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Chapterl

Introduction

Weathering steel (WS) describes a class of material, namelystigigth low alloy stegthat
present higher corrosion resistanesmd enhanced mechanical propertlean traditional carbon

steel when expesl to mediuraggressive environments (i.e. rural, urban and light industrial).

Actually, the specific chemical composition of this material, including low percentage (< 1%) of
elements such as Cu, Cr, Ni, Mn, P, promotes the creation of an adherentipadsiyar, which

opposes the entry of corrosive species and protects the material from further corrosion.

The process of passivation of weathering steel is accompanied by a peculiar change of color, which
gradually alters from basic metal gray to browriie. These aesthetic characteristics mali&e

a "living" material,thus aesthetically and conceptually appreciated by artists and architects.

Resistance to atmospheric corrosion and aes#thadgpearanceallowed WS to assume an
increasing role in architdural, artistic and infrastructural applications. Since its first
commercialization in 1933 to date, weathering steel structures, including bridges and facades
cladding architectural ornaments and sotadbsorbing panels alongside highways, have been
increasing exponentially and even naxgathering stees among the most popular and esteemed

materials for street furniture and outd@gplications

However, depending on the exposure environmemd conditions the evolution and the

composition of the passtion layer can strongly change, duséweral factorssuch ageometry,



inclination and orientation of exposure, temperature, relative humidity, winds, precipitations and

presence and amount of atmospheric pollutants.

The exposure to corrosive atmos® such as those fouatimarine sites, where high amounts
of chloride ions inhibit the creation of efficient passivation layers,ianddustrial and traffie
congested urban areas, characterized by other aggressive species suclbak &id particuhte
matter (PM),destabilizes the patina and reduces corrosion resisteamBng WS to be more
susceptible to corrosion and washt processe€onsequentlyWsS releases a certain quantity of
alloying metals that could disperse in surrounding areas dsailater) or accumulate near the

structures.

Therefore, beside producing significant economic impact, reduced aesthetic appeal or structural
damages, the decrease in passivation properties of patina formed acroWdSalso cause
environmental concerns; fact, depending on their chemical form, mobility and bioavailability,
some of the elements present in the alloy and washed out could represent an hazard to the
environment and to living organisms, because of their persistence and their potential chronic

toxicity.

In this work, the issue of corrosion of weathering stgas addressed not only in terms of
composition and morphology of corrosion product layerfact, an innovative perspectiweas
applied, that is the study and quantification of corrosimluced metal releasand the
identification of main environmental factors affecting this process, in order to give an evaluation
of patina stability froma differentpoint of view and to assess the suitability of this material for

specific outdoor applicains.

Moreover, as several artists and architects during the last debatledpr a@sthetical or time
saving reasonshave resorted to procedures of patinatbdrWS surfaces, an evaluation tbie

corrosion behavior of both bare and artificiallysted srfaces is needed.



The investigation on atmospheric corrosion of weathering steel was performed by means of natural

field exposure and accelerated ageing tests.

The first part of the work was focused on the evaluation of atmospheric corrosion of a cahmerci
WS, named Ceilen A, after natural exposure to timarineurbanatmosphere of Rimini, with the
purpose of assessing the effects of a critical environmental conditifarent exposure geometry

and surface finishesn the development and the stabiliaatof the protective layer and on metal
release during first years of exposure, the most critical phase with regards to environmental impact
only alloying metals released in dissolved, thus mobile and soon bioavailable, form are considered,

while metalgeleased as nesoluble species are not included in this study.

In the second part of the work, performed at Centro Nacional de Investigaciones Metalirgicas
Consejo Superior de Investigaciones Cientificas (CENDSIC) in Madrid, the influence of main
ionic components of particulate matter on-Ten corrosion wastudied through the application

of a specific accelerated ageing test (CEBELCOR test).

Patina composition and morphology and me&kaseduring both tests were determined and
results were trated by means of multivariate data analysisgxtract relevant information from

the large number of analytical and environmental data.

This work allowed to give amore compkte and comprehensive characterization of the
environmental behavior of weathegisteel and to point out interesting conclusion on the main

environmentahspects affecting outdoor corrosiofthis material



Chapter 2

Environment andarrosion

2.1 Corrosion process generaldefinition

Corrosion of materials a natural process,ell known since ancient times, that received several

definitions over time.

Among them, ecording to the DIN EN ISO Standard 8044, corrosion is defined as all the
interactions occurring between material and its surroundings which prodpoataneoudecy

in its chemicalphysical properties and a consequent functional impairment.

When the material is a metal, the process of corrosion is also describednastalttirgy because
it promotes the tendency of the metal to return in its natural oxidizéthermodynamically more

stablestate from which it was initially extractefd].

Nowadays, the topic oMmaterial corrosion has been receivirlgrge scientificinterest and
increasingdemand of deep knowledge, both for technical reasons, such as the evaluation of the
perfomances of new materials in evdranging atmosphere, and for economic reag@hs

Suffice to say that the natural decay of these materialsmppoovidesstructuraldamages and,
thus,direct costs, such as the simple replacement of failed assets, but it is also connected to a series

of management and maintenance costs, loss of earning and so on.

Inaz2year study entitl erde vieQotrirvoes i ®thr actoesgtise sa nic
conducted by CC Technologies Laboratories, the annual direstafasirrosion vereestimated
at about$276 billion[3]; further studies conducted in China, Japan, Venezuela, Australia and UK

4



[4], [5], estimated even greater annual economic impaotsnuch so that in 2009 the World
Corrosion Organization (WCO) estimated that worldwide corrosion costs exceed 1,8 trillion
dollars per yedi6], that corresponds approximately to thB% of Gross Domestic Product (GDP)

for industrialized countries.

These numbers make it clghe importance of applying correct corrosion prevention strategies,
which start from preliminary tests on materials up e tontinuous monitoring of exposed

facilities.

Obviously, in order to better manage both prevention and maintenance programs, a deep

knowledge of the chemistry and the morphology of corrosion process is needed.

2.2 Morphology of corrosion attack

One of the min classifications of the corrosive phenomewroncernsthe morphology of the
corrosionattack, which is closely related to the intrinsic characteristics of the medium in which

corrosion occurs.
The corrosion process is, thus, classifiéjcas:

V Uniform corrosion, occurring on the entire surface at nearly the samét iatéhe most
common form of corrosion and although it is the responsible for a great loss of material, it
is not particularly dangerous becausé®predictability[2].

V Pitting corrosion, that is local corrosion resulting in corroded cavities expanding from the
surface to the inside of the meatl. It is usually connected to the presence of corrosive
species, such as halides or sulfates; it is a very dangerous form of corrosion because it
progresses in autocatalytic way and causes very deep damages to the [@gterial

V Crevice corrosion, local corrosion occurring in proximity of a crevice area.

5



V Contact corrosionr galvanic corrosignoccurring at contact surfaces of different metals.

V Intergranular corrosion, occurring in proximity of the grain boundaries of a metal.

2.3 Electrochemical nature of corrosion

Another classification, based on the nature of the corrosion process, distinguishes between

V Dry corrosion

V Wet corrosion

Dry or chemicatorrosion is the oxidation process occurring when metaldsntact with gaseous
atmospheric agents in the absence of water; usually this process proceeds with an appreciable rate

only at high temperature and -tfeommp etrhaitsu rree)a scooni

Dry corrosion is driven by a chemical mechanism and is, thus, subjected to the laws of chemical

thermodynamics and kinetics in the gaseous pf&se

Wet corrosion, instead, occurs when the metallic materm@hised in an environment containing

water; in this case the mechanism that regulates the process is electrochemical

In almost all natural cases, corrosion phenomena are electrochemical processes and represent the

result of an oxidation reaction and awetion reaction, as in the case of galvanic cells.

The oxidation reaction, or anodic reaction, causes the oxidation of the metal and the consequent

release of electrons in the metallic phase.

M —= M* +ze (1)



The reduction reaction, or cathodic réaf captures the available electrons to reduce one or more
species present in the environment. In the case of corrosion in acidic solutions the cathodic reaction

is the reduction of the hydrogen ion according to the reaction
2H"+2e —= H; (2)

In natual environments, however, the main cathodic reaction is the reduction of oxygen dissolved

in the electrolyte solution, accordingttte reactions

O, + 2H,0 + 4e b 40H (3)

O, + 4H" + 4e = 2H0 4)
that show reductions in a neutral / alkaline anil environment, respectively.

The total reaction resulting from anodic and cathodic geattiors describes the corrosion

processkig. 1), which leads to the formation of corrosion products at metal / eigetinterface.

1
Anodic reaction
( Ly
Current transportation Current transportation
, b Li=1L,=1-=1,=1 ey e
in the solution A elet C m corr in the metal

L | ]

v

Cathodic reaction

Ie

Fig. 1. Scheme of the electrochemical mechanism of corrddion

Beside the main process, other redox reactionsaoeyrat rust/media interface, when corrosion
products get in contact with atmospheric compounds, leading téotimation of secondary

corrosion products (oxides, hydroxides, hydraa#isali salts, etc).
7



In order to assess the trend of metallic species to corrode, evaluation on both thermodynamic and
kinetic aspects has to be made; in fact, the thermodynamicsiepécihe corrosion reaction is
energetically allowed and proceeds spontaneously; on the contrary, the study of kinetic factors
indicates the speeaf the process and may provide useful guidance for prevention and maintenance

procedure$l], [9].

Take, therefore, the reactions of oxidation and reduction that characterize the corrosion process
(eq. }4); to assess the spontaneity of corrosion, it is necessary to consider Gibbs free energy
associated to it and defined as
-
DG =DG, + RTn—

A (5)

whereq®s is the free energy changg>o is the energy change in standard conditions, R is the
universal gas constant, T is the temperature aadda are the activities of products and ctts

of the reaction.

Anegativefree ner gy change (G < 0) indicates that
contrary, a posiive free energy change (G > 0) excl

produced unless external energy is supplied.

By comparing the system to a shontcuit galvanic cel[10], the change in Gibbs free energy can

be expressed as

DG=-n0r

Rev

(6)

where n is the number of electrons, Fhe Faradaygonstaniand Eey is the reversible potential,
that represents the driving force of the process and is defined as the difference between cathodic

and anodic potential, according to



Erer = Ereve - Ereva

(7)

For the raction to be spontanesugG < 0), cathodic potential must be greater thaodic

potential.

Consideringagenericor r osi on pr oc es s the cp@itionh of(activatyaf thee s p 0 |
corroding material; on the contrary, @ = 0
immunity, respectively. Finally, there is also the possibility that the corrosion process is favored

thermodynamically (oG < 0), but with very

passivatior(section3.2.]) of its surfacd8].

However, the factors described above, including the decrease in free energy, constitute a necessary

but not sufficient condition for the corrosion process to occur.

In fact, the intervention of other fact, such as the presence of impurities in the metallic material,
the formation of passivation film, changes in the electrolyte composition of the medidnsp
on, may slow down or alter the kinetics of the processgucing the possibilityo predict tle

evolution of corrosion behavisolelyon the basis of thermodynamic knowledge.

To deepen the kinetic aspé¢ti, [8], [9], [11], consider a metal or an alloyagkd in contact with
electrolyticmedium andhink thatqis < 0 is associated to thesulting corrosion reactiom these
conditions, a flow of electrons from the anode to the catiedstablishedthe charge produced

by the process ahetaloxidation will be consumeith the cathodc reaction and at any time
Ia=-lc=lcor (8)

(Ia = anodic current;d = cathodic current;cérr = corrosion currenf)resulting in equalization of

Ea and E in Ecorr, the corrosion potentigl], [9], [11], [12].



Even though Er, representing the potential in the steady statesgmueh information about the
corrodingsystem, itdoes noprovide any kinetic information; to extrapolate the corrosion rate of
the process, an external current is applied aadhiange in potential is measur&tis process is
called polarization and theediation of the potential from the equilibrium value defined

ovelpotentiald

h=|E- E,

9)

The total ovepotentia) which represents the dissipative term spent during the prasdss sum
of overpotentialassociated with each staddlte reaction mechanism (diffusion of reactants from
bulk to metal surface, dissociation or adsorption reactions of reagents, charge transfét, etc.)

[13].

Overpotentials can be grouped into three main categories:

V Activation or chargeransferoverpotential connected to all processes that involve the
transfer & charge; it is analogous to the activation energy barrier of chemical reactions
The general expression that connects current density and overpotential for a reaction

controlled by charge transfer is the Butlasimer equation

& (1- )o@ _bGG O
i — IO@ RT -e RT l\;l
é U (10

whered is the overpotentialpiis the exchange current density, F is the Faraday constant,
z is the number of electrons abds the charge transfer coefficiente. a measure of
symmetry of the energy barrier of redox reaction; in this equation the ex@rients

represent thanodic and cathodharge transferoefficient, respectivelyn the event that

10



the activation overpotenti al of the react

equation (10) can be simplified into the Tafel equation

h=a° bdog(i) a1

that links overpotential to the exchange currenlinearly.

V Concentration of mass transfer overpotential. This term is associated with the variation in
reactants availability at the metal / electrolyte interface. In naturaoamvents, the main
cathodic reaction is the reduction of oxygen dissolved in the electrolyte solution. As the
reaction proceeds, Apresent at the interface used upjts concentration decreasasd,
therefore, itmust be replaced by other moleculeswdwer, beinga neutraimolecule, its
transfer is subjeet to diffusion phenomenaxclusively which limit the speed of the
processAs a consequence, concentration overvoltagjpsto increase the speed of the
diffusion process.

V Ohmic overpotential, cortted to the formation of a film on metal surface, which limits

the conductivity of the material.

2.4 Atmospheric corrosion

Atmospheric corrosion is a particular kind of electrochemical corrosion occurring in atmosphere,
where several factors, such as tempgea humidity, environment contaminants and pollutants

can affect the rate and the extent of the profdelds [14].

First of all, forthe corrosion process to take place, the vital factor is the presence of a thin
electrolyte film on the surface of the mateifd]; the process of consumptieanovation of the
film, which mainly depends on temperatuamd relative humidityepresents one of the most

important variableffecting thecorrosion ratg2], [15].

11



Beside this, also the composition bktelectrolyte film, clearly connected to the composition of
the atmosphere of exposure, assumes a critical role in the definition and sthdyafrosion

mechanism.

Atmospheric corrosion generally consists of three main steps, the initial, the intgemsed the

final stageg14]:

V When the metal is exposgatlinstantly reacts with watemapor, in molecular or dissociated
form, creatingan hydroxylated surface. Methydroxyl groups continue to attract and
adsorb other water molecule creating a thin liquid layer; water molecules in the layer are
disposed with high degree of order neargthlestrate, while are randomly oriented moving
away from the surface.

Then, tle electrochemical reactions tagkce the anodic reaction corresponding to the
metal dissolution and the cathodic reaction corresponding to the reduction of oxygen.

V During theintermediate step, atmospheric contaminants, such as sulfur dioxidg (SO
carbon dioxide (Cg), nitrogen dioxide (N@), hydrogen sulfide (k8) and aerosol particles
((NH4)2SQs, NaCl) deposit and dissolve in the liquid layer, through dry or wet deposition,
altering the chemistry of the film and promoting metal dissolution (see s@ctidfor a
detailed explanation on the action of main contaminants).

After dissolution,metal iors can coordinate with a serie§ @ounterions present in the
layer, following Lewis aciebase concept, and precipitate into small nuclei.

V With the passing of time, the number of nuclei increases up to completely cover the surface;
at this point further corrosion requires that electebd dissolved species must reach the

uncorroded surface.

However, the presence and the amount of a great variety of contaminants and pollutants, together
with the action of environmental factors, make this topic very complex to face; so it could be very

useful to deepen each contribution of these factors on atmospheric corrosion.
12



2.4.1 Temperature and Relative Humidity

Temperature may act in different ways on corrosion: on the one th@ndcrease in temperature
corresponds to an increase in the kineticle€®ochemical reaction; on the other hand, instead, it
causes evaporation of the electrolyte, thus reducing the solubility of oxygen and the rate of reaction

[16].

Another important factaaffecting the electrolyte, particularly its thickness, and, as a consequence,
the corrosion process is relative humidity (Rtd)reach the adequate thickness a critical humidity
value, which depends on both the nature of metal and the composition etiexpavironment,

must be passdd], [14].

However, if the film thickness is too high, diffusion of oxygen is reduced and thef @ieosion
decreases. According to experimental observation, the thickness connected to the higher corrosion

Is assumed at about 150 |iiri].

For conveniencdet usthus introduce the Time of Wetness (TOW), a parameter widely used in
corrosive studies, which estimates pgegiod of time during which the material surface is exposed
to certain atmospheric conditions that permit the creation eléotrolyte film, generallyegarded

ascorresponding to temperature above 0 °C and RH abovdB(%

2.4.2 The composition of atmosphere

Chemicalphysical properties of the eledyte obviously depends on its composition, especially
in relation to the presence and the amount of compounds that can act as corrosive agents. In turn,

the composition of liquid layer depends on the environment in which the material is exposed.

13



To propery study the atmospheric corrosion process is thus necessary to start from the average
composition of the atmospherdTable 1) and consider the possible sources of

contamination/pollution.

Tablel: Average composition of atmosphere (dry fi8)]

Constituent Chemical symbol Mole percent
Nitrogen N2 78.08 %
Oxygen O 20.95 %

Argon Ar 0.93 %
Carbon dioxide CO 0.040%
Neon Ne 0.0018 %
Helium He 0.0005 %
Methane CHs 0.00017 %
Krypton Kr 0.00011 %
Hydrogen H> 0.00005 %
Nitrous oxide N20 0.00003 %
Xenon Xe 0.000009 %
Ozone * O3 Trace to 0.0008 %
* Low concentrations in troposphere: ozone maximum in the-30
km regime of the equatorial region

Among the main components of tropbspe (N, O and rare gasses), only flays an active role
in atmospheric corrosion; other compounds affecting the process@renith a concentration
ranging from 100 ppm to 10000 ppm, that represents the electrolyte andmBioh has a
concentratiorof about400 ppm and is high soluble in water, that contributes to the acidification

of the liquid layer, forming carbonate iofis], [16].

Environmental contaminants may be originated from natural sources, as in the seaasofay,
volcanic eruption or erosion and dust resuspension, or anthropogenic sources, such as industrial
emissions or vehicular traffidzurther reactions of these primary contaminants give rise to the

development of secondary contaminants.
14



All these pecies may act on the material through direct or indirect mechanism; in the first case,
these substances, once deposited on the surface through dry (~ 70%) or wet (~ 30%) deposition
[1], may produce an increase in the conductivity, favor the formation of the electolgtally

lower thepH, enhancing the metal dissolution prode$s

On the other hand, other species may act in indirect way, being precofseezondary
phenomena, as in the case of acid rains, or conducting other corrosive agents on the material, as in

the case of particulate matter.

The atmospheric contaminardad the reactions in which they are involwedt could mainly

affect the corrosin of metallic material are quickly described here below.

2.4.2.1Sulfur dioxide (SOy)

Sulfur dioxide (SQ) has always been considered as the most aggressive gaseous species for
metallic material exposed to atmosphgrg]. It is formed by anthropogenic sources, mainly coal

and oilcombustion or industry emissions.

In theaqueous phadé3], [14], SO oxidizes into the sulfate ion according to

SG+nHO0A SG - nH0 (12)

SO - NH0 A HSOs + HzO* + (n-2)H0 (13)
1., AN Q. -

HSOs /e VEVE L0 SO* (14)

In the gas phadé 3], [14], instead,tireacts with the hydroxyl radical to form sulfuric acid:

SO, + HO- A HSO:s. (15)

HSOs + Oz A SOs + HOz- (16)
15



SO+ H2OA HSO a7

Sulfur-containing compounds may interact with metallic materials exposed in atmosphere through
dry or wet depasion. Dry deposition is the main form in which Sf@ach the material, where it

is adsorbegthis kind of deposition mainly occurs in industrial and urban environments where the
concentration of Si s gr eater, especial ly Harerenaugh towi nt

produce a significant increase in corrosion rate or to cause degradation of protective fjatings

On the other hand, sulfate ions that reach the corroding surface through wet depasitecause

the reduction of critical RH value, enhancing water emsation and accelerating corrosjaf].

2.4.2.2Nitrogen oxides

NO. and NO have anthropogenic origin and are farndering hightemperature combustion

processes such as in power plants or vehicles.
NO, produced in higher amounts, converts inteI[NkB] through oxidative reaction
2NO + G A 2NO; (18)
or radical reactioiffavored reaction)
NO + B3 A NO2+ O, (19)
Then, NQ can be further oxidized to form nitric acid according to (20)
NO; + HO- A HNOs (20)

Nitrogen oxides, together with sulfur oxides, represent the main respomdildeid ran

phenomenon, that is the deposition producing the acidification of the sulps8htEl4], [16].
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Corrosion angarticularly electrochmical corrosion strongly depends on the pH of the omadi

and generally acidic environments appear more corrosive than alkaline or neutral environments.

2.4.2.3Chloride

Chloride ion is one of the most aggressive corrosive species in atmosphere. The main source of
CI is marine spray, but it can also derive from honaativities (road deicers, coal burning,
incinerators, and so ofi2]. The maximum concentration, corresponding to the worst corrosive

damagesis found in coastal areas.

Generally, the first step of chloride attack consists in the absorption on the substrate GUrface:
competes with OH(see sectior2.4) to bond the metal surfacespecially ifit presents some

irregularities or damages in the oxide laj@r

Then, the oxidative anodic reaction causes the formation oblsotransient compounds, that

could be easily dissolved in the solution, making the film locally thifk®jc

This is the starting point fqitting corroson, one of the most dangerous form of corro$#jn

The damaged aredenown as cavitiesr pits, behaveas nuclei for the propagation of the process;

in the cavity, the metal dishition causes hydrolysis according to

M™ + H,0 A M(OH), + H* (21)

and, consequently, the acidification of solution and the diffusion of oth@r@lin the cavity to

balance the positive charge.

The corrosion products deriving from this anodic tieacare quite unstable and highly soluble;
as this reaction is in competition with the formation of more stable compounds, it is clear that Cl

ionsalso interfere with the process of repassivation of damaged films.
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Outside the pit, instead, the reductarO, produces an increase in pH value and in film passivity

[2], [13].

An autocatalytic process is now occurring, with penetration rate and deep (up to 1 njtjjyear

that increase with time.

2.4.2 4AParticulate matter

Particulate matter (PM) is a complex mixture of small particle and liquid droplets. It consists of a
very large number of componenits;ludingmetals, organic compounds, acids, salts, soil particles

[19].

Beside the welknown hazard for human health, these particles may also have negative effects on
the corrosion of metallic material. In this regard, PM action obviously dependthe
concentration, but also dhe compositionwhich reflects theenvironment where they formed

[14].

Particulate matter can be emitted from natural aridrapogenic sourceg§res, vehicular traffic,
plant emission) but it can also arise from secondary reaction of emitted gasses in atmosphere.

Nowadays it is considered as one of the most dangerous polltitéhts

PM can act on materials through direct or indirect mechanism; in the first case, PM constituents,
such as NaCl or (NbLSQu, adsorb on the surfacdissolve in the liquid layer and affect the

corrosion process (see sectid.2.3for the mechanism).

On the other hand, particulate may act indirectly, promoting the adsorption of corrosive gasses,
such as Sg) from the atmosphere or carrying on the acef metals, which can give galvanic

corrosion[14], [16].

18



2.4.2.50ther compounds

Hydrogen sudide (H.S) [14] has both natural (volcanic emissions) and anthropogenic (industry

and plant emissionsprigin. It is slightly soluble in water and dissolves according to
HoS ) A HoS @A H"+ HS (22

with HS behaving as the corrosive agent.

Moreover, it can also react with Oté form SQ again, according to
H.S + OH A HS + H.0 (23
HS +20; A HOz + SO (24)

Ammonia (NH) [16] is produced both by natural and anthropogenic processes and is the only
common basic gaseous compound. It is highly soluble in wdttere it is in equilibrium with the

ammonium cation Nk, allowing the local increase in pH
NHz+ H,O 2 4NH#HOH (25

Moreover, NH also acts in atmospheric corrosion by neutralizing aggressigéyaog ions (for

instance, by forming ammonium sulfates suchNBEgHSQ; and (NH)zH(SQy)2).

2.4.3 Corrosivity of atmospheres

As described in previous seati® corrosion behavior of a material exposed to the environment
strongly depends on several atmospheric factors; for this reason, a good knowledge of the

atmosphere of exposure corresponds to easier understanding of corrosion mechanism.

Generally, exposurenvironments are divided into four categofiEs|:
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Rural, that is unpolluted or slightly polluted atmosphere.
Urban, where palition is mainly due to vehicular traffic and domestic heating.

Industrial, characterized by medium/high pollution grade, due to the presence of industries.

< < < <

Marine, corresponding te@oastalareaghat, due to the presenceaufrrosivespecies such
aschlorides and sulphates (see sect®#.2, prove to be very aggressive for metallic

materials.

Considering the most significant atmospheric factors and contaminants characterizing those
environments and influencirgprrosion, corrosivity levels have been assigned to each listed class

and summarized in the International Standard ISO 9223

Classifications based on @nd SQ depositions and TOW and the deriving corrosivity categories

are presented ihable2 andTable3 [17].

Table2: Corrosivity levels based on Gind SQ depositions and TOW values

Time of wetness Level Deposition rate of Ci Level Deposition rate of SQ Level
h/a mg/(m? - d) mg/(m? - d)
u o 1( U SO 3 So PiO 4 Po
10 < U U, 3<50 60 S1 4<RO 24 P1
250 < U] Us 60<SO 300 S 24<RO 80 P2
2500 < | U, 300<30 150| Ss 80<RO 200| Ps
5500 <[ Us
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Table3: Corrosion rates for the first year of exposure of carbon steel for the diffeneosivity

categories
- Carbon steel corrosion rate
Corrosivity
Category g/(me-a)
pm/a
fcorO 10
¢l feorO 1. 3
10<korO 200
c2 1.3<knrO 25
c3 200 <krO 400
25<korO 50
ca 400<Eorr(:) 650
50<korO 80
5 650 <krO 1500
80<rkorO 200
ox 1500 <krO 5500
200<prO 700
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Chapter3

Steelin Art and Architecture

3.1 Steel

Steels are alloys consisting of iron and carbon, with other alloying elements in lower percentages.
Thanks to their properties, such as tasise, ductility, versatilitytensile strengtlnd so on, steels

are commonly used in several indoor and outdoor applications.

Chemicalphysical features of steels primary depends on the composition of the alloy, with the

amount of carbon being one of tmain factor in defining the mechanical properties of material.

Going into more details, steel appears as a saletstitial solution where iron behaves as the

solvent and carbois the solutg20].

At atmospheric gessurejron exists in three different allotropic forms:

<
C

i, that presents boelyentered cubic (BCC) structure and is stable up 2°@1

V o i, maving facecentered cubi¢CFC) structure and is stabtetween 92 and1394 °C;

<
c

i, presenting bogcentered cubic (BCC) structure and is stable between 4384

1536°C.

Each of these allotropic forsitan combine with carbon to give different interstisialutiong21]:

V Uferrite andiliferritear e i nterstiti al solid solutions

iron BCC structure, depending on the temperature of formation.
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As the inclusion of carbon at@mcauses great distortion in the crystal latticethb
structurs can containonly small percentage otarbon, up to 0.02% and 0.09%
respectively.

V Austenitds the interstitial solution where carboningludedi nt o CFC struct u
Incontrastwih what happens to ferrite, thelysolu
high, reaching values of 24 by weight this is due to the greater stability that
characterizes this structure.

V Cementitds an interstitial compound consisting-603.3%by weight of Fe and ~ 6.7%
by weight of C. It is an iron carbide with formulasEeand presents an orthorhombic
structure Fe3C is metastable and tends to decompos$errite or austenite and graphite
according to

FesCA 3Fe + G (26)

The main phaseand transformation are illustrated in the wwarbon phase diagrarkig. 2).

1600

L (Liquid)
1400

1200

I
—

1000

Temperature (°C)

800

600 o

a + Fe,C

400
0 1 2 3 4 5 6
W1t% Composition of C

Fig. 2: Iron-carbon equilibrium phase diagram

The carbon percentage in steel ranges from 0.002% to 2.1%s alithya carbon content higher

than 2.1% are called cast iron and will not be considered here.
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The diagram exhibitshree critical points corresponding tphase transformations occurring at

invariable condition§21]:
V Eutectic transformation, A (T = 1148 °C and 4.3% by weight of carbon)
Liquid A Austenite ¢ iron) + Cementite (F£) (27)
The resulting products ostitute a compound called Ledeburite.
V Peritectic transformation, B (T = 1495 °C and 0.17% by weight of carbon)
Liquid +UFerriteA Austeni te (92 ir (8)

V Eutectoid transformation, C (T = 723 °C and 0.8% by weight of carbon)

Aust eni tAeUFérite +iCenmmile (FE) (29

The resulting agglomerate is called Pearlite, whose structure is characterized by the alternation of

thin plates of ferrite and cementite.

Even though not included in phase diagram, other compounds, sbends, martensiteand

pearlite, may characterize the composition of s{eél.

Bainite [20] is a solid structure that forms when austenite is cooled rapidly, giving rise to nuclei
of ferrite and needishaped iron carbide. Generally two kind of baifiteper and lower bainite)
can be observed, but oriywer bainitepresers good mechanicalrpperties, due to the particular

structure consisting dhin plates of ferrite containing very fine rods or blades of carbide

Martensite[22], instead, is a metastable compound; it forms when austenite is cooled at higher
rates.The bodg-centered tetragonal (BCT) latticé ferrite, supersaturated with carbon, appears
tensionated andpontaneouslyearrange intoa bodycenteredcubic structure, amore stable
configuration by shear transformatipthat is cooperative small displacementtall atoms in the
structure(because diffusion processes are forbidden by low temperature)
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Finally, pearlite is a characteristic structure ofGalloys, consisting of ferrite and cementite, that

forms when austenite is cooled below T = 723

Pearlie structure is characterized by the alternation of thin plates of ferrite and cementite; at first,
nucleation of ferrite crystal starts on the austenitic grain boundaries; carbon present in the grain is

pushed away and accumulate in the surroundings, winetei of cementite starts to grg@a4].

Under certain operative conditigrgiobular pearlite may form: itrpsents a stable configuration,

due to the reduction in surface energy compared to "classic" lamellar configuration. It is obtained
by means of spheroidization annealing, a particular heat treatment of steel which involves heating
about 30 hours at a tempéure close to 723 °C. Such a treatment increases the toughness and

ductility of steel[23].

The amount of carbon, as stated before, affects thealtiyststructure, which is connected to the

chemicalphysical properties of the material.
According to carbon percentage in the alloy, steels can be dividg@1iijto

V Mild steel or Low-carbon steel, which contains approximately 60086% of carbon. This
composition makes the alloy very malleable and ductile and, thus, suitable for the
application as structurahaterial.

V Medium carbon steel, containing 0-2%% of carbon, represents a good combination of
ductility and strength, especially after heat treatments.

V Hard steel, or Higltarbon steel, contains from 0.6 to 1.0% of carbon of the overall weight.
Steels otthis group are the hardest within the three categories, but their ductility is quite

low.

Chemicalphysical properties of steel also depends on the nature and the amount of other elements

in the alloy.Metals, such as manganese, nickel, chromium, vanadingsten, molybdeum and
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so on, are usually added to the alloy to obtain desired technological or mechanical prdperties
instance, it is well known that manganese and nickel increases the tensile strength and vanadium

the hardness of the all¢9].

According to the total amount of alloying elements, another classification of steels is obtained

[24]:

V Unalloyed steel, in which the percentages of alloying elentent®t overcome the values
specified in UNI EN 10020 (for example, 0.5% of Si, 0.25% of Cu, 0.8% of Mn);

V Low alloy steel, in which at least one metal overcomes the specified values and all the
element are lower than 5% by weight.

V High alloy steel, in whilk at least one metal is higher than UNI EN values and is present

in percentage greater than 5%.

3.2 Corrosion of steel

As other metallic materials, steels exposed to the atmosphere suffer the spontaneous process of
corrosion. As stated in secti@, atmospheric corrosion only occur in the presence of an aqueous

electrolyte film on the surface of the material.
The anodic reaction consists in twadativedissolution of iron
FeA Fée&'+2e (30)
And the main athodic reaction is the reduction of atmospheric oxygen
%02+ H0 +2e A 20H (3D
To give the following total redox reaction

2Fe + Q + 2H,0 A 2Fe(OH) (32)
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In atmospheric conditions, the sequential cycles of wetting and drying of steel sudduegs
periodical changes in corrosion potentigbr this reason, it is evident that in atmospheric
conditions, the process of formation of corrosion products is rather complicated and, generally, is

characterized by three stagéd], [25], [26]:

V Wetting of the dry surfac®/hen a thin aqueous filstarts to form on steel, the dissolution
of iron is balanced by the reduction of ferric compound (FeOOH), accordirag|t29)

and (32)
2FeOOH + 2H+ + 26 2Fe OH-OH (33

In this stage, the reduction of FeOOH proceeds faster than other cathodic reaatiin

because of the poor amount of dissolved oxygen in the thin aqueous layer.

V  Wet surfaceWhen all reducible FeOOH is consumed, the oxygen reaction becomes the
main cathodic reaction, according &m(30). During this phase, the corrosion rate igequ
low because it is limited by the>@iffusion rate.

V Drying of the surfaceDuring the third phase, the liquid layer becomes thinner and the

diffusion rate of oxygen increases; this produces an increase in corrosion rate, as well.

The higher amount ofissolved oxygen allows the reoxidation ofF®rmed during the

first step; the reacti@occurring in this step are:

FeA F&'+ 2e (30)
Y5 O + H:0 + 26 A 20H (31)
2FeOH-OH + 2G A 2FeOOH + HO (34)

This is the step during which the corimsrate is higher. When the surface is wet again, the process

restarts.
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Ferrous oxides and hydroxides form and cover the surface, giving it the typical broacish
texture of rust. The layer of corrosion products formed on the material is flaky ang atakhed
to the surface and does not give any protection to the fresh metal, which continues to be corroded

as long as it is exposed.

3.2.1 Methods for preventing steelcorrosion

As stated before (see sectit)) the corrosion of metallic materials not only causes structural

damages, but it also produces huge economic costs, due to rehabilitation and maintenance work.

Several methods for preventing corrosion have been developed and are now usually adopted; they

canbasically divided into three main classes:

V Use of coatingsThe use of coatings is one of the most common technique for corrosion
prevention; coatings can be classified in two groups, metallic coatings andetaltic
(organic or inorganic) coatings all cases, they act as a physical baagainsicorrosion,

reducing the supply of water, oxygen or other atmospheric compounds to the s{@jstrate

The effectiveness of surface coatings is connected to uniformity, porosity and thickness of

the film, as well a to the ability to adhere to underlying metal or afityy].

Probably, the most common technique for corrosion comvalves the use of metallic
coatings, which offer protection through both barrier effect and electrochemical reaction

(cathodic protection).

That s the case of hatip galvanizing, a process in which iron or steel are immersed in
molten zinc; once deposited on the alloy and exposed to the atmosphere, zinc serves as

sacrificial anode and corrodes, forming a thick and protective zinc oxid€Liili®].
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V Use of inhibitors Corrosion inhibitors are@sually classified according to their action on

metallic surface and are known as anodic, cathodic or mixed inhif#{ors

Anodic inhibitorsarecompounds that can reduce the rate of the anodic metal dissolution

by forming insoluble compounds or preventing absorption of aggressive ion (see section
2.4.2). They act via competitive absorption on the niietalirface. Chromates (Cs€) and

nitrites (NQ) have always been the best anodic inhibitors, but their use is now limited due
to toxicity. Nowadays, molybdates (Mat) represent a good alternative, leading to the

formation of insulatg ferric-molybdde complexswhich cover and prot¢ the surface

[9l.

Cathodic inhibitorsare compounds able to reduce the rate of cathodic reaction; they form
precipitates at the cathodic sites, thus limiting the entry of oxidizing substances. Zinc and
magnesium salts, phospbs, bicarbonates and oxygen scavengers are the most widely

used cathodic inhibits.

Mixed inhibitors are compound that retard both anodic andhaic reactions

simultaneously

V Alloying. Alloying process for corrosion control is one of the main developsna
metallurgy in the last centuries. Beside modifying chenptgisical properties (see
section3), the addition of small percentage of specific elements in steel composition allows
to improve corrosion resiance of the material even if exposed to quite aggressive

environments, through the creation of protective and passive layer of corrosion products.

A new concept is now being introduced, the passivity of metallic materials. Passivity is the
property of m&als and alloys of forming corrosion product film that protects the material

from further corrosiol3], [15].
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Polarization curveof passivating materiabbtained by applying growing potential scan

and recordinglensitycurrent variation, exhibits the typical shapé Fig. 3.

Transpassive
Region

f
3
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Ip 1o log 1

Fig. 3: Anodic polarization curve of passivating matefid]

At the beginning, alloy is active and corrodap, tothe primary passive potentialpd:
where the current deityg reaches the maximum value (critical current density, then,

with increasing applied potentjahe protective film starts to form. However, the real
passive region begins at more positive potential, the passive potentlaltBe passive
region,ranging frompassive potential o transpassiveotential Er, current densitgnd
corrosion rate drastically decrease. With sufficient potential increase a current growth is

measured again, indicating transpassivity.

Not all passive films exhibit theame protective ability; in fact, it depends on several
factors, such as homogeneity, thickness, compactness, porosity, conductivity of the layer
formed.In turn, these features are connected to the composition of the material and the

environment where isiexposed28].
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Then, it is clear that, by mdging alloy composition, resistance to atmospheric corrosion

can be improved.

First hypotheses about the possibility of increasing corrosion resistance of steel using
alloying elements in the composition date back to the first decades of 1800: among others
in 1827 Karl Karsten showed that the addition of only 0,29% of Cu to steel improved the
corrosion resistance in2BQy solution of about 6 times; obviously, first remarks on this
subject were mainly based on visual evaluations or mass loss analysigjtvatho
knowledge of the specific action of alloying elemej#8]. Then, it was not until XX
century that first outdoor exposure of alloying steel were performbd. industrial
development and the consequent increase in envirdnaggnessivity, in fact, increased

the interest of manufacturing and researchers in formulating new alloys with enhanced
performances. In 190William et al. analyzed the environmental behavior of carbon steel
and steels containing different amount of(am 0.2% to 0.4% by weight) and confirmed

the higher corrosion resistance of copgterelq1].

In 191Q those results were further confirmedBiyck et al: they exposed steel with 0.07%

of copperin three environments of different corrositivities (rural, industriad anarine)

and observed a higher resistatweorrosion~ 1.5 2%) than CY30]. As a result, in 1911

first structural steels with copper were commercialized in the United SEates. that
moment on, researchers were prompted to investigate the possible effects of adding other
elements to the alloy tartherimproveits envionmentabperformancs.

This was the idea behind the formulation of higtiength lowalloy (HSLA) steel,a class

of materials characterized by greater resistance to corrosiondhaon steekthanks to the
addition of metals showing passive ability, such as copper, silicon, nickel, chromium and

phosphorus.
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Among them, weathering ste€WS) represerg a subset of steels characterized by
interestingmechanical properties and gomgbistance to atmospheric corrosion, together
with appreciated aesthetical features; this allowed it towlmely used for outdoor

applications.

Weathering steel is the subject of this study and will be extensively described in this

chapter.

3.2.2 Weathering deel

3.2.2.1General remarks

Weathering stegWS) is asteel belonging to the class of HSLA materials. It was first presented
on the market in 1933 by US Steel Corporation, under the brand name béGavhich reflected

the two main properties that differentét it from carbon steel: othe one hand the higher
corrosion resistance (Cor), due to the addition of specific passive metals in its composition and,

on the other hand, the improved mechanical properties, i.e. tensile strengt[80Ten)

The advantages connected to the use of WS mainly concern technical and economicimspects;
fact, the superior mechanical properties compared to plain carbon steel allow to obtain significant
reductions in thickness and weight of steel sheets, producing benefits with regards to the amount
of necessary material atalsafety concerndMoreover,the improved corrosion resistance allows

to use row material without the need of additional coatings or regular maintenance.

The performances of Cdren steel are connected to the creation of a compact and adherent passive
layer of corrosion products, nmy oxides and hydroxides, on metallic surfat®t protects the

material from further corrosion.
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In order to deal with severapplicative requirementsCorTen steel wasand is even now
commercialized in different variants, each characterized by a@fispeomposition.Obviously,
early versions of Cefen steel, which were based on-CGeCr-P systemq30], have been
subjected to several developments in order to improve performances in environment with different

aggressivity. Nowadays, three maypesof Cor-Ten steel are available on the maidd].

V CorTen A: it i s c¢ommoniTy néantheudgh thie prhoars g Rio r u s
the alloy has been considerably reduced compared to the first commercialized
formulations. Its compositionT@ble4) lends it excellent corrosion resistance, about five
to-eight times higher than carbon steel. It is usually employed in architectural applications.

V Cor-Ten B: this product, unlike CeFen A, exhibits not only good corrosion resistance
(about four times higher than carbon steel) but also excellent mechanical propéiths, w
make it highly recommended for structural applications. The main compositional
difference consists in the amounts of P, V and Mn {sdx®e4).

V CorTen C it has beenntroduced on the market only recently. Néhmaintaining high
corrosion resistance (comparable to -Ten B), it also exhibits higher mechanical

resistance which makes it suitable tioe application in severely stressed structures.

Table4: Elemental composition (% by wggnt) of commercial Coifen

C Mn P S Si Cu Cr V

Cor-Ten A 00.12 | 0.2000.50 | 0.070.15 | 00.035| 0.250.75| 0.250.55| 0.30011.25| 0©0.65

Cor-TenB | 0.10i0.19 | 0.90'11.25| 0©0.025 | 00.035| 0.150.30 | 0.250.40 | 0.40/0.65 | 0.02°0.10

Cor-Ten C | 0.120.19| 0.90'1.35| 00.025 | 00.035| 0.150.30 | 0.250.40 | 0.400.70 | 0.04/0.10
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Anotherclassification of weathering steisl supplied byrhe American Society for Testing and
Materials (ASTM) which has defined a series of standardized compositions of steels,
characterized by different mechanical and resistance properties which are cotmeiffedent

percentages of alloying element in the all8g]i [36].

The improved corrosion ressance of weathering steel compared to carbon steel appear clear in all
types of atmosphere, as showrFig. 4; the differences in the corrosion rate, relatively limited in
the case of exposure in rural enviromfegradually become more pronounced when the material

is exposed to more aggressive atmospheres.

180 ——— Heavely polluted atmosphere CS

— — — = Weakly polluted atmosphere

160
140
120
100
80
60

-------------- Rural atmosphere

P
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40 SRS

20

Time (years)

Fig. 4. Corrosion trends vs exposure time for weathering steels (WS) and carbon steel (CS)

exposed in rural atmosphere and polluteshg30]

Despite WS was initially designed as a less expensive bater performing alternative to
structural carbon steel, with the passing of time, its peculiar aesthetical features stimulated the

interest of architects and artists all around the world.
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The passive layer forming on the material after atmospheric expdsone sinique chromatic
features, which depend on the composition of the alloy, the environment and, especially, the time
of exposure: as time goes on, in fact, the alloy changes its color, passing from yellowish to dark

brown (Fig. 5) and proving to be a living material.

1969 1973 1991 2007
(4 years elapsed) (22 years elapsed) (38 years elapsed)

Fig. 5: Hokkaido 100 years memorial tower, Sapp@0|

3.2.2.2Mechanism ofpatina formation

The distinctive feature of WS lies in the surface patina that offers a unique appearance and
protection to the material. Letds go then to

of this particular layer.

It is well known tha the proper formation of protective patinas requires several factors to take

place[30]:
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V Regular and continuous cycles of wet and dry periods, with rainwater polishing the surface
and fast dry action, promote the formation of adherent and dense passive layers.

V No water stagnation on surfaces, that means that cavities oticgeishould be avoided,
because they could act as starting points for atmospheric corrosion, due to too long TOW.

V Photocatalytic action of solar radiation

V Low amounts of corrosive species that, as stated, may promote the formation of unstable

corrosion poduct, creating less protective patinas.

Similarly to what happens for carbon steel, patina formed omdl&desoxides, hydroxides and
magnetite (F¢O4), with the relative amount of each compounds depending on the environment
and the time of exposure.

The protective ability of weathering steel is connected téedeires of this patina, which consists

of two overlapping | ayers, a | oo-Be®OHand apor o

compact and adher en tFeQOn)B8]IH40]l ayer of goethite

Lepidocrocite(Fig. 6a) forms during the first stage of environmental exposure (approximately
several months a few yeary with the passing of timanechanisms of dissolutigurecipitation

o f-Fe®OH(see sectiof3.2) cause the creation of an amorphous interme(age6b), identified

as amorphous ferric oxfrydroxide (or feroxyhyte), that slowly (years) transforms to goefhite

6¢), electrochemically and thermodynamically more st§®#@, [39], [41].

In this process, Cu and P are supposed to promote and catalyze the formation of amorphous matter,

thus enhancing stability and compactness of patina.

FeOOH ¥ FeOOH T FeOOH 7>
_______ Feroxyhyte ‘1 FEOOH
Weathering steel Weathermg steel Weatherlng steel

Fig. 6: Mechanism of forma&bn of the passive layer on weathering sfél
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A better understanding about the process of stabilization of the passive layer is given by the
pioneeringwork of Kimura et & [40], [43], which studied the nanostructured morpholofthe

rust formed on WS and pr opsd et dadcdiding to thisvsstudyp n c e |
octahedral Fe(O,OHu ni t nucl ei c 0-FeO@H ghase forminghe firsi step bfe o

corrosion and then combine with each other during the wetting/drying cycles to form a network

As the exposure time increases, t #eOHphasei al
becomes mor e-Fe@OHlcensistidg obthe dlterbation of double chains of octahedral

units of Fe(O,0H)and double chains of vacant sitsspbtainedn the inner layer

To explain the active role of alloying elements, especiallynGmhancing the corrosion resistance

of WS, Yamashita et al[44] suggested that Cr resulting from the alloy coordinates withcO

form [CrO2]” and fills these vacant sites; this causes the distortion of the network and the creation
of ultrafine crystals of Ggoethitewith a mean patrticle size of 12 H@b]. The formation of this
Cr-goethite complex gives greatgensity anccompactness and increases the cationic selgctivi

of the inner layer opatina[46], [47], which thus becomes a barrier that opposes the entry of

corrosive substancég44].

Clearly, the transformation of lepidocite into more stable goethite, not only depends on time,

but also on the atmosphere of exposure; thfag:atio may represent an index describing the rate

of the corrosion process: the greater this value becomes, the slower the corrosion process goes on.
So, Kamimuraetal48]i nvesti gated the rel ati ofeO®Handve en
UFeOOH and corrosion rate and proposed tolfseatio, defined as PAI (Protective Ability

Index), to estimate the protectiveness of the rust formed on WS.

However, the composition ofthe passive layer and its protective ability together with the

stabilization rate are strongly affected by exposure environments and conditions.
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The presence of atmospheric pollutants may modify the behavior oaMdSinhibit patina
stabilization procesdhisis the case of Sg)thatabove a critic threshold value of ~ 20 mg#n

typical of urban and industrialized areeayuses an increase of corrosion {8, [49].

In marine environment, where the amount of corrosive species, especially chlorides, is relatively
high, the protective patina does not develop at all. In this cases, in fact, besides lepidocrocite and

goethite, the typical corrosion proddotmed isakaga e i tFeOOHD

Akaganeite consists of tetragonal unit cells that organize into a hollandite structure containing
tunnels, that are stabilized by the entrance ofidds [50]. With the increase of chloride
concentration in the exposure atmosphere, the relativeint of akaganeite in the patina naturally

becomes great¢s1].

An interesting behavior is that pointed out by Wang ef5d], that presented the results of an
exposure at Qinghai salt lake: the analysis of the composition of the rust layer throughout the
duration of the exposure showed that the main constituents were altered frarh-irt®OH and

>Fe OOH (i n 6 -FeOOH ahdsmagnetite (18 mdnths) to magnesoferriteamaite

(30 mont hBeDOH aBdowdite (MgFe(OH}OCI xH20O) showed anioiselectivity
properties and may act as chloride reserve or chloride chano@liging a ionic flow toward the

inner part of the patina and accelerating the corrosion of the[2Bdy

After several exposure tests in marine environmdfasnimura integrated its definition of PAI
(Protective Ability Index), by adding an alternative valle/ o *F e ODH -F/le OPH - + b
FeOOH + Fe0y4]), that takes into account the different composition of patinas formed in chlorine

rich environment$48].

Differences in patina composition due to the features of the exposure environment reflect on the

rate and the extent of the corrosion phenomenon
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Some examples of corrosion trends of WS exposed in different environments, reported by Morcillo
et al.[30] (Fig. 7 andFig. 8), showthat corrosion ratgrowswhen moving from rural atmospheres,
where the patinas generally take -8 §ears ¢ stabilize, to industrial and marine atmospheres,

where, in some cases, the stabilization of corrosion rate does not occUyiB@yf all
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Fig. 7: Corrosion trends vs exposure time for weathering steels{€worA) exposed in rural,

industrial and marine atmosphefa8].
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Fig. 8: Corrosion trends vs exposure time for weathering steelsT{@orB) exposd in rural,

industrial and marine atmosphefa6].
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3.2.2.3Role of alloying elenents

Since the distribution of first weathering steetssearchers and industries have focused their
intereston studyng the effects that each alloying element may have on atmospheric corrosion

resistance.

Copper, chromium and nickel were defined asrtust abundant alloying elements in steel that
present an active role in preventing corrosion (C is not considered as an alloying eJé&jent)

So, | etdés bmaceoh.|l y anal yze the

Copper was the first alloying element tested and added to steel composition (seeSsetidn
leading to the development of weathering steels. In areas with high amouny, @fiS@upposed

to promote corrosion resistance through the formation of insoluble hydrosulpAates.from
reducingthe aggressivity of Sfthese compounds, accumulating in pores and in the inner part of
the rust layer, promote the densification of patina and opposatityeoé other corrosive species

[39].

Chromium, as well known, affects the resistance to atmospheric corrosion of WS taking an active
role in the process of transformation and stabilizatiomoér part of corrosion layer (section
3.2.2.9. Several worksn literature[53]i [55] demonstrated the increase in corrosion resistance

due to the presence of Cr in alloy corapion.

Nickel, initially added in order to minimize embrittlement of alloy during procestatey proved

to be one of the elements responsible of corrosion resistance, especially in marine environments.
Similarly to copper, Cr forms insoluble oxydroxdes, that act as nucleation sites for Fe(O £OH)

units and promote the formation of very fine nameaworks[56]. The deriving rust, more dense

and compactalso presentsnhanced cation selectivity and thus act like a barrier against major

anionic aggressive specigs].
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3.2.2.4Weathering steel in art and architecture

The peculiar aesthetical features together with mechanical properties and resistance to atmospheric
corrosion led CoiTen steel to & esteemed all over the world and selectecfaide number of

artistic, architectural and infrastructural applicatiorfse CorTen ability to change its appearance

over time and to integrate itself completely within different landscapes have crownaedi

ultimate 'living material"The warm, welcoming colors that assumes with the passage of time led
Cor-Ten to be widely used in construction or modernization of buildings and in urban regeneration

works.

Fig. 10: Museum of Monteagudo, Bolivi@9] ©David Frutos
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Fig. 12: House inNieuw Leyden, Netherland61] © Boris Zeisser
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Fig. 13: Museum of Tadeusz Kantor and Cricotgkeakow, Poland[62] © WojciechK r y &

The changing nature of the material in relation with the time and place of exposusstmakgie,
especially for artists; many worleggnowned sculptors have thus embraced, in the course of their
career, CoiTen steel both for its athetical features and for its conceptual value.

Among them, Mauro Staccioli is onetbe contemporary artists who has been able to better exploit
the potential of the material for art installations. Its -Ten structures have simple geometric

shapes, wieh can enclose the surrounding landscape and create timeless images.

Fig. 14 Piazza Duomo 0 Fig.15 Cerchio Imperfetto, Mauro Staccio
Racconigi (CN)Y63] © Enzo Isaia Parco Archeologico Scolacium (CZ§4] ©

Marco Gronchi

43
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http://www.archdaily.com/search/projects/country/poland
http://www.archdaily.com/photographer/wojciech-krynski

Fig. 16. Da sinistra a destra, Mauro Staccioli, Parco Archeologico Scolacium [65Z)©

Cultura ltalia

Another artist who chose the cardboard as the main material in his works is Richard Serra; with
its installations alternating concave and convex surfaces, he has been able to create vital and

interactive structure®tgenerate a flow that involves and disorient the spectator.

Fig. 17: Vortex, Richard Serra, Modern Art Museum of Fort Worth, Texas, [68A© Dallas

Photoworks
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Fig. 18 Te Tuhirangi ContoyrRichard Serra, Gibbs Farm, New Zelg6d] © Gibbs Farm

2013

Fig. 19: Blade RunnersRichard Serra, Florida, US/A8] © Martina Muller

Among the main exponents of contemporary emunental sculpture is Bernar Vené&id. 20,
Fig. 21 and Fig. 22), who, thanks to more or less random arrangement of archedgolaan

structures, creates a perfect frame for the surrounding landscape, depicting the fine balance

between man and the environment.
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Fig. 20: Bernar Venet, 219.5° Arc x 28, 2011. Temporary exhibition along the Hong Kong bay,

Novemler 2015/ February 201669]

Fig. 21: Bernar Venet, Three indeterminate lines. Permanent exhibitierederik Meijer

Gardens & Sculpture Park, Michigfr0]
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Fig. 22 Bernar Venet, 85.8° Arc x 16, 2011. Temporary exhibitoat Pl ace dOoAr r

Versailles, June 20111November 201]71]

Beside architectural and artistic works, d@n steel is often used in infrastructural application
(bridges, viaducts, guardragpundadsorbing panels, and so prlue to its good mechanical

properties and high resistance to atmospheric corrosion.

Fig. 23: Footbridge in Granollers (Spaif¥)2] © Xavier Font
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Fig. 25: New River Gorge Bridge (USAY3] © N. Mueller
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Chapterd

Metals andhe Environment

The biospherg74], [75] is defined as the global ecological system including lithosphere,
hydrosphere, geosphere and atmosphere, that, by interaatingach other, are able to support

|l ife. The Dbiosphere can be considered as a o0
on the type of interactions occurring between different ecosystems, several and characteristic
living beings are creatighat are connected with environmental conditions. Equilibria established

in the biosphere are the result of complex evolutionary processes due to environmental and

climatic changes that occurred over time.

However, the increase in population and thensitee exploitation of territories have caused
further environmental changes, interfering with these balances. This fact led to the definition of
anthroposphere (or technosphere), that is that portion of the environment that has been modified

by human actilies.

Pollution is the clearest proof of human intervention on the envirorandnnetals represent some
of the most persistent and dangerous pollutgt@k [77]. In fact, unlike organic pollutants, that
may undergo changes and degradation processes in the environment, metals exhibit great tendency

to accumulate.

Both natural (volcanic eruptions, natural weathering of rdickest fires and biogenjgrocesses
and anthropogenic (industrial activities, mining, vehicular traffic) sources introduced metals into
the biospherg78]. All environmental compartments are affected by metaltinpcluding the air,
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during combustion or extracting processes, or surface waters, via runoff occurring during storage

or transport of material, or soil, due to agricultural activiti.

The continuous introduction and persistentenetalsin the environment may therefore led to

potential risk situation for botbcosystems and living beings

4.1 Metals in the Environment

Metals are natural components of the biosprearé are geerally divided ino nonessential
elements (such as Hg, Cd and Pb) and essential elements (Cu, Mn, Fe, Zn, Se, Co); the latters, alsc
known as micronutrients, are required in low concentratifon plant growth and animand

human healthtakingan acti role in physiological and metabolic proced8€3.

Despite that, if present in higher amounts, essential metals mayergpaiessko ecosystems and

human livingscausing a wide range of adverse effects.

The case of manganese represents a clarifying example. Mn is essential for humaherediy
acts as enzyme activator or constituent: for instance, mangactesgepyruvate carboxylase,
the enzyme involved in the process of gluconeogereasilis a cofactor of superoxiedismutase

antioxidantenzyme involved in the processes of fradical protectiof81].

On the other hand, however, excessive exposure to manganese can cause motor and neurologica

disorders, known under the namen@inganism, as well as liver diseaf#8).

The tendencyof metalsto accumulate in the environment or in living organismsgo-(
accumulatiof makes it clear the need for extensive studietherprocesses afccumulation and

action ofmetak in all compartments ofidsphere.
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With the development of industrialization and technology and the consequent problem of
increasing pollution, metal contamination of waters and soils creatiective concern, not only

with regards to human health but atedhe sustainabilitypf ecosystems

Metals in the hydrosphere are mainly concentrated in superficial films and sedimene{grasent
an hazard for aquatic biota that, through an uptake process, may give rise to biomagnification and

bioaccumulation phenomef2].

The hydrosphere, including oceans, seas, glaciers, ground veatei@ns metals in dissolved or
particulate statehen, dissolved metals may exist as free hydrated ions or aéecoions chelated

with organic or inorganic ligand83]. The form in which they are present, chemiglaysical
properties and mobility in the hyasphere, that are connected to their potential toxicity, depend

on several factors, such as pH, redox potential, ionic strength, dissolved oxygen, water hardness,

and so on77].

The geosphere can present metal contamination both for direct release (industrial plants, mining,
fertilizers, etc.) and for teraction with other ecosystems: in fact, both the atmospheric depositions
and the contact with polluted waters can modify the amount of metals in@biusly, the
processes of adsorption@ntaminants depends sail composition, grain size and pegability

[77].

Metals may exist in soil solutioas free cations or oxyanions or as organic or inorganic complexes
and in soil solid phasas adsorbed or complexed particles. They exhibit different properties and
reactivity according to the chemical form: free ions are immediately available to be bgught
organisms or plants or to kb&changed with other ecosystems; on the other hand, metals adsorbed
on solidphase components appear temporarily not available and metals included in mineral

structure are not available at all and may be released onlytaftensumptiorf78].
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Lastly, the main carrier for metal transport and introduction in soils and surface waters is the
atmosphere. Metals are released in the atmosjiyematural sourcesuch as volcanic eruption,

soil suspension, and human activities, that nowadays represent the dominant source. They are
mainly present in the particulate phase and, according to their chgrhysatal features, may be
subjected to shoror longrange tansportatioruntil they settle on soils or waters through dry or

wet deposition§d4].

4.2 Bioavailability and mobility of metals

According to what said in the previous sectioortamination by metal cannot be evaluated solely
by the total concentration of metalarselected environmental compartmg81]; on the contrary,
the potential toxicity of each element is connected to the concepfeoiation bioavailability
and mobility. To better understand the topic, here belowtheedefinitions of these concepts,

according to which:

V Chemical Species: spific form of an element defined as to isotopic composition,
electronic or oxidation state and/or complex or molecular struf@6fe

V Speciation: distribution of an element amongst defined chemical species in a[§@jtem

V Bioavailability: the fraction of the total concentration odntaminants thas potentially

available for plant or organism uptalkes].

Mobility, bioavailability and, thus, toxicity of an element are lidke its speciation, namely the

form in which it is present in nature.

As stated before (sectiat), the different environmental compartments include metals in several
forms, such as free or complexed ions, argand inorganic complexes, adsorbed particles and

precipitatesSince the environment represents a complex and dynamic system, chemical speciation
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of an element in contact with it may vary several tif8&4, due toacidbase reactions, redox
reactions, dissolutioprecipitation processes, complexation or-exthange reactions, sorption

desorption equilibriunf78]J.

In turn, all the chemicgbhysical factors affectinthose processes are considered very important

in controlling metal activity anchobility. The main parametef88] can be divided in two groups:

V Local environmental conditions, such as pH, redox potential, ionic strength;
V Features of the medium, such as oxidizing or reducing character, main @mstitu

presence of reactive species (i.e. ligands or colloidal mat@®#ls porosity, and so on.

4.3 Environmental behavior and potential toxicity of WS alloying elements

When weathering steel is exposedtite environment, the presence of corrosive species (see
section.4.1and2.4.2 may result in the formation of instable, soluble or not completely adherent

corrosion products, that do not ensure the passivation (s&&dhof material.

In these conditions, phenomena of corrosion product detachment or surface washout by rainfall

may occur, causing the dispersion of iron and other alloying elements in the environment.

Some of these metals may accumulate in soils otrémesferred to aquatic systems, thus

representing a potential risk for ecosystemd living beings

In the next few sectionsjain WS alloying metals and their potential toxicity are reviewed
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4.3.1 Chromium

Chromium is a metallic element, naturatlgcuring in rocks, soils, plants and animals, as Cr(0),

Cr(ll) or Cr(VI1) [90].

It is commonly used in alloyed steel and pigment production or for wood conserViatian.be
released in the environment as a result of industrial processes or burning of natural gas or coal

[91].

The solubility, environrantal mobility and tricity of chromiumdepends on its oxidation state:
Cr(lll) compounds are generally solublewater at low pHandare not toxig on the contrary,
Cr(VI) compounds, totally derived from anthropogenic sources, are much more toxic 16d®0

times) than trivalent compoun{2].

To understand the possible impact on the environment, it is very useful to analyze the complex

chemistry of this element.

Cr(ll1) is the most stable form in nature acreates a very large variety of compounds, including
oxides, halides and sulfides, complexesAn important environmental procefss the transport
of Cr in waters and soiisvolvestheformation of very stable complexes whilamic substances

in fact,according to their solubility, the mobility of Cr(lll) can substantially chg®dé.

Under oxidizing conditions, Cr(lll) may oxidize to Cr(VI), forming GfQchromate) and HCr
(dichromate); in this form chromium is more solubled mobile and may led to phytotoxicity

phenomea, that produce several problems in plant grd@#.

Beside this, chromium compounds may also represent a risk for animal and human health.
Although Cr(lll) is an essential nutrient for living beings, expedorhigh levels of this element

may cause adverse effects, such as chronic respiratory problems.
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Cr(VI) compounds, instead, may negatively affect human and animal healthiresemall
amounts; they are more soluble and bioavailable then Cr(lll) compantsan easily enter
cellular membranes. The uptake or the prolonged exposure to hexavalent chromium cause skin
and respiratory irritation, up to ulceration arsiomach andung cancer In 1990, the IARC
(International Agency for Research on Canageqogrized Cr(VI) as carcinogenito humans

(Group 1)[93].

Moreover, ahough Cr(VI) is unreactive towards DNA, the reduction of Cr(VI) to Cr(lll)
occurring into cellular membranes under physiological conditions resultse formation of
radicalc species that may lead to alterations and mutations of chromosomes and DNA lesions

[93].

4.3.2 Copper

Copper is a common element in the environment; it is present in rocks, sediments awdjen
a limited manner, in air. It derives from natural (volcanoes, forest fires) and anthropogenic sources

(industries, mining, fossil fuel combustion, agriculture).

In the atmosphere copper is present as particulate matter, that can be subgiitezdriboremoval

processes (i.e., bulk, dry or wet depositions) and transferred to soil or water ecosystems.

In soil solutions copper is mainly present as Cu@hd forms hydroxide, carbonate, and sulfate
complexes; depending on soil pH, some specids deminate on the others: in acidic soil
solutions, copper sulphates are the main species present; on the other hand, the increase in pH

values favors the formation of carbonates or hydrox@lEls

In organic soils, Cstrongly bindorganic materials, such as humic or fulvic a¢fdrming very
stable complexes thdtastically reduce coppemnobility andbioavailability.
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As for soils, in aquatic systesncopper is mainly present as Cu(ll) and forms hydroxides and
carbonatesmoreover, it easily forms chelates with a large varadtyigands, that affect its
bioavailability and mobility. The stability of these chelates is affected by pH, ionic strength and
presence of competing iona.water solutions, small amounts of free ions can also be found, that

may represent a risk for sorfigh, invertebrates or microorganism, even at low concentrations.

Copper(ll) is an essential nutriefr almost all living beingsand takes part to a series of
biochemical and metabolic processes; it is actively involved in the normal functioning of more

than 30 enzymes in human bd@y].

However,the inhalation or the lonterm exposure to copper may cause irritation to eyes and
respiratory apparatus and headaches; moreover, one of the most documented adverse effect is

gastrointestinal distress, including stomach cramagsea and vomiting.

Finally, in the early 2000s, it was proved that the simultaneous presence of copper ions in drinking

water anchigh-cholesterol diet may promote an Alzheinli&e disease in rabbi{®5].

4.3.31ron

Iron is an essential element in most biological systems and represents the most abundant trace

mineral in the body.

In the environment, it is present in two oxidation states, Fe(ll) and Fetliply as iron oxides.
In soils, it forms stable chelates with organic magiesducing nutrients for plants, that need iron
for photosynthesis, respiration and nitrogen fixation; however, high amount$' ofi&@gcatalyze

excessive production of reaatiwxygen species, that could result very toxic for the et

When it enters the animal or human body, iron is included in fundamental proteins, such as

hemoglobin, myoglobin, ferritin and transferrin, or enzymes, such as peroxidase or cytechrome
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The exposure and thetake of larg amount of iron lead to the saturation of #mnding proteins
and, as a consequence, free iron ions begin to circulate in the organism and penetrate liver, heart

or brain cells, causing several damages to cellular compartments.

The most dangerousifects of iron excessire those on the cardiovascular system,heyatic

disorders may also manifg96].

4.3.4 Manganese

Manganese is widely distributed in soils, waters, sediments, rocks aad ®n(ll), Mn(lll) and
Mn(1V). In the atnosphere it is present as particulate matter, whose deposition is the dominant
source of manganese in surface waters. In soils, manganese is preseft fieeMan (acidic

soil), as oxide (neutral and basic soils) or included in complexes (organidg8djls)

Both in aquatic and terrestrial ecosysteisa speciation is governed by temperature, pH, redox

potential, Q availability and dissolved organic matter.

Manganese is an essential nutrient for plants, animals and humans; being both a constituent and a
catalyst of several proteins and enzymes, such as superoxide dismutase, pyruvate carboxylase anc
arginase, Mn take an active eolin important biochemical processes (i.e. photosynthesis,

proteoglycan biosynthesis, antioxidative action).

However, high amounts of Mn in soils may cause accumulation in plg&htsonsequent toxicity.
Symptoms of excessive manganese supply first affiecobld parts of the plant, that turn brown
because of Mngdeposits, and, in the case of high toxicity, also the younger areas, with a reduction

of chlorophyll content and the inhibition of plant growth.

In humans, adverse effects due to manganese andyrsannected to prolonged exposures or

accidental intake. The central nervous system is the critical target for Mn toxicity; symptoms of
57



Mn intoxication include headache, emotional liability, hallucinations, speech disorder, up to

chronic, irreversible eurological and motor disord€@2].

4.3.5Nickel

Nickel is emitted in the environment by natural (volcanoes emission, weathering of rocks, wind
blown dust) and anthropogenic (combustion of fossil fuels, industrial processes) sources. It is
mainly present as Ni(ll) and forms a wide varietycoinpounds such as oxides, hydroxides,
halides, sulfates, chromates and s¢9#j.

In natural ecosystems, nickel compounds are generally insoluble at pH values > 6.5, but the
occurrence of acid rain tends to mobilize Ni, leading to increased uptake and potential risk for
plants, animalsrad humans.

Nickel is an essential element for plants, being a constituent of several enzymes, among which
urease, a nickelependent metalloenzyme responsible for the hydrolysis of urea to form ammonia
and carbon dioxidf98].

Although it plays an important role in several metabolic processes, Ni excess may cause toxicity
in plants, with adverse effects including necrosis of leaves, retardation of germination and
inhibition of growth[99].

In humans, cotact with nickel and its alloy may cause dermatitis, while the oral intake can produce
allergic reactions and irritation to respiratory sys{éaj.

The most alarming risk associated with nickel compounds is their carcinogenic effect on lung and
nasal cavities, so that, in 1990, the IARternational Agency for Research on Cancer)
recognized Ni compounds as carcinogenic to humans (Group 1) and metallic Ni as possibly

carcinogenic to humans (Group 2B3B].
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Chaptelb

Materials and methods

During the PhD project the corrosion behaviour of weathering steel has been analysed by means
of field and laboratory tests, with the aim of assessing the influence of a series of environmental
parameters on the process of formation and stabilization of passipatinas and on the process

of metalreleaseField exposure and laboratory tests allow to obtain complementary information
about a phenomenon: in fact, on the one hand, field tests, despite the time required to collect
significant data is generally the order of years, allow to consider and study the synergic action

of environmental parameters and atmospheric pollutants on WS corrosion, a condition that would
be difficult to faithfully reproduce during laboratory tests. On the other hand, simutzetya

tests in controlled conditions offer the possibility to isolate specific phenomena and to obtain, in

relatively short times, valuable information for the comprehensive explanation of the process.

The environmental exposure involved three different fidShes, bare, prpatinated and pre
patinated/waxed, which are commonly commercialized and used for outdoor application, even in
aggressive environments. Moreover, considering the structural complexity of several WS
installations, the influence of twaxposure geometries (sheltered and unsheltered) on the corrosion

of material has been also investigated.

The evolution and the staltijiof patinas formed on WS samples were monitored by means of the
evaluation of mass variation and periodical surface tigegson (SEM/EDS, sections.5.3and

5.5.4 Raman Spectroscopy, secti®®.5.
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During the whole period of exposure (4 years), rainwater impinging each unshelteratespec
was monthly collected and metals and ions in runoff waters were analysed (AAS, Sextlpon

lon Chromatography, sectidn5.2; in order to quantify corrosion induced metal runoff in the
fredy dissolved fraction, that is the most mobile and bioavailable fraction from an environmental
point of view, the collected solutions were filtered (0.45 um) to remove metals released in

particulate forn{100].

Hourly and daily environmental data, including temperature, solar radiation, relative humidity,

wind direction and speed and air pollutant concentration were constantly monitored.

All data resulted from these numerous investigations were treated agsnoé univariate
(Pearsonds Coef fi ci e-nand 3WaynPdincipaluGomponeat rAnalydisg  ( 2
techniquego extrapolate the maximum information and to better explain the corrosive trend of
WS in relation to the several environmental factorolived and the different surface finishes
considered.

Simultaneously,accelerated ageing tests allowed to consider a more specific aspect of the
atmospheric corrosion of WS, that is the interaction of the material with some of the most corrosive
agents premt in the atmosphere; particularly, an immersion / emersion test (Cebelcor test, section
5.4.7) was carefully planned and performed to study the actiorlitfietent concentrationsf the

three main saline components of partate matterand atmospheric depositior{shlorides,
sulphates and nitrates) may have on the process of patina formation and stabilization and on metal
release of bare WS.

Also in this case, several information were obtained, including mass loss deteEmm{gsaction

5.5.8 and open circuit potential @CP data (sectiorb.5.7), compositional and morphological
(SEM/EDS, sectiorb.5.3and5.5.4 XRD, section5.5.6 characterization of patina formed and

quantification of metals released in dissolved and particulate form (AAS, sbdidn
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5.1 Working Plan
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5.2 Description of materials

5.2.1 Weathering steel: Cor-Ten A

The material examined in this work is a commercial weathering steel, known d®iICadY

provided by a local supplieThe nominal composition of the material is showiiatle5.

Table5: Alloy composition (weight %) determined on CorTen A sample by Optical Emission
Spectroscopy.

Element | C | Si | Mn | P | S | Cr | Ni | Cu | Fe

Weight%‘ 0,085‘ 0,44 ‘ 0,38 ‘ 0,091‘ 0,022‘ 0,80 ‘ 0,17 ‘ 0,30 ‘~97,71

Going into more detaildpr the environmetal exposure three different kinds of surface finishes

of commercial CoiTen(Fig. 26) were considered:

V Bare CofTen(BA)
V Prepatinated CeiTen(PA)

V Prepatinated and waxed Gden(PWA)

The prepatination procedure of materiatgrried out by the supplier, consists in a controlled and
accelerated oxidation treatment and a subsequent passivation, generally performed using aqueous

solutioncontainingHCI (about10% by volume)evenly spread over the alloy surface.

After that a beswax coating may be applied on the-peginated surfact obtain a new finish

characterized by a darker tonality.
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Fig. 26. Commercial sample of a) bare, b) yp&tinated and c) prpatinated/waxed Gden A

Before the environmental exposure, both-patinated and waxed specimens were not subjected
to any other preparation procedure; on the other hand, bare sampleegressed with acetone,

washed with water and dried.

For accelerated ageing teststead, only bare material was considered.

The WS sheet (thickness2=mm) provided were cut to give x 5 cm specimes.

The microstructure of WS was observed through a Nikon EPIBT 300 polarized light

microscope both in the longitudinal and transvieseations

63



To do this, wo CorTen samples with approximate area of 1x% wrare obtained by means of a
Buehler IsoMét Low Speed Saw equipped with a diamondaffitwvheel (Mod. 13 Struersjhe

cut samples were incorporated into epoxy resin and, 2dtedrying, polished on SiC abrasive
paperg240, 600, 1200, 2000 grind lappingpastds3 e m and 1 e€m) to obt a
Immediately before the microscopic observation, samples are immersed into a 2% Nital solution
(HHNO3 2% EtOH 98%)for 30-40 secondsThis chemical etching allows to highlight the crystal
structure (ferritic gain) of the material as a result of a selective corrosion of surface areas with

greater energy, such as grain edgeEsults are shown in sectién

5.3 Environmental Exposure

5.3.1 Exposure siteand conditions

According to what said in sectidh4, the features of the environment of exposure stroafféct
the performances of WSso0, aiming at evaluating the behavior of the material in a stressful

condition, the urbaicoasal site of Rimini (Italy) was chosefig. 27).

Y
}N” &
)\? : lelni‘ {

Fig. 27: Site of exposure (Rimini, Italyj101]

According to ISO 8565:201[102]and ISO 9226:20103], Cor-Ten Aspecimens we mounted

on Teflon holders and exposed facing south, with an inclination of 45° from the horiZdreal.
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test site was located on the roof of a building, closed to the city center, at about 1.5 km from the

Adriatic Sea coastal line.

In addition to the sidy of the influence of different surface finishes on the corrosion behavior,
evaluations on the effect of tegposureggeometrywerealso carried out by exposing the specimens

in bothshelteredFig. 28) andunshédtered Fig. 29) conditions

Fig. 28 Scheme of Bare (BA), Pigatinated (PA) and Psgatinated/Waxed (PWA) CeéFen

A specimens exposed in sheltered conditions

% ‘ ‘ “

d¢ ¢
BA PA PWA Blank
Run-off
Collection
System

Run-off Solutions

\

Fig. 29: Scheme of Bare (BA), Pygatinated (PA) and Psgatinated/Waxed (PWA) CeéFen

A specimens exposed in unsheltered conditions
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The exposure started during the spring of 2011 and lasted for four, gesirsg which the
environmental impact of the mai& with regards to the corrosienduced metaleleasewas

evaluated.

The environmental parameters describing the exposure envirorjgsetion6.2.1), including
temperature, relative humidity, wind direction and speedaial pollutants(NO, NG, Oz, PMuy,

PM>.5) concentration, were recorded at a monitoring station placed at about 1 km from the test site
and provided by thRegionalAgencyfor Environmental ProtectiolARPA) of Emlia Romagna.

SO is no longer monitored in iRini since2008 because, in previous years, it always showed
concentrations well below the Italian law limits; specifically, from 2004 to 2007, thea@tal

average was °éypicabof rurdl envidnmengs/aotording to 1ISO 9223:2(10%].

5.3.2 Experimental procedure

Three samples of commercial €ben A for each surface finish (see sectioh.l) were exposed,

both in sheltered and unsheltered conditions.

Before the exposure, bare sample were polished with acetone and distilled wateratec:
sample, instead, were exposed as supplied (see sécidh All the specimens werkabeled,
protected on their back side with transparent acrylic varnishwaighed on analytical balance

(sensitivity 0f0.1 mg)

According to ISO 17752012[105], runoff waters from unsheltered specimens were pieady
(about once a montisampled in HDPE vessedsd transferretb the laboratory, where the total
volume of each collected solution was measuféekn, a representative aliquot of each solution
was filtered cellulose acetate membrane, 0.45 um gze)and analyzedly lon Chromatography

(IC) for ion determinationthe remaining solution was subjected to pH determination, filtration,
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acidification with HNQ until pH < 2, to dissolve potential metal complexes from the container
walls, andanalysisin Atomic Absorption Spectroscopy (AAS)r the determination adlloying
metals released. Specifically, the filtration procedure on 0.45 um membrane filters allows to
separatenetals released in tltkssolved érm from those released in tparticulate fractin and,

in the case of environmental exposuely the dissolved fraction has been considered.

In order to evaluate background concentratianthe test siterainwater impinging only Teflon
holders was collected in triplicatBlank solutions underwertdo the same procedure described

above.

During each sampling, all the exposed specimens were removed and, after stabilization at room

temperature, weighed to determine mass variations.

Before and periodically after the exposure, one of the three specimeacfofinish and condition

was subjected to surface investigations (see sesttHf sections.5.4 sections.5.5.

5.4 Artificial Ageing Test

Artificial ageing tests represent a group of laboratory tests aimed at reproducing the effect of one
or more factors on the degradation process of a material under controlled condition. They were
developed tsupport natural ageingdes (i.e. environmental exposure) and overcome thei non

practical long exposure requirements, in order to obtain information about the performances of

materialsn shorter time.
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5.4.1 Immersion/emersion Test(Cebelcor)

Immersion/emersion test is a typidaboratorytestusually performedo speed up the normal
aging process ahetallicmaterials ando studytheir corrosion behaviouBy alternating cycle of
wet and dry periods, this testnulatesthe exposure of the selected material to stagnant corglition
that is to say when it is not directly subjected to the action of pouringmais way it is possible

to create and constantly analydaring the test artificial corrosion patinas under controlled

laboratory conditions (i.e. temperature, time ofrvess, composition of weathering solution, etc.).

In this work, a particulakind of alternating emersion teite CEBELCOR techniqueégveloped

in 1960s at th@&elgian Center for Corrosion Study, was used.

Theautomaticequipmentsed for this test wasedigned by the CAPA group of Madyidhere |

spent a 4nonth period under the supervision of Prof. Manuel Morcillo Linaedconsists of a
metalbarwhere the samples to be aged are fixed through a threaded rod of stainless steel, protected
by a polypr@ylene tubeg(Fig. 30); this arrangement allows to follow the evolution of the open

circuit corrosion potential for the entire duration of the test.

a) b)
Fig. 30: Assemblingof WS specimens

At pre-set times, the bar is rotated so as to alternately expose samples to the position of immersion
(Fig. 31a) and to that of emersiorrig. 31b). During the wet period, metallic specimens are

submerged into a weathering solution with known composition and concentpddicedin a glass
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container; during the dry period, instead, samples are exposed to 100 W infrared lamps, supplying

a temperature of 5TC on the specimen surface, thus accelerating the drying process.

Fig. 31: CEBELCOR chamber in the wet (a) and dry (b) positions

To make sure that weathering solution was &ellatedand therefore to reproduce as closely as

possible what happens in the environment, water pumps with flow rate of 300 L/h were placed in

each container.

In this work the overall duration of the test was 24 days, alternating 12 minutes of immersion and

42 minutes of emersioithe weathering soligns were weekly renewed.
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The Cebelcor test was performed to evaluate the effect of the main saline constituents of particulate
matter (Cl, NOs and SG%) on weathering steel corrosion; for this purpose, three concentrations
for each PM component wereleseted in order to simulate the exposure to both mild and quite
aggressive environmentaccording to mean valued these ions in bulk depositidiound in
literature[106]i [113]. The weathering solution chosen astedin Table6. After being cleaned

with universal solvent and weighed (0.1 mg of sensitivitgyy 6x5 cmWS sampls were tested

for each solution

Table6: Weathering solution for the Cebelcor ageing test

Solution Cl- NOs SOs*

Concentration (ppm) 1,5 10 25 1,5 10 25 1,5 10 25

After 6,12, 18and 24 daysf test aliquots of ach weathering solutiohefore and after filtration
(0.45 pn) were samplednd the main elementd the alloy(Cr, Cu,Fe, Ni, Mn) were analysed
(section6.3.5.)).

Moreover, wo of the four specimens for each solution wersaeedafter 12 and 24 daysne of
them was subjected to picklin@ection6.3.3, according to ISO 8407114], the otherwas
employed for patina characterizati(gection6.3.4).

Pickling solutions were analysddection6.3.5.9 for the determination of metals present as
adherent rust (AR).

The evolution of open circuit corrosion potential was daily monit¢gedtion6.3.2.

The overall Cebelcor arking plan is summarized fig. 32
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2 specimens / solution

C>  Change solution -

Remove 2 specimens/solution for
corrosion products characterization

Sampling solution (total and filtered fraction)
for metal analysis

Fig. 32 Working plan for Cebelcor test

5.5 Analytical Techniques

As mentioned at the beginning of this chapter, the study of the corrosion behavior of weathering
steel required the application of several analytical techniques for a complete morphological and
compositimal characterization of patinas and the quantification of corrosion induced metal

release So, in the following sections, the main analytical techniques used and the operative

conditions applied are briefly described.

5.5.1 Atomic Absorption Spectroscopy (AAS

5.5.1.1General principles

Atomic Absorption Spectroscopy (AAS) is an analytical technique for the qualitative and

quantitative determination of chemical elements in several matrices. The chphysaal
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principle supporting this technique is the property wives of absorbing light with specific
wavelength, characteristic for each element.
In fact, when an appropriate energy irradiates an atom, one or more electrons in the outer shell are
promoted to an orbital with higher energy, promoting its transition ftben fundamental
configuration to the excited state, energetically less stable.
Since atomic energy levels are quantized, atomic electron transitions are quantized too and are
characteristic for each element. The absorption spectrum of each elements ofressiseries of
lines, called resonance lines, at specific wavelengths, each corresponding to an energetic
transition; the identification of these specific wavelengths allows identifying the element. On the
other hand, the amount of absorbed radiatigeraportional to the number of atoms undergoing
the transition, so it allows the element quantification. The experimental quantity describing the
absorption process is Absorbance, defined as

A =log (lo/ ) (35)
where p and | represent the intensgief radiation before and after the interaction with vaporized
sample, respectively. Absorbance is related to the concentration of analyte by means of a
OLamBeet 6 type | aw

A = x A b A N (36)
with x corresponding to the spectral absorption coeificiL moi* cmt), b is the optical path

length (cm) and N the total number of free atoms (M9l L

5.5.1.2Instrumentation

In order to identify and quantify an element with Atomic Absorpmectroscopyatomization
of sample is necessary; after that, elentagnetic radiation with a specific wavelength hit the
sample. The outgoing radiation is thus collimated by means of a monochromator and send to

detector.
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Let 6s deeply analyse now the operation

Fig. 33 PinAAcle 900T Atomic Absorption Spectrome(@®erkin EImer)

As already stated, atomic absorption spectrometer consists of five main units:

\Y

< < < <

Radiation [
Source

Background

Radiation source

Background correction system
Sample atomizer

Optical devices and monochromator

Detector

Sample

Atomizer Monochromator Detector

Correction [:l |
System

Fig. 34: Scheme of Atomic Absorption Spectrometer
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Radiation source

According to what said at the beginning of this paragraph, atomic absorption studies need
radiation source thas able to emit the spectrum of the element to analyserder to obtain the
desired spectral resolution.

Among t hecer dd 3 @ahodebamp andElectrodelesDischarge Lamp are the

most common.

Hollow CathodeLamp

Hollow cathoddamp consists of a glass cylinder, filled with low pressure of oes (commonly

Ar), where a littleplate of the element to be analysed is positionEw).(35). By applying a
difference of electric potential between anode and cathode, gas atoms are partially ionized; positive
ions are accelerated by the electric field and collide with the cathode, causing the ejection of
surface metal aton{sputtering. These atoms, excited by additional collisions with gas molecules,
tend to return to the ground state by emitting radiatioh tné wavelength that haracteristic

of the element.

e fey Mo s o | e
- —LE - ——:,\\ - — ' 7 -1 \l{ -------- >
Arg — Ar’ Ar* M, €— Ar’ M,
1. Tonization 1I. Sputtering MII. Excitation IV. Emission

Fig. 35: Hollow Cathode Lamp emission process
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Electrodelesdischarge Lamp

A suitable alternative to HCL iSlectrodeles®ischarge Lamp, which consists of a ceramic tube
containing low pressure Ar. Inside, a quartz bulb containing the element to be analysed, surrounded
by a radiofrequencies generator, is positioned. The energy due to the electric field vaporizes the

element and excites atoms that emit their charactesjg#ictrum to return in the ground state.

Background correction system

One of the most common methods for the correction of background signal in atomic absorption
contemplates the use of a continusource of radiation, such a deuterium lattmgt emits from

190 to 320 nmA chopper, constantly spinning, serntdsatomizer alternating pulses of radiation

from deuterium lamp and HCL or EDL lamp. Wherh e beam f-so@oumr ¢ dh@® @ad s Ne
total absorbance (Analyte + Background) is measured; wiiilen heradiation of the continuum

source passes throutite vaporized sample,ptovides an estimate of the background absorbance
Subtracting the background signal from the total absorption gives the corrected absorption arising

only from the analyte.

An alternative todeuterium lamp background correction involves the application of the Zeeman
effect which consists in the splitting of atomic spectral lines in the presence of a magnetic field.
With the magnet off, the t ocastueet; webhtheonragnetisore a't
the anal yte absorption | i nceompsonsemlti tati nthoe tah
two 0 components negatively and positively s
components are differentfyo | ari zed with respect to the mag
polarize perpendicular to the magnetic field)polarizeiin the optical system can easily remove

the °~ component of the radiation, d&Hnalllthat on
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atomic absorbance can be calculated by subtracting the background absorbance measurement from

the total absorbance value.

Sample atomizer
Two systems are commonly used to atomize samples, Electrothermal and Flame atomizers.

Electrothermal Atomizer

Electrahermal systems use graphite furnace for the atomization of sanipbefurnace is a
cylindrical graphite tube equipped with a platform and an injection hole; a known amount of the
sample is deposited on this platform and subjected terenti programgenerally consisting of

four steps:

Drying, during which the solvent evaporates
- Incineration, that allows the removal of volatile organic matter eventually present in the
sample through its conversion inte®and CQ
- Atomization, when tempature rapidly increases to vaporize and atomize the analytes;
during this step, the reading of absorbance is performed.
- Cleaning, in order to prepare the tube for the next sample.
During the entirecycle the graphite furnace is continuouiylshed with a inert gas (Argon) to
prevent its early deterioration.

This technique is generally used for determination of analytes in th& ng lg * range.
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Fig. 36: Scheme of an electrotermal atomifet5]

Graphite tube

() N

Platform

Fig. 37: Representation afraphite tube with platforrfil15]

Flame Atomizer

In flame atomization, the sample is aspirated by a pneumatic nebulizer and converted in aerosol;

then, the smallest droplets of the nebulized sample pass throogkirey chamber where a

combination of fuel and oxidant gases (generally air/acetylene, flame temperature ~ 2300 °C)

flows. The sample is then transferred, through the burner head, lwrtimar flame. In the first

part of the flame (primary combustion &)ndesolvationof analyte occurs; thethe molecular

aerosol formed passes in the second combustion zone, the hottest one, and is vapdrized

atomizd
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The radiation generated by the lamp crosses the entire length of the laminar flame, passes through
the atomic cloud in the second combustion area and then continues to the monochromator.

This technique is generally used for determination of analytes in the'mmanbe.

Burner head

ﬂ“\ Secondary

Aolg:il;?:;y i\ - combustion
Interzonal ( | zone:
\ _ region o
Fuel - N - " o~ Primary
AN S 323 A¥ ‘. combustion
(&’ g @] Zone
“‘\\ Z ‘ i
"Nebulizq}:sﬁ
"\ Nebulizer
Sal‘nple oxidant Fuel-oxidant
capillary

mixture

Fig. 38 Laminar flow burner head (left) and flame ragsq(right)[115]

Optical devices and monochromator

Once the radiation passes through the sample in the atomizer, a system ofjuétesst to a
monochromatqgrwhose function is to isolatenly the spectral line of the desired analyte
Monoclromator comprises an entrance slit, a dispersion d€wicRAS dispersion grating are

commonly usedand an exit slit

Detector

The radiation selected by the monocahedor is directed to a detector. In AAShotomultiplier

(PM) tubeis the most common tkctor used, mainly due to its high sensitiviBM convertdight
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signal into an electrical signahd then, thanks to a series of dynodes, amplifies it to a useful level
by emission of secondary electrons (photoelectric effect).
All secondary electrorsmitted by the last dynode, which are proportional to the initial light signal,

are collected on the anode, so that the electric signal can be converted to a voltage and measured.

5.5.1.30perating conditions

A Perkin Elmer AAnalyst 400 and a Perkin Elmer Pinnf®00z Atomic Absorption
Spectrometers with electtbermal atomizer wereised for metal (Cu, Cr, Fe, Mn and Ni)

determination.

The instrumental conditionthe graphite furnace temperature prograam&l the limits of
guantificationsfor each metal are listiein the tables here belofthe performances of the two
instruments are comparable, so, for brevity, only information referring to AAnalyst 400 are
reported in tables below)Limits of Determination (LoD) were determined as the metal

concentrations correspding to 3 times the standard deviation of 20 replicates of a blank solution.

Table7: Operating conditions for Cr.

vaite | Step | TSP | ime. | tme | gasfow | OIS | Wabelenghy St | LoD
(sec) | (sec) | (mL/min)
1 100 1 30 250 Argon 357,9
2 130 15 40 250 Argon 357,9
Cr 3 800 10 10 250 Argon 357,9 0,7 0,2
4 2300 0 5 - - 357,9
5 2450 1 3 250 Argon 357,9
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Table8: Operating conditions for Cu.

anayte| Step | TETP | me | tme | gasfow | O2S | Wavelenghy Sit | LoD
(sec) | (sec) | (mL/min)
1 100 1 30 250 Argon 324,7
2 130 15 40 250 Argon 324,7
Cu 3 600 10 20 250 Argon 324,7 0,7 0,3
4 2000 0 5 - - 324,7
5 2450 1 3 250 Argon 324,7

Table9: Operating conditions for Fe.

vaite | Step | TSP | ime. | tme | gasfow | OIS | Wavelenghy Sit | LoD
(sec) | (sec) | (mL/min)
1 100 5 20 250 Argon 248,3
2 140 15 15 250 Argon 248,3
Fe 3 1400 10 20 250 Argon 248,3 1,8 0,8
4 2400 0 5 - - 248,3
5 2600 1 3 250 Argon 248,3

Tablel0: Operating conditions for Mn.

vaite | Step | TSP | ime. | tme | gasfow | OIS | Wavelenghy Sit | LoD
(sec) | (sec) | (mL/min)
1 100 1 30 250 Argon 279,5
2 130 15 40 250 Argon 279,5
Mn 3 600 10 20 250 Argon 279,5 0,2 0,2
4 1900 0 5 - - 279,5
5 2450 1 3 250 Argon 279,5

Table11l: Operating conditions faxi.

vaite | Step | TSP | ime. | tme | gasfow | OIS | Wavelengiy Sit | LoD
(sec) | (sec) | (mL/min)
1 100 1 30 250 Argon 232,0
2 130 15 40 250 Argon 232,0
Ni 3 600 10 20 250 Argon 232,0 0,2 0,6
4 2300 0 5 - - 232,0
5 2450 1 3 250 Argon 232,0
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5.5.2lon Chromatography (IC)

5.5.2.1General principle and instrumentation

lon chromatography (IC) is an analytical technique for the determination and quantification of
ionic compounds, generally in aqueous phase. The leading peilocipvhich IC is based is ien
exchange: once introduced into a column anionic or cationic species are separated and analysed
according to their higher or lower affinity with a stationary phase, consisting axicdmnge
resins.
IC is further subdividednito Cation Exchange Chromatography (CEC) and Anion Exchange
Chromatography (AEC), used for the determination of cations and anions, thanks to sample
interactions with stationary phases displaying negatively and positively charged functional groups,
respedtely.
lon-chromatography equipme(iig. 39) consists of:
V Pump for the introduction of the mobile phase (eluent) in the column
V Sample injection system, generally a multiport valve (loop), used to introduce dn exac
volume of sample connected to the eluent tubing
V Guard column, to protect the separation column from contamination
V Separation column, in which the separation process occurs; as said before, positively
charged stationary phases are used for anions sepaaail, on the contrary, negatively
charged stationary phases for cations determination.
V Suppressor, a supplementary column placed after the separation column in AEC with the
function of decreasing the background conductivity of the eluent and optinfizsgyhal
to-noise ratio.

V Detector, usually conductivity or UV/Vis detectors.
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Fig. 39: lon-chromatography equipment for anion determination; the equipment for cation

guantification does not include the suppressor.

5.5.2.20perating Conditions

In this work aMetrohm 761 Compact IC equipped with a conductivity detector was used for the

analysis of water soluble ions.

Cations (NH', Na', C&*, Mg?*, K*) were separated on a Metrosep C2/150 column (150 x 4 mm)
with an eluent phase of tartaacid 1 mM and dipicolinic acid 4 mM, at a flow rate of 1.5 mL
mint. Anions (Cl, NOz, NOs, SQ%) were separated on a Metrosep A sup 4 column (250 x 4
mm), followed by a suppressor, with an eluent phase e€8a1.8 mM, NaHCQ 1.7 mM and

acetone 2%,ta flow rate of 1.5 mL mit.
lon concentrations were determined by external standard method using stock standard solutions.

Limits of Quantification (LoQ) for the inwgigated ions are listed in

Tablel2.
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Tablel2: Limits of quantification (LoQ) for soluble ions.

Cations LdQ (mg/L) Anions LdQ (mg/L)
ca* 0.05 Cr 0.08
K* 0.05 NOz 0.01
Mg?* 0.05 NOz 0.1
Na' 0.02 SO? 0.1
NH4* 0.02

5.5.3 ScanningElectron Microscopy (SEM)

5.5.3.1General principles

ScanningElectron Microscopy (SEM) is a powerfahalytical techniquéor the acquisition of
morphological and compositional information about a santpbnks to the interaction between

an electron beam and its surface.

By moving the electron beathroughout the surface and recording the various signals produced
by electroratom interactions, it is possible to obtain an higbolution image of the sample and

to extract several kinds of information about it.

In order to understand which kind of @amfnation we can obtain by means of SEM, it is necessary

to explain the possible interaction between electrons and sample surface.

Electrons deriving from an electron gun are focused on the surface and interact with the atoms of
the sample within an interdon volume, whose depth depends on the energy of the beam and the
composition of the material tested.

This interaction produces both elastic and inelastic scattering. In the first case the electron beam
is deflected without significant loss of energyit is deflected out of the sample, then the electron

is called a backscattered electron (BSE). In the second case, instead, the beam transfers a certair
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amount of energy to the atom itds interact.i
seconday electron (SE).
Beside them, a multitude of other signal are generatedrayX Auger electron,

Cathodoluminescengebut BSE and SE are the most common signal used in this technique.

Backscattered

Detector

Cathodeluminescence

R /
Secondary \
: 3 i Auger

r

Sample

Fig. 40: Kinds of signaproduced in SEM116]

5.5.3.2Instrumentation

A scanning electron microscoffeig. 41) generally consists of
V Electron column
V Specimen stage
V Detectors
\

Vacuum chamber
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Fig. 41: Diagramof scanning electron microscope

In the following subsections each of these components will be briefly presented.

Electron column and specimen holder

The electron column is the part of MEquipment where the electron beam is generététermal

or field-emissionelectron gun is posoned on the top of the column.

In thermal emission, a filament, usually tungsten orelfd8ment, is heated at high temperature

so that electrons can eseaprom its surface (thermoionic emission). Setting the proper
temperature is a critical poinitn fact, excessively high temperature could led to a significant
decrease in the filament life; on the other hand, too low temperature may result in unstable bea

current and poor image.
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In field emission, instead, a strodgferenceof potentialbetweerthe filament (cathodegnd an
underlyirg anode allows the electrons to be pulled off; in this way, the beam genersuéd
smaller in diameter, producing attez resolution and the filament life is longer. However, the use

of field emission guns entails more drastic operating conditions (i.e. higher vacuum, approximately

107 Torr).

After being generated, the divergent electron bisadjusted and collimateay means of a series

of magneticlenses and apertures; then, in the last part of the coltipasses through pairs of
deflection coils that deflect the beam in #endy directions, allowing the scan of the desired area
of the sampleThe final apertte below the coils determines the spot size of the beam, affecting

the resolutiorand the depth of fielflL17].

The sample is placed on a specimen mdileler, just at the end of the electron colunifrit is

not conductive, a metal coating has to be applied.

Detectors

When the electron beam collides with the sample, several signals aneguiddetectors for the
capture of these signals are placed just beside the electron colurrig(gEg. As stated before,
Secondar\Electrons(SE)and Back Scattereétlectrons (BSEare the most useful signalsSEM,

giving information about the topography and the composition of sample surface.

SE arecollected by the Everhdaf hor nl ey ( ET) detector, BSE b

briefly examine the operating principles of these detectors.

The ET detectoiis basically mde of a scintillator and a photomultipliea; Faraday cage

surrounding the scintillator is biased with a low positively voltage to attract only secondary
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electrons (energy < 50 eV). An higher voltage-{20kV) applied to the scintillatonake the SE
to besufficiently accelerated to convert into photpttgough a quartz light pipghotons are
conducted to a photomultiplier tube, that converts the amplified light sigaek into electrons

finally manipulated to give an usable image.

BSE are collectedyba solid state detector. Unlike in the case of the ET detector, a positive bias is
not applied to attract electrons in the detector; otherwise, a Faraday cage is negativelsobiased
that SE are repelled and only BSE, keeping the energy of the incidentumaltered, could reach

the detector to form the backscattered image. However, as BSE are not attracted to the detector
anymore, only those travelling with the right path might actually be collected; to overcome this
problem and maximizthecollectionBSE det ect o4 ywietbh aa r @chgreunte n t
above the sample holder, coaxial with the incident b&dhen BSE passes through the detector,

it converts the energy of the detected electron into a proportional electric signal.

Beside the topogphic information, BSE analysis tells us something about the chemical
composition of the material: in fact, the increase in the element atomic number corresponds to an
increase in the number of positive charges on the nucleus and, as a consequencs;aifdrack
electronsResults are visualized as a black and white image, where each shade of grey depends on

the chemical composition.

Vacuum system

To ensure its smooth functioning, the SEM system has to be kept under high vacuum conditions,

at least 10 Pa. The reasons for this are mainly two:

- atthe high temperatures reached during the production of the electron beam (28000
K), the filament would oxidize and burn out in the presence @ft@tmospheric pressure
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- the presence of vacuum increaghe mean free path of primary electrons and helps to
minimize the probabilities of collisions between the electrons and the residual air

molecules.

However, in some casesigh-vacuum mode is not the better optidm fact, for the analysis of
wet or na-conducting samples, environmental SEM (ESEM) was develdyyeaiieans of some
instrumental modifications, this techniqakows to apply the same advantages of conventional
SEM analysis to a broader range of samples (plastics, ceramic materials, coretalsylwithout

the need for prior preparation.

ESEM equipment, operating in variable pressure (VP) mode, consists of two areas, an electron
gun under high vacuum conditions to prevent the filament deterioration or beam deflection and a
specimen chamber staining an higher pressure environmehé two areas are connecteday

intermediate cavity where a pressure gradient is present.

The phases of production and the focusing of the electron beam are remain approximately the
same; what changes is the systef SE detection. The standard ET detector is replaced by the

Robinson detector, which is based on the ionization of environmental gas present in the chamber.

Secondary electrons produced by the bsaecimen interaction are accelerated by a positive bias
and collide with the gas molecules, producing new electrons that reach the detector and are further

amplified for the creation of the scanned image.

In this study, morphological and elemental analysis of exposed surfaces anrgectasss were
performedthrough Scanning Electron Microscopy in Extended Pressure mode (SEM, Zeiss EVO

50 EP) coupled with Dispersive Energy Spectroscopy (EDS, Oxford INCA 350).
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5.5.4 Energy DispersiveX-ray Spectroscopy (EDS)

Energy dispersive Xay spectroscopyEDS)is an analytial technique for the determination of
the elemental composition of points or areas of sample surfaces; it is babedcotiection and
analysis of xray radiation emitted by a material when it is subjected to an electron bombardment

[118].

EDS system includes aray detector (generally made otSicrystals), a liquid nitrogen dewar

for cooling and a software for collecting and analyzing energy spectr

EDS is usually coupled with scanning electron microscopy; in this configurationgroprobe

placed in the specimen chamber of SEM equipment collecay radiation produced bthe
interaction between the primary electron beam and the sampdg. pdotons reach the solid state
detector, causes ionization and produces an electrical charge bias; this process enables to convert
X-ray energy into voltage signals of proportional size. The software finally collects the signals and
creates axay counts venergy bidimensional plot, in which each peak corresponds to an element

in the sample.

5.5.5 Raman Spectroscopy

Raman spectroscopy is an analytical technique used for material identification. Being designed to
study of vibrational states of molecules, it alfoto obtain a real fingerprint of the examined

material.

Raman spectroscopy is based on the phenomenon of inelastic diffusion of light. When radiation
interacts with a molecule, absorption or diffusion can ocaorpng the diffused portion, the
majority d radiation is elastically diffuse(Rayleigh scatter)that is scattered photons keep the

energy of incident beam unchanged. A small fraction of the incident radiation (approximately 1 in
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10’ photons), instead, is inelastically scattered, with diffuseatquts showing &igher or lower

frequency ¢hif) than incident radiatiorthis phenomenon is known as Raman effect.

Particularly, the decrease in frequencies is called Stokes shift and occurs when a molecule in its
fundamental state is excited to an upgdual level and then emits a photon at lower eneFyy. (

42). The increase in frequencies is known as /Attikes shift anebccurs when molecules in
excited vibrational states are further excited to a virtexalland then decay to the fundamental

state, with the emission of highenergy photons.

As molecules are almost completely in the ground state at room temperature, there is much lower
probability that an incident photon will be As8itokes scattered; fothis reason, Raman

measurements are performed considering only the Stokes shifted radiation.
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Fig. 42 Scheme of radiation scattering and Raman spectrum.
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The difference in the energy of incident and inelastically diffused radiatoresponds to
vibrational levels of the investigated molecule, s@abglyzingthe Raman shift of spectral stripes
it is possible taobtain information about the molecular structure and intermolecular interaction

[119].

The man components of a Raman Spectroméfgy. 43) are:

Excitation source
Sampling apparatus

Monochromator or Interferometer

< < < <

Detector

In Raman spectroscopy laser is commonly used as excitation sobemause it pndes a stable,
coherent and intense beam of monochromatic radiation and ensures a useful amount of Raman
scatter. The incident radiation enters in the sampling device, generally -agtieprobe,and

passes through a narrow bapaks filter; after that series of lensdocalizethe laser bearon

the sampleAfter interacting with the sample, the scattered radiation passes through a notch filter
to isolate the weak Raman signal from the more intense Rayleigh scatter and other background
signal and,lanks to a 180° backscattering geometry, is collected along the same optical path as
the incoming laseAt the end, a grating monochromator disperses the Raman scattered light over
a detector, for example a CCD array, which converts the electromagné&torachto an electric

signal.The result is given as an intensity vs wavelength shift plot.
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Fig. 43 Scheme of a Raman equipment

For this work, a Renishaw Raman InVia microprobe coupled with a Leica DMLM microscope and
equippedwith a CCD detector was used; the Raman spectrometer is configured with a rejection
filter and a monochromator. The light source was a diode laser (785.0 nm) and the laser power
was kept at less than 3mW at the specimen surface. From 2 to 4 accumulatemerormed,

with an acquisition time of 10 s.

5.5.6 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is the most used technique for the identification of the structure of
crystalline materials. It is based on the concept of diffraction phenomena derivingtifeo
interaction of Xray and crystalline sample. The basic condition for the diffraction to occur is that
the wavelength @& of i ncident radiation and

comparable.

In these conditions, when an incidenta§ beam interacts with a material it is scattered by atoms

in the structure; if the material presents a regular structure (crystal), the scattaedrXiergo
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to destructive (in the most directions) and constructive (in specific directions) interferémises

phenomenon is known as diffraction and is de
n o = 2d sind (37)
where d is the angle of incidence of the rad

crystal planes and n is any integer.

Diffracted
X-ray beam

Incident
X-ray beam

Fig.44Gr aphi cal represe[h20lati on of Brag

According toeq.37, at a specific incident angle, the diffractedays will interact constructively

only if the dspacing beteen crystal planes is equal to an integer numbay .of
The main components of anrdy diffractomete(Fig. 45) are:

V X-ray source
V Monochromator and filters
V Sample holder

V Detector
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The most common geometry of2dugeemet dyéd fr aan
radiation sourceis i xed, the moving sample holder is t

angle of 2d (to keep the alignment with the

X-ray detector

N

Collimators —»

X-ray tube /i -
L ks |
g |1

4 Sample

Filter

Fig. 45: Scheme of an Xay diffractometer

X-ray source isepresented by a tube containing a tungsten filament (cathode) and a metallic plate
(anode). By applying a high voltage to the filament, high energy electrons are emitted, that collide
with the anode, producing-¥ys; the wavelength of the-bdy beam depesdon the nature of the
metallic plate, whil e the penetration in th

depends on the beam power and angle of incidence.

X-rays produced in the source are filtered and collimated over the sample by means of a
monochromator and a series of lenses. After the interaction with the sample, the diffracted rays
are directed to a detector, usually a scintillator counter or-éligasdetector, which converts the

incoming radiation in electrical signal.

The resulting dfraction spectrum conventionally appears as an intensitgvs g r a p h .
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Knowing the operating o, i spasi possalibge f or

corresponding to an intensity peak in the graph by solution of the Bragg equation.

After determining all the -@pacing values, characteristic for thmaterial examined, a simple

comparison wittdatabasealues allows to definitely identify the unknown sample.

For this work, XRD analysis were carried out with a Bruker AXS diffractome8 Advance,
equipped with cobalt Xay tube and diffracted beamomochromator. Data were collected over

10-80° range, with a step width of 0,03° and an accumulation time of 3 seconds.

5.5.7 Open Circuit Potential (OCP)

As statedn section2.3, a metal submerged into a solution undergoes assefrielectrochemical
reactions mainly localised on the mesalution interface, that generates corrosion. These
reactions creates an electrochemical potential known as corrosion poteptiab(Bpen circuit

potential (OCP).

Voltage measuring instrumes cannot directly measure this potential, so it necessary a reference

electrode with known potentiéile. Saturated Calomel Electrode, SCE).

OCP measurements correspond to the observation of the difference of potential between the
working electrode (exained metallic surface) and the reference electrode when no external

current is applied to the circuit.
Measurements are performed using high impedance voltmeters.

As no external potential is imposed to the system, OCP measurements can be performed during

the execution of other experiments, such as accelerated ageing tests.
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By monitoring OCP variations over time, it is possible to obtain information about the corrosion
process or, more specifically, the passivation grade of the corrosion product patied éortne

material.

Results will be plotted in a E vs time graph, in which higher potentials correspond to lower

corrosion.

5.5.8 Mass Loss Determination

Mass loss determination of a metallic specimen allowdetermine the corrosion rate after natural

or sinulated tests.

It is achieved by removing all the corrosion products formed on the sample during the

environmental exposure threlaboratory test.

The chemical procedure for mass loss determination for iron and steel, specified by ISO Standard

8407[114], is quickly described here below:

V The specimen is weighed on analytical balance and then submemeadatution of HCI
(50%) and hexamethylenetetraminspecifically designed to selectively remove the
corrosion products, with minimal dissolution of base metal.

The pickling solution containing the sample is kept in ultrasonic bath for 10 minutes.
After cleaning, the specimenrisised with distilled water and ethanol and dried in oven.

Finally, the sample is cooled and weighed again.

< < < <

The procedure is repeated until reaching the weigh stabilization of pickled spetimen
ensure complete removal of the corrosion produttie useof a control specimen
(uncorroded materiglsubjected to the same cleaning procedure as the test specimen, is

highly recommended.
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The corrosion ratedir arising from the described procedure is expressed as
where A is thespecimen surface @n , t is the exposure time (ye

Alternatively, eorr can also be expressed as the depth of penetration for time unit, according to the

equation:

rcorr (S mb ? q:l'n / A L J. (39)

whereq, is the densit®% of the materi al (g/ cm

5.6 Data processing

The great number of data collected during the ageing tests ane/éze fleld exposure requires
a considerable effort for the interpretation of results. In order to facilietg@hase and to make
sure that all udal information has been extrapolated from experimental datdtivariate

techniques of data exploration were applied.

In the following sections, something about the theory behind the techniques applied in this work

will be briefly presented.

5.6.1 Multivariate data analysis

Chemometrics is a relatively young scientific discipline, born in the second part of XX century,
when chemistry, especially analytical chemistry, began to turn to statistics to solve more or less

conplex problemg121].
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In 1974 Sante Wold (University of Umed Sweden) and Bruce Kowalski (University of Seattle
i USA) founded the International Chemometric Society, which proposed, during the following
year, the first definition of Chemometrigs22]:
60Chemometrics i s t he chemical di sciplin
statistical methods, (a) to design or select optimal measurement procedures
and experiments; and (b) to provide maximum chemical information by

analyzing chemical data. o

In the pat few decades this branch has rapidly evolved, as confirmed by the exponential increase
of scientific applications and publicatiof$23], mainly driven by the development of new
analytical instruments and the advent of hggleed computers and innovative software.
Chemometrics is addressed to the study of complex systems or phenomena, which are
characterized by more descriptive variables]dgizal and pharmacological issues, problems
related to industrial processes or environmental studies are typical examples of complex
phenomena, driven by multiple factors acting on the system simultaneously.

As a consequence, investigating on these systam@ans to take in consideration/taking in
consideration several information for each sample; therefore, data procasssigom univariate

to multivariate level.

As expressed in the definition of the discipline, the interest in extracting the maxigewant
information from a set of experimental data is one of the main goal of chemometric analysis.

By means of the construction of qualitative and quantitative models, this technique allows to
highlight possible relationships between the variables thatrg a multivariate system and to
identify their relevance in solving a specific problem: in this way, it is possible to isolate useful
information, minimizing time and costs of analysis.

The tools that will be employed in this work belong to data exioraechnique and are briefly

described in the following paragraphs.
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5.6.1.1Principal component analysis (PCA)

Principal Component Analysis (PCA) is a data exploration techuigsigned t@valuate the main
properties of a dataset, in order to isolate the agleinformation and minimize any possible
interference due to instrumental noise or redundant data, thus reducing the dimensionality and the

complexity of the examined problem.

PCA is based on the orthogonal transformation of the original variables imewaset of
uncorrelated variables, called principal compon€RtS), which are linear combitians of the
observeddescriptors The new variables are defined in such a way that the first component is
oriented in the direction of maximum variance, andt@subsequent are oriented in the direction

of variance gradually decreasing, so that the information carried by the latest components will be

very low and may be excludé¢ti21]
The procedure for Principal Component calculation is summarized here i@k

Let 6s arpatris X (d>p) containing the experimental data, in which the n rows correspond

to the samples (objects) and the p columns represent the measured variables (descriptors).

The first step consists in the calculation of the covariance matrix S (p & p) ésmdiagonalization

v T
diag(S) = diaggxcixlcg

7
~

e n- u (40)

whereXc=centered data matrik) order to obtain a matrik (p x p), whose diagonal elements are

the eigenvaluesm, and a Loading matrix L (p x M), whose column are the eigenvegt@fsS.

By applying Single Value Decomposition (SVD) technique, it is possible to decompose the

covariance matrix ik (p x p) and. (p x M); the determination of these matrices allows to define

99



a new space, whose axes are oriented in the direction of maxandngradually decreasing

variance

The matrix X of original data is translated into the new space and new coordinates t=f afgec

defined in the Score matrix T (n x M), calculated as
ThxM)=X(nxp):-L((pxM) (42)

Since the eigenvalues, of S matrix represent the explained variance related to each PC, in some
cases it is useful to consider only a limited number of components (M < p), for example the ones

associated with the highest values of variability among data, in order to sithplijyoblem.

PCA resultan be visualizeth the form of twobivariate scatter plots, the score and the loading
plots, whichrepresent the projections of thé e aiginal objects (samples) and variables

(measured quantities) in the new space of prai@pmponents, respectively.

5.6.1.2Three-way principal component analysis (3WPCA)

The use of PChffers great advantages over the univariate interpretation, but it is still limited if
the original dataset presents an intrinsic thdmeensional structurg125]. Several real
phenomena, tleed may exhibit relationships between more than two dimensions and, therefore,

cannot be entirely modelled by O6conventional

Just think of the environmental studies involving measurements néa sépollutants in different
sampling sites at several times; ires$h cases, it can be very useful to define particular trends of

behaviour, i.e. spatial or temporal trends, to properly explain the investigated problem.
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Threedimensional dataset can leeated by means of 3W PCA, a generalization of the
6convent i onaPCa, whiehocan \Wettgr explain the thhweay interactions in the

experimental data and allows an easy and complete interpretation of the results.

Tucker3 is one of the most corom models for performing thregay PCA [126]i[128]; by
generalizing the SVD techniqy#&29], the original data matrix can be decomposed into three
Loading matricegFig.46), A (Ix P), B (Jx Q) and C (K x R), also called modes, and a core matrix
G (P x Q x R), sthat each element of the threay dataset X (I x J x K) may satisfy the following

relation

P Q R
Xk =—ad dad aipquckrgpqr * €y

p=19g=1r=1 (42)

where &, bk and & are the elements of, B and C, gy represents the elements of the core array
G, which contains the informaticabout the relationshipetween elements of A, B and &hd g«

is the generic element of the residual matrix.
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Fig. 46. Scheme of Tucker3 decomposition model
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Chaptel6

Results

6.1 Microstructure of CorTen A

The microstructure ofor-Ten Awas observed through a Nikon EPHOT 300polarizedlight

microscope both in the longitudinal and transversal sectgmessectios.2.]).

Microscopic observation results for the longitudinal andngvarsal sections at 1000x

magnification are shown iRig. 47 a and b, respectively.

10 um Ku/ e 00 _“m\>
Fig. 47: Microstructure of CorTen A (1000x)

The microstructure of Cefen A appears uniform in botbngtudinal and transverse section.

It is characterized by ferrite (brighter areas) analpe in very fine particle size (lighbrown

areas); moreover, the presence of globular perlite (dotted areas) suggests that the alloy was
subjected to particulaheat treatments during processing, probably aimed at increasing the
toughness and ductility of the materigbr more detailed information about ferrite and pearlite

see sectioB.
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6.2 Environmental Exposure

The poper use of weathering steel for outdoor structural or artistic applications requires wide

background knowledge of its environmental behaviour.

As seen above (sectioBst.2 2.4.3 3.2.2.2 and reported in various studi@d], under particular
conditions, which include the presence of high concentrations of corrosive agents or pollutants or
even extreme environmental conditions, the formation of passivation patina, which is the

distinctive featire of this material, may be delayed or, in some cases, completely inhibited.

In such situations, the corrosion of material does not slow down and, with the passing of time, can
produce both structural damages, seriously affecting costs and safety dfutttaress, and

environmental concerns, mainiglated to the release wietals in the environment.

In this context, a4/ear environmental exposufgpring 2011 spring 2015pf commercial Cor

Ten A was set up and performed. Throughout the test perigdiogenent of corrosion products
and metadissolutionwere constantly monitored. Sectidn and5.3offer a complete description

of the tested materials, exposuomnditions and experimental procedures. Results are presented in

this chapter.

6.2.1 Characterization of the exposure site

Bare and prareated samples (sectié2.1) of CorTen A were exposed in the urban coastal s
of Rimini, that presents a potentially critical environment for WS, due ®intindtaneoupresence
of chlorides and sulphaté®m see spray (Adriatic coastal line is about 1,5 km far from the test

site, sed-ig. 27) and typical urban pollutants (SCCO, NG, Particulate Matter).
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The city of Rimini is characterized by high values of relative humietth mean values being
around70 %during the test period, arfdgh variability of mean temperature over tear (from

about-5°C up to 40 °C)

Moderate amount of annual rainfall with a mean value over the last five years of 750 rim year
have been registere@onsidering the rainfall tren@rig. 48) during the test pesd, the first year

of exposure was the driest one, whhe last twoyearswere characterized by higher amounts of

rain (about twice the rainfall occurred in the first year). The second and third years also presented
high variability amongdifferent samphg periods angeasons, with winter rainfalbeing more
prominent than summer onedn the contrarythe first and the last years of exposure were

characterizedby rainy summer periods and lower seasonal change in precipitation trend.
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Fig. 48: Rainfall trend during the test period; different colors stand for different year of exposure

0 * i janfeb 2012monitoring statiorwasout of order due to heavy snowfalls

Moving from the first to the last year of exposure, rainfallehHaecome more frequent and strong:

in fact, with the passing of time, the occurrence of heavy precipitationsawmieanhourly
intensity > 10 mm/h, commonly classified as rainstorms, has been increasing and the mean
intensity of these events has passetfii4.5 mm/h of the first year to 22.6 mm/h of the yasir

of exposureSuch information are reportedTiable13:.

104



Table 13: Total and seasonamount of rainduring the years of exposyrmtal and rainstorm

events and mean rainfall intensity.

Annual  Summer  Winter Total Rainstorm Mean rainfall
rainfall rainfall rainfall  rainfall  (>10 mm/h) intensity
(mm) (mm) (mm) events events (mm/h)
1°year 422.6 254.8 167.8 104 3 14.47
2° year  765.8 298.2 467.6 189 4 16.74
3°year 1102.6 3934 709.20 215 5 19.58
4°year 94520 495.00 450.20 209 7 22.60

In winter 2012, Rimini was affected by heavy snowfalls (up to 75 cm on the grt8®iiand the
specimens remained long time covered with snow. Besideather notable meteorological

event should be reported, that is flood occurred on February[281p

During the exposure period, Time of Wetness (TOW) of the specimens (calculated as the length
of time during which RH > 80% and T > 0 qQ@7]) ranged from &45 to 3204hours/year,

corresponding to 2@6 % of the annual hours of exposure.

Another important factor to take in consideration is connectedrtd drection and intensityin

fact, in addition to mechanical action on material, winds represent the main vector in transporting
aggressive substances, i.e. sea spray ions or traffic pollutants, from their sources to the site of
exposureWindsacting on he site were mainly fror& - NE andW - SW:the onegrom W - SW

(land breeze) showed higher frequency, while winds fEomNE (se breeze) showed greater

intensty (a maximum of 96 Km/h was observed in November JQ32]).

In Fig. 49 wind roses for each year of exposure and total wind rose are shown.
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Total period of exposure (09/03/201113/03/2015)

= Calm (<0.5m/s) == Lijght Air (0.5 -2 m/s) == Gentle Breeze (2 — 5 m/s)

== Strong Breeze (5 — 10 m/s) o Gale (> 10 m/s)
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Fig. 49: Intensities and directions of winds acting on the test site during the total period of
exposure (on the top) and each year of test. From the inside out, growing wind velocities are

plotted.

106



Monthly average concentrations ot,(NO;, PM 2.5 and PM 10 varied, respectively, in the
following ranges5-94 eg/n, 13-38 eg/mv®, 9-45 eg/m® and 1057 eg/m°. Trends ofNOz and Q

and particulate matteturing the entire period of exposure are presentddgns0 andFig. 51,
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Fig. 50: Monthly average values of NQviolet), Oz (red) and visible radiation (histogram)

during the period of exposure
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Fig. 51 Monthly average values of PM 2.5 (green) and PM 10 (dark red)gitimé period of

exposure

The intensity of solar radiation follows the normal seasonal pattern, with higher values during
summer periods and lower values during winter. In the same wayah®DQ concentrations,

show seasondut oppositdrends, with oane increasing during summer, when solar radiation is
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higher, andnitrogen dioxide simultaneously decreasing; in fact, solar radiation promotes the

reactions of ozone production, among whicho@otolysis according to:

NQ, ¥2%3- NO+O 43)

O+0,+M ¥%s- O, +M "

where M is any noimeactive species that can take up the energy released in reaction (44) to
stabilize Q.

Seasonal factors also affect the atmospheric amount of particulate matter that, transporting
hygroscopic saline particle acidic compounds, may produce negative effect or accelerate
corrosion: both PMsand PMo are generally higher during winter and lower during summer; this

is explained by variations in height of the atmospheric boundary level, #fmalker during colde

periods and larger during sprisgmmer periods, providing less or more space for pollutants to

disperse and, thus, affecting their concentrations.

Relative humidity (RH), temperature (T), prevalent wind directionsar@ SOZ deposition rate,
NO2, Oz and PM atmospheric concentrations recorded during each sampling perioceat #ite t

are reported iTable14.

Table 14: Characterization of the exposure site: Relative Humidity (Rngderature (T),
prevalent wind directions, chloride and sulphate deposition Kede, Oz and PM atmospheric
concentrationduring each sampling period (progressive numbers of sampling periods are reported

in bolt).
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£ q RH %? T (°C)? Prevalent Cl SO NO. mean Osmean | PM 2.5 mean PM 10 mean
xpcl).sure ar.l q min + max min + max Wind depositiofi | depositiofi | concentration concentration concentration concentration

Sampiing perio (mean) (mean) Direction | (mg/n?-d) | (mg/n? - d) (ug/n?) (ng/ne) (ng/n) (ug/n?)
Mar-Apr 2011 () 26 +81(66) | -2+22(11) | Ei NE 7.62 4.29 35 43 30 40
Apr-May 2011 @) 15+83(64) | 7+ 31(15) ET NE 22.17 9.05 24 52 18 27
May-Jun 2011 3) 21 +79(61)| 8+31(21) Ei NE 13.71 3.42 17 55 13 21
© | JunAug 2011 §) 15+-78(B) | 14+37(24)| Ei NE 5.27 1.86 14 60 19 10
f>’~ Aug-Oct 2011 ) 10+76(59) | 10+34(24)| SWi S 9.29 1.13 19 56 26 14
= | OctNov20116) | 30+85(73)| 7+23(14) | Wi SW| 1462 4.43 21 21 35 23
Nov-Jan 20127) 22 + 89 (75) 0+21(8) | Wi SW 10.49 3.54 30 11 37 48
JanFeb 2012 §) 25+90(79)| -6+12(2) | Wi SW 145.42 33.93 27 24 45 57
FebMar 2012 Q) 28 +81 (67)| -5+20(8) ST SE 5.84 3.96 32 27 40 51
Mar-Apr 2012 10) | 12+82(63)| 3+26(13) | SWi S 16.91 7.02 19 47 16 25
Apr-May 2012 (11) | 18 +83(63) | 7 + 28 (17) ET NE 20.35 4.92 16 45 12 20
— | May-Jul 2012 {2 10+73(53) | 14+38(25)| Ei NE 10.66 2.09 17 54 14 27
§ JulSep 201213) 18 +77(60) | 11 +36(24)| SWi S 20.57 6.08 18 37 15 25
g, SepOct 201214 | 31+89(76) | 6 +28(18) SWi S 7.80 2.50 20 16 21 30
OctNov 2012 (5 | 29+91 (77)| 4+24(12) | Wi SW 9.45 4.41 24 9 27 34
Nov-Jan 201316) | 23+98(85)| -2+14(5) | Wi SW 8.67 3.20 30 5 34 40
JanMar 2013 17) | 24 + 92 (78) 0+15(5) | Wi SW 11.73 3.70 28 17 30 35
Mar-Apr 2013 (8) | 23 + 92 (79) 2+17 (9) Ei NE 10.57 3.96 22 29 18 22
Apr-May 2013 (9 | 32+88(75)| 8+23(16) | Ei NE 1.63 2.55 19 31 16 26
May-Jun 201320) | 25+80 (61) | 9+ 29 (19) ET NE 3.30 1.84 15 38 9 15
. | JunJul 2013 21) 27 +74(58) | 14+33(24)| Ei NE 5.50 2.69 16 37 13 21
Ei JulSep 201372 12+72(57) | 16 +38(25)| SWi S 11.04 3.75 17 81 16 26
2, |_SepOct 2013 23 26 +87 (73) | 10+31(18) | Wi SW 12.02 4.66 22 46 14 22
OctNov 2013 R4) | 36 +94(81) | 9+26(16) | Wi SW 129.93 26.32 20 28 18 26
Nov-Dec 201325) | 29 + 86 (74) 1+15(7) | Wi SW 19.03 7.12 28 24 33 44
DecJan 201426) | 47 + 94 (84) 0+17 (8) Si SE 6.24 4.37 31 15 38 48
JanMar 2014 27) | 32 + 95 (80) 0+19(09 | Wi SW - 4.29 28 29 21 27
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Mar-Apr 2014 @8) | 29+86 (71)| 5+23(13) | Ei NE 16.89 9.28 25 54 28 37
Apr-May 201429 | 19+84(66)| 8+25(16) | Ei NE 10.59 3.37 16 69 10 18
May-Jul 201480) | 26 +78(59) | 12+31(22)| Ei NE 11.27 4.27 13 94 10 18
_ | JuUFAgo201481) | 28+8365) | 16 +33(23)| Wi SW | 6.26 4.52 15 79 9 17
§ Ago-Oct201482) | 28+92(77)| 11+26 (19) | Wi SW | 27.32 7.15 20 53 14 21
g | OctNov201483) | 24+89(75)| 8+28(17) | Wi SW 4.38 2.46 22 36 21 31
Nov-Dec 201484) | 42+71(86)| 5+19(11) | Wi SW | 13.9 9.42 28 16 30 38
DecJan 2015385 | 22+72(75)| -1+18(6) | Wi SW | 2234 5.85 38 24 42 50
JanFeb 201586) | 34+88(74)| 1+18(7) | Wi SW | 128.72 26.18 33 37 29 37
FebMar 201587) | 38+52(76)| 1+17(8) | Wi SW - - 28 56 29 38
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6.2.2 Characterization of corrosion products

6.2.2.1Mass variation

A general information about patina growth on each specandrninfluence of exposure geometry

(sheltered and unshelteredn be provided by mass variation (MV) values.

In both exposure conditiond] apecimensindergoa progressive mass increasey( 52 andFig.
53), lower, as expected, for the ppatinated ones, where an artificial patina wasaalyepresent
before the exposuré&’he addition of a wax covering on ppatinated WS does not seem to

significantly influence MV.

Sheltered W
12 + T
£ P e B
Q 8 TI
E g = PWA
—~BA

0 10 20 30 40 50

Exposure time (months)

Fig. 52 Mass Variations (mg/cf) progressively recorded for bare (BA), ypatinated (PA) and

pre-patinated and waxed (PWA) specimeexposed in sheltered conditions
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Unsheltered M
2 e 1
/mw‘ R B
8 1 T+ 1L

0 10 20 30 40 50

Exposure time (months)

Fig. 53 Mass Variations (mg/cfhprogressively recorded for bare (BA), qratinated (PA) and

pre-patinated and waxed (PWA) specimens exposed in unsheltered conditions

Total and annuahass vamtions are summarized iffable15; MVsin sheltered and unsheltered
conditions are comparablbut, whilethe geometryf exposure desnot have any effect on bare
samples, whose total mass variation is ~14 mgiorboth cases, it hasgreater effect on pre

treated samples. A probable explanation for the different behaviour may be the adhesion and higher
residence time of particulate matter on sheltered surfaces, that are protected from the removal
action of preipitations.The same behaviour is not observed for bare samples, probably because

of differences in physicalropertiesof surfaces with respect to pieated specimens.

Table 15 also shows annual mass variatidos each finish and condition. First of all, it can be
noticed that the difference in mass increase for bare angatireted specimens can be almost
completely ascribed to patina growth occurred during the first year of exposure, while, starting

from the second year, mass variations become comparable regardless of the surface finish.
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Annual MS inTablel5also suggest that, if on one hgratinas formed on unsheltered specimens
have almost reached a steady statgition,in agreement with previous stud{@9] that reported
that corosion layers of WS exposed to marine environments takes aloygars to stabilize, on

the other hand patinas formed in sheltered condiaomsiot stabilized yet.

Table15: Total (4 years) and annual mass variation (mg/dor bare (BA), prepatinated (PA)

and prepatinated/waxed (PWA) samples exposed in sheltered and unsheltered conditions

Sheltered Unsheltered
(mg/cnt) (mg/cnt)
BA 14.4 14.2
1° year 7.0 10.4
2° year 3.1 2.3
3° year 2.0 1.2
4° year 2.3 0.3
PA 9.3 6.9
1° year 34 4.1
2° year 2.0 1.1
3° year 24 2.1
4° year 15 -0.3
PWA 8.7 7.9
1° year 2.6 3.9
2° year 1.8 2.0
3° year 1.9 1.8
4° year 24 0.1

6.2.2.2Patina composition

In order to study morphological, compositional and structural modifications of coresiducts
over time and to better understand the influence of exposure conditions and surface finish on the
evolution of the passivation layer, surface investigations during the exposure period were

performed.
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With regards tahe compositional evolutiorf patinas, EDS analysi¢Table16) performed before
the exposure and after 2, 10 argl rBonths of natural exposure allows to follow variation in

elementabhveragecomposition during field test.

Prepatination treahents result in an initial higher percentage of oxygen oipati@ated than on
bare surfacesapout 40vs 2.5 wt%) and in a related lower presence of alloying elements. Pre
patination procedures are also responsible for introducing a significant amo@htirofthe

artificial patina (15-2 wt%).

Since the second month of exposure, the rapid formation of corrosion products on bare WS
determins comparable relative percentages of O and Fe (about 40 and 55 wt%, respectively) on
all the surfaces.

As the exposte goes on, chlorine is mainly detected on sheltered specimens, while unsheltered
samplesthat aresubjected tdhe removal action gdrecipitationspresent smaller percentages of

Cl on their surfacesThroughout all the exposure time, crustal elementsh as Al, Si and Ca,

can be detected, especially on sheltered specimens.

Finally, dloying elements, such as Cr and Cu, whielke part in the stabilization process of the
inner part of protective laygsee sectior8.2.2.2and 3.2.2.3, are no longer detectable on the

surfaces from the second month on.
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Tablel6: Elemental composition of bare (BA), ppatinated (PA) and prpatinated/vaxed (PWA) weathering steel before the exposure and after 2,

10 and 36 months of exposure

%weight O Fe Si Cl Cr Cu Al P S Ca Mn Ni K
BA 26 945 0.7 08 0.3 0.1 05 0.3
t=0 PA 414 545 14 15 02 01 0.2 01 02 02 0.1
PWA 415 546 11 22 0.1 01 01 0.2
BA She 40.3 579 05 0.2 0.2 06 02 01
Unshe 39.7 59.1 0.2 01 0.2 0.2 0.2 0.3
t = 2 months BA She 416 547 14 16 0.1 0.1 02 02 01
Unshe 41.1 56.2 1.0 0.8 0.2 0.3 0.3
PWA She 430 510 24 17 01 03 06 0.1 05 0.3
Unshe 41.8 553 1.0 08 0.1 04 01 0.3 0.1
BA She 418 56.0 05 0.5 0.2 03 03 0.3
Unshe 41.2 576 04 0.3 0.2 0.3
t=10 PA She 410 559 11 09 0.2 0.3 03 0.2
months Unshe 40.9 58.1 04 0.2 0.3
PWA She 406 549 16 14 0.4 03 03 0.3
Unshe 415 57.3 04 0.2 04 0.2
BA She 424 526 1.7 0.8 0.6 04 10 0.2 0.2
Unshe 42.4 56.4 0.6 0.3 0.2
t=36 PA She 441 511 18 0.9 0.6 04 09 0.2
months Unshe 425 56.3 0.7 0.2 0.3
BWA She 447 513 15 0.8 0.4 04 0.9
Unshe 42.3 555 0.8 04 0.2 02 04 0.1
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SEM micrographgFig. 54) after 36 months of exposure confirm the presendagifer amount
of atmospheric deposits on samples exposed in sheltered condition, as already suggested by EDS
and mass variation observations (secioR.2.); on the contrary, specimens subjected to the

remova action of precipitations appear cleaner but more fractured.

Sheltered Unsheltered

BA

PA

PWA

Fig. 54: SEM-QBSD micrographs dbare &, d), prepatinatedlf, €) and prepatinated/waxedc(
f) weathering teel exposed irsheltered (on the left) and unsheltered (on the riginiylitions

after 36 months of environmental exposur&imini.
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More detailed information about patinas formed were achieved by S&dysis andEDS
elemental mappingn cross sectiond-ig. 55). In general, the exposure in unsheltered condition

led to the creation of thinner layer; nevertheless, these images do not show any significant
dissimilarities in terms of compactness and protectivettetscan be connected to different
exposure conditions, especially for gratinated samples (with or without the beeswax covering).
However, upon closer inspection, some changes due to exposure geometry can be noticed for bare
samples: sheltered sampled. 55a) shows an uneven surface and seems to be affected by flacking
phenomena; the poor adhesion of the corrosion products is the probable cause of the presence of
deep corrosion pits. On the contrabgrespecimen exposed in unsheltered conditiéig( 55d)

presents a much more compact and adherent superficial layer, and, consequently, less pronounced

pitting damages.
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PWA
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100 pm

Unsheltered

Fig. 55: SEM-SE images and EDS-Ray maps recorded on cressction of bare (a, d), pyatinated (b, e) and ppatinated/waxed (c, f)

weathering steel exposed in sheltered (top) and unsheltered (bottom) conditioB& afterths of environmental exposure in Rimini.
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For all finishes and exposure conditions, EDS analyses performed orseotiess show that Cr
mainly concentrates along the mepattina interfacewhile Cuand Mn are equally distributed

throughout the rst layer, as also shown in previous woik33], [134}

As said before, after three years, Cl deposited on the surfaces or initially presenpatinaied
specimens igot detectablenymoreon the surfaceBy largearea ED3Table16), probably due
to the rain action that partly remove and partly facilitates chlorine mobilization and diffusion

within the patinaKig. 55), compromising its stabilization.

The exposure to contaminants and corrosive spestiel ashloride, may affect the composition
of patina formed and, thus, may negatively act on the corrosion behavior ¢foM&is reason,
the nature of the corrosion products and their evolution during the exposure period were analyzed

by means oRaman pectroscopy.

Raman spectra of sheltered and unsheltered WS specimens after 2, 10 and 36 months of exposure
in Rimini are shown idrig. 56, Fig. 57, Fig. 58, Fig. 59, Fig. 60 andFig. 61, moreover, results of
spectral interpretation, achieved by comparison with the results given in litdds8&Jig140] and

with RRUFF online database, are summarized ablel7.
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Fig. 56 Raman spectra oBare

(BA) Cor-Ten exposed in
shelteredconditions after (a) 2
(b) 10 and (c) 36 months ¢

exposure
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Fig. 57 Raman spectra oBare
(BA) Cor-Ten exposed in
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(b) 10 and (c) 36 months «

exposure
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Fig. 58 Raman spectra oPre
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exposure
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As reported in literaturgd8], [39], [135) [138], [140], [141] in the early stages of exposure (2
months), the main corrosion product is lepidocroctE€OOH) Asthe exposure proceedsyen
though CI is not detectable anymore by laagea EDS(Table 16), localized Raman analysis
allowed the detection of traces of€@intaining species such as akagar(eifiee OOH), thetypical
corrosion product of steels expdséo chlorinerich environments that compromises patina
stabilization. Moreoveihematite and magnetite, typically found on outdoor weathering steel
samples and sculptures depending on time and conditiexpufsure[142], [143] were also
detectedAfter 36 months of exposurekaganeiteappeamoreabundant (qualitative evaluation
is made on the basis of relative intensities of characteristic peaks of each ghase)tered
specimensather than on unsheltered ones; this may be due to the fashéitered samples are
not sibjected to the chlorineemoval action of precipitation, as confirmed by EDS analysible

16).

On the surface of some sheltered specimens isiddswified a second chlorinated produé,
Fe(OH)Cl (ironhydr« y chl ori de) , considered as-FaOOHi r ect
containingan higher amount of C{ca. 20%) than Akaganeite (ca6%o) [144]; this evidence
supports the idea that it may be considess an acceptor of Gtom the atmosphere and, as a
consequence, the responsible for the acceleration of corrosion process.

On the contrary, magnetite is mainly found on the surface of unsheltered samples: in fact, this
product is usually positioned ihé inner part of protective layer, so its detection on unsheltered

specimens is an effect of leaching phenomena.
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Table 17: Interpretation of Raman spectra of shelte(8the) and unsheltereqUnshe) WS

specimens after 2, 10 and B®nths of exposure.

Raman
BA
t =0 months PA A ), M )
PWA Aw, Hw, L, M @)
She A, L, M
BA
Unshe A ), L, M @)
She L @
t=2 months PA
Unshe A, L, M
She L
PWA X
Unshe L, M @
She AL M (tr)
BA
Unshe A, Hw, L, M
She A (tr), L
t=10months PA
Unshe A, Hw, L, M
She A Bw,H, L
PWA
Unshe A, Hw, L, M
She A H LM
BA
Unshe A, Hw, L, M
She A H L
t = 36 months PA
Unshe A Hw, L, M
PWA She A B, Hwm, L
Unshe H L M

Characteristic Raman peaks:

A A k a g-Re®@H): abmut 810, 378, 530 and 720%cm
B = 1 ron hy dRet(OHyd) M40andiszDem ( £
H = Hematite (Fg0s): 220, 420 and 1320 cin

L = Lepidocrocite §-FeOOH): about 250 ciand 380 cri;

M = Magnetite (FeO4): 535 and 66 cn.

Tr. = corrosion product in trace
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6.2.3 Metal dissolution

As described before, WS specimens with different surface finish were exposed in triplicate, both
in sheltered and unsheltered conditiosscfions5.2.1and5.3.1andFig. 29). As suggested by
ISO Standar@®565:2011102], environmental exposure started in spring (march 2011), when the

corrosivity is higher.

Each unsheltered sample was connected to a system for the collection of rainwater impinging on
WS surface Collected rainwaters were tired and analysed for the determinationnadtals

released in the dissolvetthus soon bioavailable, fraction.

Blank solutions (rainwater impinging only Teflon holders) were also collected in triplicate and
subjected to the same procedure as runoff sangien, the background concentrations of the
investigated species, due to natural and anthropogenic atmospheric input, were subtracted in order

to isolate only the contribution of WS runoff.

pH of collected samples varied between 4.5 and 7.3, with leaheesin winter and highevalues
in summer, but with no significant differences among samples from blank and WS specimens

(ANOVA, p > 0.5). Monthly values of pH in blank and runoff solutions are shoviign62.

8
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Fig. 62 Monthly values of pH in blank (yellow line) and runoff solutions (Bare: green line; Pre

patinated: blue line; Waxed: red line)
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Concentrations of dissolved Cr are always below the LoD &»D.2 pg/L), while Cu is always
lower than field blanks (0.62.3 pg/cnd). This result supports literature findifdg], [53], [55],
[145] based on patina characterization, showing the tendency of thesen&deto mainly form
insoluble products in the patina (see secti®@s2.2and3.2.2.3 and to be eventually released as
nonadherent rugtl46].

Annual dissolution of iron, manganese and nickel are shown in

Tablel8.

As expectd, the total amount of dissolved iron is aréwo ordeis of magnitude higher than that

of manganesandnickel; this is not surprising if one consider the initial nominal composition of
Cor-Ten A (sectiorb.2.]) and the fact that, in some environmental conditions, iron oxides formed

on weathering steel during the first period of exposure are quite soluble and can be easily dissolved

by precipitationg50].

Table18: Annual dissolutionrig/n¥) of Fe Mn and Ni from Bare (BA), Prpatinated (PA) and

Prepatinated/waxed (PW)Aweathering steel durirfgur years of exposure

Fe Mn Ni
(mg/m?)  (mg/m?)  (mg/m?)

1° year 194.31 2.25 2.66

BA 2° year 8.81 0.57 0.67
3° year 32.87 1.26 1.34

4° year 35.51 1.78 1.02

1° year 23086 19.72 5.29

PA 2° year 14.29 4.35 1.85
3° year 63.55 11.76 3.07

4° year 53.26 6.52 151

1° year 127.79 13.67 4.29

2° year 27.60 9.00 2.70

PWA 3° year 89.78 17.13 3.47
4° year 81.49 13.47 3.36
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mg/m?

Despite these differencesunoff trends fodissolvedFe, Mn and Ni during the entire period of
exposure appear simil@fable19, Table20 andTable21) for all finishes
Dissolutiondaa for each surface finiskexpressed afhi¢ mean of three values with variability

ranging from 10% to 30%are shown irfrig. 63, Fig. 64, Fig. 65 andFig. 66.

20

§ A Fe

10 /“\ :iﬁvA
A

Exposure time (months)

Fig. 63 Monthly dissolution of Fe from bare (BA), ppatinated (PA) and pyeatinated/waxed

(PWA) weathering steel samples during pleeiod of exposure

—=—PWA
——BA

0 5 10 15 20 25 30 35 40 45 50

Exposure time (months)

Fig. 64: Detail of Fig. 63
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Fig. 65: Monthly dissolution of Mn from bare (BA), pigatinated (PA) and pypatinated/waxed

(PWA) weathering steel samples during the period of exposure

Exposure time (months)

Fig. 66: Monthly dissolution of Ni from bare (BA), preatinated (PA) and pyeatinated/waxed

(PWA) weathering steel samples during the period of exposure

By comparing these data with rainwater treRa)(48) during each sampling period, significant
correlation betweeamount of dissolved metals and collected rain is not obseagednfirmed
by Pear sonb6s Cor(Tabldlg Table20 andCTabtel) andapredondysoticed

for different alloys and pure metdlE06], [147], [148]
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Tablel9Pear sonbds

Correl ati

on

Coef fi

ci

ent s

among

rain amount on the spagens. The complete dataset for bare weathering steel is conside3&d (n=

di ssol vedenrdtibneand n g

Ni Mn Cl NO; NOs  SOf Na* K* Ca?* Mg? NH4s* NO; Os PMi PM2s rain
Fe 0.836=+ -0.069 0.623+ 0.0979 0.22  0.383  0.38 0.645* 0.195 0.276 0.318 0.264 -0.112 0.337 0.306 -0.2%
Ni 0.0483 0.727=* 0.348* 0.451* 0.567** 0.516* 0.694** 0.462* 0.467* 0.515~ 0.303 -0.0973 0.273 0.264 -0.124
Mn 0.0643 0.0696 -0.131 -0.0326 -0.0298 -0.15 0.0043 0.0723 -0.127 0.516 -0.192 0.531* 0.539* -0.482*
™ (p<0.001);" (p<0.01); (p<0.05)
Table20: Pear sondés Correlation Coefficients among di ss ol vreahtraBohslaody i n g

rain amount on the specimens. The complete dataset fpaprated weathering steel is considered (n=37)

Ni Mn Cl NO2 NOs SOs Na* K* Ca* Mg?* NHs* NO; Os PMip PM3s rain
Fe 0.759~ 0.72» 0.438* 0.104 0.19 0.205 0.259 0.178 0.202 0.224 0.215 0.279 -0.116 0.369* 0.328 -0.206
Ni 0.847= 0.497+ 0.307 0.36* 0.331 0.343* 0.295 0.419* 0.335* 0.432* 0.392* -0.21 0.309 0.345* -0.0522
Mn 0.675** 0.501* 0.288 0.48* 0.544*= 0.446* 0.466* 0.514* 0.547* 0.439* -0.247 0.357* 0.35* 0.0283

™ (p<0.001);” (p<0.01); (p<0.05)
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Table2: Pear sonodés Correlation Coefficients among di ss ol vreahtraBohslaody i n g

rain amount on the specimens. The complete dataset fpaprated/waxed weatheg steel is considered (n=37)

Ni Mn Cl NO; NOs SOs Na* K* Ca? Mg?* NH,* NO, Os PMip PMgzs rain
0.051 0.688 0.449 0.431 )
Fe 0.292 0.426* 0.445~  0.33 9  0.378 0.42* 0.162 0.398* 0.345* 0.304 -0.18 w»  0.0967
0.769 0.681 0.574 0.596 0524 0.624 0529 0473 -
Ni 0.213  0.499 0.462* »  0.256 0.285 0.354* 0.22
0.757 0.052 0,608 0.677 0.566 0.692 0.503 0.402  0.387
Mn 0.72%% 3 0.394* 0.498* s -04%  w xx 0.248

™ (p<0.001);” (p<0.01); (p<0.05)
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Annual total (Fe + Mn + Ni) metal runoff trend (1° >> 4° ~ 3° > 2°) for all the finishes could not
directly be correlated to annual rain quantities (3° > 4° > 2° > 1°); thus, factors other than

precipitation amounts, such as pH, rain intensitgt compositiotend to affect more the process.

Seasonal dependence of metal dissolution cannot be either clearly pointed out, while a strong
influence of occasional meteorological episodes is evidé&etmain peaks of release are recorded

at 12, 34, 42and 48 months of exposurBhe firstincreasds connected to the heavy snowfalls
occurred in Januaflfebruary 2014130], which led to an increase in TOW of the exposed
specimens and caused prolonged contact between surfaces and atmospheric pollutants
accumulated inhte snow[149]; the second is related to the storm that hit Rimini in November
2013[132], with strong winds (intensity > 96 km/h) blowing from the nofie third corresponds

to thewhirlwind of July 2014[150], that focused on the marigeast and strongly contributed to
creation of sea salt aerosol. Finally, the last peak was connediad toeteorological conditions
registered in Riminduring the periodjanuarymarch 2019131], [151] when heavy flood and
strong and prolonged wina&curred.

All these events were characterized by medium and strong wircade §5 km/h to 96 km/h)
coming from north/nortteast direction, that contribute to the transportation of marine aerosol

containing corrosive species (C3Q?%) from the coast to the site of exposure.

During the sampling periods including these events, hilghest concentrations of corrosive
species, especially Gind SG? deriving from sea sprayyere recorded in runoff sampleSig.

67 andFig. 68).

135



700

600 cr
500 A
’ \

L e
200 / \ , 1 e
71— A

. g SV

0 5 10 15 20 25 30 35 40 45 50

Exposure time (months)

Fig. 67: Chloride concentration (ug/cinin run-off solution from bare (BA), pepatinated (PA)

and prepatinated/waxed (PWA) samples
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Fig. 68: Sulphate concentration (ug/éin run-off solution from bare (BA), prpatinatedPA)

and prepatinated/waxed (PWA) samples
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Metal dissolution occurred in trebove mentionedampling periodsin most cases, account for

the majority of the annual amounts of runoff metals. This is shovabie22, where percentage

contributions of each meteorological event are reported.

Table22: Contribution of extreme meteorological events to the annual metal (Fe + Mn + Ni) runoff

for BA, PA and PWA weathering steel

Year of exposue
Meteorological event

Mg (Fe + Mn + Ni) / m? (%)

1° year 199.2
snowfall 174.8 88%)
2° year 10.06
BA 3° year 35.47
storm 14.21 40%)
4° year 38.31
strong winds flood 3.56 69%)
1° year 255.9
snowfall 202.2 79 %
2° year 20.49
PA 3°year 78.38
storm 28.07 B6 %
4° year 61.30
strong winds flood 8.96 (74 %
1° year 145.75
snowfall 66.46 46 %
2° year 39.30
PWA 3° year 110.37
storm 39.39 36 %
4° year 98.33
strong winds flood 60.15 61 %

Snowfalls of winter Q12 represent the event that more affect the annual runoff, especially for bare

and prepatinated samples (88% and 79% of metal dissolution during the first year, respectively).
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During the last year of exposure, that was characterized by a flood and sendyadays, these
events affected totametal runoff for more than 60% for all the finishes (BAYG9PA: 74%;
PWA: 61%).

This suggest that the relative increase in extreme events worlffia@gand climate changes

could significantly affect the amount of taédissolved from weathering steel.

For any surface finish, first yeaotal (Fe + Mn + Ni)releases are highefgble 18), but no
decreasing trends are noticeable; actually, even if contributions due to exvem:s are
excluded, annual dissolution rates follow the order 1 year > 3 yearear~ 4 year

Mass balance calculations based on annual dissolution rates of Fe, Mn and Ni, compared to the
bulk alloy compositior(Fig. 69), show a high preferential dissolution of Mn and Ni with respect

to Fe for all the finishesgspecially for prdreated samplesiemonstrating that, also for WS,
dissolution rates of single alloying elements cannot be inferred from the ioittgint in the alloy.
Selective dissolution of Mn and Ni is lower during the first year of exposure, strongly influenced
by snowfallsand related higher contact times, which acted by raising Fe dissolution with respect
to the other metals, especially witspect to Ni.

Actually, if the snowfall sampling period is excluded, first year fractions of each dissolved metal
would range, for all the surface finishes, betwee7% (Fe),5-7% (Ni) and 623% (Mn),more
similar to the percentages following years.

The samébehaviouris not observed during the storm occurred on Octdlmember 2013r

during the events of winter 202Wwhen fractions of dissolved metals are close to those calculated

for the rest of the year.
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Fig. 69: Fracton of dissolved Fe, Mn and Ni with respect to the sum+(M + Ni) for Bare (BA),
Prepatinated (PA) and P1gatinated/waxed (PWA) weathering steel during each year of exposure,

compared with the bulk alloy fractions (about 99% for Fe, 0.3% for Ni &% tr Mn).

Except during the mentioned meteorological events, Fe, Mn and Ni dissolutions tend to be lower
for bare than for prpatinated WS; thus, pigatination treatments involving the use of 8éction

5.2.7) seem to worsen the performance of weathering steel when exposed outdtier wad
covering seems to further enhance metal dissolution, confirming preliminary findings of

accelerated ageing te$1<16].

6.2.4 Multivariate data analysis

The comparative observation of dissolution and environmental data clearly highlight the influence
of CI" deposition on Feyin and Ni dissolution, while a simple data exploration performed on the
global dataset allow to reveal several linear correlations between dissolved metals, atmospheric

ions and pollutantsT@ble19, Table20 andTable21).
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However this kind of analysis does not allow to evidence specific temporal trends or to clearly
highlight possible different behavior among WS surface finishifigerefore, a thorough
evaluation of the influence tfie environment on WS metal dissolution was performed by means

of a multivariate approach.

Graphical results of PCA on metal and ion concentrations in runoff waters are Iséi@relow

Table23: Exposure and sampling periods (progressive numbers of sampling periods are reported

in bolt)

1styear 2" year 3dyear 4" year
Mar-Apr 2013 ((8) | Mar-Apr 2014 @8)
/'l"ari'lagr %%1111 %)) Mar-Apr 2012 (0) | Apr-May 2013 ((9) | Apr-May 2014 Q9)
M‘;y_ Juﬁ 2011% | APrMay 2012 L) | May-Jun 201320) | May-Jul 2014 §0)
Exposure JunAug 2011 ) May-Jul 2012 12) JunJul 2013 21) JulAgo 2014 81)
And Aug-Oct 2011 6) JulSep 201213) JulSep 201372 Aug-Oct 2014 82)
Sampling OctNov 2011 6) SepOct 2012 14) SepOct 2013 23) | Oct-Nov 2014 83)
Periods Nov-Jan 20127) OctNov 2012 (5) | OctNov 2013 24) | Nov-Dec 2014 84)
JanFeb 2012§) Nov-Jan 201316) | Nov-Dec 201325) | DecJan 201535)
FebMar 2012 0) JanMar 2013 (07) DecJan 201426) JanFeb 2015 36)
JanMar 2014 g7) | FebMar 2015 87)
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Fig. 70: Score plot for the first component (ACexplained variance 65%) and the second
component (P, explained variance 12%) of the PCA model. Numbefiex to sampling

periods listed imable23.
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Fig. 71: Loading plot for the first component (P explained variance 65%) and the second
component (P&, explained variance 12%) of the PCA model. Expemiadevariables used for

PCA model are Ni, Mn anidns dissolvedn run-off water.
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Considering th&core Plot (PC1vsPC2,%7 of expl ained varianée) t
Statistics[153], several outliers among samples areeobsd(circled inFig. 70); by comparing

score and loading plots the unusual behavior of these samples appear mainly affected by aggressive
ions, such as N SO~ and Cl. Specifically, outliersare placedn thel and IV quadrant of the

score plot and mainly refén the periodgharacterized bgxtreme meteorological events (section

6.2.7), pointing out thi strong influence on metal dissolutidven leaving out fnm computation

the identified outliers, the overall results of data exploration do not significantly change; moreover,

as in environmental studies also extreme values may add useful information for describing a

process or a particular trend, it was decitteshclude all the outliers in the discussion.

Fig. 72 Score plot for the first (PQ@) and the second component (PJCof the PCA model.
Numbers in the score plot refer to sampling periods listd@bte23 (Summer/Spring: 4, 10

13, 1822, 2831, Winter/Autumn: 89, 1417, 2327, 3237).
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