes
taking place at the substrate/electrolyte interf&mauto et al. 2003
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Figure IV.75. Bode plots for Bronze 1 after oneg titiree
months exposure in soil.

For the interpretation of the electrochemical beétrawf a system from EIS spectra, an
appropriate physical model of the electrochemieactions occurring on the electrodes is
necessary. The electrochemical cell, because gepte impedance to a small sinusoidal
excitation, may be represented by an equivalemuitifEC). An EC consists of various
arrangements of resistances, capacitors and ottaritcelements, and provides the most
relevant corrosion parameters applicable to thestsaie/electrolyte system. The usual
guidelines for the selection of the best-fit EC e following.

- The employment of a minimum number of circuit eletse

- They? (chi-squared) error was suitably low{ < 10, and the error associated

with each element were up to 5%.

Instead of pure capacitors, constant phase elen{@Rg) were introduced in the fitting

procedure to obtain good agreement between thdateduand experimental data.
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The impedance of CPE is defined (Eq. IV.4) as

1
ZCPE=—¢ (IV.4)

Q(je)"
where Q is the combination of properties relateddth the surfaces and electroactive species
independent of frequency; n is related to a slopthe Ig|Z| vs Ig(f Bode)—plotsp is the
angular frequency and j is imaginary numbgr<-1). Q is an adjustable parameter used in
the fitting routine the exponenh is -1< n< 1. Whenn is 0, the CPE is equivalent to a pure
resistor, whem = 1, the CPE is equivalent to a capacitors and when-1 the CPE is
equivalent to an inductor. Finallyrifis 0.5, the CPE is equivalent to the Warburg inaoee.
Warburg impedance is an element that model thediapee associated to diffusion (i.e. mass
transfer) processes and is commonly used wheniffiusidn of the species through the pores
of corrosion products controls the corrosion r&arjo et al. 2000
After testing a number of different electrical ciicmodels in the analysis of the impedance
spectra obtained at the open circuit potentiaas found that the whole set of data for adl th
samples could be satisfactory fitted with the E@egiin Figure 1V.76. This is based on the
consideration of a two-layer model for the surfddm. The table reports the relative

impedance parameters (Table 1V.20).

3
solution double passive
layer film

Figure IV.76. Equivalent electric circuit for corsmn layers formed in soil.

Table IV.20. Impedance parameters reported for Beoh after one two and three months’ exposure

to soill.
CPE C
R, Q: Ry Ry 2
Sample kaxen?) | sgend) ™ kaxend) | P® (oxent) | X
Bronze 1-
1 month in soil 19.54 1.94E-08 0.60 1.29E+02| 1.22E-09 4.39E+01| 4.76 16
Bronze 1-
2 month in soil 17.84 5.16E-10 0.71 1.40E+03| 6.27E-15 1.67E+03| 6.37 16
Bronze 1-
3 month in soil 15.68 8.95E-10 0.68 1.58E+03| 1.17E-10 7.87E+02| 6.74 16
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The components of the EC are:
Rs — ohmic resistance of the electrolyte;
CPE - constant phase element of the outer porous;layer
R: — resistance of the outer porous layer;
R, — resistance of the compact inner layer;

C, — capacity of the compact inner layer

The EIS results allow to qualitatively estimate trature of corrosion layers formed on the
bronze specimen after exposure to a soil environnfatording to the proposed model, the
film consists of two layers, a compact inner laggassive film in Figure V.77, right-hand)
characterized by pure condenser behavior, and @rnek one, which is described by the
CPE and is identified by values of the exponentless than unity, thus indicating an
imperfect condenser.

These results indicate than the protection provigethe passive layer is predominantly due
to the compact inner layer, while the outer lagecharacterized by an higher defectiveness,

heterogeneity and roughness of the surf&aifo et al. 2000

ST e T e T e TR e T e e T e T T e T e TR e

CTE,;; R, CuO/Cu(OH); — deposit
s R Cup(1/5n0,

//////hrmm? //// /////’/hmnze ////

Figure IV.77. Qualitative model for the film formed bronze after exposure to soil: on the
right, the proposed structure of the film.

Comparison among the impedance parameters for thiezB specimen after 30, 60 and 90
days do not show significant differences, meaniveg probably the structure of the corrosion
layers is stable and doesn’t change within 3 motiths.

As a conclusion, EIS measurements contributed tpgse a qualitative model which is
consistent with the results previously obtainedpbyentiodynamic polarization methods. In
fact, the equivalent circuit used for the interptiein of results, is analogous to a double-
structured layer, consisting in a passive film ¢edeby a porous and defectiveness layer. the
structure can be proposed is illustrate in Figur& ¥/ (left-hand).

The EIS spectra for Bronze specimen (Bronze 1) ssgoto Black Sea water and
Mediterranean Sea water are reported in Figure8Mheir shape being significantly different

than those recorded in soil solution.
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Figure IV.78. Bode plots for Bronze 1 after 35 dayposure to
Mediterranean and Black seawaters.

The impedance spectra exhibit two time constangdl, distinguishable for the Black Sea, and
related to the presence of a double layer. Theepoesof the second time constant allow to
advance the hypothesis that, in this case, theeatsyer fails in its protective behavior,

allowing processes of mass transfer to occur within

We found that the set of data for EIS curve reatideBlack Sea and Mediterranean Sea well
satisfy the requisites of the equivalent electiicut shown in the Figure V.79, as it can be
evaluated by the impedance parameters reportéxt imable 1V.21.

The components of the EC are:

Rs - ohmic resistance of the electrolyte;

CPE - constant phase element of the passive film;
R1 - resistance of the passive film;

w; - Warburg element for the passive film;
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R, - resistance of the outer porous layer;
CPE - constant phase element for the outer porous.laye
CPE, CPE,
o BT =
Ry R;
. passive double
solution e, laer

Figure IV.79. Equivalent electric circuit for corsmn layers formed in seawaters.

Table IV.21. Impedance parameters reported for Beoh after one two and three months’ exposure
to seawaters.

Sample

Bronze 1-
35 days in
Mediterranean
seawater
Bronze 1-
35 days in
Black

seawater

Rs
(Qxcm?)

81.46

223.00

Q1
(Sx$'xem?)

1.11E-08

2.07E-10

CPE

Ny

0.57

0.71

R1
(kQxcm?)

38.15

0.29

w

5.15E-07

2.43E-07

CPE;

Q2 n
(SxS'xcm?) 2

6.19E-12 0.90

4.27E-09 0.65

R
(kQxcn?)

0.05

17.3

1.22E-03

7.52E-04

The model is described by two, phase constant @lesneonnected in-series. It can be
observed that the values of the exponent, n, vami¢ke two cases. For the Mediterranean
seawater, nis close to 1 and therefore ascribed to a condense passive film, showing
protective properties. The constant phase elemestcharacterized by a value of which
approaches 0.5, in which case the element can bsideved as working as a Warburg
element, which accounts for the diffusion procéssugh the layers.

In case of Black seawater, the n value does notoapp the unity meaning that both the
constant-phase elements don’'t behave as perfedensar, but rather as a porous and
inhomogeneous layer, through which the electrotge diffuse. In fact, the value is close to
the Warburg impedance which, as stated, accounta foass transport through the pores of

corrosion layers. This mechanism would determirectirrosion rate.

As a remarkable behavior, which distinguishes theire of the layers formed in seawater
with those formed in soil, it is worth underliniige appearance of the Warburg element in
the circuit, which is correlated to the breakdowrthe protective properties of the passive

layer. This can be imagined as a compact layer eyhmerhaps due to the more aggressive
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conditions, some pitting appears, leading to theakdown of passivity. In marine
environments, other compounds, such as atacamiigE)sCl] or copper sulphates can
form and partially fill the pores, but still allonthe mass transfer trough them. The figure
(Figure 1V.80) reports the qualitative model progas

ST e AT T e T e TR A e o

lmrml.';-v.;x- - fd(T?F; 1{2 o CuO/Cu(0OH)z - Cu,l 'D'H]l Cl
pits 2 i =
compact /"P ')5 CPE;: R, ” P ?% Cus(0/8n0y ;1

/////hmn:—:e-//// /////IJI'Z'HIP////

Figure IV.80. Qualitative model for the film formed bronze after exposure to seawaters: on the
right, the proposed structure of the film. In tteese of Mediterranean seawater, due to the high
presence of sulphates, the formation of coppersugs (brochantite) is also likely to occur.
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V-CONCLUSION

This thesis is mainly composed of two parts: omeeal to characterize degradation layers of
archaeological bronzes and their burial contexd, the second one, carried out on the basis of
the results obtained in the first part, aimed teestigate the behavior of commercial bronze
alloys in natural corrosion media. The commercianze alloys were chosen so that their
composition resembled the one of ancient bronzes.

The project started from the scientific interesd #ime research question to study the long-term
corrosion behavior of bronze alloys and it devetbpath the comparison with their short-
term behavior in order to clarify the mechanismsatosion.

These points will be touched upon in the followgeneral conclusions of the research work.

Archaeological context and physical-chemical characterization of soil

In this study, the collaboration with archaeolodisin the Research Institute ICEM located
in Tulcea, Dobrudja, Romania, has allowed to uradertan investigation of bronzes
excavated from three different locations in theioeg namely (L)Ibida, Argamum and
Nufarul. A detailed description of the archaeoladjisite, in terms of characterization of soil
profiles, have been conducted and allowed to asses® general features of corrosion
mechanisms.

As regards soil aggressiveness it can be statédethen tough from a chemical point of view
it is not corrosive, its texture shows a high payowhich implies an easy access to water and
air. The main cause of a high dissolution raterohbe alloys is therefore the alternate water
saturation and instauration of the soil, for exat a seasonal scale.

Furthermore, ion chromatographic analysis carried within a soil profile allowed to

appreciate the increasing in chlorine concentratiidh depth.

Conservation state of archaeological findings and correlation with burial environments

Visual observation of the objects was the first med classification of archaeological

bronzes according to the appearance of their ced@tructures. Information regarding the
colour, aesthetical appearance, hardness of ektixyers was reported, as well as details
about the conservation of the original surface.

These observations let us classify these corrostiattures as mainly owning to the Type I
corrosion patterns, even if few exceptions wereepled. Anyway, a stratigraphic study of

the patina helped to understand how the success$icorrosion layers has developed.
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The spectroscopic investigation of corrosion prdsisrratched from the objects’ surface
revealed their chemical nature and allowed achguaigeneral correlation about conservation

state and burial environment.

As a general conclusion it can be observed thatrtéi@ corrosion products are copper basic
chlorides. This is in accordance with the visuatelation of their state of conservation:
most of them present coarse and uneven surfacesaatlrized by concretions of green
minerals. These are the ultimate results of theiwence oforonze disease, an autocatalytic
reaction induced by chlorine anions, leading toftrenation of tri-hydroxo-chlorides. In few
cases this has brought to the loss of the metal edrich is completely mineralized.

This result is understandable as the depth at wiio$t of the object was found was below 2
m. At this profundity, the concentration of chlagiincrease very much due mainly to the
percolation rate, but also due to the presencieeoBtack Sea in the vicinity of the site.

Non-invasive identification of corrosion products

A certain attention in the present work has beeergto the non-invasive methodologies for
the detection of corrosion compounds. We have aedlyhe external corrosion concretions
by specular and diffuse reflection techniques usaimgicro-FTIR spectrometer.

Few objects presented two different green spots:ligiit green in colour and amorphous in
nature, while the other one well crystallized idaak green mineral.

It has been possible to clearly recognize the spleletatures of copper tri-hydroxo-chlorides
using the two mathematical corrections, Kramer krgnTransformation (KKT) for the

crystalline sample surface and Kubelka Munk (KM)tfee amorphous one.

Classification of corrosion features

A significant number of archaeological bronzes weameestigated for this study. The
variability of ancient alloys, in terms of natur@daamount of alloying elements and
microstructures, render it difficult to establishsalute and commonly valid mechanisms of
degradation. Even though the results obtained bleatbnsidered as case studies and not valid

in general, some features can be generalized.

Optical methods, such as optical microscope (OM)Scanning electron microscope coupled
with energy dispersive spectrometer (SEM-EDX), ha@ved conducting an ample study of
the cross section of selected corroded sampleshi®rbasis, it is possible to point out three
main corrosion features according to the elemeh#sacterizing the cross-section, starting

from the metal core, towards the external layers.
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» Decuprification. This phenomenon can be verified by the evaluatfoGu/Sn ratio in
the corrosion layers, which have much lower val(@265-2.95) if compared to the
same ration in the metal core (9.4-62.9).

A distinction shall be done here between Type Wé® surfaces) and Type I
structures (,coarse” surfaces). In the first cdles, feature is much more pronounced
and corrosion layers do not contain a cuprite lagehe interface between the sound
alloy and the external corrosion layers. On thetreoy, for coarse surfaces and
corroded structures characterized by striated tegiuseveral layers of cuprite are
detected, well identifiable by the orange/red hsesply by optical microscope
observation. These layers are characterized byyalm& amount of tin and, therefore,

this account for the high values (up to 65) of Gh&Sn ratio reported.

» Correlation microstructure-corrosion behavior. Different corrosion patterns occur
according to the microstructure of the allogtergranular corrosion is observed for
homogeneously recrystallized-phase, while fordendritic microstructures, the
copper-richp-phase is selectively dissolved with respect taitheich phase.

The main corroding agent, as previously mentiongdhlorine. Its mechanisms of
action are based on its ability to diffuse throtigé porous and electrolytic conductor
layer of cuprite, to react directly with the alleayrming cuprous chloride (GGly). Its
presence was very clearly put in evidence on ondhef analyzed case studies
(Ib.05.8). In this case the original surface of tigect could not be identified among
the corrosion deposit and a complex successioayef$ makes up thmtina.

It was particularly interesting to observe the @mation state of the original surface
for an ancient cast Greek pre-coin. The corrosias mainly involved the-phase,
and the ghost structure of the tin-rich phaseilisvetible due to the oxidation of tin to
the highly insoluble tin oxide (SnQcassiterite) or its hydrated compounds.

The issue of preferential corrosion in dendriticusture is still contradictory in the
literature. It was advanced the hypothesis of e of oxygen: it seems that in
aerated environments it is the+)-phase corroding first, while in anaerobic media
thea-phase is preferentially attacked. The result oleihican represent a confirmation
of this hypothesis as the characterization of arolmical contexts has revealed the
porous nature of soils and the facility of wated air movements within the soil
profile.

» Effect of the alloying elements. Most of the case studies were comprised of pure
copper-tin alloys, in few cases the minor presesfcether elements were detected.

- 153 -



V-CONCLUSION

Only one case study presented a typical brass csitiggowith a Zn content of ~ 16
wt. %.

It is worth pointing out here the effect on Sn, g¥his not always associated with the
presence of a protective, passive-like layer, gsotd with comparable amount of tin
in their sound alloy showed different corrosion &abr. Probably this is due to the
environmental parameters and their influence of dbeosion rate of the alloy. In
most aggressive condition it is unlikely to fornrc@mpact and protective layer, and
mass transport of anions inward could take plasdyea

The behavior of zinc is widely documented in therhture and the results obtained
confirmed the dezincification process which leaalshie selective dissolution of zinc
from the alloy, which forms soluble compounds ahéyefore, is not detected among
the corrosion layers.

Lead is insoluble in the Cu-Sn alloy at every conicgion, therefore it is found as
globules dispersed in the alloy matrix. It was fowam enrichment of lead compounds

(probably cerussite, PbGPwithin the corrosion layers.

Uncommon degradation patterns were also encoungerddgointed out. These were mainly
related to the presence of unusual corrosion ptsdwstich as copper sulphides (mainly
spionkopite and covellite), which have been detecie a copper coin hoard excavated next
to the Danube river. These compounds are usuallgdovhere microbial consortia, under

anaerobic conditions, are able to produce sulphidcid, which could react with the alloy

elements.

Furthermore, it was reported the case of a findlyated textured structure, whose

interpretation was challenging, and most likely enstibod using the model of oscillatory

reactions, due to fluctuating environmental cowndis, perhaps on a seasonal scale.

Electrochemical behavior of bronzein natural environments

Electrochemical measurements allowed evaluatingénesiveness of soil and investigating
the corrosion behavior of bronze in different alelgtes. The comparison of these results
with data obtained for more aggressive solutionswal a better understanding of the
phenomena, which occurs based on the kind of medhen serve as electrolyte (the
aggressiveness of the solution was obtained byasiong (x2 and x10) the concentration of
Chlorine, Nitrate, Phosphate and Sulphate, in @sigethe one measured for soil extracts,
respectively A and B; and also Black Sea and Maeditean seawaters),. The optical,
structural and elemental characterization has a&tbwo conduct an ample study of the
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electrodes’ surface after electrochemical expertsi@md represented an important tool to
confirm the advanced hypothesis.

Commercially available bronzes (CullSn) were chasethe basis of tin content, which had
to be comparable to that encountered in the caskest Results have shown that the presence
of tin significantly influences the electrochemicbhehavior of bronze, which, in the
aggressive, chlorine-containing medium, such aswas, present a higher corrosion

resistance if compared to pure copper.

* Electrochemical experiments carried out in soil usoh evidenced its non-
aggressiveness, which is demonstrated by the \ewyvialue of current densities
recorded for the cyclic voltammetry. The shape oteptiodynamic curves presents
the ‘hysteresis-like loop”, typical of pitting corrosion. Optical characteation of

surface electrodes confirmed it.

* The employment of more concentrated solutions, ditoesimulate specific condition
which could occur in soil, has allowed to furthéudy the phenomenon of localized
corrosion by optical and elemental techniques. &hesve evidenced the selective
dissolution of copper within the pit, and the ehneent in tin, possibly due to the
formation of Sn@. Moreover, the optical characterization of someraned areas
have evidenced a selective attack of dhghase, instead of the%5)-phase. This is a
particularly interesting result as it is comparaklgh those observed for ancient
bronze alloys, encountered as case studies. Ndesthethis topic remains a
controversial issue, as there are evidences ifitdrature of preferential corrosion at
expenses of the tin-rich phase. Further experimeotdd be necessary to clarify this

phenomenon.

* The electrochemical experiments carried out fombeoin seawaters (Black Sea and
Mediterranean Sea) showed a very different behaVioe anodic region of the current
density-potential curves presents three peaks rooguith different current densities
and potentials for the two seawaters. These carlaed to the formation of different
species, which can be identified as copper andxides and hydroxides, even though,
the presence of chlorine, would lead to the foraratof species such as CuCl or
coordinative compounds [Cufl Anyhow, in these media the main corroding agent
is found to be chloride, in spite of the presentsignificant amount of sulphate as

well.
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* A better understanding of the nature of corroseyefs formed on bronze electrodes
exposed to different environments was obtained Bct®chemical impedance
spectroscopy. The results obtained allowed us giogaa qualitative model for their
surface structures. The surface of the electrodps ik soil for a period of 30, 60 and
90 days exhibit the formation of a double-struatiuliseyer consisting of a passive film,
covered by a porous and defectiveness layer. Theiygafilm may be due to the
formation of a compact tin oxide layer. In caseelgictrodes exposed to seawater, the
surface structure was also found to be charactebyea double-structured layer. The
appearance of a Warburg element in the equivaletuit (EC) is correlated in this
case with the breakdown of the passive layer aadptesence of pits partially filled

with salts, and thus can be identified as an inflggneous and uneven porous layer.

Final remarks

A concluding observation, as final outcome of tbgearch, is driven by the author’'s desire to
propose some general conservation guidelines irerotd better preserve excavated
archaeological artifacts.

During the present work, the detrimental effectblorine anions on degradation of bronze
object recovered from the archaeological site obiiddja (Romania), was pointed out. The
occurrence obronze disease was mostly detected for artifacts excavated in5280d thus
probably stored under unsafe environmental conastio

The investigation has evidenced the occurrenceupfotis chlorine within the corrosion
layers, beneath several cuprite layers and thexefwotected from the interaction with
moisture and oxygen, which would cause the formmatid hydroxyo-chlorides, having a
higher relative volume and therefore leading todiseuption of the original surface.

In this condition, excavated bronzes shall be pweskeither under wet conditions or under

dry condition, in this last case it very importémiavoid any oxygen contamination.
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Criticsto the present work and proposalsfor future developments

A general limitation, when dealing with scientifirovestigation on works of art, is the limited
availability of samples or sampling opportunititéoreover, in case of the present work, the
choice of samples could not be based only to sGenéquirements, but more likely, to the
accessibility of the objects excavated which werefully chosen with archaeologists.

A useful study would consider objects similar inagl, dimensions, composition and
microstructure, possibly originating from differemtchaeological sites, and thus exposed to
different environments. This opportunity would beep by the proposals and implementation
of projects involving different Institutions andenmaps, Countries, leading to an interchange

of results.

As far as electrochemical experiments are concerihesl surely worth mentioning that the

present work gave an interesting insight into tlehavior of bronze alloys in natural

environments. An opportunity for future developnsgemiould be based on the choice of
material as its microstructure was found to havergortant influence of corrosion behavior.

Perhaps the collaboration with artistic foundrief, available to experiment ancient

metallurgical techniques, would be a choice toycaut further experimentation. Also, the

chance to sacrifice ancient artifacts themselvesldvbe a possibility to further investigate

the nature of natural corrosion layers produced avieng timescale, surely nor comparable
with the laboratory’s time constrictions.

Furthermore, even thought coupling optical and eletal methods to the electrochemical
investigation has allowed an ample characterizatibgorrosion structures, more powerful
analytical techniques, such as synchrotron-basd® Spectroscopy or X-rays diffraction

could be used to determine the molecular natus®wbsion compounds.
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FigureA.1. Arg.00.1: Quartz ,Aluminosilicates and Calcite were identified.
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Figure A.2. Arg.00.6: Quartz, Aluminosilicates, Calcite were identified, while Atacamite is present as
well in the green powder.

- 169 -



Ibida

3447
3357

Light green

/ “buboe”

Q
(5]
c
©
2
o ~ o - OO0
3 28 < BISRBID
< -« - -
I T 1 T T I T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm?
Figure A.2. 1b.05.2: Paratacamite was identified in both spectra.
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Figure A.3. 1b.05.03: the light green spectrum is identified as Paraatacamite, while the other two a
mixture of Aluminosilicates, Calcite and Quartz.
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Figure A.4: 1b.05.6: Calcite, Aluminosilicates and Quartz were identified for the brown powder, while
a mixture of Atacamite and Paratacamite and only Paratacamite for the green ones.
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Figure A.5: 1b.05.8: a mixture of Paratacamite and Atacamite and Cuprite wereidentified, also
basing on the red colour of the sample.
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Figure A.6: 1b.05.10: Respectively, a mixture of Aluminosilicates, Calcite, Quartz and Paratacamite
wer e detected for the brown sample, while Paratacamite was identified for the green one.
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Figure A.7: 1b.05.12: Respectively, a mixture of Aluminosilicates, Calcite, Quartz and Paratacamite
were detected for the brown sample, while Paratacamite was identified for the green one.
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Figure A.8: 1b.05.13: a mixture of Paracatamite and Atacamite was identified for both samples, while
Cuprite was also detected for the brown-red sample.
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Figure A.9: 1b.05.15: Paratacamite was detected.
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Figure A.10. 1b.08.1: Aluminosilicates, Calcite and Quartz were detected.
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Figure A.11. 1b.08.4: Qluminosilicates, Calcite and Quartz were detected.
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Figure A.11: 1b.08.5: Aluminosilicates, Calcite, Quartz and Paratacamite wer e detected
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Figure A.11. 1b.08.7: Aluminosilicates, Calcite and Quartz were identified.
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Figure A.12. 1b.08.12: Aluminosilicates, Calcite and Quartz were identified.
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Figure A.13. 1b.08.15: Aluminosilicates, Calcite and Quartz were identified.
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Figure A.14. 1b.08.16: Aluminosilicates, Calcite and Quartz were identified.
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Figure A.15. 1b.08.17: Aluminosilicates, Calcite and Quartz were identified.
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Figure A.16. 1b.06.9: Both Paratacamite and Malachite were detected, along with Cuprite.
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Figure A.17. 1b.06.1: Paratacamite was identified.
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Figure A.19. Nuf.00.VII: in this case Malachite was also detected among the corrosion layers
(spectrum in the middle), while Atacamite and soil components (Calcite, Aluminosilicates and Quartz)

were identified as well.
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