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Abstract

Application of protective coatings is the most widely used conservation treatment for outdoor bronzes.
Innovative, eco-friendly and non-hazardous coatings are currently needed to enlarge the batch of efficient
advanced formulations for conservation of outdoor bronze monuments. To meet the requirements of the
conservation practice, protective coatings need to be selected in accordance with specific properties, such as
ease of application, minimal aesthetical impact, excellent protective performance and long-term durability,
non-toxicity and reversibility. For this reason, anti-corrosion protection currently developed for industrial
applications can only partially transfer to the field of Cultural Heritage. To fulfil the need of new efficient
conservation strategies for outdoor bronzes, the M-ERA.NET European research project B-IMPACT (Bronze-
IMproved non-hazardous PAtina CoaTings) aimed at assessing the protectiveness of innovative organic

coatings for historical and modern bronze monuments.

In this PhD thesis, elaborated in the framework of B-IMPACT project, the assessment of novel, eco-friendly
and non-hazardous protective coatings was carried out. Different organosilane and fluoropolymer coatings
were purposely developed as promising candidates for protection of outdoor bronzes. They were compared to
Incralac”, one of the most used protective coatings in the conservation practice. A multi-analytical approach
was adopted considering electrochemical evaluation, artificial ageing and metal release, as well as the
morphological and structural evolution of the coated surfaces induced by the simulated outdoor exposure. In
addition, to bring the conservation of artistic objects in line with proper engineering practice and Cultural
Heritage regulations, the standardisation of the artificial patination procedures is still needed, so as to obtain
artificially patinated surfaces representative of the natural ones for the application of innovative protective
treatments. To this aim, a comparative study of patinated quaternary bronze (Cu-Sn-Zn-Pb) samples produced
by accelerated ageing tests, simulating the unsheltered and sheltered exposure conditions mainly affecting
outdoor bronze monuments, was performed. In detail, the effects of runoff in a Dropping test (unsheltered
condition) and the exposure to stagnant acid rain in a Wet&Dry test (sheltered condition) on a bronze surface
were investigated. It was evidenced that the corrosion layers, forming a nano-porous structure, were caused by
the decuprification process owing to the preferential dissolution of Cu and Zn and the formation of a Sn-O
species network within the barrier layer. The artificially patinated samples well represented natural corrosion

structures observed for outdoor bronzes.

The best performance as a non-toxic alternative to the conventional Incralac® protective treatment was
exhibited by a fluoroacrylate blended with methacryloxy-propyl-trimethoxy-silane to improve the coating
adhesion (FA-MS) applied on Cu-Sn-Zn-Pb bronze, patinated by Dropping test and a 3-mercapto-propyl-
trimethoxysilane (PropS-SH) coating applied on Cu-Si-Mn bronze, black patinated by “liver of sulphur”
procedure (based on the use of K,S aqueous solution). A two-step approach was applied for comparing the

different promising coatings to Incralac”. In the first step, the accelerated corrosion test by Dropping was
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carried out and surface characterization of the exposed samples was performed by colorimetric measurements,
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and Focused lon Beam Scanning Electron
Microscopy (FIB-SEM) with Energy Dispersive Spectrometry (EDS). Furthermore, metal release in the
weathering solution was monitored by Atomic Absorption Spectrometry (AAS), as a function of the exposure
time, to calculate the inhibiting efficiency. In the second step, a non-destructive electrochemical monitoring of
corrosion behaviour of coated and uncoated patinated bronze was performed during 30 days of total
immersion in concentrated synthetic acid rain. In this second step, the characterisation of the toxicity level of
the selected coatings was measured by occupational exposure test, by the evaluation of the volatile organic

compounds (VOCs) concentration in the tested formulations.

Finally, this PhD thesis also presents an XPS and Electron Microscopy (FEG-SEM+FIB) characterization of a
thin PropS-SH film on casting bronze. In particular, in order to better understand the influence of alloying
elements on the coating performance, PropS-SH was studied first on pure Cu and Sn substrates and then on
bronzes with increasing alloy additions: Cu8Sn, as well as a quinary Cu-Sn-Zn-Pb-Sb bronze. Moreover, in
view of the real application of this coating on historical bronze substrates, previously artificially patinated
bronze samples were prepared and a comparison in terms of bare and patinated quinary bronzes was
performed. In the case of coated quinary bronze, the free surface of samples was analysed by High Resolution
Photoelectron Spectroscopy using Synchrotron Radiation (HR-SRPES) at ANTARES (Synchrotron SOLEIL),
which offers a higher energy and lateral resolution than conventional instruments. By compiling
complementary spectroscopic and imaging information, a deeper insight into the interactions between the

protective coating and the bronze substrate was achieved.
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Introduction

CHAPTER 1 PRESENTS THE MAIN
OBJECTIVES OF THE STUDY AND THE
STRUCTURE OF THE THESIS.

CHAPTER 2 REPORTS THE CONTEXT OF
THE RESEARCH AND THE LITERATURE
REVIEW ABOUT CORROSION MECHANISM
OF OUTDOOR BRONZE AS WELL AS THE
MAIN CONSERVATION STRATEGIES






Chapter 1 General overview

1. GENERAL OVERVIEW

1.1. B-IMPACT project

The B-IMPACT (Bronze-IMproved non-hazardous PAtina CoaTings) project, financed in the frame of M-
ERA.NET Transnational Call 2013, aimed at developing innovative, eco-friendly and non-hazardous

protective coatings with specific properties tailored for improving the protection of outdoor bronzes [1].

Bronze artefacts and monuments exposed outdoors are prone to degradation processes, especially in polluted
environments. Their protection and maintenance is a great challenge, requiring on-going investment. This is
why in the field of Cultural Heritage preservation, tailored "right off the shelf" formulations based on
advanced protection strategies are needed for the reduction of maintenance costs and the provision of efficient
conservation solutions for end-users, including local authorities and other stakeholders (architects, artists,
museums, etc.). The project has taken into account: (i) the typical nature of substrates for treatment testing,
based on the real patinas of outdoor bronzes and (ii) the non-hazardous nature of the protective materials used.
Different types of coatings have been developed in order to improve current and new formulations, from the
following coating groups: particle-containing silanes, inhibitor-charged multilayer self-healing coatings, spray
sol-gels and fluoropolymers. Surface tests have been performed on typical bronze samples supplied by the
sub-contracting foundry: a modern silicon bronze (Cu-Si-Mn) that is used in contemporary art, artificially
patinated as commonly required by artists, and a traditional quaternary bronze (Cu-Sn-Zn-Pb), patinated by
typical ageing procedures. Their performance have been assessed by electrochemical tests in artificial acid
rain and, in the case of the most promising ones, by severe accelerated ageing involving environmental
parameters (runoff, UV radiation, ...). The fulfilment of the strict requirements needed in the case of Cultural
Heritage practice have been verified by means of advanced surface characterization techniques. Specific
toxicity tests have addressed the compliance of coatings with European health and safety regulations. After
validation at the bench scale, the feasibility of the best coatings has been assessed at the upscale level by
industrial partners who are also involved in the coating formulation and reversibility investigations. B-
IMPACT project involved eight partners (4 SMEs, 1 research, and 3 academic institutions), as shown in

Figure 1.1.

RI SME, RI U U SME, RI U, RI SME, | SME, |
S-ZAG S-Geida I-UNIBO I-UNIFE I-ECAM
ZAG (%)
Ecam
Ricert
Rl Research institute - SME Small/Medium Enterprise - U University - | Industry

Figure 1.1: Representation of project members grouped in National groups (Slovenian, Italian and French).
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The SME partners were fully integrated within the project realization. Two coating producing SMEs (F-C2M
and F-PYL) were working in connection with three research institutions (S-ZAG, I-UNIBO and I-UNIFE) and
with the research SME (S-Geida) in tuning the formulation of each functional coating at the lab-scale and in
the pre-production stage. The other academic partner (F-TOU) was in charge of the interface characterisation
of the different coated bronze samples before and after ageing. The fourth SME (I-ECAM) was mainly
involved in the validation of coatings by carrying out toxicity tests. The plans for the exploitation of project
research results were also performed by SME S-Geida. According to the Cultural Heritage requirements, a

SME subcontractor (Livartis d.o.o0.) provided suitable typical alloys.

Relevant outputs were obtained from B-IMPACT. Improved knowledge in the field of the protection of metals
was gained through a multidisciplinary collaborative exchange between the partners. Innovative development

of effective coatings with assessed limited environmental impact was also carried out.

1.2. Research objectives and method

This PhD thesis presents the experimental work performed in the framework of the B-IMPACT project. In
particular, the aim of this work was to assess through artificial ageing methods the protectiveness of
promising innovative, eco-friendly and non-hazardous coatings tailored for the application on patinated
traditional bronze (Cu-Sn-Zn-Pb), as well as on a modern silicon bronze (Cu-Si-Mn) that is used in
contemporary art, artificially patinated as commonly required by artists. A schematic of the working plan

adopted is reported in Figure 1.2.

Coating - Dropping
Application

O Patination

Artificial ageing:
@ - Dropping
CaSting - Wet&Dry

- Cu-Sn-Zn-Pb
- Cu-Si-Mn

Figure 1.2: Schematic of the working plan adopted during this PhD research project.
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Chapter 1 General overview

Firstly, to produce representative substrates for coating application, a patination campaign was carried out on
Cu-Sn-Zn-Pb applying both Dropping and Wet&Dry tests, thus taking into consideration the main exposure
geometries of outdoor bronze monuments. In particular, implementation of the Dropping device was carried
out, in order to age a larger batch of sample in the same experimental conditions. A multi-scale approach was
adopted in order to monitor and characterise the surface evolution of the patinated Cu-Sn-Zn-Pb substrates, as
well as to investigate the morphology of the artificial patina applied by the artistic foundry (by K,S solution)
on Cu-Si-Mn (Figure 1.3). The microstructural and chemical analyses of the patinated substrates were
performed during a three-months visiting period at the Laboratoire TRACES of the Université Jean Jaurés in

Toulouse (February-May 2016).
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Cu-Si-Mn
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Figure 1.3: Methodology applied for the patination of both the bronzes and the characterization of the patinated
substrates.

Figure 1.4 reports the methodology used in the second step of the research, in which the goal was to assess the
protectiveness of different protective coatings for the protection of patinated traditional Cu-Sn-Zn-Pb and
modern Cu-Si-Mn alloys. A multi-analytical approach was applied and the performance of the coatings was
evaluated after ageing (Dropping test) considering both the evolution of the uncoated and coated surfaces and
the metal release in the ageing solutions. Also in this case, the morphological and structural characterisation of

the coated substrates was carried out in a second three-months visiting period at the Laboratoire TRACES of
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the Univeristé Jean Jaurés in Toulouse (January — April 2017), financed by the Department of Civil,
Chemical, Environmental and Materials Engineering (DICAM) in the framework of “Marco Polo”
scholarship. In order to show a more complete vision of B-IMPACT project, the main results performed by
the other partners are also discussed. In particular, the main results from the electrochemical tests performed
by coating developers (I-UniFE and S-ZAG) to select the most promising innovative coatings are collected, as
well as the main results of the eco-toxicity in terms of occupational exposure tests carried out by I-ECAM, as
one of the main property for the developed coatings, required by B-IMPACT project. In addition, in order to
deeply investigate the interaction of one of the selected silane coating in the B-IMPACT project, X-Ray
Photoelectron Spectroscopy (XPS) was performed coupling conventional XPS and high-resolution techniques
thanks to the use of synchrotron radiation. This study was carried out in the framework of the international
scientific project accepted by Soleil Synchrotron (Saint Aubin, France) “Outdoor bronze corrosion: nanoscale
XPS investigation of protective coating on representative substrates” (Proposal no. 2016149) and performed

by one week measurements in Antares beamline in February 2016.
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Figure 1.4: Schematic of the methodology applied for the assessment of the selected innovative coatings applied on
patinated substrates.
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1.3. Organisation of the thesis

A conventional thesis format has been used. A literature review of corrosion of outdoor bronzes and of the
protective treatments currently investigated, as well as the strategy for the evaluation of their performances is

covered in chapter 2.

In chapter 3 the experiment section details the investigated materials, the experimental methods and the

equipment used.

“Results and discussion” section is organised in three chapters. In particular, chapter 4 reports a comparative
study about the differences between patinated traditional quaternary bronze (Cu-Sn-Zn-Pb) produced by
accelerated ageing tests simulating sheltered and unsheltered conditions in outdoor exposure. In addition, the
assessment of the protectiveness of promising protective coatings (silanes and fluoropolymers) for the
conservation of Cu-Sn-Zn-Pb alloys is also discussed. Chapter 5 collects a deeper insight into the interactions
between a protective coating (organosilane) and the bronze substrates, by compiling complementary
spectroscopic and imaging information. In chapter 6, the main properties of black patina (formed by K,S
aqueous solution) are presented, as well as the performance of the protective silane coating is evaluated as a

possible alternative to commercial products currently used in restoration practice.

Finally, chapter 7 contains the conclusions including the perspectives and the suggestions for future research.
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2. LITERATURE REVIEW

Cultural objects and monuments represent footprints, developments and events of a society, offering a bridge
to the past and providing important markers for the worldwide cultures [2]. For this reason, conservation of
Cultural Heritage is an important goal for the society. The aim of conservation is normally the preservation of
an object using minimum intervention. In addition, the purpose of conservation is to maximise the object
utility. So, usability and longevity need to be achieved with conservation practice [3]. Metals conservation
involves different approaches that can be split into interventive methods and preventive techniques.
Interventive methods aim at adding or removing something from the object in order to preserve it, while the
scope of preventive methods is to prevent corrosion by controlling the environment. For both the approaches,
an understanding of the physical and chemical structure of metal alloys, their interactions with environmental
variables and the properties of their corrosion products. In particular, in the field of Cultural Heritage the

selection of a conservation strategy therein requires taking into account the following key points:

@A) a basic understanding of the corrosion mechanism;
(i1) testing the efficiency and the aesthetical impact of the candidate treatments on representative

substrates, which reproduce in a reliable way the complexity of real surfaces.

In order to follow this approach, this chapter includes the literature review about the main corrosion
mechanisms occur for outdoor bronze monuments and for coupons at the laboratory scale, as well as the main
types of protective coatings applied for their conservation. For the sake of clarity, basics of atmospheric
corrosion and casting bronze metallurgy are also reported. Finally, the main experimental studies about the

assessment of the protectiveness of protective coatings are also collected and presented in this chapter.

2.1. Basics of corrosion

2.1.1. Definitions of Corrosion

Several definitions have been proposed for the term corrosion. The International Standard Organization

defined corrosion in the following way [4]:

“Corrosion is the physicochemical interaction between a metal and its environment that results in changes in
the properties of the metal, and which may lead to significant impairment of the function of the metal, the

environment, or the technique system, of which these form a part.”

From this definition it is possible to state that in the corrosion phenomena the important factors are the metal,
the environment and the interface between the metal and the environment. In particular, regarding the metal,
its composition, the atomic structure and its heterogeneities and the stresses may determine different corrosion

phenomena. In addition, parameters of the environment, such as temperature and pressure, chemical nature
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and concentration of the reactive species, are also relevant to understand the corrosion process. Finally, the
interaction between the metal and the environment induces reactions at the metal/environmental interface and
the kinetics of the metal oxidation and dissolution, as well as the reduction of the species in solution are the
main factors ruling the corrosion process [5]. Corrosion covers a broad range of processes and corrosive
environments and for this reason a broad classification into “wet” and “dry” corrosion is commonly accepted:
“wet” corrosion includes all the reactions involving an aqueous solution in the reaction mechanism, while the

“dry” corrosion happens in absence of water or of an aqueous solution.

2.1.2. Corrosion as a chemical reaction

The corrosion is an electrochemical process which occurs as an oxidation-reduction (redox) reaction: the
dissolution of the metal is due to the development of an oxidation reaction, while the reduction part refers to

the species that gain these electrons. Both reactions simultaneously occur on the metal surface.

Due to the electrochemical nature of the process, the chemical reactions occurred involved the electron
transfer. So the anodic reaction is the one occurring as metal oxidation (anode) (Equation 2.1). This reaction
produces electrons that pass through the conducting metallic substrate to other sites (cathode) of the metal

surface, where the cathodic reaction occurs and the oxidant is reduced (Equation 2.2).

M — M* +2¢
2.1
M*" + 2H,0 — M(OH), + 2H"
% 0,+ H,0 +2¢” — 20H (2.2)
So the whole corrosion process can be described by the following reaction (Equation 2.3):
M + % O, +H,0O — M(OH), (2.3)

These chemical reactions described the corrosion mechanism in neutral solutions. However in acid

environments (pH < 2), metals react with H" ions of the solution producing hydrogen (Equation 2.4).

2H +2¢ — H, (2.4)

This means that, compared with neutral water solutions, low-pH acidic water accelerates corrosion by

supplying hydrogen ions to the corrosion process. Oxygen reduction and hydrogen ion reduction are the most
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common cathodic reactions, while metal ion reduction and metal deposition are less common but can cause

severe corrosion attacks.

Many anodic and cathodic reactions can occur during corrosion. Indeed, in corrosion processes of alloys, all
metal components can be dissolved as ions in the solution and then be oxidized. In the same way, more than
one cathodic reaction can occur at the metal surface which means that, for instance, acid solutions that contain

dissolved oxygen or that are exposed to air are generally more corrosive than de-aerated acids.

2.1.3. Thermodynamic approach to corrosion reaction

The corrosion of a metal in contact with an electrolyte deeply depends on the environment pH and on its
oxidizing or reducing power. Generally, a metal can exhibit three different behaviours: inert, active or passive.
A metal is inert when it does not react with the environment (AG < 0). In this case corrosion mechanisms do
not occur. When, instead, a metal has an active behaviour (AG > 0) it reacts with the environment, corrosion
mechanisms occur, and the resulting corrosion products are soluble. On the contrary, when the metal is

passivated corrosion mechanisms forms corrosion products that are insoluble and protective.

A useful tool to predict in which condition a metal is inert, active or passive is given by potential-pH
diagrams, commonly called Pourbaix diagrams. The pH represents the acidity or alkalinity of the electrolyte
while the potential represents its oxidative power. By the use of these diagrams it is possible to foresee if
corrosion can occur and to estimate the composition of the corrosion products. Figure 2.1 reports the partial
Pourbaix diagram of Cu and reveals that the corrosion of Cu immersed in de-aerated acid water is not likely to
occur (unless in presence of high concentration of specific complexing ions). The H'/H, equilibrium potential
represented by line a is always lower than the Cu*"/Cu equilibrium potential. The H" ions are stable in contact

with Cu metal, which cannot corrode (is immune) in water solutions free from oxidizing agents [6].

] Immunity
(] Passivity
[ Activity

Potential (E), V

Figure 2.1: Partial E-pH diagram for Cu [6].
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2.1.4. Types of corrosion

Corrosion can affect the metal in a various ways depending on the nature of the metal and the environmental
conditions prevailing. Therefore, a broad classification of the various forms of corrosions is as follows and

then reported in Figure 2.2:

e general corrosion;
* localised corrosion;

* selective corrosion.

General corrosion usually affects the whole surface of the metal and all the areas of the metal corrodes at
similar rate. Depending on the uniformity of the corrosion attack, it is possible to define uniform and non-
uniform corrosion. Localised corrosion usually involves local areas of the metallic surface, which corrode at
higher rates than others due to heterogeneities in the metals, in the environmental or in the geometry of the
structure. So it induces the formation of cavities that depending on the ratio between the diameter and the
depth form different morphologies, as craters, pits or cracks. In particular, cracks are defined intergranular or
transgranular if they preferentially follow the grain boundaries or not, respectively. In particular, in the case of
pitting highly localised corrosion attack at specific areas results in small pits that penetrate into the metal and

may lead to perforation

Selective corrosion determines the preferential dissolution of particular parts of the metallic surface, which
can be attacked more easily, due to their chemical and/or metallurgical reason. It is possible to distinguish
crystallographic, intergranular and interdendritic corrosion depending on the fact that crystalline species, the
grain boundaries or the interdendritic phases are preferentially attacked. Dealloying corrosion consists of the
preferentially dissolution of one or more alloying elements (e.g. denzincification of brass or decuprification of

bronze alloys).

Finally, the conjoint action of corrosion and mechanical factors induced localised attack or fracture due to the
synergistic action of a mechanical factor and corrosion. In bronzes, most prevailing corrosion morphology is

general corrosion in atmospheric condition.
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Figure 2.2: Classification of the main corrosion morphologies [7].
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2.2. Atmospheric corrosion of bronzes

2.2.1. Metallurgy of casting bronzes

Cu and Cu-based alloys constitute one of the major groups of commercial metals. They are widely used
because of their excellent electrical and thermal conductivities, outstanding resistance to corrosion, ease of
fabrication, and good strength and fatigue resistance. They are generally nonmagnetic. They can be readily
soldered and brazed, and many Cu and Cu-based alloys can be welded by various gas, arc, and resistance
methods. For decorative parts, standard alloys having specific colours are readily available. Cu alloys can be
polished and buffed to almost any desired texture and luster. They can be plated, coated with organic

substances, or chemically coloured to further extend the variety of available finishes [8].

Classification of both wrought and cast bronze alloys are reported in Table 2.1 and 2.2, respectively. In all
classes of Cu alloys, certain alloy compositions for wrought products have counterparts among the cast alloys.

In particular, wrought alloys are defined from C1XXXX to C7XXXX, while cast alloys are classified from

C8XXX to COXXXX.

Table 2.1: Classification of wrought Cu-based alloys in accordance to UNS nomenclature [8].

Generic name UNS numbers Composition
Wrought alloys

Coppers C10100-C15760 >99% Cu
High-copper alloys C16200-C19600 >96% Cu
Brasses C20500-C28580 Cu-Zn
Leaded brasses C31200-C3890 Cu-Zn-Pb
Tin brasses C40400-C49080 Cu-Zn-Sn-Pb
Phosphor bronzes C50100-C52400 Cu-Sn-P
Leaded phosphor bronzes C53200-C54800 Cu-Sn-Pb-P
Copper-phosphorus and copper- C55180-C55284 CuP-Ag

silver-phosphorus alloys

Aluminum bronzes

C60600-C64400

Cu-Al-Ni-Fe-Si-Sn

Silicon bronzes C64700-C66100 Cu-Si-Sn
Other copper-zinc alloys C66400-C69900

Copper-nickels C7000-C79900 Cu-Ni-Fe
Nickel silvers C73200-C79900 Cu-Ni-Zn
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Table 2.2: Classification of wrought Cu-based alloys in accordance to UNS nomenclature [8].

Generic name UNS numbers Composition
Cast alloys
Coppers C80100-C81100 >99% Cu
High-copper alloys C81300-C82800 >94 Cu

Red and leaded red brasses
Yellow and leaded yellow brasses
Manganese bronzes and leaded
manganese bronzes

Silicon bronzes, silicon brasses
Tin bronzes and leaded tin bronzes
Nickel-tin bronzes

Aluminum bronzes
Copper-nickels

Nickel silvers

Leaded coppers

Miscellaneous alloys

C83300-C85800
C85200-C85800

C86100-C86800

C87300-C87900
C90200-C94500
C94700-C94900
C95200-C95810
C96200-C96800
C97300-C97800
C98200-C98800
C99300-C99750

Cu-Zn-Sn-Pb (75-89% Cu)
Cu-Zn-Sn-Pb (57-74% Cu)

Cu-Zn-Mn-Fe-Pb

Cu-Zn-Si
Cu-Sn-Zn-Pb
Cu-Ni-Sn-Zn-Pb
Cu-Al-Fe-Ni
Cu-Ni-Fe
Cu-Ni-Zn-Pb-Sn
Cu-Pb

As pure Cu is difficult to cast and it is prone to cracking, gas porosity and internal cavities, usually it is

alloyed with other elements in order to improve its castability, except if excellent electrical conductivity

properties are required [9]. So several alloying elements can be added impacting the main properties, such as:

* Sn is the oldest known alloying element in Cu and the key alloying element in many bronzes. It gives

solid-solution strengthening, improves corrosion resistance, reduces the melting temperature of Cu
and improves fluidity, making the alloy more easy to cast.

Zn is relatively inexpensive and imparts strength and hardness through solid solution strengthening.
It is the major alloying element for brasses.

Pb is insoluble in Cu but help to seal the normal shrinkage porosity forward during cooling due to the
fact that Pb solidifies last and it is found at the grain boundaries or in the interdendritic areas. It also
improves machinability.

Al improves the strength of Cu and if added in small concentrations it can improve the fluidity of Cu-
based alloys.

Si forms a solid solution with Cu and improves the fluidity so as these alloys are used for art and
mould casting.

Ni improves corrosion resistance, as well as the quality, strength and creep resistance of Cu-Sn

alloys.
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* Be provides strength by forming an interdendritic precipitate without compromising other properties
as electrical and thermal conductivity.

* Crincreases strength with a minor loss in electrical conductivity.

* Feis not miscible in Cu and increases the melting temperature of Cu-based alloys.

* Pisavery common element at high Cu-based alloys, it is resistive to cracking and deoxygenated Cu.

In particular, bronze is a Cu alloy, which can vary widely in its composition. It is often used where a material
harder than Cu is required, where strength and corrosion resistance is required and for ornamental purposes.
The variations in bronze (both in proportion and elemental composition) can significantly affect its weathering
characteristics. Usually bronze is defined as a combination of approximately 90% Cu and 10% Sn, however

there are three major classes or types of "bronzes" used in sculpture and construction [10]:

* Statuary Bronze - approximately 97% Cu, 2% Sn and 1% Zn; this composition is the closest to the
definition of bronze. Also Pb and Sb can be in the alloy to form quaternary and quinary bronze
respectively.

* Architectural Bronze - actually more of a "leaded brass", this composition is commonly composed of
approximately 57% Cu, 40% Zn and 3% Pb.

* Commercial Bronze - composed of approximately 90% Cu and 10% Zn.

However, nowadays bronze composition may vary significantly and bronzes may contain Si, Mn, Al, Zn and

other elements, with or without Sn.

In order to represent the different phases in an alloy at the equilibrium, phase diagram are usually considered.
Figure 2.3 reports the Cu-Sn phase diagram that shows an eutectoid structure characterised by the
transformation of a solid solution into two distinct solids. So, the eutectoid constituent is made up two phases,
a-phase (Cu-rich solid solution) and d-phase (an intermetallic compound of fixed composition Cus;Sng). This

phase is light blue, hard and brittle material with a jagged appearance [11].

So tin bronze can be divided into two regions depending on the composition, as follows:

* low-tin bronze contains less than 15.8 wt% of Sn that corresponds to the solubility limit as a function
of temperature;

* high-tin bronze.
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Figure 2.3: Cu-Sn phase diagram [11].

The Cu-Sn phase diagram reported in Figure 2.3 could be more elxaborated. In Figure 2.4, the different Cu-Sn
phase diagrams at the equilibrium in the annealed and casting conditions show different features. In particular,
due to the fact that the higher rate of solidification corresponds to the lower solubility of Sn in Cu, the highest
Sn content is in the case of equilibrium due to the slowest cooling rate. Another difference between these
different conditions is that the a+e phase is not present in the annealing and casting cases, due to the fact that
a very slow solidification rate has to be applied to obtain this phase. So, in two-phase alloy like tin bronze
microsegregation is present due to the different compositions localised in different places in the
microstructure. In addition, the corrosion process depends on the kind of alloy and the different phases can be

selectively corroded.
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Figure 2.4: Part of the Cu-Sn diagram (until 40 wt% Sn) at different conditions [11].

In addition, the binary phase diagram of Cu-Si systems is reported in Figure 2.5. The phase diagram at the
equilibrium is quite complex with 8 intermetallic compounds in a very small range of Si concentration (4-26
wt% Si). It shows that there are 3 stable intermetallic phases at room temperature in the Cu-Si system. In the
literature, these phases are mostly named as follows: 1 (Cu3Si), € (Cul5Si4) and y (Cu5Si). Cu3Si phase has
two high temperature modifications 1 (556-802 °C) and 1’ (467-556 °C) beside the room temperature stable
1’ intermetallic (stable below 467 °C).
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Figure 2.5: Cu-Si phase diagram [12].

Finally, the microstructure of cast bronze is typically dendritic, as shown in Figure 2.6. Dendrites look like
fernlike growth scattered at random throughout the metal. They continue to grow until they touch each other.
In addition, dendrites are composed of different type of arms as reported in Figure 2.6 a and by measuring the
space between these arms, it could be possible to find the mould or the conditions used for casting the metal
[11]. The size of dendrites depends on the cooling rate of the alloy: the faster the cooling rate, the smaller the
dendrites. In the case of slow cooling, the dendrites can sometimes be observed at naked eye or under a

binocular bench microscope at low magnification (x10 or x20).
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Figure 2.6: (a) schematic of dendritic arms [11]; (b) dendritic structure of a bronze with 15 wt% of Sn observed by
optical microscopy [13].

2.2.2. Outdoor environment

The atmosphere is a thin layer gas around the Earth [14]. The composition of atmosphere reported in table 2.3
is almost constant for all locations except for the water vapour content that varies according to the climatic
region, season of the year and time of the day. For atmospheric corrosion only oxygen, carbon dioxide and

water vapour need to be considered [5].

Table 2.3: Chemical composition of the main components of the atmosphere at 10 °C (impurities are not considered) [5].

Constituents a/m’ Weight (%) Constituents mg/m’ ppm by weight
Air 1172 100 Neon 14 12
Nitrogen 879 75 Krypton 4 12
Oxygen 269 23 Helium 0.8 0.7
Argon 15 1.26 Xenon 0.5 0.4
Water vapour 8 0.70 Hydrogen 0.05 0.04
Carbon dioxide 0.5 0.04

Water vapour is essential for the formation of an electrolyte solution, which is responsible of the
electrochemical corrosion reactions and its concentration is expressed by relative humidity (R.H.), defined as
the percentage ratio of the water vapour pressure in the atmosphere compared to the concentration needed for
saturating the atmosphere at the same temperature. In addition, oxygen from the atmosphere dissolves in the

electrolyte and provides the cathode reactant in the corrosion process.

Atmospheric pollutants may ne defined as those substances present in atmosphere that can have adverse
effects on health or the environment [14]. They usually come from gases and black particles and strongly

influence the atmospheric corrosion. Pollutants from natural sources including lighting, volcanic eruptions,
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natural microbiological process in soil, wind-blown soils and animals, while contaminants from the
anthropogenic sources include sulphur oxides (SOy), nitrogen oxides (NOy), hydrocarbons and heavy metals.

Most atmospheric pollutants have both natural and anthropogenic nature [14].

Sulphur oxides (SO, is the most frequently encountered oxide) are strong stimulators of the atmospheric
corrosion and derive from the aerial oxidation of H,S produced naturally and from the combustion of S-
containing fuel. Nitrogen compounds also arise from both natural and anthropogenic sources, as are produced
in the atmosphere during electrical storms but also are due to the use of artificial fertilisers. Both SO, and NO
form acids where the weather is wet, while in dry areas the acid chemicals can concentrate and be
incorporated in dust or smoke [5,14]. Another gas, ozone (O;), influences the atmospheric corrosion process.
Ozone is a variety of oxygen with three oxygen atoms and it is the major component of photochemical smog
and it is produced from burning coal, gasoline and other fuels. Finally, particulate matter (PM) is a mixture of
several components that includes dust, soot and other bits of solid materials produced by many anthropogenic
sources. The particulate matter can cause the increase of corrosion and it is a source of the black matter on the

surfaces exposed outdoor [14].

Several environmental factors can simultaneous influence the atmospheric corrosion process, such as UV
radiation or light, temperature and rainfalls conditions and act on outdoor exposed objects in a synergetic way.
In particular, temperature affects the rate of chemical reaction, as well as the time the surfaces remain wet. In
addition, temperature affects the emission of atmosphere pollutants through the management of heating during

cold seasons and cooling of living space for comfort. This impacts energy use and thus fuel consumption.
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Figure 2.7: Development in EU-28 emissions of the main air pollutants from 2000 to 2014 (% of 2000 levels): sulphur
oxides (SO,), nitrogen oxides (NO,), ammonia (NH;), particulate matter (PM ;) and PM,s), non-methane volatile organic
compounds (NMVOC), carbon monoxide (CO), methane (CH,), black carbon (BC) [15].
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The European Environment Agency reports that the quality of the air is continuously improved in Europe in
the last decade, due to reduced emissions in particular regarding SOy and NOy, as highlighted in Figure 2.7.
However, concentration of atmospheric particulate matter (PM) continues to exceed the EU limit and target
values in large parts of Europe in 2014 [15]. So even if the decrease of SOx and NOy concentrations induces a
lower acidity of rainfalls, the presence of air pollutants, particularly particulate matter, is still the main

responsible of the atmospheric corrosion process.

2.2.3. Corrosion mechanisms of bronze

When a bronze is exposed to the outdoor environment, corrosion processes occur and patina, which is a layer
containing several corrosion species, forms on the metal substrate. Usually, a thin layer of brown-red oxide
patina forms spontaneously on copper and its alloys, protecting them from further corrosion. Patina on a
bronze sculpture not only protects the substrate metal, but also enhances the aesthetic of art objects. In
particular, it is possible to distinguish two kinds of patina. The first one is natural patina formed
spontaneously during long time exposure to atmospheric environment. The structure and composition of this
kind of bronze patina are specific to each alloy and depend on the environment to which the bronze is
exposed. The second type is synthetic or artificial patina with a defined chemical composition that can be
formed in laboratory or artistic workshop, allowing appropriate accelerated surface treatment of bronze with
peculiar aesthetical features. However, over time, bronze surfaces undergo secondary corrosion processes,
which are influenced by environmental conditions, gradually changing colour to dark brown until the
formation of green patinas [16—19]. This has been particularly observed in outdoor monuments [16—19] both
in the case of ancient natural patinas and recent artificial patinas. In particular, areas directly washed by

rainfalls tend to appear light green, while areas sheltered from the rain tend to black [20].

A patina that has developed over many years in outdoor environment contains a large number of different
species that together provide a complex structure and the overall appearance. This includes corrosion
products, but also deposited material, such as aerosol particles, wind blown dust and soot [20]. Regarding the
chemical composition of Cu-based corrosion products, the following compounds can be found in Cu

specimens weathered in atmosphere [20-22]:

* CUPRITE (Cu,0): is the most common corrosion product on Cu-based alloys exposed outdoors. It
has a red, brown or black appearance and it is insoluble in water and slightly soluble in acid;

* TENORITE (CuQ): is rarely detected on outdoor objects;

*  BROCHANTITE [CuySO4(OH)s]: nearly always the most common component of the green patina
formed on Cu after long atmospheric exposure. This mineral is the most common Cu hydroxyl-
sulphate occurring in nature, so as it is reported to be stable under a wide variety of chemical

conditions;
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* ANTLERITE [Cus3(SO4(OH),J: a common patina constituent and it is mainly identified in rain-
sheltered areas on objects that are older than several decades. It is stable in more acidic conditions
than brochantite. There is some evidence that antlerite may occur at earlier stages of the patination
process than brochantite. Anterlite has been also found on the Cu skin of the Statue of Liberty. It is
suggested that acid rain is converting brochantite to the less protective anterlite, which is more
susceptible to erosion;

*  POSNJAKITE [Cu,SO4)(OH)sH,0]: may co-exist with or undergo transformation to brochantite
because of its structural similarity (hydrated form of brochantite). Indeed it has been suggested to be a
metastable precursor to brochantite formation.

*  ATACAMITE or CLINOATACAMITE [Cu,CI(OH);]: soluble in weak acid. It has been found to be as
abundant or more abundant than brochantite in patinas formed near the sea due to the influence of
sea-salt aerosols. It is not found on specimens exposed for short times;

*  PARATACAMITE [Cu,CI(OH);]: its presence is transitory and it eventually converts to atacamite. It
is not found in patinas corresponding to long exposures;

* MALACHITE [Cuy(CO3)(OH),]: atmospheric conditions do not favour the formation of this type of
patina, but this basic carbonate is sometimes unexpectedly found in practice;

*  GERHARDTITE [Cu;NO3(OH);]: also found in some locations.

The concentrations of air pollutants and the chemistry of the precipitation have strongly changed during the
XIX century due to the anthropogenic activity, inducing a lower stability of the patinas on the bronze
substrates mainly due to the presence of aggressive environmental species, as SO, and NO. In particular, dry
deposition of air pollutants plays an important role in the degradation of patina layers by the conversion of the
patina species in new phases which are more susceptible to the dissolution to rain, as reported in [20,22-24].
Tenorite reacts rapidly with SO, in humid air, absorbing all SO, supplied, mainly forming brochantite. This
explains the rare presence of tenorite in outdoor exposure. The reaction of Cu,O with SO, in humid air is
slight and corresponds to the formation of a chemisorbed sulfite layer on the surface. In addition, when Os is
present together with SO,, the oxidation of the adsorbed sulfite was rapid and antlerite and brochantatite form.
Finally a mixture of atacamite and clinoatacamite react in humid SO,-containing air forming soluble
CuS0O4-xH,0 and CuCl, xH,0 solution. Adding O; to the humid air, the rate of the sulfation increases. So the
reaction between Cu hydroxyl chloride and SO, implies the release of chloride ions and protons, which may

cause severe corrosion on outdoor bronze by formation of an acid electrolyte [20].

Kritschmer et al. [25] proposed a schematic representation of all the results about the evolution of the
different corrosion products of a sheltered Cu patina over the time and in different dominated environments
(sulphate- or chloride- dominated), reported in Figure 2.8. The central part of the scheme (Figure 2.8) shows
that cuprite is the first compound formed on the patina. It appears quite instantaneously and it is followed by

the formation of copper hydroxi-sulphates, which result from amorphous copper sulfate. When Cu is in an
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acid environment (high S0,/SO,> concentration), this amorphous phase transforms into strandbergite, while
posnjakite and langite tend to form in a less acidic environment. These compounds form in a restricted period
of time (months). Years are needed if we want these precursors to transform into brochantite or antlerite.

Moreover, for obtaining atacamite, a Cl" rich environment is necessary, preceded by the formation of

nantokite.
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Figure 2.8: Schematic of patina evolution of sheltered Cu [25].

Another fundamental parameter ruling the corrosion processes of the outdoor bronzes and the consequent
formation of patina layers is the geometry of exposure. In particular, for outdoor bronzes which are exposed to
rain events, if the surface is under stagnant conditions then the patina acts as a multilayer system where a Sn-
enriched layer is covered by Cu and Pb compounds and Zn dissolves completely. Conversely, in the case of
runoff conditions, the patina is a thin porous layer strongly enriched in non-soluble Sn oxides across which
Cu, Zn and PDb cations migrate and most of them are leached into the environment [26,27]. More in detail, as
summarize by Jouen et al. [28] in the schematic representation reported in Figure 2.9, the corrosion behaviour
of Cu and Zn appears relatively similar in the unsheltered exposure in a French industrial atmosphere since
the mass curves exhibited a parabolic time dependence. The increase of mass observed in the first stage occurs
from the formation of a corrosion layer over the surface, while the mass loss recorded thereafter is explained
by the continuous dissolution by rainwater of a relatively large fraction of the corrosion products. On a Cu
surface cuprite layer can be identified within a few days of exposure, then a mixture of the basic Cu sulphates

Cu,SO,(OH)H,0 with Cu,SO,(OH)_ , is commonly formed over this oxide layer. The proportion of non-
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hydrated form is increasing with time to the detriment of the hydrated one. Depending on the coupons and the
exposure time, basic Cu nitrate Cu,(OH),;NO, , basic Cu chloride Cu,(OH),Cl, cuprous chloride CuCl, and Cu
sulphate CuSO, xH,O were also identified in lower proportion [28]. Concerning Zn substrate, the corrosion
layers formed on the surface are thin as a consequence of the washing and dissolution process by rainfalls

during the testing period. Basic Zn carbonates Zn (OH),(CO;), and Zn,CO,(OH) H,0 and basic Zn sulphates

Zn,SO,(OH),"xH,0 appear as main corrosion products on all points analysed over the surface [28].
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Figure 2.9: Schematic representation of Zn, Cu and Sn behaviour and mass variation (dm) along the exposure under

!

Lo 1 luble corrosion product
Thin metal oxide layer Insoluble corrosion products

dm

unsheltered conditions [28].

Mass variations become negative after few months. On the other hand, Sn mass variation curve exhibited a
rather linear trend throughout the exposure time. This increase is attributed to a pitting corrosion mechanism
and the growth of mainly insoluble clusters of corrosion products formed on the surfaces. The corrosion layers
of Sn coupons consist of a complex mixture of corrosion products. Hydrated stannic oxide SnO,-xH,O not
well crystallised is the main constituent. Other forms of Sn(IV) and Sn(Il) compounds were also detected in
the form of sulphate, carbonate and chloride phases, but were poorly identified. No significant change in the

corrosion product proportions was observed with exposure time [28].

2.2.4. Case Studies: real monuments and bronze coupons

The understanding of corrosion processes occur on outdoor bronzes was possible thanks to the investigation
of real patina layers [17,19,26,29]. Robbiola et al. [27] established a model of the process involved in the
outdoor bronze corrosion on the basis of several investigations of outdoor bronze sculptures such as Rodin’s
bronze, a Stanislas statue in Nancy (France) and other bronzes exposed to urban environments. From the
analysis of the nature of real patinas and their chemical characteristics, two types of surfaces may be
distinguished. The surfaces exposed to rainfall are usually made of pale green products and black areas, which
stand as isletsts surrounded by the pale green products. The analysis of these corrosion products revealed a
high Sn content and the Cu corrosion species are mainly brochantite. On the other hand, the areas protected by

the action of rain showed generally green deposits and/or opaque black crusts, containing various atmospheric
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particles. These compounds have a low or very low Sn elemental concentration and contain both antlerite and
brochantite [27]. The described features can be easily identified in Figure 2.10 from the observation of
different areas of the Rodin’s statues “Ugolin et ses enfants” and “Le Penseur”, as reported in [17]. In
particular, in Figure 2.10a black spots are surrounding by green pale corrosion products, which are porous and
unprotective. The original surface of the bronze is corresponding to the external surface of the black spots,
while in Figure 2.10b pale green area is in the centre of the picture. On the foot and on the right, black areas
are surrounding by pale green areas. On the left rainfall unexposed area can be observed characterised by

opaque black and green areas.

Figure 2.10: View of the corroded surfaces: (a) black spots surrounding by green pale corrosion on the finger of the
Ugolin’s hand, Rodin Museum, Paris; (b) detail of the foot of “Le penseur”, Rodin Museum, Paris [17].

In the schematic representation reported in Figure 2.11 three main steps were outlined regarding the corrosion

products of outdoor bronzes [27]. In particular,

1) SELECTIVE DISSOLUTION OF Cu

In contact with the electrolyte (water surface) the oxidation of the alloy can occur as follows (Equations 2.5

and 2.6):

Sn + 02+ I’leO — Sn02‘l’lH20 (25)

Cu— Cu +e and Cu" — Cu*' +¢ (2.6)

Sn oxide is stable in aerated conditions and over a large pH range it is cathodic compared to Cu-rich regions.
The Cu ions produced during this first step may build a layer of Cu compounds such as cuprous oxide on the

top surface, while the Sn compounds are in the inner part of the corrosion layer.
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2) INCREASE OF THE THICKNESS OF Cu DEPOSIT

Several Cu(Il) species form and their nature generally depends on the local environment, i.e. mainly
brochantite in urban atmosphere or chloride-containing species in a marine environment. In particular, the
controlling step of the process is the migration of Cu ions from the alloy to the atmosphere through the

deposit.

3) DEPENDING TO SURFACE EXPOSURE GEOMETRY

The acidity of rain and atmospheric pollutants can both solubilize the outermost Cu-based corrosion
compounds and promote the transformation of minerals. It is possible to distinguish surfaces directly washed

by rainfall (runoff condition) and surfaces, which are not exposed to rainwater (stagnant exposure):

I.  RUNOFF CONDITION: soluble Cu compounds are leached from the rain-exposed surface and

the deposit described in the second step is progressively destroyed. So, the corrosion process
proceeds from a cyclic mechanism that is strongly correlated with the rainfall frequency. In
addition, the heterogeneities of the metallurgical structure locally enhance the formation of the
electrochemical coupling. This was also observed by Chang et al. [30] in relation to the inclusions
embedded in the metallic Cu. In particular, they observed that the historic naturally patinated
sheet Cu showed an inhomogeneous patina and the thickness ratio between the brochantite (outer
layer) and cuprite (inner layer) sub-layers seems to be related to the maximum size of the
inclusions found in the historic material [30].

II. STAGNANT EXPOSURE: the deposit of Cu species on surfaces protected from rainfall may be

stable, but acidic waters can promote the transformation of brochantite into antlerite. The increase
of the acidity of the water film leads to a dissolution of brochantite followed by antlerite

precipitation in accordance with the following reactions (Equations 2.7 and 2.8):

CusSO4(OH)s + 6H — 4Cu*" + SO, + 6H,0 (2.7)
3Cu*" + SO4* + 4H,0 — Cu3SO4(OH), +4H" (2.8)

However, the antlerite formation needs an acidic electrolyte for a sufficiently long period of time.
Conversely, brochantite can reform on the surface. It is expected that antlerite forms preferentially on the

unexposed areas of sculptures that have lower evaporation rates than exposed surfaces [27].
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Figure 2.11: Schematic representation of the process involved in outdoor bronze corrosion [17,27].

The investigation of the patina surfaces of Louis XIV’s equestrian statue exposed in Versailles (Figure 2.12)
[19,26] confirms that the external pale green layer is relatively homogeneous in composition and contains

high amount of Sn compared to the other alloying elements (Cu, Zn and Pb), as expected. The corrosion
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products analysed are characterised by poor crystallised nature and the black islets show lower Sn content and
high CI concentration [19]. A following study allowed the comparison between real corrosion products

samples from the sculpture of King Louis XIV and those obtained from artificially corroded coupons [26].

Figure 2.12: The statue of King Louis XIV at the Palace of Versailles, France (bottom image). Detail of the unsheltered
pale green sample area of the plume on the statue (top image) [19,26].
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It was found that in stagnant conditions, the patina is a multi-layer system, made of a Sn-enriched layer
covered by Cu and Pb compounds, while Zn dissolves completely. In runoff conditions the patina is a rather
porous and thin layer, enriched in insoluble Sn oxides, across which Cu, Zn and Pb can migrate. Finally, a
strong agreement was found between the results obtained by laboratory tests (Dropping and Wet&Dry test)

demonstrating that patinas have different features according to the exposed areas.

In most of the cases, the assessment of coatings or of the corrosion inhibitors has been performed on bare
metallic surfaces. Pure Cu-containing compounds were applied or electrochemically produced on the bronze
surface to simulate real natural patinas [31,32]. However, artificial patination based only on the deposition of
Cu-based compounds is insufficient to reproduce the complexity of natural patinas. In order to develop
effective protection strategies, better understanding of the corrosion process on ancient materials was
developed from specifically adapted ageing tests. In particular, the impact of artificial acid solutions used for
simulated natural rainwaters highlighted the behaviour of alloying elements that release in different ways from
the bronze surface, revealing the absence of dissolved tin [33,34]. In this context, an approach based on two
specific exposure conditions has been set up on artificial quaternary bronze coupons exposed to synthetic rain,
with a monitored time of wetness (ToW) [34,35]. For simulating the effect of runoff (typical of the
unsheltered parts of outdoor monuments), the rainfall is replicated by periodically dropping acid rain onto a
surface coupon (Dropping test) [34]. On the other hand, for replicating the ageing conditions typical of
sheltered areas, the action of stagnant water is reproduced by alternating immersions inducing wet and dry
cycles (Wet&Dry test) [35]. Very similar features are found for patinas produced by these artificial ageing
methods and for natural patinas [18]. This global procedure is a further advancement for developing testing
procedures and new protective treatments, overcoming the difficulties of simulating natural bronze patinas

formed upon exposure to outdoor atmospheric environments.

2.3. Conservation methods for outdoor bronzes: protective coatings

In general, coatings for conservation are normally applied with the aim of forming a barrier to inhibit the
entrance of gaseous, aqueous or particulate agencies of decay. For Cu-based alloys, resistance to vapours, as
well as some volatile pollutants, is important. The characteristics of the coating, the environment in which it
must be effective and the nature of the metal surfaces at the moment of coating application impose the choice
of the coating. In particular, in order to be applied for Cultural Heritage applications, conservation coatings

need to fulfil several requirements [2], such as:

- ease of application;

- minimal aesthetical impact;

- predictive performance and long-term durability;
- non-toxicity;

- reversibility and re-applicability.
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Coating performance in its operational environment is of crucial importance, as it determines its maintenance
requirements and life-span. In particular, one of the critical parameter is the application method that it is as
important as the intrinsic properties of the coating. Spraying is often the favoured application method, while
brushing is known to offer preferential failure in defects created by the brush stroke. In addition, the nature of
the surface of the object may also favour different methods of application, as well as the coating itself can
dictate which application modes are possible to use [2]. In addition, before coating application, cleaning of the
surfaces is necessary and for outdoor statuary the cleaning methods are chosen in accordance to the goal of the
conservation process, taking into account that they will influence the effectiveness of the coatings, due to the

fact that leaving corrosion products and patina influence their adhesion and distribution [2].

Due to the presence of a large amount of specific studies about tailored coatings for outdoor bronze
protection, the main investigated types of protective coatings are presented in the following paragraphs in

accordance with their chemical affiliation.

2.3.1. Acrylic coating

The Paraloid™ range of acrylics is commonly used within conservation practice. Other acrylics are used
according to availability, meaning that geography can impose the choice of materials. However, only few
coatings are commonly used with Paraloid B72™ being one of the most popular general purpose surface

coatings for cultural metals [2].

In particular, for the protection of Cu-based alloys conservators adopted an acrylic-based formulation

d™ B-44, named Incralac”, from industry, that was found to be the best option for the

containing resin Paraloi
protection of Cu alloys, even if it was formulated for polished or clean Cu alloys surfaces. Due to the fact that
Incralac® is clear, have good adhesion to the bronze, do afford good protection and is removable, it is a
popular choice also today. In particular, Incralac® was firstly developed between 1960 and 1965 based on a
research initiated jointly by the International Copper Research Association (INCRA) and a cohort from the
British Non-Ferrous Metals Research Association (BNFMRA). Both institutions discover that ParaloidTM
B44 gave superior protection on Cu alloys and had good appearance and working properties. In particular,
they found that spray application performed better than brush application and had nicer appearance with better
film formation [36]. Paraloid™ B44 is a methyl methacrylate (MMA) copolymer with minor copolymer units
of ethyl acrylate and butyl methyl acrylate [36—38]. INCRA and BNFMRA developed formulations that

contained 30 wt% B-44 in toluene and butyl acetate (or ethyl alcohol), benzotriazole (BTA) as a corrosion

inhibitor and either silicone fluid or epoxidized soybeam oil (ESBO) as a leveling agent [36,38].

There have been several studies published over the years demonstrating the performance of Incralac” in
conservation. The performance can vary depending on the chemical patinas [39] and the coating formulation.

In addition, the performed studies are very specific and covered a broad range of methodologies and surface
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treatment. In a recent review [36], Wolfe and Grayburn summarised the main studies carried out in the last
decades and it was highlighted that there have been studies that present the performance of Incralac” as fairly
good, as well as showing that it has poor performance. In addition, one of the crucial issue of the use of
Incralac” is linked to the toxicity and the health risks. Many components of the formulation, such as the BTA
that is suspected of carcinogenicity [40], the leveling agent added, either Paraplex G-60 (epoxidized soybean
oil) or silicone oil and some of the solvents (toluene), show considerable level of eco-toxicity. For this reason
some studies explored different solvents that lead to less toxic formulations in order to reduce health risks. In
particular, a comparative study about different Incralac® formulation (solvent- and water-based) applied on
naturally aged brass coupons showed that a lab-made low-toxicity Incralac” using 1-methoxy-2propanol can
provide similar protection as the commercial product. However, the water-based Incralac® showed worse
performance [38]. Finally, some studies also investigated the susceptibility of Incralac® to biodeterioration
[41,42], suggesting that the solvent trapped in the resin could be a source of carbon energy for

microorganisms.

2.3.2. Waxes

Microcrystalline waxes are currently applied on outdoor monuments in order to coat and smooth the patinated
surfaces. The most common commercial waxes are Cosmoloid 80H™ and Renaissance'". Compared to
acrylic coatings, waxes are considered a better solution for the protection of outdoor bronzes. Due to their
hydrophobic nature, low vapour permeability and transparency waxes could be considered valid candidate for
the treatment of heritage metals. However, several studies have demonstrated that their use should be
carefully evaluated. Reversibility issues can be experienced and the application of wax coatings for
archaeological objects has been discouraged [43]. Furthermore, waxes used on outdoor monuments have a
short lifetime, poor barrier properties, and susceptibility to photodegradation, as well as a high volatile organic
compound (VOC) content and removal difficulties [44,45]. Another study gave recommendations to
conservator-restorers as the reapplication of waxes at an interval of less than 9 months and application of thick
films, 100-200 pm ideally or as thick as possible [46]. Also, aged wax films contained oxidation products that
could enhance the corrosion of the underlying metal since they are polar and more acidic than fresh waxes. In
addition, microcrystalline waxes are also often used as topcoat for underlying acrylic layer. The multilayer
Incralac® + wax system has proven to be a better coating system compared to the wax alone because of the
synergy between a corrosion inhibitor used as primer, usually BTA, a central acrylic layer, mainly Incralac”®,

and a microcrystalline wax as top coat.

2.3.3. Silanes

As regards protective treatments, organosilane coatings attracted a significant research attention in recent
years, due to their protective efficiency towards the corrosion of several alloys in outdoor conditions.

Research studies on the protection of Cu and Cu-based alloys were mainly carried out on octadecyl-
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trimethoxy-silane [47], glycidoxy-propyl-trimethoxy-silane [48] and y-aminopropyltriethoxysilane (y-APS)
[49]. However, outstanding results were obtained with silanes containing sulphur or mercapto- groups, such as

3-mercapto-propyl-trimethoxy-silane (PropS-SH) [49-57].

PropS-SH coating preparation involves a step of silane hydrolysis in hydroalcoholic solution that determines
the formation of silanol (Si-O-H) groups, then the hydrolysed solution is on the metal surface to be protected
where silane chemisorption occurs. In particular, strong adhesion on the substrate is ensured by formation of
metal siloxane (Me-O-Si) [58] and, on Cu and Cu-based alloys, also metal thiolate (Me-S-C) bonds [51]. A
coating curing treatment follows, to allow the condensation of silanol groups (Si-OH) in a polymeric dense
siloxane (Si-O-Si) network with barrier properties against aggressive environments [58]. This curing process,
often carried out at temperatures of 100 °C [49,51,59] or more [60], can be also effectively carried out at
lower temperatures, e.g. at room temperature [35,55,56,61], more compatible with the protection of artworks.
A simplified schematic of bonding mechanism (adsorption and curing) between silane molecules and metallic

surface, proposed by Zhu et al. [62] is reported in Figure 2.13.
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Figure 2.13: Silane adsorption and curing on a generic metallic substrate [62].

PropS-SH coatings effectively protect bare Cu and Cu-based alloys in NaCl solution [59,60,63,64] and in
synthetic acid rain [56]. Their protectiveness is enhanced by the addition of nanoparticles [65]. PropS-SH was
also applied on quaternary bronze, pre-patinated by exposure to acid rain under runoff conditions simulated in
laboratory through the Dropping test [27, 28]. It also exhibits good performance against bronze corrosion

during subsequent analogous Dropping exposures [57].

However, exposure of organic coatings to UV radiation can produce degradation of the polymer structure

[66]. In particular, as concerns silanes, after UV-irradiation for 30 min in air, PropS-SH films applied on
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silicon substrate undergo Si-C break and SiOH groups formation, while irradiated PropS-SH undergoes to —
COOH formation [67]. So irreversible structural changes occur in the polymer chains, as under UV exposure
they are subjected to photo-oxidation [68,69]. The photo-stability of silane coatings can be improved by the
addition of nanoparticles. Accelerated weathering tests have shown that silane modification with TiO,
nanoparticles permitted the preparation of transparent UV-protective coatings for polycarbonate substrates
[70], as well as TiO, was found to be an effective UV absorber [56,71]. Other nanoparticles, such as CeO, and
La,0;, were also added to silane coatings in order to improve its photo-stability performance and it was found
that the measured improvement under UV exposure is connected to the capability of the selected nanoparticles

to act as network formers and to prevent the film deterioration [56].

In addition, hybrid (organic-inorganic) polymer system formed by hydrolysis and condensation reactions of
alkoxy compounds have been tested on bronze substrate as ORMOCER™ (ORganically Modified CERamic)
[72,73]. This hybrid materials were synthesized from 3-glycidoxy-propyl-trimethoxy-silane or y—
methacryloxy-propyl-trimethoxy-silane and modified with a second or a third reactive silane. It was found
that these ORMOCER™ lacquers well performed in outdoor conditions [72]. Finally, several silane coatings
were developed in the frame of the EU-ARTECH project (6" EU-Framework Program 2004-2009) showing

that some of the selected treatment showed comparable behaviours to the reference treatment (Incralac®) [74].

2.3.4. Fluoropolymers

Only few studies report the performance of fluoropolymers for the protection of Cu-based alloys in the
conservation practice, despite fluoropolymer coatings usually show outstanding performance in outdoor
applications, such as excellent exterior durability and chemical resistance, good flexibility, low dirty retention
and good moisture and fungus resistance. One of the most used fluoropolymer is polyvinylidene fluoride
(PVDF), which contains alternating carbon/fluorine bonds and carbon/hydrogen bonds. This structure
provides chemical inertness that enables the formation of coating that resist environmental degradation.
However, this feature hinders adhesion to metallic and patinated substrates. To solve this issue, an acrylic or
silane-base resin is blended to the fluoride copolymer to improve coating adhesion. lezzi et al. developed a
new polymerization process in which the acrylic is mixed to the fluoropolymer during the polymerization
procedures, producing a fluoropolymer-acrylic mixture on a micro-molecular scale. This new process
improved the solvent-based dispersion properties [75]. Another study blended PVDF with the 40 wt% of

d™ B44 (the acrylic base of Incralac”™) in order to improve the adhesion of the coating, taking into

Paraloi
account the removability properties of both PVDF and the acrylic resin [76]. It was found from
electrochemical testing that this fluorocarbon-acrylic blend shows promising barrier properties indicating the

potential to be a high resistance coating for the protection of outdoor Cu-based alloys.
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2.3.5. Eco-friendly coatings

Recently, research gives emphasis to the development of eco-friendly and sustainable approaches for the
preservation of Cultural Heritage. For this reason few specific studies proposed innovative treatments for the
conservation of outdoor bronze. However, the lack of systematic investigations about the performance of
these new coatings makes difficult the evaluation of the goodness of them in the real conservation practice.
Albini et al. [77,78] investigated the performance of an innovative biological treatment based on a specific
fungal strain of Beauveria bassiana as an alternative treatment for the stabilisation of Cu-based alloys. The
protective mechanism is based on the capability of Cu-resistant fungi to transform soluble Cu corrosion
products into more stable Cu oxalates, which, due to their inorganic nature, are compatible with the original
patina. In addition, this treatment showed interesting properties for environmental and health issue, as the
selected treatment is already used in organic agriculture. It was found that the interaction between Sn-enriched
bronze surfaces (unsheltered areas) and the studied treatment was efficient and produced Sn- and Cu-based
oxalates. The presence of these compounds were found also after severe runoff conditions indicating good
adhesion of the treatment [77]. Finally, the authors suggested an improvement of the layers that are quite
porous in order to improve the efficiency of the treatment for which a higher Cu release than the reference

samples was detected.

Another study developed new renewable and bio-compatible polymers from lactic acid, a natural resource
produced from the sugar fermentation [79]. In addition, they performed the reaction without solvents
following a green chemical approach and benzotriazole (BTA) group was added in order to improve the
corrosion inhibition. They observed promising results as protective coatings but further studies needed to be

carried out to better understand the efficiency of anticorrosive coating.

Finally, preliminary studies promotes the application of different inorganic coatings such as Ca oxalates [80]
and Diamon-Like Carbon (DLC) by plasma-enhanced chemical vapour deposition (PECVD) [81], as

promising alternatives for the conservation practice of outdoor and archaeological Cu-based artefacts.

2.3.6. Corrosion inhibitors

Inhibitors are chemical substances that when present in the corrosion system at a suitable concentration,
decreases the corrosion rate, without significantly changing the concentration of any corrosive agent [4]. In
general, corrosion inhibitors are efficiently in small concentrations and their efficiency is enhanced by
increasing inhibitor concentrations. Combinations of different inhibitors are commonly used in commercial
formulations for industrial applications to improve corrosion resistance and reduce concentrations that would
be necessary in the case of single additions. Inhibitors act by several mechanisms and the main ones are

reported, as follows:
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— anodic mechanism of inhibition;
— cathodic mechanism of inhibition;

— mixed mechanism of inhibition.

In conservation practice no inhibitors have been specifically developed, but they are borrowed from industrial
contexts, where they have been tailored for use in specific, operational environments on particular alloys. So,
inhibitors are used purposely and sometimes empirically in conservation practice, mainly in combination with
coatings particularly for outdoor objects [2]. As in combination with protective coatings inhibitors are
required to be effective in the presence of corrosion products, this represents issues due to the fact that soluble
corrosion agents (e.g. chlorides) normally interfere with their action. In addition, low toxicity of inhibitors is

also a requirement, as the objects are for the public domain and have to be handled by restorers and operators.

Benzotriazole (BTA)

Benzotriazole is the most successful commercial corrosion inhibitors used in conservation practice. Several
studies were carried out in particular on its performance for the protection of Cu-based alloys [76,82—-86]. It is
mainly used for the stabilization of Cu-based artefacts, especially for the treatment of chloride corrosion.
There is some discussion about the mechanism of BTA if a real inhibition occurs or if the Cu-BTA film acts
only as barrier layer. BTA is a mixed-type inhibitor as it was found to retard metal oxidation as well as the
cathodic process. BTA is often embedded into coatings, as for example in Incralac® as an anti-corrosion
additive and for its UV absorption properties [76,87]. However, BTA shows some toxicity issues and is
suspected of carcinogenicity and for this reason innovative solutions are demanded. A solution proposed by
Casaletto et al. consists of encapsulating BTA in nano-carriers of halloysite. Halloysite is a natural cylindrical
clay, thus naturally available, biocompatible, low-cost and environmental friendly. In addition, it can be easily
processed with many polymeric materials. Promising results were highlighted in term of protection efficiency
in terms of surface coverage, as well as selective release of BTA during the corrosion process. However, only
preliminary tests on bare bronze were performed and the interaction of this protective system with patinas has
to be investigated [88]. Other authors proposed the application of another kind of azole, imidazole, having a
similar molecular structure, but generally less toxic [89]. In this study moderate protective efficiency was

recorded and for this reason further investigation was necessary.

2.4. Assessment of protective coatings

The lack of standardized procedures for testing coating effectiveness on Cultural Heritage metals hinders the
assessment of innovative products through the published literature for comparatively identifying the most
suitable coating for specific use. In particular, qualitative and quantitative assessment of coating performance
for conservation applications usually employ specific experimental methods, such as electrochemical tests,

natural and artificial ageing and eco-toxicity investigations applying the most advanced tools and an increased
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collaboration within corrosion scientists. Laboratory testing is useful for establishing which coatings are
unsuitable for use and for comparative performance testing in specified conditions. For this reason, laboratory
studies, instrumental analysis and electrochemistry can establish intrinsic performance characteristics of
coatings according to a set of fixed variables. However, they cannot offer quantitative assessment of real-time

in situ performance within outdoor environments.

Electrochemical techniques have a long tradition in testing protective treatments, as reported in many studies
from the published literature. Different electrochemical tests, such as potentiodynamic polarization curves
measuring corrosion current density (icr) and polarization resistance (R,) were performed in different
aggressive solutions, such as sodium chloride solution, simulated concentrated acid rain, as reported in
[85,90-93]. In addition, electrochemical impedance spectroscopy (EIS) has only been used recently and it is
suitable for testing coatings suitable for conservation practice. It can be used in specially prepared coupons or
in situ on the artefacts to evaluate the protective performance of the coatings or the natural or the artificial
patinas [94,95]. The electrochemical approach well represented the comparative protective performance of
different coatings and corrosion inhibitors; however it did not simulate accurately the exposure geometries
and conditions as in the real monuments. For this reason artificial ageing tests are necessary to better simulate

the exposure condition, in terms of exposure geometry and aggressive environment.

2.4.1. Artificial ageing

Only few studies investigate the coating performance when applied on patinated bronze substrates [57,65,72]
or consider the coating resistance to environmental stresses, such as UV radiation, temperature or wet/dry

cycles [56,57,65,76,77,79,96].

Compared to natural ageing that allows the assessment of the protected surfaces by long-term exposure [74],
artificial ageing allows the assessment of the different protective treatments monitoring the different
environmental parameters and their influences by accelerated exposures [54,57,77]. Organosilane coatings
were assessed under simulated acid rain conditions considering the different exposure geometries of
unsheltered and sheltered conditions to the rainfall [54,57,77]. In particular, the performance of a silane
coating (3-mercapto-propyl-trimethoxy-silane, PropS-SH) was evaluated on bronze pre-patinated through
Wet&Dry (stagnant) and Dropping tests (runoff), in order to simulate actual application conditions in the field
of conservation. The comparison of the corrosion behaviour between uncoated and coated pre-patinated
bronze in stagnant and runoff conditions shows that PropS-SH is effective in protecting bronze from
corrosion, because it reduces both the specimen weight loss and the metal release. It also limits the formation
of corrosion products and the colour alteration of the exposed surfaces [57]. A recent study aimed to evaluate
the feasibility of a biological treatment on unsheltered areas and it was demonstrated that this treatment

(Beauveria bassiana) is efficient on tin-enriched surfaces producing tin and copper oxalates. Moreover, their
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presence was observed even after severe runoff condition indicating a good adhesion, showing promising

protective performance [77].

As organic coatings suffer degradation processes induced by UV radiation, such as oxidation of double bonds,
polymer segment scission and cross-linking, while high temperature can induce thermal degradation and
hydrolysis [66]. The effect of different nano-particles addition, such as CeO,, La,0; and TiO,, in organosilane
coatings was investigated by the exposure under UV radiation and to temperature cycles under humid
conditions and their performance was compared to naturally weathered samples exposed in the coastal town
of Rimini (Italy) [56]. It was found that on plane silane coatings micro-scale cracking and spalling phenomena
occur during natural exposure, partly limiting their protective efficiency, while the addition of nano-particles

slightly reduced the tendency to degradation, especially in the case of TiO,. In addition, exposure to

temperature/UV cycles showed that while thermal cycles in humid atmosphere stimulate silane reticulation,
UV radiation is responsible of the degradation process of the silane net and the impairment of the coating
performances. These tests indicate that the improvement of the PropS-SH coating stability under UV exposure

afforded by dispersed oxide particles is mainly connected to their capability to act as network formers.

In another study, some new renewable and biocompatible polymers obtained from lactic acid were applied on
bronze coupons and their performance was evaluated after photochemical ageing in Solar box and accelerated
thermo-hygrometric ageing in a climatic chamber. It was shown that due to the fact that end-capped poly-
lactic acid coatings exhibited high stability after thermo-hygrometric ageing and photochemical ageing, they

are promising candidates for the protection of outdoor bronzes [79].

2.4.2. Eco-toxicity and occupational hazard

The comprehensive eco-toxicological testing is one of the main current requirements necessary for the
development of new advanced formulations. The traditional approaches are based on the chemical
determinations of hazardous compounds. Usually the concentration of a limited range of specific substances is
generally measured in leachates obtained from real or simulated treatment conditions. These traditional
analytical methodologies are typically very sensitive and designed to be selective for specific chemical
species, but are often also expensive and time-consuming. In addition, they base also on the reductionist
assumption that the overall toxicity of a complex formulation can be inferred as the simple sum of toxic
effects due to their individual components. Still, this premise is essentially wrong in realistic scenarios and

can lead to underestimate the biological effects of a product [97].

Conversely, bioassay methods are a valuable approach to understand the eco-toxicological behaviour of
innovative products. Bioassays assess the effect of the release of a chemical in the environment by exposing
representative organisms, chosen as bioindicators, to a range of concentration of the substance. The

Organisation for Economic Co-operation and Development (OECD) proposed guidelines for the testing of
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Chemicals proposing several assays for aquatic organisms [98]. Bioindicators for aquatic risk assessment
studies belong to different phila (microalgae, cyanobacteria, crustaceans, mollusks, plants and fishes) and
have the advantage of being sensitive to a wide range of bio-available substances, and represent the entire
trophic chain. If the assays are carried out using microorganisms, the drawback of time consumption is
overcome because microbiotests are cheap, use small test volume and are available as kit; that is an advantage
for toxicity screening and assessment [99]. Due to the application of control conditions, the bioassays reported
in the OECD guidelines are standardized, and allow obtaining comparable data and complete toxicity curves,

which are useful to evaluate end-points such as mortality, growth or reproduction.

The most widely used microbiotest for toxicity assessment is based on the inhibition of the bioluminescence
of Vibrio fischeri or Photobacterium phosphoreum, a luminescent marine bacterium whose light production is
directly proportional to the metabolic status of the cell. The Vibrio fischeri test has the advantage of being
sensitive to a wide range of chemicals compared to other bacterial assays, is rapid, reproducible and shows
good correlations with other standard acute toxicity test [100]. However, Farré et al. [101] mentioned that the
test presents also some disadvantages because Vibrio fischeri is a marine bacteria, and thus can be used only
in saline solution, a medium which can enhance the insolubility of some organic compounds. In addition, the
test works with a maximum tolerable level of methanol of 10%. Therefore, the use of Daphnia and
Ceriodaphnia as species for toxicity testing is widely reported in aquatic risk assessment studies [101-110].
The tests are standardized and are carried out by exposing the organisms to toxic substances under controlled

conditions. Results are usually expressed using the concentration EC,~defined as the 50 % equivalent

concentration value. The use of Daphnia and Ceriodaphnia for toxicological assessment has many
advantages: they are freshwater organisms representative of an intermediate level of the trophic chain, and this
allows obtaining integrated information because the presence or absence of these crustaceans in an ecosystem
(i.e. water bodies or soil) influence both primary producers and secondary consumers. Moreover, Daphnia and
Ceriodaphnia are suitable for laboratory-scale tests because they are small, with a short reproductive cycle

and are highly sensitive to a wide range of substances.

However, dedicated applications of bioassay methods to the specific task of outdoor bronze conservation are
not available yet. Limited and often incomplete eco-toxicological data can be found in the literature regarding

individual components of the formulations, still unrelated to the Cultural Heritage field.

Even if Incralac” is one of the most used commercial product for the protection of copper alloys, only few
information about its eco-toxicity are available for some of its hazardous ingredients, particularly
benzotriazole and the organic solvents (e.g. toluene), but the overall ecotoxicology of Incralac” has not been
specifically assessed. Wu et al. [111] reported data on benzotriazole toxicity derived from tests on several
plant species (alfalfa, poplar, pumpkin, corkscrew, horseradish) and all except horseradish died within 4
weeks after the application of the compound. Pillard et al. [112] compared the toxicity of benzotriazole, two

methyl-benzotriazoles and a butyl-benzotriazole on three widely used test microorganisms (Ceriodaphnia
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dubia, Pimephales promelas and Vibrio fischeri). Vibrio fischeri showed to be more sensitive than the other
organisms to all the tested substances, while C. dubia was less sensitive than P. promelas, except to butyl-
benzotriazole. The latter induced acute toxicity at a concentration of < 3.3 mg/l to all organisms, thus being
proved as the most toxic amongst the tested compounds. Kim et al. [40] selected nine widely used
benzotriazole-based UV stabilizers and tested them on Daphnia pulex. No acute toxic effects were observed
for all compounds within the applied dosage (< 10 mg/l), but the authors raised concerns about the potential
bioaccumulation and hazardous chronic effects on the aquatic ecosystem. In addition, toluene is a well-known
substance and ecological information about its interaction with fishes, aquatic invertebrates and algae are
available. For example, an ECsy of 8 mg/l for test carried out on Daphnia magna in 24 hours has been
reported in the Toluene Safety Data Sheet from Sigma-Aldrich. However, producers state that ecological

injuries are not known or expected under normal use of this solvent.

Another test to evaluate the eco-toxicity level is the Occupational Exposure test and it is to determine the
potential toxicity on restorers of released substances from the coatings during their application (in particular to
Volatile Organic Compounds (VOCs)). These measurements were carried in accordance to UNI EN 689
(1997) “Workplace atmosphere. Guidance for the assessment of exposure by inhalation to chemical agents for
comparison with limit values and measurement strategy” and to UNI EN 16017-1 (2002) “Indoor, ambient,
workplace air. Sampling and analysis of wvolatile organic compounds by sorbent tube/thermal

desorption/capillary gas chromatography. Pumped sampling”.

At last, it must be highlighted that the scientific literature lacks of studies and data concerning the eco-
toxicological behaviour of the inhibitors for the conservation of bronze, regardless the products are

traditionally or newly developed.
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Chapter 3 MATERIALS AND METHODS

3. MATERIALS AND METHODS

This chapter reports details of the materials used in this study, as well as the description of ageing methods
used for the preparation of the patinated samples as well as the investigation of the performance of the coated
systems. The techniques used for the characterisation are also listed and brief details of the principles behind
the technique are additionally included where considered appropriate. Finally, in order to propose a complete
view of the characterisation methods used in B-IMPACT project to assess the performance of the different
coatings, the procedures used for the electrochemical evaluation carried out by I-UniFE (Italy) and S-ZAG
(Slovenia), as well as the evaluation of the toxicity in terms of exposure limit performed by I-ECAM (Italy)

are also reported.

3.1. Bronze

Two different types of bronzes were used as the substrates for the application of artificial patinas. In

particular, a quaternary Cu-Sn-Zn-Pb and a ternary Cu-Si-Mn bronze alloy were used in the whole study.

3.1.1. Cu-Sn-Zn-Pb

A quaternary cast Cu-Sn-Zn-Pb alloy was selected in accordance with the composition of last centuries
bronzes commonly used for sculptures by artistic foundries and always used up nowadays [19,113]. The
elemental composition of this bronze is: 6.9£0.6 Sn, 3.1+0.4 Zn, 2.0+0.9 Pb (wt%), also containing Al, P Mn
and Si in traces (Cu to balance). The microstructure of this bronze is dendritic typical of cast bronzes, as
showed in Figure 3.1a and b. The dendrites are several hundred microns in length, which corresponds to slow
cooling rate, as usually observed on traditional bronzes obtained from sand casting. As shown in Figure 3.1a
and b, the large network of dendrites includes shrinkage cavities, due to cooling step during casting procedure.
Cast Cu-based alloys are sensitive to coring, inducing micro- but also macro-segregation of the alloying
elements [114], as highlighted in Figure 3.1c, where the x-ray maps showed the microsegregation of Sn.
Conversely, Zn, soluble in the Cu solid solution, has a distribution overlapping that of Cu. For Pb, this large

variation has to be ascribed to Pb globules that are not miscible in the Cu matrix.
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Figure 3.1: Optical examination of as-cast quaternary alloy (tint etchant Klemm IIl): (a) as-cast alloy with large
dendritic structure (mm size); (b) cross-section with vertical preferential orientation of the dendrites linked to cooling
temperature gradient within the thickness of bronze plate and (c) X-ray maps of the bulk of as-cast alloy (Cu, Zn, Sn and
Pb).

3.1.2. Cu-Si-Mn

The as-cast bronze alloy is a silicon manganese bronze (Cu-Si-Mn), with 3.1+0.4 Si and 0.9£0.1 Mn (wt%) as
major alloying elements, while Sn and Zn (< 0.1 wt%) and P (0.02 wt%) are the main trace elements. It
corresponds to Cu cast alloy UNS C87300 international reference [115]. Due to its excellent corrosion
resistance, good weldability, remarkable castability and golden colour, Cu-Si-Mn bronze is now widely
applied by artistic foundries for bronze monuments [9]. As-cast plates of 5 mm thick were obtained by sand
casting. Metallographic examination revealed a typical dendritic microstructure with Si and Mn coring and a
few shrinkage cavities within the interdendritic spaces (Figure 3.2). Cu-Si-Mn plates were cut to obtain 50 x

25 mm coupons.
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Figure 3.2: Optical examination of as-cast Cu-Si-Mn plate (tint etchant Klemm III): (a) top view of the surface revealing
large dendrites; (b) cross-section showing the preferential crystalline orientation of the dendrites linked to cooling
temperature gradient from the top to the plate centre; (c) X-ray maps of the Cu-Si-Mn surface (Si, Mn and Cu).

3.1.3. Artificial patination

Cu-Sn-Zn-Pb alloy was artificially patinated by two different ageing methods, Dropping [34] and Wet&Dry
[35], simulating unsheltered and sheltered exposure of outdoor monuments, respectively. The ageing systems

were detailed in paragraph 3.3 (Accelerated ageing methods).

Traditional black patina was applied on the Cu-Si-Mn alloy coupons by the torch technique [116,117]. The
patination process was performed by the Livartis Foundry d.o.o, Slovenia (www.livartis.si/en) according to
the good practice typical of artistic foundries. Before patination, coupons were mechanically polished
applying sandblasting directly on the as-cast surface. The bronze surface was then preheated with a torch up to
50-60°C. Then an aqueous solution of potassium sulphide (3.0 wt% K,S) was applied with a brush until a
black colour appeared. Heating and application cycles were repeated until the typical black colour was fully

developed and then the metal was allowed to dry and was rinsed with tap water. The free surface of K,S-
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patinated Cu-Si-Mn was analysed by Glow Discharge-Optical Emission Spectroscopy (GD-OES) and the
concentration profiles were measured after gentle rising with ethanol, so as to remove surface contamination.
GD-OES analysis was carried out with a Grimm-style glow discharge lamp in DC mode, as detailed in [118].
With a relatively high current density of 50 to 500 mA/cm® the penetration rate in a Grimm-type GD is
typically in the range of 1 to 10 pm/min. The result is a crater with a nearly flat bottom. Thus, by recording
the optical emission signals as a function of sputtering time, an elemental depth profile is obtained. In
addition, the spectrometer must be able to sample the emission spectrum at a rate of at least 100 times per s

and a so-called multi-channel spectrometer is the most commonly used [119].

3.2. Coatings

Coatings were applied to patinated bronze substrates by spraying or brushing technique in order to simulate
the realistic coating application during restoration procedures. The selected coatings were developed in two
different laboratories. In particular, silane coatings were developed at the University of Ferrara (I-UniFE,
Italy) under the responsibility of the investigators Dr. Andrea Balbo and Prof. Cecilia Monticelli.
Fluoropolymer coatings were developed at the Slovenian National Building and Civil Engineering Institute
(S-ZAG, Slovenia) under the responsibility of Luka Skrlep and Dr. Erika Svara Fabjan. The detailed
presentation of coatings preparation applied in B-IMPACT project is reported in [120]. In the following
paragraphs information about application procedures on the two patinated bronze substrates related to the
selected coatings reported in Table 3.1 are detailed. In addition, Table 3.1 reports a schematization of the

coating molecules as well as the application methods used for each type of coating.

Table 3.1: Type of coatings applied on the two different patinated substrates. Application methods are also specified for
each coating type.

Application
Substrates Coatings Acronyms Molecules

methods
Incralac” Incralac® Commercial reference Spraying

PropS-SH TC“-*

Si——OCH;
. 3-mercapto-propyl- HS/\/_ |

Patinated OCH;

trimethoxy-silane with PropS-SH+ + ‘
Cu-Sn-Zn-Pb Spraying

B-cyclodextrin with B-CD+MPT

mercapto-phenyl-tetrazole

BCD + MPT
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PropS-SH QCHs
/\/—&—OCH;,
Hs |
OCHj
3-mercapto-propyl- +
: : : Fly ash (FA): :
- -SH+
trimethoxy-silane with fly =~ PropS-SH+FA smorphous slumino-sllicates Spraying
ash
FA MS
FluoroAcrylate- > i
Methacryloxy-propyl- FA-MS + Brushing
trimethoxy-silane 1f
Incralac® Incralac® Commercial reference Spraying
Patinated PropS-SH (|)CH 3

3-mercapto-propyl-

) Si——0CH; Sprayin
trimethoxy-silane PropS-SH HS/\/_ | P

OCH;,

Cu-Si-Mn

3.2.1. Commercial reference: Incralac®

Incralac” was purchased from Bresciani s.r.l. (www.brescianisrl.it) and was applied on both the patinated
substrates. It was considered as a commercial reference, due to the fact that it is one of the most used
protective coatings currently applied in restorations practices. It was used as a 3 % solution in ethyl acetate
solvent and applied by spraying. This application method produces a final specific weight of 5.6 g m™ on

average.

3.2.2. Organosilane coatings

3-mercapto-propyl-trimethoxy-silane (PropS-SH, purity 95%, Aldrich) was dissolved in a hydroalcoholic
solution (90/5/5 v/v ethanol/water/PropS-SH), acidified to pH 4 by addition of some drops of diluted
sulphuric acid solution. After 24 hours hydrolysis at room temperature, the solution was used for coating

preparation.

In order to improve the performances of PropS-SH, different additives were added in the coating solution
prior to application. In particular fly ash (FA) was used as microparticles in a concentration of 250 ppm. Fly
ashes, a waste product of thermal power plants, are amorphous aluminosilicates. The composition of the main

oxides of the fly ash used for this study is the following: SiO, 51.8 wt%, Al,O; 27.8 wt%, Fe,05 6.2 wt%,
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CaO 4.6 wt%, SO; 0.7 wt%, K,O 2.5 wt%, Na,O 0.6 wt%, TiO, 1.4 wt% and MnO 0.06 wt%. The
microstructure of fly ash is characterised by spherical particles with a particle dimension lower than 30 um. In
addition, a corrosion inhibitor complex made of B-cyclodextrin with mercapto-phenyl-tetrazole (3-CD+MPT)

was also added to plain PropS-SH in a range of concentration between 0.5 and 1 mM.

So plain PropS-SH coating was applied on K,S-patinated Cu-Si-Mn, while PropS-SH with fly ash (FA) as
additives, as well as B-cyclodextrin with mercapto-phenyl-tetrazole (B-CD+MPT) added to PropS-SH were
applied on patinated Cu-Sn-Zn-Pb. In order to be more consistent with the practices adopted by restorers,
spraying was used as application method for all the silane coatings, which permitted to produce coatings with
a constant specific weight of 6+1 g m™ (similar to that achieved for Incralac®). All coatings were cured at

50°C for 24 hours, before exposure to the aggressive environments.

Finally, in order to investigate the interaction between PropS-SH and bronze substrate as well as the role of
the alloying elements (the results are discussed in paragraph 4.2), PropS-SH was applied on pure copper (Cu)
and tin (Sn) metals (purity higher than 99.99 wt%), as well as a binary bronze alloy with 8 wt% Sn (Cu8Sn)
and the quinary bronze (Cu-Sn-Zn-Pb-Sb) in both bare and patinated conditions. The composition of quinary
bronze is: 91.9 Cu, 2.4 Sn, 1.0 Pb, 2.9 Zn and 0.8 Sb (wt%). It has a typical dendritic as-cast microstructure
with cored a-solid solution (i.e. local enrichment of Sn and Sb elements in the interdendritic spaces) also
including non-miscible lead globules as detailed in [55,57]. Shrinkage due to cooling during the casting

process was also observed, inducing the formation of micro-cavities.

Moreover, in order to investigate coating properties in the absence of interactions with bronze elements, also a
non-metallic, ceramic substrate (zirconium nitride, ZrN) was prepared. In this case, before coating application,
the surfaces of bare samples were prepared by emery papers, then polished by using diamond spray with
decreasing particle size (down to 1 um), washed with deionized water and degreased with acetone. Instead,
the rough artificially patinated surface (quinary bronze) was silane coated without any surface preparation. In
order to prepare thin coatings suitable for XPS analysis of coating/metal interfaces, bare samples of Cu, Sn,
Cu8Sn and quinary bronze were immersed (“dip-coated”) for short times (150 s) in hydrolysed silane solution

(90/5/5 v/v ethanol/water/PropS-SH) at pH= 4, followed by fast withdrawal (Table 3.2).

Table 3.2: Samples on which XPS measurements were carried out: summary of sample acronyms and coating
application conditions [121].

Sample name Substrate Coating Application mode

ZrN Zirconium nitride PropS-SH (thick layer) Dip-coating (1h immersion in silane sol.)
Cu Pure copper PropS-SH Dip-coating (fast immersion in silane sol.)
Sn Pure tin PropS-SH Dip-coating (fast immersion in silane sol.)
Cu8Sn Binary bronze (8wt% Sn) PropS-SH Dip-coating (fast immersion in silane sol.)
Q Quinary bronze PropS-SH Dip-coating (fast immersion in silane sol.)
Q_PAT Patinated quinary bronze PropS-SH Dip-coating (1h immersion in silane sol.)
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Then, the samples were washed by ethanol to eliminate physisorbed silane molecules. The obtained coatings
were few nanometers thick as evaluated by weight gain measurements, assuming a density value of 1.1 g.cm™
for PropS-SH. By prolonging to 1 hour the immersion time in hydrolysed silane solution, thicker coatings on
ZrN were prepared (Table 3.2). 1 h dip-coating is often adopted for PropS-SH to protect efficiently bronzes
from corrosion [54—57]. Therefore on patinated quinary bronze, these thicker coatings were also applied to
analyse their cross-sections stratigraphy and for surface XPS and HR-SRPES investigations. All the coated

samples were cured at room temperature for at least 10 days before analyses.

3.2.3. Fluoropolymer coatings

A copolymer of fluoroacrylate (FA) blended with methacryloxy-propyl-trimethoxy-silane (MS), used to
improve the adhesion of the coating, was applied on patinated Cu-Sn-Zn-Pb substrate by brushing. FA
copolymer was prepared from Remmers Funcosil AG available on the market that was dried and then
dissolved in N-butyl acetate to obtain a solution of 10 wt% FA. MS was synthesised in acetone to obtain a
solution of 20 wt% MS in diethyl succinate. The final FA-MS solution was prepared mixing 5 wt% of FA and

10 wt% of MS in solvent mixture solution (50 wt% n-butyl acetate and 50 wt% diethyl succinate).

3.3. Accelerated ageing methods

Accelerated ageing was applied on different substrates during the whole study. In particular, in order to
prepare representative bronze surfaces for coating application, both Dropping and Wet&Dry ageing tests were
used, simulating unsheltered and sheltered areas typical of outdoor exposure, respectively. Only for this step,
Dropping device was implemented in order to simultaneously age several samples in the same experimental
conditions. Secondly, the coated samples were aged by Dropping to assess the protectiveness of the applied

coatings. Table 3.3 reports detail information about the ageing methods applied on the different samples.

Table 3.3: Purpose of the application of the different ageing device on the different samples. Amount and dimensions of
the aged samples are also reported.

Purpose Ageing methods Number of samples ~ Samples dimension

Scaled-up Dropping 52 50x25 mm
Patination of Cu-Sn-Zn-Pb bronze
Wet&Dry 6 50x50 mm

Ageing of coated samples

On patinated Cu-Sn-Zn-Pb: At least 2 samples

— Uncoated samples

® Dropping for each uncoated 25x25 mm
- Incralac
- PropS-SH+B-CD+MPT substrate/coating
- PropS-SH+FA
- FA-MS
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On K,S-patinated Cu-Si-Mn:

— Uncoated samples
- Incralac®
- PropS-SH

3.3.1. Artificial acid rain solution

The acid rain solution (AR) was prepared according to natural acid rain collected in winter months in a
monitoring atmospheric station in Bologna. The chemical composition of the artificial rain used in the ageing
process is SO, 1.90 mg L', CI' 1.27 mg L', NO; 4.62 mg L™, CH;COO™ 0.23 mg L™, HCOO 0.05 mg L™,
NH," 1.05mg L™, Ca®* 0.34 mg L™, Na" 0.53 mg L' and the measured pH is 4.35 [61]. The same synthetic

rain solution was used during all the ageing for the whole study.

3.3.2. Dropping and Wet&Dry test for artificial ageing

The Dropping test, reported in Figure 3.3 simulating exposure to runoff conditions was used to age the
different coated samples in order to assess the protectiveness of the applied coatings [26,34,57,61]. In order to
expose only the coated surface of all the samples, epoxy resin was used for protecting the other faces of the
samples. The cycles consisted of periods when the artificial acid rain solution is dropped onto the samples and
periods when the samples are allowed to dry. In particular, two weekly cycles of 3 days of Dropping / 1 days
of dry and 2 days of Dropping / 1 day of wet were performed up to a total Time of Wetness (ToW) of 10 days

for each sample.

Figure 3.3: Dropping device with a detailed view (on the right) during the Dropping of synthetic acid rain on a sample.
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Within the installation designed for the ageing test six samples were placed at a 45° angle on plastic supports.
A peristaltic pump dropped artificial acid rain solution on the samples by means of capillary tubes with an
almost constant dropped volume of 60 ml/h on each sample. Mass measurements were carried out using a
digital balance KERN AGB210 4 with repeatability of + 0.1 mg. The mass variation was calculated by the
difference between the initial weight of the sample and the weight of the corroded samples at different ageing

times during weathering.

The Wet&Dry test (Figure 3.4), simulating exposure to stagnant conditions, was used both to patinated Cu-
Sn-Zn-Pb. The test was organised in alternate immersion cycles: one hour-cycles composed of wetness period
of 20 min and dry period of 40 min were performed, as detailed in [35,122,123]. Considering 20 min for the
sample to get dry, Time of Wetness (TOW) of 40 min is assumed to correspond to an hourly cycle and so in
this experiment the total TOW for Wet&Dry test was of 87 days. In addition, pH of the synthetic solutions

was periodically measured. The weathering solution, 350 mL per cell (pH of 4.35), was renewed twice a week

when the pH becomes neutral.

Figure 3.4: Wet&Dry device with a detailed view (on the right) of a cell during wet and dry cycle.

3.3.3. Implementation of Dropping device for patination

For patination of Cu-Sn-Zn-Pb, the Dropping test was specifically adapted to produce a large set of corroded
samples. This test device has been improved from the one previously used, described in paragraph 3.3.2
(Dropping and Wet&Dry for artificial ageing): similarly to the set up used in [61] the largest aged areas have
been provided by splitting the rain flux Dropping on each sample into four drops and a higher number of
samples could be obtained at the same time. However, at this stage this implemented system is not suitable for
the assessment of the protectiveness of coatings, as it is not possible to collect the ageing solutions of each
sample due to the fact that one drain system was designed for the entire Dropping device. Figure 3.5 shows a
schematic of the unit in which two water pumps for each line distributed the weathering solution on the

bronze coupons. So, two Dropping units were applied and 52 bronze samples were aged in the same batch.
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Artificial rain was guttered in four drops over the samples, inclined at 45°, with an average drop height of 3.5
cm and an average Dropping rate per sample of 270 cm’/h; 12 h of Dropping was continuously alternated with
12 h of dry phase until a total ToW of 37 days was completed. Considering the annual average rain in
Bologna (800 mm) and the size of the samples (50x25mm), the volume of solution used corresponds to about
300 years of rain in Bologna. In order to ensure a constant Dropping rate for each sample, a rotation of 180°

for each sample during the Dropping test was made every day.

(a)

Dropping unit x 2

Water
pumps

OUTPUT /
leached
solution

INPUT / fresh artificial rain

oo o0

Figure 3.5: (a) Schematic mode of the implemented Dropping test device; (b) general view of the Dropping system and
(c) detail showing the bronze samples placed at 45° during the ageing [124].

The implementation was carried out starting from an existing Dropping system used for the artificial ageing of
marble in order to assess the resistance of inorganic protective coatings to simulated rain, as reported in [125].
Compared to this apparatus that consists in two lines of nozzles, other two lines were designed and each
nozzle was split in order to have two drops for each nozzle. In addition an automatic drain system collecting

the weathering solutions were added in order to facilitate the ageing procedures.

3.4. Inhibiting efficiency in terms of metal release in the ageing solutions

The runoff solution dropped on each sample was separately collected in canisters and volume and pH of the
collected solutions were measured. An amount of each solution was stored in HDPE bottle in order to analyse

the metallic ions release. These solutions were acidified with HNO; 65% suprapur, in order to prevent
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absorption of metals on the interior of the bottles and dissolve any metal complexes present, and stored at 4
°C. The concentration of alloying elements (Cu, Zn and Pb for Cu-Sn-Zn-Pb bronze and Cu, Si and Mn for
Cu-Si-Mn bronze) cations in the weathering solutions was analysed through Atomic Absorption Spectrometer
(AAS) Perkin-Elmer AAnalyst 400, provided with Flame Atomization and Perkin-Elmer PinAAcle 900Z,
provided with Transversely Heated and longitudinal Zeeman background correction, reaching a Limit of
Detection equal to 0.3 ug/L for Cu, 1.0 ug/L for Zn, 0.6 ug/L for Pb and to 0.2 ug/L for Mn. Si concentration
was measured by Microwave Plasma-Atomic Emission Spectrometer (MP-AES) Agilent 4210 with a Limit of
Detection of 18 ppb. The protective efficiency of the tested coatings was quantified through the metal release
in the ageing solutions. In particular, the Inhibiting Efficiency in terms of metal release (hy) was calculated

using Equation 3.1:

M -M
Ny = ( sol,]‘I\/IIC sol,C) %100 (3'1)
sol,LNC

where My, is the amount of metal in the ageing solution (Cu, Mn or Si concentrations in pug cm'z); NC is the

uncoated sample and C is the coated sample as reported in [123].

3.5. Surface and cross-section characterisations of the aged samples

Several analytical techniques were adopted in order to characterise the patinated substrates, as well as the
coated systems after ageing. A clear vision of which characterisation was carried out on which samples is

reported in Table 3.4.

Table 3.4: Analytic techniques used for the characterisation of patinated samples, as well as coated systems after
Dropping.

Samples Colorimetry - On FIB - xgp  WRaman g
surfaces  cross-section spectroscopy
Cu-Sn-Zn-Pb
Patinated by Dropping v v v v v v
Patinated by Wet&Dry - v v v v v
Coated samples
Incralac® v v - - - v
PropS-SH + B-CD+MPT v v - - - v
PropS-SH + FA v v - - - v
FA-MS v v - - - v
Coated samples after Dropping
Incralac® v v v - - v
PropS-SH + B-CD+MPT v v v - - v
PropS-SH + FA v v v - - v
FA-MS v v v - - v
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Cu-Si-Mn

Black patinated v v v v v v
Coated samples

Incralac® v v - - - v
PropS-SH v v - - - v
Coated samples after Dropping

Incralac® v v v - - v
PropS-SH v v v - - v

3.5.1. Colorimetry

Patinated uncoated and coated samples were characterized before and after Dropping by visual observation
and by measurement of the colour coordinates in the CIELab colour space on the uncovered surface of the
samples at three different areas. These measurements were carried out by using a Datacolor D400
spectrophotometer with a D65 illuminant, a 10° observer, a measure area of & 6.6 mm and specular
component excluded. In the CIELab space, each colour is defined by three coordinates: L*, corresponding to
lightness, ranges from 0 (black) to 100 (white), a* and b* corresponding to the chromatic coordinates, have
not specific numerical limits (+a* is red, -a* green, +b* yellow, -b* blue). Total colour change (AE*) is

calculated through Equation 3.2:

AE* = \J(AL)? + (Aa*)? + (Ab*)? (3.2)

For each sample, AE* was calculated by averaging the AE* of the three measured areas.

In general, AE* values lower than 3 can be assumed as not appreciable and, in the field of Cultural Heritage
AE* in the range between 3 and 5 are considered acceptable, while AE* > 5 are considered clearly perceivable

[126].

3.5.2. Scanning electron microscopy (SEM)

Surface observation was carried by Scanning electron Microscope using the apparatus FEI Helios NanoLab

6001 prior to perform in situ-cross-sections.

Cross-sections of patinated bronze samples, as well as coated samples after Dropping, were investigated after
applying the Focused Ion Beam (FIB) apparatus (FEI Helios NanoLab 600i). The FIB uses Ga' ions to
remove material with a very high spatial precision. Ga' ions are emitted as a result of field ionization and
post-ionization and then accelerated down the FIB column. The use of Ga' is advantageous as it has a low

melting point, exists in the liquid state near room temperature and it can be focused to a very fine probe size
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(< 10 nm). When a Ga' ion is accelerated to the target sample, it enters the sample and allows the ejection of
sputtered particles (which may be an ion or a neutral atom). In addition, this sputtering process induces the
implantation of Ga” ions into the sample [127]. In this way, cross-sections can be made at a specific location
after surface observation and representative sampling area. For this operation, the sample is positioned in the

SEM chamber, tilted at 52°, and a platinum (Pt) layer of 2-um thickness is first laid down for surface

protection, as reported in Figure 3.6. FIB milling is then applied to etch the sample.

Electron beam

Figure 3.6: Picture inside the microscope chamber showing the geometry during FIB milling.

In particular, representative portions of each sample were selected in order to prepare FIB cross-section shown
the main and most representative features. For example, corroded dendrites surrounded by a eutectoid were
selected as typical areas of interest for the FIB cross-sections of patinated Cu-Sn-Zn-Pb bronze. The FEG-
SEM imaging, X-ray maps and line-scans (Aztec Oxford system with SSD detector, WD 4mm) were
performed using different applied energies of electrons (10 KeV) in order to detect all possible elements.
Under these conditions, the X-ray emission depth for the O Ka (0.53 keV), Cu La, (0.93 keV) and Zn L a.,
(1.01 keV) lines is roughly of the order of 100 nm, while it is at least twice as much for Sn L a, (3.44 keV).
Thus, the X-ray intensity values of the X-ray maps and the line-scans obtained for these elements are related

to different analysed volumes.

3.5.3. X-ray diffraction (XRD)

X-ray diffraction (XRD) makes use of coherent scattering of x-rays by atomic electron clouds and the
constructive interference that occurs between x-rays scattered by regularly placed series of atoms [128]. One
of the light-material interactions in the case of x-rays is the elastic scattering or Rayleigh diffusion. In that

case, no energy is lost in the process and the wavelength (energy) of the scattered radiation remains
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unchanged. Regular arrays of atoms in a crystal lattice interact elastically with radiation of sufficiently short
wavelengths. Due to the order of the atoms, the interference of the scattered x-rays is constructive in some
directions and destructive in others. These interactions yield a diffraction spectrum in which the peaks’ angles
and intensities are sensitive functions of the crystal structure. Bragg’s law (Equation 3.3) states that the

interferences are constructive if [129]:
niA = 2dsinf (3.3)

wher d is the distance between two layers of atoms, 4 is the angle between the incident beam and the layer, n

is the diffraction integer order and 4 is the wave lengths, as defined in Figure 3.7.

Incident .
. Interferences

beam .

-

Diffracted‘ S .
beam

-

Ay

Figure 3.7: Bragg'’s setup for reflections from uniformly spaced layers [129].

X-ray Diffraction (XRD) was performed using a DRX D8 Advance (Bruker) apparatus (Cu-Ka, A= 0.15418
nm) with a fast detector (LynxEye). The samples were analysed in grazing-incidence mode (GXRD) to better
analyse the thin corrosion layer (incident angle fixed at 1°, pattern acquisition from 10° to 80°, 26, step of

0.03° and step time of 24 s) on a surface area of ~0.5 cm?.

3.5.4. p-Raman Spectroscopy

Raman spectroscopy is nowadays one of the most used non-invasive techniques in the field of Cultural
Heritage to obtain the molecular and mineralogical composition of samples [130]. The working principle is
based on the “Raman effect”. In particular, the resonance Raman effect consists in the excitation of a
molecule by using radiation characterized by a frequency belonging to one of its absorption bands.
Fluorescence may also disclose vibrational states of a molecule in its electronic ground state. Molecules which
are irradiated with light quanta whose energy is sufficiently high to allow transitions of valence electrons to

excited states, may return to the ground state by emitting light quanta of lower energy. Such fluorescence
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spectra may show sub-bands arising from a transition of the electronic excited state to different vibrational

states of the electronic ground state [131].

pu-Raman spectroscopy was performed in order to determine the composition of the surface species at the
micro-level, in addition to the X-ray diffraction performed on a larger surface scale. Measurements were
carried out on the artificially aged Cu-Sn-Zn-Pb bronze surfaces with a Horiba Jobin Yvon LabRAM HR 800
apparatus (grading resolution of 600 lines/mm, excitation wavelength 532.0 nm (Ar diode), with an Olympus
objective x100 (NO 0.9) allowing a theoretical lateral resolution of 0.7 um at a maximum depth of 2.61 um).
The alignment was calibrated for the first order of a pure Si crystal (520.7+1 cm™). The scan number and the
accumulation time (usually 60 s) were adapted according to the intrinsic signal intensity (specifically here, 30
s x 3 acquisition, at an energy < 5 mW). The acquisition and treatments of the spectra were performed with

LabSpec software.

3.5.5. Conventional X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) involves the irradiation of a sample with x-rays. The absorption of a
high-energy x-ray photon causes the ionization of an electronic level. The use of an x-ray source, usually Al
Ka or Mg Ka, permits the ejection of electrons from all electronics levels, especially core levels (within the
energy range of the x-ray beam). The Al Ka and the Mg Ka radiations with energies hv = 1486.6 and 1253.6
eV have a line width of 1.0 and 0.8 eV, respectively. This line width restricts in many cases the spectral
resolution. It can be improved by an x-ray monochromator to 0.5 eV or less with a strong loss of the intensity
of the exciting beam. This loss can be compensated for modern spectrometers by the use of magnetic lenses

and of more sensitive detectors [119].

The electron is ejected from its level by absorption of an x-ray photon to the vacuum with the kinetic energy
Eyins and Ey;,, 4 with respect to the sample and the analyzer. These different values are a direct consequence of
the difference of the work functions e®s and e®, of the specimen and the analyzer, which causes a contact
potential difference and thus two different vacuum levels. Equation 3.4 describes the energy balance for the
photoelectrons, showing that with a known energy hv of the radiation source the measured kinetic energy
Eyin 4 and the work function e®,, Ez may be calculated. Usually the constant work function of the analyzer is

calibrated by measurements of well-characterized standards and then compensated internally:

hv = EB + Ekin,A + eCDA (34)

The energy spectrum of the ejected electrons is characteristic for the element involved in the process [119].
So, XPS is an essential method to study the chemical composition of surfaces by qualitative and quantitative

analysis. Most materials are not affected by x-rays and they may be examined with no change of the
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composition of their surfaces, as well as the conservation of the oxidation state of the specimen, if an
appropriate sample preparation is performed. In addition, the chemical shift measured by XPS signal provides
detailed information on the distribution of the chemical composition, including their oxidation state and the

chemical binding of the species.

XPS analyses were carried out by using a monochromatised Al Ko (hv = 1486.7 eV) source on a
ThermoScientific K-Alpha system. The X-ray spot size was about 400 pm. The pass energy was fixed at 130
eV with a step of 1 eV for surveys and 40 eV with a step of 0.1 eV for core levels. Ionic Ar" sputtering of the
surfaces was applied using an Ar’ ion beam acceleration of 200 eV and a low current for 30s, in order to clean
the top surface of the examined specimen from pollutants and contaminations. The analysed core levels were
calibrated against C Is binding energy (conventionally BE=284.6+0.1 eV). XPS data were fitted by using
Thermo Scientific™ Avantage Software and the background signal was removed by using Shirley method.

Flood gun was also applied for avoiding charge effects.

3.5.6. Synchrotron radiation-High resolution Photoelectron Spectroscopy (SR-HRPES)

A synchrotron is a large electron-magnetic instrument used to increase the speed of elementary particles to
high energy. In the case of SOLEIL Synchrotron these particles are electrons. Figure 3.8 reports a simplified
schematic of a synchrotron to explain its working principle. First, the electrons are emitted from an electron
gun in a 16 m LINear ACcelerator (the LINAC) to reach an energy level of 100 MeV. They are transmitted in
a second (circular) accelerator, the booster. This brings the electrons to the functional energy of SOLEIL, 2.75

GeV.

Booster Storage ring

Optical hutch
Experimental hutch : e
~ Beam lines
Working station

Synchrotron
Radiation

Figure 3.8: Scheme of the SOLEIL Synchrotron configuration with a beamline disposition [132].
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From there, they are injected in the storage ring (diameter 113 m), where they turn for hours. Different
elements exist on the ring: the dipoles (bending magnets), the undulators and the wigglers (succession of
alternating magnets) are used to control the trajectory of the electrons or make them oscillate. When changes
in this trajectory occur, the electrons lose energy in the form of light. This light is the synchrotron radiation.
Other elements present on the ring are the radio-frequency cavities. They compensate the electron energy loss
when emitting the synchrotron radiation. This radiation is selected and directed by optic systems (in the radio-
protected area and the optical hutch) towards the experimental hutch. Completed by the working station, this

is what is called a beamline. Laboratory facilities and sample preparation rooms support the beamlines [132].

Bare and patinated quinary bronze samples carrying PropS-SH coatings were also investigated by High
Resolution Photoelectron Spectroscopy using Synchrotron Radiation (HR-SRPES) with excitation energy of
700 eV, as already detailed in [118]. A schematic representation of the basic components of Antares beamline

is shown in Figure 3.9.

le Resolved photo Emission Spectroscopy Beamline

Pre-focusing Mirrors Exit Slit Double PseudoWolter Zone plate Electron analyser
Refocusing Mirrors

VLSVGP Plane G
Monochromator Wz

Pinhole

Order Sorting

Aperture (0SA)
x-y-z translator

Figure 3.9: Schematic representation of the basic components of the Antares beamline [133].

The main difference of the ANTARES microscope from other conventional ARPES instruments is that the
specimens can be mounted on a high-precision plate that ensures their nanoscale positioning in the x, y and z
directions [118,133,134]. The pass energy was fixed at 100 eV with a step at 0.05 eV for core levels.
Investigated core levels were limited to a few localised spots, due to the available synchrotron beamtime,

which was mostly used for time-consuming high-resolution photoelectron spectroscopy (HR-SRPES) maps. A
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surface cleaning using He ion bombardment was applied prior XPS measurements. Imaging of the free coated
surface was carried out using the R4000 Scienta hemispherical analyser with a set of Fresnel Zone Plates

(FZP), able to focalise the beam spot up to a few tenths of nanometres in spatial resolution [133,134].

HR-SRPES experiments were conducted in the ANTARES beamline at the SOLEIL synchrotron. HR-SRPES

chemical imaging maps were recorded on the same surface areas where EDS maps were subsequently

collected.

3.6. Other analytical techniques to assess coatings performance in the B-IMPACT project

3.6.1. Electrochemical evaluation

Electrochemical tests were performed by [-UniFE (Italy) and S-ZAG (Slovenia) in accordance to a shared
procedure detailed in [135]. The electrochemical tests were performed in a tenfold concentrated synthetic acid
rain solution (ARx10, pH 3.30), to achieve accelerated corrosion conditions. The electrochemical cell
consisted in a poly-methyl-methacrylate tube with internal diameter of 20 mm and height 80 mm which was

glued onto 50 mm x 50 mm x 5 mm uncoated or coated K,S- or Dropping-patinated bronze coupons by an

epoxy adhesive (Figure 3.10).

Concentrated acid rain —__

S0mm

Epoxy

Figure 3.10: Electrochemical cell adopted to assess coatings protectiveness [135,136].
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In this tube, filled by ARX10, a Pt wire and a saturated calomel electrode (SCE) were introduced to act as
counter and reference electrodes respectively, while the bronze specimen underneath was the working
electrode for electrochemical measurements. With the aim to limit the effects of water evaporation
(concentration of aggressive species and pH changes in ARX10), the solution was renewed after 1, 2 and 3
weeks (168, 336 and 504 h), just after the scheduled electrochemical measurements. The tests were performed

by a PAR/ AMETEK PARSTAT2273 Potentiostat/Galvanostat.

The evolution of the bronze corrosion process was monitored over 30 days of exposure by electrochemical
impedance spectroscopy (EIS), under the following experimental conditions: =10 mV rms alternating
potential signal, 100 kHz—1 mHz frequency range and 10 frequencies/decade. Polarization resistance (R,)
values were measured from the spectra in Nyquist form, by circle fitting the low frequency arc. In particular,
R, corresponded to the low frequency intercept of the circle with the real axis, after subtraction of the solution
resistance (Rs) value. The tests were performed in triplicate and the time evolution of average R, and

corrosion potential (E,,) values were obtained.

IR-compensated polarization curves were collected after 1 h, 24 h and 30 days of immersion. Separate anodic
and cathodic potential scans, always starting from E.,, were carried out at a rate of 0.1667 mV/s™'. These tests
were performed in triplicate and representative curves were discussed. The corrosion protection efficiency,

PE, was calculated according to Equation 3.5:

-
PE = £2% _€" 4 100 (3.5)

lcoro

where i and i., are the corrosion current densities obtained by the Tafel method from the polarization
curves, recorded on uncoated and coated bronze electrodes, respectively. All the potentials quoted in the text

are related to the SCE reference electrode.

3.6.2. Potential toxicity of coatings: determination of the Exposure Limit (EL)

The detailed description of the procedure used by ECAM (Italy) for the determination of the exposure limit
(EL) is reported in [137].

Simulation of coating application and Volatile Organic Compounds (VOCs) sampling and analysis

The selected coatings were applied by brushing on 700x700 mm glass plates (about 0.5 m?) on both the
surfaces. Applied coatings lasted 1 h for an average applied volume of 500 mL. These tests were performed in

triplicate.
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Active, pumped sampling was performed to sample VOCs released from the coatings during application on
glass plate. In accordance with UNI EN 16017-1:2002, sampling device (Gilian AirPlus RECOM) was
positioned at the level of the operator collar bone and air was collected for 1 h with a flow rate of 0.5 L/min,
for a total volume of 30 L of air. VOCs were collected in the charcoal desorption tubes, stored at -20 °C at the
end of the sampling. Then they were extracted with carbon disulphide (CS;) and analyzed by the gas
chromatography-flame ionization detector (GC-FID) Thermo Trace 1300 with autosampler, DB-WAX 60 mm
x 0.32 mm and 0.50 pm column. A characteristic chromatogram, with calibrated and uncalibrated peaks, was
obtained for each coating. The amount of specific VOC (ethanol, toluene, xylene, etc.), corresponding to
calibrated peaks, were directly calculated while uncalibrated peaks (other VOCs) were considered as n-hexane

and pooled together.

Occupational exposure test: potential toxicity in terms of Exposure Limit

Threshold limit value (TLV) of a chemical substance is the level to which it is believed a worker can be
exposed day after day for a working lifetime without adverse effects. Considering the application of coating
formulations to bronze work-of-art during the standard workday (8 h), Time-Weighted Average TWA was
applied. TLV-TWA is an airborne concentration of a gas or particle to which most workers can be exposed on
a daily basis for a working lifetime without adverse effect (assuming an average exposure on the basis of a
8h/day, 40h/week work schedule). TLV-TWA is specific for each analyzed substance (ethanol, methanol, etc.)

and their values are calculated according to Equation 3.6:

ticq +tycy + -+ tig (3.6)

TLV —TWA =
8h

where t; is the duration and c; is the concentration during the i™ interval. However, for complex mixture of
chemicals, such as the tested coatings, it is necessary to consider the simultaneous exposure to multiple

chemicals. To determine mixture (coating solution) exposure limits (EL), Equation 3.7 was applied:

C1 Cz Cn (37)
EL = t——t -t
TVL, TVL, TVL,

where C, is the 8§ h-measure Time-Weighted Average (TWA) concentration of compound n and TVL, is the
TLV for compound n. C, values were calculated by normalizing the compound n concentration obtained
during 1 h application simulation for a 8 h application. To be compliant, the EL of a mixture must be < 1 to be

considered not hazardous for the operator.
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CHAPTER 4 REPORTS THE
CHARACTERISATION OF PATINATED
SURFACES AND THE ASSESSMENT OF THE
PROTECTIVENESS OF THE  SELECTED
PROTECTIVE COATINGS APPLIED ON
PATINATED Cu-Sn-Zn-Pb.

THE AIM OF CHAPTER 5 IS TO PRESENT THE
RESULTS ABOUT THE INTERACTION BETWEEN
A SILANE COATING AND THE BRONZE
SUBSTRATE.

CHAPTER 6 REPORTS THE ASSESSMENT OF
THE PROTECTIVENESS OF THE SELECTED
PROTECTIVE COATINGS APPLIED ON BLACK-
PATINATED Cu-Si-Mn.

This section is based on the results of the following published articles:

G. Masi, J. Esvan, C. Josse, C. Chiavari, E. Bernardi, C. Martini, M.C. Bignozzi, N. Gartner, T.
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conditions, Materials Chemistry and Physics 200 (2017) 308-321.

G. Masi, A. Balbo, J. Esvan, C. Monticelli, J. Avila, L. Robbiola, E. Bernardi, M.C. Bignozzi, M.C.
Asensio, C. Martini, C. Chiavari, X-ray Photoelectron Spectroscopy as a tool to investigate silane-
based coatings for the protection of outdoor bronze: the role of alloying elements, Applied Surface
Science 433 (2018) 468-479.

G. Masi, C. Josse, J. Esvan, C. Chiavari, E. Bernardi, C. Martini, M. C. Bignozzi, C. Monticelli, F.
Zanotto, A. Balbo, E. Svara Fabjan, T. Kosec, L. Robbiola, Evaluation of the protectiveness of an
organosilane coating on patinated Cu-Si-Mn bronze for contemporary art, submitted to Corrosion

Science on the 22™ December 2017.
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4. PROTECTIVE COATINGS FOR HISTORICAL BRONZES (Cu-Sn-Zn-Pb)

4.1. Artificial patinas: unsheltered and sheltered outdoor exposure

4.1.1. Surface observation and elemental analysis

Optical observations of the bronze samples, artificially aged by Dropping and Wet&Dry tests, are reported in
Figure 4.1a and b, respectively. Artificial ageing highlighted the typical dendritic structure of the as-cast

bronze alloy.

Figure 4.1: Corroded surfaces obtained by Dropping (D) and by Wet&Dry (Wet&Dry): (c, d) Optical bright-field
observation and (e, f) 3-D digital microscopy topographic images of bronze samples after artificial corrosion by the
Dropping and Wet&Dry tests, respectively [124].

The corrosion attack is not uniform and more deeply affects the Cu-rich centre part of the dendrites: black for
Dropping (Figure 4.1a) and reddish for Wet&Dry (Figure 4.1b). The interdendritic areas with eutectoid,
corresponding to the bright gold surfaces, are less modified by the corrosion attack than the dendrite core.
However, the two ageing systems induced different surface morphologies, as revealed by the 3D digital
microscopy topographic images (Figure 4.1c and d). In particular, for Dropping (Figure 4.1c), due to the
runoff of acid rain, a slight erosion (~ 1 um) of the central part of the dendrite is revealed. For Wet&Dry
(Figure 4.1d), the presence of a deposit of corrosion compounds is found on the dendrites, inducing a slight

increase of the thickness (< 1 pm) and an increased roughness by comparison with the original surface.
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Detailed observations by SEM are shown in Figure 4.2. In both ageing tests (Figures 4.2a and d), the corroded
dendrites (in dark grey) are surrounded by the interdendritic region, which includes the eutectoid (in light
grey) but also black spots, which represent porosities due to solidification shrinkage during casting. It is
confirmed that the corrosion attack is heterogeneous: a-Cu solid solution with an initially lower Sn content is
more severely corroded, whereas the dendrite borders with a higher tin content and the (a+d) eutectoid (white
area) are not attacked by corrosion. This is confirmed from elemental characterisation carried out by EDS

coupled with SEM.

Corradeddendritm

Eutéctoid

Figure 4.2: SEM observation and X-ray maps of surfaces aged by Dropping (a-c) and Wet&Dry (d-f): (a) and (d) BSE
images, (b) and (e) Composite X-ray map image (O in green, Cu in magenta and Sn in blue); (c) Composite X-ray map
image (Cl in green and Cu in red); (f) Composite X-ray map image (S in red and Cl in green) [124].

The composite images relative to the X-ray emission of O K (red), Cu K (green) Sn L (blue) signals are
reported in Figures 4.2b and e for Dropping and Wet&Dry, respectively. The eutectoid (in light blue) and
dendrite borders (in blue-green) are poorly attacked (no or a very low O signal detected). In contrast, the
corroded dendrite areas can be observed by the high O and low Cu emissions, defining two main areas: purple
(blue + red) in the external part (high Sn emission) and yellow in the central part (low Sn emission). For both
ageing tests, this result highlights the substantial Cu dissolution relative to tin content in the alloy, according
to the preferential dissolution of Cu. However, a different behaviour within the corroded dendrites was
observed, depending on the exposure conditions. For Dropping, as shown in Figure 4.2c, Cl (in green) is
locally observed in very small amount in the centre of the dendrites. It is also related to a more important Cu
emission (in yellow in Figure 4.2b). For Wet&Dry, as shown in Figure 4.2f, both Cl and S are detected in

small amounts all over the corroded areas: Cl (in green) mainly in the centre of the dendrites, but also S (in
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red) more to the edge of the corroded dendritic parts. For Wet&Dry, this has to be related to the incorporation

of S- and Cl-containing compounds within the corrosion deposit, previously evidenced in Figure 4.2b.

Elemental quantification of the different surface regions of the dendrites was performed on the basis of EDS
analyses. The results are reported in at% in Table 4.1. Adjacent to the eutectoid, the dendrite borders exhibit a
comparable chemical composition between the two samples. Sn content is, as expected, close to the limit of
solubility of the a-Cu solid-solution atomic ratio (Cu/Sn ~ 12). However, oxygen is detected in a small

amount: the dendrite borders are weakly attacked and are covered by a thin corrosion layer.

Table 4.1: Chemical composition of quaternary bronze artificially patinated through Dropping and Wet&Dry (EDS —
Beam energy 15 kV). The reported results are an average obtained from different areas [124].

at% 0] S Cl Cu Zn Sn Pb Cu/Sn

Dendprite border close to eutectoid

Dropping 11+4 - - 80+4.0 2.6£0.2 6.6+0.3 0.1+0.1 12.1
Wet&Dry 14.7+0.5 - - 76.4+0.3 2.3+0.1 6.5+0.1 - 11.8

corroded dendrite : external part

Dropping 60+1 0.1£0.1 0.3+0.1 312 0.6+0.1 7.5+£0.7 0.2+0.1 4.1
Wet&Dry 54+3 0.8+0.1 0.7+0.1 37+3 0.4+0.1 7.1+0.1 0.7+0.1 52

corroded dendrite. central part

Dropping 48+3 0.240.1 - 4644 1.1£0.3 4.5+0.4 0.2+0.1 10
Wet&Dry 3945 0.6+0.1  1.0£0.3 5545 0.9+0.4 3.6+0.4 0.440.1 15.3

In the corroded parts of the dendrites, the main differences between all the areas, previously highlighted by X-
ray maps, are linked to the variation of the Cu content. For both the ageing methods, a trend in the chemical
composition is observed. It is confirmed that a small quantity of environmental elements (Cl and S) were

detected, but in larger amounts for Wet&Dry.

In particular, the differences between these corroded areas are mainly linked to Cu dissolution coupled to the
relative Sn enrichment. Interestingly (Table 4.1), the Cu/Sn ratio is markedly higher within the centre of the
corroded dendrites. This can be related to the deposition of the Cu species, but it can also be linked to the
initially low Sn concentration in the centre of the dendrites due to casting, as shown later. The results reported
in Table 4.1 also confirm that the aged surfaces obtained by the Dropping method exhibit lower Cu/Sn ratios
compared to the surface aged by Wet&Dry, in good agreement with previous results [12,13]. In fact, the
combined chemical and mechanical action induced by the Dropping method generated a higher Cu dissolution

rate and limited the growth of Cu deposits in comparison to the Wet&Dry procedure.

A low Zn content was observed in all the corroded areas due to its preferential dissolution in bronze, as
already reported [8,11]. For Pb, a significant amount was detected on the surfaces aged by Wet&Dry, whereas

only traces were detected in the dropped surface. In the case of Wet&Dry, the Sn/Pb atomic ratio is found to
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be almost constant at around 10 for all of the analysed areas. This is probably due to the tetravalent nature of
Pb, that spread all over the surface and easily formed compounds with environmental elements within the
corrosion layer [25]. Thus, these results confirm that the artificial ageing induced corrosion with surface
oxidation, forming a thin corrosion layer. This patinated structure will be assimilated to thin natural patina,
representative of its initial formation, according to their detailed composition and structure, as described

below.

4.1.2. Structural characterization

The X-ray diffraction patterns performed on large surface area (around 0.5 cm?) at low diffraction angles for
artificially patinated surfaces are shown in Figures 4.3a and b, respectively, for the Dropping and Wet&Dry
tests. In addition to the Cu solid solution, cuprous oxide (Cu,O) was also identified for both ageing tests.
Moreover, the surface aged by Wet&Dry (Figure 4.3b) also revealed posnjakite, a Cu hydrated
hydroxysulphate (Cus(OH)sSO4.H,0). This compound is a precursor of brochantite, which forms for longer
exposure times on Cu [25,138]. This behaviour confirms the difficulty of forming stable corrosion compounds

for the Dropping system due to the runoff regime at the surface.

(a) v v a-Cu solid solution D (b) ¥ a-Cu solid solution  \W&D
1 (PDF 01-071-7924) (PDF 01-071-7924)
1 Cu,0 I Cu,0

(PDF 01-071-3645)
Pb (PDF 03-065-2873)
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(#) Cu327,05Ng6 05
(PDF 00-030-0511)
Cu,(SO,)(OH)4(H,0)
(PDF 01-083-1410)
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Figure 4.3: Grazing-angle X-ray diffraction (GXRD) of the corroded surface by (a) Dropping and (b) Wet&Dry, Raman
spectroscopy performed on corroded dendrite of artificial quaternary bronze patinated surface by (c) Dropping (top
spectrum: metal-O stretching vibration / bottom spectrum: cuprous oxide) and by (d) Wet&Dry (top: posnjakite / bottom:
cuprous oxide) [124].
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The X-ray diffraction analyses performed on large surface areas were completed at a micrometric level by
applying Raman spectroscopy. Even though Raman spectroscopy is a very sensitive method for the
characterization of oxidized metallic surfaces, processing the spectra was rather difficult, mainly due to the
very low thickness and due to the poor crystallisation of the surface compounds. Typical spectra of the
identified compounds by Raman spectroscopy are reported in Figures 4.3c and d. The phase-composition

determination of the aged surfaces using the Dropping or Wet&Dry tests proved to be rather different.

For the Dropping tests, unlike for the Wet&Dry, Raman spectroscopy measurements gave poorly resolved
signals. Raman spectroscopy performed on different areas of the corroded surface confirmed the formation of
cuprous oxide (Figure 4.3c, bottom spectrum). In this spectrum a doublet at 293-343 cm™' was also observed.
It is difficult to ascribe, but it could correspond to the M-O stretching vibration, such as for CuO (305-350
cm™), and not expected here. The black spectrum in Figure 4.3¢ (top) exhibits intense, but very broad, peaks
at 531 and 600 cm’', characteristic of M-O stretching vibrations, probably indicating the presence of several
compounds mixed together, which could be related to Cu but also to Cu and/or Sn oxides [139—-142]. In this
spectrum, the peak at 218 cm™ indicates the presence of Cu,0, marked by a large band in the 1100-1230 cm
region. A characteristic Raman fingerprint is the 272-323 cm ™' doublet linked to the peaks in the 200-600 cm™
" region. These fingerprints do not exactly correspond to the pure cuprite (Cu,0), tenorite (CuO) and
chalcocite (Cu,S), but could be compatible with a mixture of these Cu-containing phases [142]. Furthermore,
the attribution of the strong ~ 530 cm™' peaks forming a broad structure associated with weak bands at ~ 750
and 777 cm ' (Figure 4.3c, top spectrum) does not correspond to the cassiterite fingerprint. This result could

be linked to a non-stoichiometric tin oxide, probably hydrated, which could correspond to the SnO, or

substituted Sn(M)O, oxide (where M is a bronze alloying element) but also hydroxyl tin oxide [139,141,142].

For the Wet&Dry tests, two compounds were punctually identified by Raman spectroscopy, fully confirming
the X-ray diffraction measurements: cuprous oxide and posnjakite. In Figure 4.3d, the spectrum of cuprous
oxide Cu,O (bottom spectrum in blue) exhibits the characteristic features of well-crystallised compounds
marked by the 215 —220 cm™ and 620-630 cm™ peaks [140—142]. It should be noted that the poorly resolved
cuprous oxide was also detected in the border of the dendrites, forming a thin corrosion film, as later
confirmed from the FIB SEM observations. The spectrum on the top of Figure 4.3d corresponds to posnjakite
[140], small, green-blue crystallites, localized in the centre of the dendrites. The stretching of the hydroxyl
units in the posnjakite produced bands in the 3300-3600 cm ' region. The sulphate group stretched
symmetrically at 974 cm ', while the 200-600 cm™ region with the 445 cm™ peak is typical of Cu-O
stretching. No evidence of tin-containing compounds was found for the Wet&Dry sample. This could be
attributed to the fact that the tin oxide species could be non-stoichiometric, but also hydrated, and could be

hindered by the higher Raman signals relative to the deposit of crystalline Cu species.

These results, summarized in Table 4.2, confirmed the differences in the main features of the surfaces aged

with these two methods, previously highlighted by SEM and EDS analyses. Dropping allows the formation of
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poorly crystallised tin compounds (the top Raman spectrum in Figure 4.3c), related to selective Cu
dissolution. For Wet&Dry, the alternate immersion action leads to the formation of thin corrosion layers of
cuprous oxide with Cu sulphate corrosion products. It should be noted that chlorides, nitrates and carbonates

were not detected.

Table 4.2: Corrosion products on the patinated surfaces by Dropping and Wet&Dry identified by u-Raman spectroscopy
and XRD (compounds identified by XRD are labelled with (*)).

Cuprous oxide SnO; Posnjakite
Cu0 Cuy(OH)sSO4..H>0
Dropping X* X -

(variable crystallinity)

Wet&Dry X* - X*

In order to define more precisely the top corrosion layers that can interact with the protective coating, XPS
analyses were carried out on the artificially patinated surfaces. Figure 4.4 shows XPS surveys of the corroded

surfaces before (in black) and after (in grey) Ar -ion sputtering (30 s with Ar" ions accelerated to 200 eV).

Compared with the EDS analysis (Table 4.1), no CI peaks on both the samples and no Zn on the Wet&Dry
aged surface were found, indicating that chlorides (CI element) is located in the inner part of the corrosion
layers (hence non-detectable by XPS) and Zn is fully dissolved out of the top layer of the surface aged by
Wet&Dry.
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Figure 4.4: XPS survey of the corroded surfaces by Dropping and Wet&Dry before and after Ar' ion etching [124].

The short and slight etching applied on the samples is very effective for these surface compounds. As shown
in Figure 4.4, it allowed surface cleaning with respect to carbon contamination (C 1s peak decreasing),
enhancing the global XPS signals of the main elements (O 1s, Zn 2p in the surface aged by Dropping, Sn 3d
and Pb 4f). Only the Cu 2p and S 2p exhibited a few changes. Specifically, the Cu 2p spectrum shows typical
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shake-up satellites before etching, which significantly decrease in intensity after ion sputtering, enhancing the
main Cu 2p peaks at lower BE. Regarding S 2p, new contributions at lower BE are observed when the
corroded surfaces were etched. This indicates Cu 2p and S 2p reduction under Ar" sputtering, as reported in
[143]. The O 1s, Cu 2p core levels and the S 2p curve fitted regions of the surfaces aged by the Dropping (in
black) and Wet&Dry (in grey) tests showed a similar behaviour (Figure 4.5).
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Figure 4.5: XPS core levels of O 1s, Cu 2p and S 2p curve fitted regions, after Ar" ion etching, on the bronze surface
corroded by Dropping (a, ¢ and e, respectively) and Wet&Dry (b, d, f, respectively) [124].
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The main Cu 2p peaks are observed at BE=933.3 eV (Cu 2ps3,, a'=1848.4 eV), probably due to a mix of Cu
oxides. Other contributions were detected at about 935.0 eV (BE); they can be ascribed to Cu (II) hydroxyl-
species [143—-146]. Also, the O 1s core level showed a broad peak, with similar features between the two
samples. An O 1s deconvolution was not performed, due to the presence of several contributions in the range
of a few eV, which could correspond to different metal oxides and hydroxyl species. The main differences
between the two samples are related to the S 2p signals (Figure 4.5e and f). In particular, for both the samples
two S 2p contributions were detected: S 2ps;, BE = 168.5 eV, ascribed to sulphates, and S 2p;, = 163.0 eV,
attributed to the S-metal bond, also linked to etching effects [143,145,146]. However, for the Dropping test,
the S 2p signal is characterized by a low intensity and a high signal noise, confirming the EDS results. This
might not just be related to Cu, but also to the minor amount of Pb(II) [146]. On the top surface, all the other
metallic elements in smaller contents, Sn 3d, Zn 2p and Pb 4f, formed mostly oxides and/or hydroxides. As
such, the environment of the different Cu 2p oxidation states for the dropped samples is mainly oxides and
hydroxides, whereas, added to this for Wet&Dry surfaces, the S is mainly linked to Cu-developing
hydroxysulphates.

Table 4.3 reports the atomic quantification of an artificially patinated surface using the Dropping and

Wet&Dry tests for the main alloying elements as well as for C 1s, O 1s and S 2p.

Table 4.3: XPS atomic quantification on corroded surface by Dropping and Wet&Dry before and after Ar' ion etching
[124].

Cu2psp Sn3dspy Zn2psp,  Pb4fs, Cls O Is S2p
Sn(V) oxide pPp) CC,CH C-O 0O-C=0 S- metal  Sulfates

Before etching

Dropping

Peak BE (eV) 934.7 486.8 1022.2 138.6 2849  286.5 2884  531.8 161.8 167.8

at% 5.6 5.1 0.1 0.4 25.0 10.2 11.9 40.9 0.3 0.5

Wet&Dry

Peak BE (eV) 935.2 486.7 - 138.6 2845  286.2  288.0  531.7 163.0 168.5

at% 8.6 0.7 - 0.2 34.8 7.1 4.3 35.5 0.3 8.5
After etching

Dropping

Peak BE (eV) 933.2 486.8 1022.1 138.5 284.8 2864 2884 5313 162.1 167.9

at% 16.9 10.7 0.5 0.8 17.7 4.5 4.6 43.4 0.5 0.4

Wet&Dry

Peak BE (eV) 933.3 486.7 - 138.6 2845 2862  288.0  531.7 163.0 168.5

at% 11.8 1.3 - 0.3 37.1 4.9 3.6 313 1.8 7.9

On the top surface corroded by Dropping, not only Cu compounds are present. The concentrations of Sn 3dsy,,

Pb 4f;, and Zn 2p;, are higher compared to the Wet&Dry aged surfaces, coupled with an higher oxygen
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content. The Sn is present as Sn(IV), probably as tin oxides or hydroxides, but the broad and poorly resolved
Sn LMM Auger at around 105.3 eV cannot aid in further refinement of Sn spectrum interpretation. These
observations confirm the difficulty of forming Cu-based corrosion deposits, due to the runoff during the
Dropping tests. Conversely, on the Wet&Dry aged surface, the Sn, Pb and Zn are almost completely absent.
The surface is essentially covered with Cu compounds, mainly hydroxysulfates, but also oxides and a S-metal
bond (after ion sputtering). In particular, the Cu 2p;,, concentration (at%) is in almost the same ratio as the S
2p sulphate, indicating that nearly all the sulphates are bonded to Cu, in agreement with the detection of

posnjakite by GXRD and the Raman spectroscopy results.

Relationships between the surface corrosion and the bulk bronze alloy were investigated by FIB analysis.
Typical areas of interest were selected in order to obtain a representative section of both the centre of a
corroded dendrite and the adjacent inter-dendritic space (Figure 4.6a and b for the Dropping and Wet&Dry

samples, respectively). The corresponding FIB cross-sections are shown in Figures 4.6¢ and d.

) Dendrite

Figure 4.6: Images of the corroded surface and cross-sections prepared by FIB milling of samples obtained by Dropping
and Wet&Dry: (a) and (b) surface areas corresponding to cross-section obtained by FIB milling; (c) and (d) general
views of the cross-section after FIB milling (rectangles are corresponding to details shown in Figure 4.7) [124].
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According to the previous reported results, the dendrites are more corroded than the dendrite borders, which

are poorly attacked and the eutectoid is not corroded at all, as detailed in Figure 4.7.

Pt layer

bronze

Pb globule

\ a-phase

6-phase
bronze

Figure 4.7: Cross-sections prepared by FIB milling of samples obtained by Dropping and Wet&Dry, corresponding to
areas defined in Figure 4.6¢c-d: (A) dendrite centre, (B) dendrite borders corresponding to the transition corroded
dendrite / eutectoid area and (C) interdendritic space (eutectoid) [124].

Figures 4.6c and d provide a detailed view of the most corroded parts corresponding to the dendrites,
characterised by a low tin content in comparison to the interdendritic spaces with here also contain the high tin
content stable delta phase (Cu4Snj;). Different corrosion structures between the Dropping and Wet&Dry
samples are revealed: thicker for the Dropping samples and thinner for the Wet&Dry samples, with a diverse
distribution of nano-porosities. In particular, for the Dropping samples (Figures 4.6¢ and 4.7A), the corrosion
of the dendrites is uniform with a homogeneous thickness (about 2 um), while for the Wet&Dry samples
(Figures 4.6d and 4.7C), the corrosion layer is irregular and thinner: less than 1 pm in the dendrite core, and

up to 2 um close to the border parts. For Wet&Dry, this could be linked to the lateral junction of several
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localized attacks. In addition, for the Dropping sample (Figure 4.7A) nano-porosities of a few tens of nm are
observed throughout the whole corrosion layer. For the Wet&Dry sample (Figure 4.7B), the nano-porosities

are essentially observed only in the outermost part of the layer.

A detailed view of the nano-porosities is shown in Figure 4.8. It is important to mention that the porous
structure shown was hypothesised for several years for bronze patinas formed in natural environments
[16,18,27]. In fact, according to the process of decuprification leading to an internal oxidation of the alloy, it
was found that the selective release of Cu ions and the formation of patinas involved the presence of a porous
structure, through which cations migrate outwards from the alloy to the corrosive environment, while the
anions migrate inwards [16]. This fundamental point of the presence of a nano-porous structure is revealed
thanks to the nm spatial resolution achieved using the FIB FEG-SEM technique. It has to be coupled to nano-
precipitates of the tin-containing species (tin hydroxyl- and/or hydrated tin oxides) forming a stabilizing
network within the corrosion structure. Thus, for both ageing tests, the main corrosion process involved is
relative to the decuprification of bronze, like that observed for natural patinas. As also revealed in the EDS
maps hereafter, it corresponds well to an internal oxidation of the alloy, with a preferential release of Cu ions

(including also Zn) and marked by the formation of tin-insoluble species within a corrosion layer.

bronze

Figure 4.8: High-magnification observation of the corrosion layer revealing the porosity of bronze patinas on a
nanometre scale obtained with FIB cross-sections of (a) the Dropping and (b) the Wet&Dry samples [124].

As regards the nano-porosity distribution within the corroded dendrite (Figure 4.8), a difference appears
between the Dropping and Wet&Dry samples. This has to be related directly to the ageing process applied. In
fact, for the Dropping test, the dendrites are attacked more severely due to the permanent leaching of the
alloy, inducing a permanent release of the Cu and Zn ions in relation to the internal oxidation. As a
consequence, the developed network of nano-porosities has to be related to the formation of a porous barrier
layer that is more pronounced for the Dropping than for the Wet&Dry samples. In fact, for Wet&Dry samples,
the corrosion is less developed and a more efficient barrier layer can be built up, limiting the alloy dissolution,

the species migration throughout the layer and then consequently the nano-porosity network.
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As previously pointed out through surface images, corrosion mainly affects the central part of the dendrites.
Thus as revealed in Figure 4.7C for both samples, a marked transition between the centre and the border of the
dendrites is revealed: the dendrite borders are poorly attacked and a corrosion film of a few tens of nm is
emphasised. Investigations to identify this abrupt transition were carried out by recording EDS line-scans
within the alloy, parallel to the surface. Representative X-ray profiles of the alloying elements in the

Wet&Dry sample are shown in Figure 4.9, where the profiles are centred relative to the corroded dendrite.

A strong relationship between the Sn content in the alloy and the corrosion morphology was observed,
validating the previous surface characterisation. As shown in Figure 4.9, the marked transition between the
highly corroded core and the relatively unaltered border of the dendrites is linked to the transition from lower
to higher Sn contents in the alloy, respectively, due to the Sn micro-segregation during cooling in the casting

procedure.
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Figure 4.9: Representative EDS line-scan profiles of the Cu-Sn-Zn-Pb alloy, located on the bulk alloy parallel to the
corrosion layer and centred on the corroded dendrite [124].
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In particular, corrosion preferentially affects the dendrite areas with lower Sn contents (i.e., the core): an
effect of galvanic coupling, linked to Sn segregation between the core of dendrites (anodic) and the border

(cathodic, due to Sn passivation), is clearly revealed from the observation of the cross-sections.

Within the corroded dendrites, the corrosion process induced a preferential Cu and Zn dissolution linked to
the presence of O element within the whole thickness of the corroded layer. This is shown by elemental X-ray
maps within the corrosion layer (1 um) obtained from the Wet&Dry tests (Figure 4.10). Furthermore, for the
Wet&Dry tests, the distribution of S is not reported due to its very low emission signal. Also, small amounts
of Cl were detected, but only in the internal part of the corrosion layer, confirming the EDS results in Table

4.1 (surface analysis,) but also the XPS results, in which Cl was not detected on the top surface.

Cu-L Zn-L

Figure 4.10: X-ray maps of the corrosion layer produced by Wet&Dry test in the centre of dendrite obtained by FIB
cross-section (A right-hand image of Figure 4.7) [124].

For a better understanding of the elemental distribution within the corrosion layers, EDS line-scans were
performed vertically through the corrosion layers produced by the two ageing methods, as shown Figure 4.11
a-c. For the thick corrosion layers, the EDS profiles (Figure 4.11a and b) show a similar trend for Cu, Zn, O
and Sn, characterised by a decrease of Cu and Zn within the corrosion and a relatively high and constant
amount of O and Sn. For the very thin corroded layer (< 200 nm) reported in Figure 4.11c, only O, Cu and Sn
were detected (the Zn signal was not resolved, so it is not reported). Also in this case, the corrosion features
are comparable to the previously described thicker layer. In particular, a homogeneous decrease in the Cu
signal coupled with the presence of O and a slight increase in Sn is shown, in accordance with the previous
observation in Figures 4.11a and b. Thus, the preferential dissolution of Cu and Zn coupled with a relative Sn
enrichment (decuprification) is confirmed, not only for the thickest corrosion layers, but also for the film of a
few hundred nanometres. For both aged surfaces, the S signal was very low and no information can be
reported. In particular for the Wet&Dry outer layer, no S element (such as in posnjakite) was detected in the
cross-section, in contrast to the surface analysis. This is probably due to the non-uniform distribution on the
Wet&Dry surface. As regards Cl element, a different behaviour is highlighted between the Dropping and the
Wet&Dry samples, but only for thick corrosion layers. Within the 2-um-thick Dropping corrosion layer
(Figure 4.11a), the presence of the chlorine content seems linked to a compact compound within the porous

layer. For the Wet&Dry samples (Figure 4.11b), an enrichment of Cl is found at the corrosion/bronze
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interface, as a typical consequence of the selective action of this anion on anodic zones (the core of the

dendrites) during the corrosion attack.
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Figure 4.11: Elemental line profiles (X-ray intensity vs distance) obtained by cross-section prepared by FIB milling
within the corrosion layer produced by Dropping: (a) centre of corroded dendrite, and by Wet&Dry: (b) thicker part of
the corroded dendrite and (c) thin layer in the dendrite border [124].
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This confirms the specific role of Cl anions in the corrosion process of bronze in the presence of a cuprous
oxide membrane, as already pointed out for other natural environments [16]. In particular, CI anions can act
either as “passive” anions, not directly involved in the corrosion mechanism [147] (included in stable
corrosion compounds within the layer as for the Dropping samples), or the CI" can act as an “active” anion,
directly involved in the corrosion process in relation with cuprous oxide layer, as revealed by their enrichment

at the corrosion layer/alloy interface of the Wet&Dry sample.

4.2. Surface characterisation of the coated samples

Surface characterisation of the patinated Cu-Sn-Zn-Pb samples in terms of colour variation, surface

observation by SEM and surface chemistry analysis by XPS are presented.

The application by spraying of PropS-SH charged with f-CD+MPT and fly ash (FA), as well as Incralac”
induced a relevant colour variation at the limit of acceptability for Cultural Heritage applications (AE* < 5), as
reported in Table 4.4. In particular, a strong variability in the lightness component (AL*) was recorded for
Incralac”, while for both the silane coatings an increase of the yellow component as well as a darkening of the
patinated surface were detected after the application of these coatings. However, the application by brushing
of the FA-MS did not induce a relevant colour variation (AE* < 1), indicating that the application of

fluoropolymer coating do not produce a noticeable aesthetical variation of the patinated bronze surfaces.

Table 4.4: Colour variation measurements in CIELab 1976 colour space induced by coating application on patinated
Cu-Sn-Zn-Pb.

Ada* ab* AL* AE*
Incralac® -0.4+0.6 0.1£0.7 0.7£7.3 5+1
PropS-SH+B-CD+MPT -0.01+£0.37 S5+1 -3.242.3 6.3+£0.2
PropS-SH+FA -0.1£0.2 2.1£0.3 -6+3 6+3
FA-MS 0.5+0.1 2.5+0.2 -2+1 0.6+1.6

The morphology of the coated patinated surfaces on Cu-Sn-Zn-Pb bronze is shown in Figure 4.12. The
application of all the selected coatings induced the formation of a continuous layer that well covered the
patinated substrates. However, the surface coated by Incralac” reveals some uncovered areas of the samples,
as highlighted in the inlay of Figure 4.12a. These uncovered portions could be area of preferential attack of
aggressive agents, inducing corrosion. Moreover, the addition of fly ash in the PropS-SH layer is observable
in the coating layer and it results in some inhomogeneity of the coated surface (Figure 4.12¢). Similarly, on
the top surface of FA-MS coating some heterogeneity in the chemical composition is highlighted in Figure
4.12d. In particular, circular lighter spots rich in F element (as detected by EDS) are detected, indicating some
issue in the preparation of the coating to obtain an homogenous mix of the fluoroacrylate copolymer with the

silane MS.
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Figure 4.12: Surface observation of the coated samples by (a) Incralac® (in the inlay: sample portion in which the
coating is not able to homogenously covered the patinated substrate); (b) PropS-SH+ p-CD+MPT; (c) PropS-SH+FA
and (d) FA-MS.

The XPS surface analysis of the selected coatings on patinated Cu-Sn-Zn-Pb coatings are reported in Table
4.5. Results were obtained after a slight Ar™ etching for limiting the detection of C pollution. For Incralac” the
top surface mainly consists of C and O with a minor contribution of N and Si. In particular, C 1s shows and
intense peak at BE=284.7+0.1 eV characteristic of the C-C and C-H chain of the methyl-methacrylate and
ethyl-methacrylate present in the coating formulation. Two minor peaks were also detected at BE=286.3+0.1
eV and BE=288.5+0.1 eV linked to C-O and O-C=0 species, respectively. Atomic quantification reported in
Table 4.5 reports the atomic quantification measured on the top surface of the selected coatings and shows
that for Incralac” the O present in the coating is completely linked to C, showing an atomic C/O ratio of about
1. N was detected in low concentration (< 1 at%) highlighting the presence of BTA corrosion inhibitor within
the organic layer [85,86,148]. Regarding the silane coatings, only the atomic quantification of the top surface
of PropS-SH+ B-CD+MPT is reported in Table 4.5. The main detected elements are C, O, Si and S, as
expected. In particular, C 1s showed an intense peak at BE=284.8+0.1 eV characteristic of the aliphatic chain
of the coating and also two other small contributions (BE=286.2+0.1 eV and BE=288.7 eV) linked to C-S/C-
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O and O-C=O0 species, respectively. O-C=0 bond is connected to a limited oxidation of the coating, already
observed on organic thiol compounds, like for PropS-SH exposed to atmosphere [56,149,150]. In addition, an
intense Si 2p peak was observed at BE=102.4+0.1 eV ascribed to the silane (C-Si-O and Si-O-Si), as detailed
in [52,53]. Moreover, a relevant concentration of Si0, (BE=103.1+0.1 eV) was found related to the presence
of the corrosion inhibitor B-CD+MPT. The analysis of S 2p signal takes into account the presence of a doublet
structure of the core level with a spacing of 1.2 eV (S 2pi» - S 2p32 = 1.2 €V) and a theoretical intensity ratio
of 2 (I(S 2ps2) / I(S 2p12) = 2). In particular, S 2p peak is centred at BE=163.4+0.1 eV, characteristic of S-C
bonds and thiol groups and presents a minor contribution centred at BE=168.1+0.1 eV to be ascribed to
sulphate [52,53,151-153]. From the atomic quantification reported in Table 4.5, the calculated atomic ratios
are Si/C=0.32, Si/O=0.60 and Si/S=1.00, by considering only the concentration of Si 2p centred in the
representative value for silane at BE=102.4 eV. These values agree quite well with the theoretical values:
Si/C=0.33, Si/0=0.67 and Si/S=1.00. This indicates that the Ar" ion sputtering is quite efficient in removing
contamination without damaging the polymer. The slightly lower value of the Si/O ratio than the theoretical
one could be linked to surface contamination of SiO, species found on this coated substrate. Conversely to
what found in [121] where the thiol group in PropS-SH obtained by dip-coating can be partially oxidized to
sulphate, the application of silane coating by spraying did not induce a loss of sulphur from the silane top
layer after thiol group oxidation. Finally, FA-MS coating shows on the top surface the presence of intense C
Is, O 1s and F1s peaks with minor Si 2p, S 2p and N 1s features. Compared to the other samples, the effect of
the Ar' sputtering is more evident, as O 1s, F 1s and S 2p showed a strong decrease in peak intensity, while Si
2p was detected just after etching. In particular, after etching C 1s showed higher intense peak at lower BE
values (C-C, C-H) and the features at higher BE centred at 291.4 eV and 293.8 eV linked to F 1s were not
detected. In addition, O 1s and F 1s showed a less intense peak, as well as S 2p that showed just a small peak
centred at 163.4 eV and no more sulphate features were found as it was for the core level before etching,
while Si 2p was revealed just after Ar’ sputtering. This is probably due to the inhomogeneity of the coating,
already revealed by EDS observation of the surface reported in Figure 4.12, in which lighter compounds
richer in F element were found. So on the top surface the coating showed enrichment in F 1s (intense peak at
BE=688.6+0.1 eV related to the bond with C) [154], which mostly disappeared after etching for an increase of
C 1s in correspondence with C-C and C-H compounds (BE=284.2+0.1 eV), reported in Table 4.5. This peak
strongly decreased after etching while small Si 2p at BE=102.2+0.1 eV to be ascribed mainly to silane was

found, indicating the presence of the silane MS.
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Chapter 4 PROTECTIVE COATINGS FOR HISTORICAL BRONZES

4.3. Assessment of the coatings protectiveness: inhibiting efficiency after Dropping

The gravimetric measurements reported in Figure 4.13 shows that the uncoated Cu-Sn-Zn-Pb exhibits a
marked parabolic trend (R* = 0.996) of mass decrease as a function of the Time of Wetness (ToW), while the
coated samples reveal a very limited mass variations. These results confirm the protective barrier effect of the
selected coatings. In particular, both the charged silanes act similarly showing a slight mass decrease almost
constant during the Dropping exposure, while FA-MS exhibits a mass increase at the first stage of the ageing
test (ToW=3 d). However for Incralac® a slight increase of mass was measured at the end of Dropping

(ToW=10 d), probably linked to localised corrosion at the coating/substrate interface.
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Figure 4.13: Mass variation for uncoated (in black) and coated patinated Cu-Sn-Zn-Pb samples (PropS-SH+pf-
CD+MPT in orange, PropS-SH+FA in red, FA-MS in blue and Incralac® in green).

The evolution of Cu, Zn and Pb cations, released in the weathering solutions, was measured as a function of
ToW and results are reported in Figure 4.14. The measurement of the release of Sn soluble cations were under

the Limit of Detection (LoD) in all the samples, as observed in previous studies [17,57,155]. For the uncoated
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sample (in black), a linear Cu, Zn and Pb ions release trends were detected. In particular, the Cu/Zn ratio

(about 20) is of the same magnitude order of the one measured from the alloy composition (about 28),

indicating a similar tendency of Cu and Zn to dissolve under Dropping conditions, as previously observed in

[34]. Conversely, the Cu/Pb ratio (about 17) is 2.5 times lower the value measured from the alloy (about 44),

due to local Pb species precipitation. These results highlight that Dropping test always leads to a significant

leaching of the surface of the unprotected samples inhibiting the formation of a protective barrier layer of Cu-

based corrosion products. However, all the coated samples showed a lower dissolution rate of Cu, Zn (under

the LoD for all the coatings and for this reason not displayed in Figure 4.14) and Pb compared to the uncoated

ones, revealing a clear difference between uncoated and coated samples.
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Figure 4.14: Cumulative Cu, Zn and Pb ions release (ug/cm’) from patinated Cu-Sn-Zn-Pb bronze (uncoated and

coated) in weathering synthetic solution, as a function of exposure time, for a total Time of Wetness (ToW) of 10 days of

Dropping test (all the coated samples give a Zn release lower of the Limit of Detection (LoD=20 ppb)).
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This clearly confirms the high protectiveness of these selected coatings. So, inhibiting efficiency values n
calculated in accordance with Equation 3.1 highlight the high protective performance of the selected coatings.
In particular, all the coatings afforded an average nc, of 99% (rsd = 22%) and np, of 99% (rsd = 15%), except

for Incralac® for which a ¢, of 98% (rsd = 23%) was calculated.

4.4. Surface examination after Dropping

After Dropping test, uncoated and coated surfaces were analysed using the same methodology presented in

paragraph 4.2 with the addition of the observation of in sifu FIB cross-sections.

Colour measurements reported in Table 4.6 revealed that the appearance of the uncoated patinated Cu-Sn-Zn-
Pb showed marked colour variations (AE* = 12), mainly due to an increase of lightness component (AL* =
11.5) and to chromatic variation toward green and blue. On the contrary, the coated samples do not
significantly change after the Dropping test (AE* < 3), indicating no evident visual alteration of the coatings
in the test conditions occurred. This observation has to be related to a good protectiveness performance
without patina evolution and formation of corrosion products at the interface between patinated bronze and

the coatings.

Table 4.6: Colour variation measurements in CIELab 1976 colour space induced by accelerated ageing (Dropping) on
coatings applied on patinated Cu-Sn-Zn-Pb.

Aa* Ab* AL* AE*
Uncoated sample -2.5+0.8 -1.4+1.8 11.5+0.6 12+1
Incralac® -0.2+0.3 -0.7+0.2 -0.3+0.2 0.8+0.3
PropS-SH+B-CD+MPT 0.31+0.03 -0.3+£0.3 -0.6x0.4 0.8+0.4
PropS-SH+FA 0.0£0.4 0.6+0.7 -0.4£2.2 1.7+0.7
FA-MS -0.11£0.03 -0.4+0.2 -0.2+0.6 0.65+0.02

Due to the fact that both PropS-SH charged with B-CD+MPT as corrosion inhibitor and with fly ash as micro-
particles act in a comparable way under Dropping exposure, examination of the samples coated by PropS-

SH+ B-CD+MPT is only reported in the following part of this results section.

Surface examination of uncoated patinated Cu-Sn-Zn-Pb after Dropping, reported in Figure 4.15a, confirms
an extensive degradation of the surface induced by the ageing compared to the coated surfaces showed in
Figure 4.15b-d, as already highlighted from gravimetric and metal release as well as colour variations
measurements. In particular, corrosion products of the uncoated sample are non-homogenous, highlighting the
bronze microstructure. In particular, dendrite borders showed strong corrosion and several cracks on corrosion
products. The corrosion attack is preferentially developed between the Cu-rich core and the Sn-rich areas of

eutectoid. In addition, the presence of the polishing grooves is revealed on the micrograph reported in Figure
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4.15a. This indicates that corrosion attack is linked to an internal phenomenon inducing a corrosion patina of
Sn-rich products (decuprification) and Dropping facilitates the leaching of Cu metal ions rather than the
deposit of corrosion products, as already observed in [34]. On the contrary, no evident modifications were
observed on the surfaces of the coated samples after Dropping (Figure 4.15 b-d), confirming the high

protectiveness of the selected coatings.

Figure 4.15: Surface morphology after Dropping: (a) uncoated patinated Cu-Sn-Zn-Pb sample; (b) patinated bronze
coated by Incralac®; (c) patinated bronze coated by PropS-SH+S-CD+MPT; (d) patinated bronze coated by FA-MS.

The influence of Dropping on the coatings was also analysed by XPS measurements and the atomic
quantification is reported in Table 4.5. These results showed that no significant variations occurred, except a
slight increase of N and sulphates (centred at BE=168.1£0.1 ¢V) on the top surface of Incralac”. In addition,
signals of the alloying elements appeared after the Dropping exposure. In particular, Cu 2p presents a main
contribution centred at BE=932.9+0.1 eV (with the Auger peak centred at KE=915.8+0.1 eV with a modified
parameter o’=1848.7 eV), indicating the presence of Cu(l) compounds related to Cu,O species [146].
Moreover, also Sn and Pb were detected as oxide species in very low concentration: Sn 3d (BE=486.2+0.1
eV) showed the typical signal of Sn(IV) oxides, as reported in [147,156-159], while Pb 4f shows the main
contribution centred at BE= 137.9 assigned to oxide [86,118].

Investigation of the microstructure of the interface between the coating and the patinated bronze after

Dropping was performed thanks to the preparation of in situ FIB cross-section and the FEG-SEM observation.
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The results for the uncoated sample are shown in Figure 4.16. Internal cracks within the corrosion (patina)
were detected and some of the corrosion products forming surface patches were lost after the ageing process.
The corrosion structure is not uniform within the whole cross-section, and it is more developed in
correspondence with the interdendritic borders. In particular, a thick corrosion layer of about 3 um is observed
in the interdendritic areas, exhibiting a two-layer structure also highlighted by x-ray maps (Figure 4.16): a thin
internal corrosion layer (< 300 nm) rich in Cu-O species and an external homogenous and dense outermost
layer of Sn-O compounds, but with some nano-metric porosities close to the external/internal layers interface.
However in the dendrite core, corrosion produces a thinner layer of about 1.5 - 2 um, also characterised by a
two layer structure but with an external one revealing an homogenous distribution of nano-metric
interconnected pores, as observed for the pre-patinated quaternary bronze [160]. The observed corrosion
behaviour is in good accordance with previous results achieved in quaternary bronze with different
compositions, as reported in [34]. The o+0 eutectoid only reveals a thin corrosion film on the Cu-rich a-phase

close to the surface.

Bronze Bronze

Figure 4.16: FIB cross-section of the uncoated patinated Cu-Sn-Zn-Pb after Dropping. X-ray maps of the cross-section
showing the distribution of the main elements (Zn is not reported due to the not well-resolved EDS maps).

As regards the coated samples, observations of FIB cross-section are reported in Figure 4.17 - 4.19. In
general, all the coatings fully cover the patinated Cu-Sn-Zn-Pb substrates and the polymer layers are quite
homogenous in thickness. More in detail, Incralac” layer (Figure 4.17) exhibits an average thickness higher
than 5 um and it is characterised by the presence of few micro-pores entrapped inside the layer. This porosity

should reduce with time the protective performance of Incralac” as barrier layer against the aggressive
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particles present in atmosphere. Figure 4.17 also presents x-ray maps of C and O characteristic of the coating,
as well as Cu, Zn and Sn signals of the alloy, confirming the homogenous chemical composition of the

commercial reference, already observed from XPS data reported in Table 4.4.

Figure 4.17: FIB cross-section of patinated Cu-Sn-Zn-Pb coated by Incralac® after Dropping. X-ray maps in
correspondence of the red square show the distribution of the main elements in the coated system after ageing.

FIB cross-section of the PropS-SH+B-CD+MPT after Dropping did not reveal any corrosion attacks at the
interface between the coating and the patinated substrate (Figure 4.18). Differently from Incralac”® layer, this
coating allows the formation of continuous layer and no porosity was detected. Such difference is likely
connected to a different wettability of the patinated substrate by the coating formulations. In addition, x-ray
maps reported in Figure 4.18 also highlighted the fact that the silane coating is able to fill up the porosities of

the patina, inducing a better bond on the patinated substrate.
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Pt-C layer

Figure 4.18: FIB cross-section of patinated Cu-Sn-Zn-Pb coated by PropS-SH+p-CD+MPT after Dropping. X-ray maps
of the cross-section showing the distribution of the main elements in the coated system after ageing (Zn is not reported
due to the not well-resolved EDS maps).

Finally, Investigation of the cross-section of the FA-MS coated sample is illustrated in Figures 4.18, as well as
x-ray maps recorded in a representative portion of the in situ FIB cross-section. FA-MS is highly sensitive to
the electron beam. Thus during the FIB session, the coating also showed some peeling and degradation due to
electron and ion beam. The FIB cross-section showed the corrosion layer relative to the patination process and
revealed also some coating accumulation characterised by higher coating thickness relative to some shrinkage
porosity in the bronze substrate. Generally the FA-MS layer is thin, characterised by a mean thickness of 2
um, except in correspondence of the coating accumulation areas, where the thickness ranges from 5.5 to 7
um. In addition, the coating layer showed few porosities and the coating/substrate interface followed the
substrate morphology, but it also revealed some nano-porosities of the coating. As previously pointed out
from XPS measurements as well as surface observation, x-ray maps highlight a chemical heterogeneity of the

coating, showing a F enrichment in the internal part of the FA-MS layer.
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_ Pt-C layer

i Bronze

Figure 4.19: FIB cross-section of patinated Cu-Sn-Zn-Pb coated by FA-MS after Dropping. X-ray maps in
correspondence of the cross-section showing the distribution of the main elements in the coated system after ageing (Zn
is not reported due to the not well-resolved EDS maps).

These observations suggest that both the silane and the FA-MS coatings efficiently act as a barrier layer, while
Incralac” layer exhibit lower durability due to the presence of micro-porosities, even if all the coatings exhibit

very high and comparable inhibiting efficiency in terms of metal release.
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4.5. Other result from B-IMPACT project

To present an overview of other results about the selected coatings applied on patinated Cu-Sn-Zn-Pb bronze
achieved in the B-IMPACT project, results from the electrochemical tests performed by I-UniFE (Italy) and
S-ZAG (Slovenia) reported in the B-IMPACT Deliverable 2.1 — Proposal of candidate protection systems for
patinated bronze and B-IMPACT Deliverable 2.2 — Protection efficiency report for eco-friendly coatings
[120,135] and from the Occupational Exposure tests performed by I-ECAM and reported in B-IPACT
Deliverable 3.3 — Assessment of TLW/TWA and STEL [137] are reported in paragraph 4.5.1 and 4.5.2,

respectively.

4.5.1. Electrochemical tests

In the project deliverables [120,135], the protection efficiency of the selected surface treatments was
investigated by monitoring the time evolution of the polarization resistance R, and corrosion E.., values. The
results obtained during 30 days of continuous exposure to concentrated acid rain ARX10 are profusely
discussed in [120,135] and only the results recorded for the plain and charged PropS-SH coatings, as well as
FA-MS, applied on patinated Cu-Sn-Zn-Pb are reported in this paragraph. In particular, Figure 4.20 reported
the trends of R, as a function of immersion time and polarization curves of uncoated and coated sample by
plain and charged PropS-SH costing. As regards the uncoated patinated Cu-Sn-Zn-Pb, the measured R,, values
showed a slight increase during the initial time of the exposure until 8 days of immersion. Then, they
decreased until the end of exposure (Figure 4.20, black line). This indicates that the precipitation of corrosion
products on the surface only partially protects the metallic substrate. Regarding the exposure of the samples
coated by Incralac”® (Figure 4.20, dash line), the R, values continuously decreased as a function of immersion
time, indicating that this coating well adhered on patinated Cu-Sn-Zn-Pb substrate and offered good
protection, but the slow penetration of the aggressive solution and dissolved oxygen partially impaired its
performance. However, both the plain and the charged PropS-SH coatings applied by spraying determined
some improvements in the protective efficiency of the patinated Cu-Sn-Zn-Pb, mainly due to an increase of
the coating thickness compared to the plain PropS-SH applied by dip-coating (Figure 4.20, blue line). In
particular, all the sprayed silane coatings (Figure 4.20, green lines) exhibited R, values one order of

magnitude higher than the same coating obtained by dip-coating.

The polarization curves recorded on the selected coatings after 30 days of immersion reported in Figure 4.20b
and d show that only PropS-SH+B-CD+MPT exhibited E., values nobler than that of the blank. Incralac”
appreciably inhibited the cathodic process, while both charged PropS-SH with FA and B-CD+MPT as well as
FA-MS (here not reported) exhibited a more efficient barrier effect against both the cathodic and anodic

process.
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Figure 4.20: Electrochemical characterisation of uncoated and coated bronzes by different silane coatings. (a, c)
Polarization resistance R, and (b, d) corrosion potential values (E.,,) recorded during 30 days exposure to ARX10 [135].
Finally, in the B-IMPACT deliverables [120,135] E., and i, values deduced from the 30 days polarization
curves and the final protective efficiency (PE), calculated using Equation 3.5, are reported (Table 4.7). These
results showed that the final PE values for all the developed coatings are 99%, while for Incralac” PE value is
89%. So, the time evolution of the polarization curves stresses the excellent performances (higher than
Incralac®) of the charger PropS-SH as well as of FA-MS during the continuous exposure to concentrated acid

rain (ARX10).
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Table 4.7:Parameters obtained from 30 days of polarization curves [135].

icor (UA cm‘z)

E.. PE (%
Samples (Vsce) 30 days (%)
Patinated Cu-Sn-Zn-Pb 0.065 1.0 -
Incralac® 0.047 0.11 89
-SH+B-CD+

PropS.SH p-CD+MPT 0.075 0.01 99
(spraying)
P -SH+FA

ropS-§ 0.040 0.01 99
(spaying)
FA-MS 0.030 0.02 99
(brushing)

4.5.2. Eco-toxicity

Regarding eco-toxicity measurements, only values of the Exposure Limit (EL) of the selected coatings,
reported in [137], are shown in this thesis (Table 4.8). The measurements performed by I-ECAM (Italy) and
reported in the B-IMPACT deliverable [137] permit to rank the selected coatings on the basis of their

occupational impact. So, the selected coatings were ranked as follows, from the safest to the most hazardous:
PropS-SH+B-CD+MPT = PropS-SH+FA > FA-MS >> Incralac®

Considering that a coating must have an EL < 1 to be compliant, all the selected coatings performed better
that the commercial reference Incralac® that showed an EL = 1.108. This is mainly due to the presence of

toluene, methyl-acetate and other uncalibrated VOCs as n-hexane.

Table 4.8:Values of the Exposure Limit (EL) for the coatings selected for the protection of patinated Cu-Sn-Zn-Pb [137].

Coating Exposure Limit (EL)
Incralac® 1.108
PropS-SH+B-CD+MPT 0.045
PropS-SH+FA 0.050
FA-MS 0.301
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4.6. Conclusive remarks
The following conclusions could be drawn from the results presented in Chapter 4:

* The quaternary bronze artificial patinas produced by the dropping and Wet&Dry methods can be
considered as representative aged surfaces for outdoor bronze monuments. Coupling morphology and
elemental analysis of the surface and the cross-section of the artificially corroded samples allowed a
fine physical and chemical characterization of the corrosion structure up to a few nm size. In
particular, FIB milling on the SEM represents a promising scientific approach for bronze corrosion
investigation.

* Dropping and Wet&Dry-aged bronze surfaces reveal general corrosion behaviour connected to the
decuprification process, inducing internal oxidation and the preferential release of Cu and also Zn
from the alloy. Both samples show layer thicknesses of a few um in the anodic parts and few-nm-
thick films in more cathodic parts, in the dendrite border close to the eutectoid. However, the
corrosion layer on the samples achieved with the dropping method is more homogenous and thicker
(2 um). The corrosion layer produced by Wet&Dry highlighted a compact internal layer and porous
external one of around 1 pum.

* A clear difference between the two ageing methods is the production of a slight erosion effect by the
dropping and a corrosion deposit by the Wet&Dry. Mainly, the metal-oxygen compounds not well
crystallised, as Cu,O and Sn-O were observed on the corroded surfaces by the dropping test, due to
runoff, whereas hydroxyl-sulphates and cuprite characterized the patinated surface produced by the
Wet&Dry test. Chlorine is found in both samples but only in very minor amounts in the anodic areas,
more located within the corrosion layer for the Dropping test and at the interface of the cuprous
oxide/alloy for the Wet&Dry samples. Nano-porosities are evidenced in both corrosion structures:
uniformly distributed throughout the whole thickness for the Dropping tests, and mainly located in the
external part for the Wet&Dry samples. This evidence of nano-porosities confirmed the impact of the
decuprification process and can be ascribed to Cu and Zn-selective dissolution accompanied to the
formation of a tin-species network within the corroded structure, forming a porous layer more
evidenced in the case of rainwater runoff.

* The assessment of the protectiveness of charged silane coatings (PropS-SH+B-CD+MPT and PropS-
SH+FA) and FA-MS coating was carried out by a multi-scale approach. All the applied coatings
produced continuous layers. However, Incralac® exhibits some uncovered areas, as well some micro-
pores embedded within the coating layer. In addition, the application by spraying of both Incralac”
and charged PropS-SH coatings on patinated Cu-Sn-Zn-Pb induce a colour variation closed to the
limit of the acceptability for Cultural Heritage applications (AE* < 5), while FA-MS did not exhibit

noticeable changes in terms of colour variations.
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After Dropping exposure, inhibiting efficiency in terms of metal release was found higher than 98%
for all the coatings. These results are confirmed by the observation of surfaces and in situ FIB cross-
sections that do not exhibit alterations and the precipitation of corrosion products in the interface
between coating and patinated bronze.

Based on the results from electrochemical tests, all the selected coatings offer a good protection to
patinated Cu-Sn-Zn-Pb better than Incralac”, showing a more efficient barrier effect against both the
cathodic and anodic process. Final protective efficiency (PE) values are 99% and 89% for the
developed coatings and for Incralac”, respectively.

Finally, the measurements from the occupational exposure test determine that the selected coatings
(both charged silanes and FA-MS) exhibit a EL < 1, contrary to what measured for Incralac® (EL =
1.108). This indicates that all the developed coatings are non-toxic and non-hazardous for restorers

and operators.
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5. XPS STUDY ON THE INTERACTION OF SILANE COATING ON Cu-Sn-Zn-Pb-Sb

5.1. Thick PropS-SH coatings on quinary bronze

Starting from the most representative system of real outdoor bronzes, images of thick PropS-SH coatings on
quinary bronze obtained by l1h immersion are shown in Figure 5.1 for both bare (left-hand side) and
artificially patinated (right-hand side) samples. In Figures 5.1a and b, the low magnification tilted images of
the free surface reveal different features when PropS-SH coating is applied on bare or patinated bronze,
highlighting the influence of the substrate. In particular, they show that PropS-SH adapts tightly to the surface
morphology of the substrate, so that a very smooth and planar surface is achieved on the polished alloy, while

the initial rough morphology is still observed on the patinated sample.

SEM images of the micrometric cross-section slices prepared by FIB lift-out technique are reported in Figures
5.1c-f for the same samples. Figures 5.1c and d give a general view of bare and patinated bronze cross-
sections respectively, while higher magnification images are reported in Figures 5.1e and f, so allowing a
better identification of microstructural details and layer sequence. In both cases, the Pt-C overlayer (for

protection during FIB milling) is visible above the organosilane coating.

The application of PropS-SH on bare bronze (Figures 5.1a, ¢ and e) produces a rather homogeneous layer with
an average thickness of about 0.3 pm. However, when PropS-SH is applied by 1h immersion on the uneven
patinated bronze (Figures 5.1b, d and f), the coating fills up the localised corrosion areas forming a layer with
variable thickness (dark grey in Figures 5.1d and f). Figure 5.1d shows a crater of corrosion preferentially
developed within the brighter grain on the right-hand side corresponding to dendrite core, being the grain

microstructure of the bronze highlighted thanks to the electron channelling contrast.
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Figure 5.1: SEM observation of PropS-SH coatings on quinary bronze substrate. Left-hand side (a, c, e): bare bronze /
Right-hand side (b, d, f): patinated bronze. (a, b) PropS-SH coating surfaces; (c, d, e, f) cross-sections prepared by FIB
(Focused lon Beam) lift-out technique [121].
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In order to investigate more deeply the elemental distribution within the PropS-SH coating on quinary bronze,
EDS and HR-SRPES maps of elemental distribution were collected in the same locations on the free surface

of the coated bare bronze samples.

EDS maps are reported in Figure 5.2 for a typical area where the PropS-SH coating covers a shrinkage micro-
cavity at the dendrite border, located in the centre of each image. Regarding the characteristic elements
belonging to PropS-SH, C and O show a relatively homogeneous distribution, while Si and S exhibit locally
higher intensities in correspondence with the shrinkage micro-cavity. Hence, the more intense signal of Si and
of S is related to a possible accumulation of PropS-SH, filling up this cavity. In addition, due to the low
thickness of the silane coating (~300 nm), also X-rays emission from bronze alloying elements is detected,

revealing the microstructure of the as-cast bronze with Sn micro-segregation in the interdendritic space.

Fad

S-K / Pb-M

Figure 5.2: PropS-SH on bare quinary bronze, SEM/EDS analysis of the free surface: SE image and X-ray maps of the
main elements (C, O, Si, S, Cu, Sn and Pb) [121].

HR-SRPES chemical imaging brings complementary information about coating elements distribution: it is
worth noting that in the case of HR-SRPES only the top surface (a few nm) of the coating is investigated,

while EDS results reveal the alloying element distribution underneath the coating as previously discussed.

Figure 5.3a reports the optical observation of the same area where EDS maps of Figure 5.2 were collected and
where HR-SRPES maps of Figures 5.3b-d were recorded as well. It shows some colorimetric interference
surrounding the central micro-porosity in the middle of the image. This could be linked to small variations of
coating thickness according to a different elemental distribution on the surface, as revealed in Figures 5.3b-d,

related to the HR-SRPES maps of C 1s, O 1s and Si 2p at a micrometric scale.
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Figure 5.3: PropS-SH on bare quinary bronze, free surface: optical image (a) and HR-SRPES maps for C 1s, Ols and Si
2p (b-d). The optical image (a) shows the analysed area, corresponding to the same location of Figure 5.2: the yellow
dashed square indicates the area covered by HR-SRPES maps (side of the square=100 um) (b-d) [121].

In fact, these signals are rather strong in the area surrounding the cavity, while they are absent in the cavity
itself. Conversely, EDS Si and O signals are more intense into the cavity than outside it and decrease towards
the dendrite core, as shown by the Sn distribution map in Figure 5.2, highlighting microstructural features.
These observations suggest that the organosilane coating accumulates at the bottom of the cavity (as shown by
EDS signals, coming from a higher depth than HR-SRPES), replicating the surface topography, while it is not
detectable in the upper volume of the cavity itself (as suggested by HR-SRPES signal from the uppermost
layer) because the coating does not level up completely the surface. This is probably due to the relatively low
viscosity of the adopted silane solution and to capillary effects, which allow its penetration into recessed

features.
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5.2. XPS analysis: PropS-SH-coated metals and alloys and uncoated quinary bronze

In order to deeply investigate the coating-substrate bonding system, which is very important for understanding
PropS-SH protective properties both on bare and patinated bronze, XPS analyses on coated samples and on
uncoated bare quinary bronze were performed, using a larger spot size than in HR-SRPES and taking into
account very thin PropS-SH deposits on Cu, Sn, Cu8Sn and bare quinary bronze, so as to investigate the
coating-substrate interface. Tests on ZrN and patinated quinary bronze, both coated by 1h immersion, and
uncoated quinary bronze were also performed to investigate, respectively, the coating bulk, a sample more
representative of a real coated system and the bronze substrate before coating application. Elemental Zn was
not taken into consideration as a reference material, because in patinated bronze Zn is selectively dissolved in
the environment, so that it is no more detected in patinas [18,122]. To help comprehension of the following
results, Table 5.1 reports the values of XPS peak positions of the main elements detected on the top surfaces

of the different PropS-SH coated samples in this study.

Table 5.1: Binding energies of the different chemical species detected in XPS core levels [121].

Element Peak Position (eV) References
CC, CH, C-Si 284.5
Cls C-0, C-S 286.2 [52,53]
C=0, 0=C-0 288.3
O 1s - 531.8 [52,161]
C-Si-0, Si-O-Si 101.7
Si2p [52,53,161,162]
Si-O (Si0,) 103.2
S-C, S-Metal 162.5
S 2psp [52,53,151-153]
sulfates 168.5
Cu2 Cu(0) 9325 [86,118,163,164]
u p ok
3’2 Cu (I) 933.1 [51]
Zn 2p;; Oxide 1022.1 [86,118]
Metal 484.7
Sn 3ds;, Sn(II) 485.9 [147,156-159]
Sn(IV) 486.7
Pb 4f;, Oxide 138.7 [86,118]

"KE (Cu LMM) =918.0 eV; ’ = 1850.5 eV — Cu(0) component
" KE (Cu LMM) =915.6 ¢V; a’ = 1848.7 eV — Cu(I) component

5.2.1. ZrN (reference substrate)

The obtained XPS surveys are reported in Figure 5.4. Figure 5.4a refers to PropS-SH layer on ZrN and it

shows intense peaks of the characteristic elements of the coating (C 1s, O 1s, Si 2p, S 2s and S 2p). No signal
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from the substrate (Zr 3d and N 1s) is detected, suggesting that, as expected, the spectrum in Figure 5.4a is not

affected by the substrate/coating interface and can be considered as a reference one for PropS-SH coating.
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Figure 5.4: XPS surveys of PropS-SH layer on: (a) ZrN, (b) Cu, (c) Sn, (d) Cu8Sn, (e) bare quinary bronze, (f) patinated
quinary bronze and (g) uncoated bare quinary bronze (BQ), (thin coatings in (b), (c), (d) and (e)) [121].
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The core level spectra of C 1s, O 1s, Si 2p and S 2p are reported in Figure 5.5a-d, respectively.

Cls spectrum in Figure 5.5a shows a sharp peak centred at 284.5 eV (BE), typical of aliphatic chain (C-H
bond) of PropS-SH and atmospheric compounds adsorbed on the surface. Characteristic contributions of
silane layer are highlighted by O 1s and Si 2p levels at binding energies of 531.9 eV (Ol1s core level spectra of
Figure 5.5b) and 101.8 eV (S2p core level spectra of Figure 5.5c). These BE values indicate a main
contribution of the Si-O-Si bonds, suggesting a good grade of reticulation of the coating [52,161,162]. Figure
5.5d evidences that the contribution of S 2p;,, is centred at 162.9 eV, representative of S-C bonds [151]. In
particular, the analysis of S 2p signal takes into account the presence of a doublet structure of the core level
with a spacing of 1.2 eV (S 2p12 - S 2p3» = 1.2 €V) and a theoretical intensity ratio of 2 (S 2p;,/S 2p1,=2). No
evidence of unreacted thiol groups (-SH) usually occurring at around 163.5 eV (BE) [52,152] was observed in
the S 2p core level, likely due to prevalent adsorption through metal-thiolate bonds [60].
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Figure 5.5: XPS core levels of the characteristic PropS-SH elements on the different substrates (thin coatings on Cu, Sh,
Cu8Sn, and Q): (a) C Is, (b) O Is, (c) Si 2p and (d) S 2p [121].
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5.2.2. Pure Cu

XPS survey of the thin PropS-SH layer applied on pure Cu substrate is reported in Figure 5.4b. Characteristic
elements of the coating (C 1s, O 1s, Si 2p, S 2s and S 2p) are clearly detected as previously observed for the
coating reference, as well as the intense signal of the substrate (Cu 2p). In particular, Figure 5.5 shows the
main contributions of C 1s, O 1s, Si 2p and S 2p, centred at binding energies of 284.5 eV, 531.9 eV, 101.7 eV
and 162.6 eV, respectively. C s signal also shows some small contributions at higher binding energies
(Figure 5.5a), that is at 286.2 eV and 288.3 eV, corresponding to C-S / C-O and O=C-O, respectively. The
former C 1s contribution (C-S) is typical of the studied silane molecule, while the latter suggests that some
PropS-SH oxidation occurs [56]. On this substrate, S 2p signal shows two different contributions: S 2p;,
BE=162.6 eV, ascribed to S-Cu thiolate bond [52,53,153] or S-C, and BE=168.2 ¢V, mainly related to sulfate,
as better distinguishable in Figure 5.5d. It is well known that the partial oxidation of the thiol groups can
occur in the presence of oxygen gas contamination [149,150] and it is catalysed by the presence of multiple-
valence cations (like Cu and Sn ions), among which Cu ions show high catalytic effects [149]. This justifies
the presence of oxidized species on coated Cu, but not on coated ZrN, as from zirconium element only
zirconium (IV) cations can be formed. It is significant that the thiol group oxidation occurs concurrently to the

oxidation of silane aliphatic chain.

5.2.3. Pure Sn

XPS survey of coated pure Sn (Figure 5.4c) shows weaker peak intensities of the characteristic elements of
PropS-SH, in comparison to pure Cu. In particular, contributions at higher BE for C 1s (BE = 286.2 and 288.3
eV) are more intense than those on Cu, indicating a higher degree of oxidation (Figure 5.5a). Figure 5.5 b
shows that for O 1s a shoulder at BE=530.4 eV occurs, typical of oxide species linked to Sn. Si 2p and S 2p
signals (Figure 5.5¢ and d) are with scarce intensity, noisy and characterized by broad peaks. For S 2p signal
(Figure 5.5d), the contributions due to the S-Sn/S-C environment (BE=162.5 eV) and to SO, (BE=168.5 eV)

are comparable.

Figure 5.6a shows the characteristics of Sn 3d core level detected on coated Sn metal. Sn 3d exhibits three
different contributions at 484.7 eV, 485.9 eV and 486.7 eV, corresponding to metallic Sn, Sn(II) oxide (SnO)
and/or Sn(II)-S, and Sn(IV) oxide (SnO,) with a possible Sn-SOy contribution, in good accordance with
literature data [147,156—159]. Here the distinction between Sn(Il) and Sn(IV) peaks has been performed
assuming a FWHM value of 1.3 eV and 1.5 eV, respectively. These findings indicate the formation of a
thinner PropS-SH coating on pure Sn compared to pure Cu substrate and suggest that the Sn oxidized species
can have a considerable catalytic effect in the oxidation of thiol group inducing the formation of significant

amounts of poorly soluble SO, compounds.
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Figure 5.6: XPS core level of Sn 3d measured on (a) pure Sn coated with PropS-SH, (b) quinary (thin coating); (c)
quinary patinated bronze and (d) uncoated bare quinary bronze (BQ) [121].

5.2.4. Cu8Sn and quinary bronze (Cu-Sn-Zn-Pb-Sb)

When a PropS-SH film is applied by fast dip-coating on bare bronze samples, the XPS survey spectra of
Figures 4.15 d-e are recorded, showing similar features to those observed in Cu and Sn spectra (Figure 5.4 b-
c). In particular, intense peaks belonging to PropS-SH are observed, but among the alloying elements of the

substrates only Cu signal is clearly visible.

In Cu8Sn (Figure 5.4d), the Sn 3ds» level shows a very low and poorly resolved signal, with a main
contribution at BE=486.4 eV, attributed to Sn(IV) oxide and only a small peak at BE=484.8 eV linked to
metallic Sn, as reported in the literature [156]. In quinary bronze (Figure 5.4¢), all alloying elements except
Cu (Sn 3d, Zn 2p, Sb 3d, Pb 4f) exhibit undetectable or low intensity XPS peaks. In particular, Figures 6b
show the Sn 3d core levels on this substrate which indicate the presence of both metallic and oxidised Sn(IV)
species, at 484.7 eV and 486.7 eV respectively [34]. Pb 4f;, level centred at BE = 138.6 eV and Zn 2p;, level
centred at BE = 1022.1 eV (core levels not shown) are linked to oxygen-containing species [86,118]. As some

of these elements are in significant concentration in bronzes (e.g. tin in Cu8Sn), in general their absence or
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negligible detection by XPS indicates that PropS-SH produces relatively abundant continuous coatings on

bronze substrates.

Regarding the characteristic PropS-SH elements, Figure 5.5 evidences that the chemical environments for C
Is, O 1s, Si 2p and S 2p detected on both bare bronzes are corresponding to those on pure Cu substrate. This
suggests that the minor alloying elements do not affect the coating-bronze bonds: the coating correctly
adheres onto the substrates, with a similar binding mechanism, which is essentially due to the formation of

metal-thiolate bonds, involving Cu and Sn atoms, the latter being at a relatively minor extent.

Also on coated bronzes, the oxidation of the thiol group in the coating occurs in conjunction with oxidation of
the silane aliphatic chain, as already observed for pure Cu and Sn. The peculiar influence of Cu and bronze

alloying elements on this degradation process is likely responsible of its occurrence on these substrates.

5.2.5. Quinary bronze vs. patinated quinary bronze

Figure 5.4f shows the XPS survey of thick coated patinated bronze surface. In contrast to the thin bare quinary
bronze (Figure 5.4e), the characteristic elements of the coating (C 1s, O 1s, Si 2p and S 2p) are more clearly
detected, while the characteristic peaks of the substrate, like Cu 2p, Zn 2p, Sn 3d and Pb 4f, are less intense.
As far as Sn 3d core levels in the presence of these substrates (Figures 5.6b and c), it is clear that, while both
metallic and oxidised Sn(IV) species are detected on bare quinary bronze at 484.7 eV and 486.7 eV,
respectively, on patinated bronze reasonably only Sn(IV) species related to Sn-rich corrosion products are

observed [34].

On coated patinated quinary bronze, some environmental elements linked to the corrosion process in acid rain
solution are also recorded on the XPS survey, such as N 1s and Ca 2p centred at 400 eV and 347 eV,
respectively (Figure 5.4f). The increase of -SO contributions for S 2p is also linked to the formation of
sulfates among the corrosion products. All the characteristic elements of the coating show peaks similar in
position and concentration to those obtained on coated quinary bare bronze. However, O 1s peak is broader
and shows, in addition, a contribution at higher BE (~ 534 eV), indicating a remarkable presence of oxide

and/or hydroxide compounds linked to Cu and related to corrosion products on the top surface (Figure 5.5b).

5.2.6. Uncoated bare quinary bronze (BQ)

XPS survey of the uncoated bare quinary bronze (BQ) is reported in Figure 5.4g. As expected, the spectrum
shows the characteristics contributions of the alloying elements (Pb 4f, Sn 3d and Cu 2p), except for Zn that
was not detected. In particular, Figure 5.6d shows the Sn core level spectrum recorded on uncoated quinary
bronze just after polishing and before coating application, highlighting the presence of a predominant peak at

485.7 eV connected to Sn(Il) oxide and a minor peak compatible with Sn(0). Dip-coating in aerated silane
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hydroalcoholic solution is likely responsible of further oxidation of the pre-existing Sn(Il) oxide film into the

oxidised Sn(IV) species, detected under the PropS-SH coating, as shown by Figure 5.6a.

5.2.7. Auger

Cu 2p core level and Auger spectra (Cu LMM) are reported in Figures 5.7a and b respectively, for coated pure
Cu, bare bronzes (Cu8Sn and quinary bronze), patinated quinary bronze substrate and uncoated bare quinary
bronze. A very similar chemical environment for Cu core levels is found for the coated samples. In particular,
Cu 2p core levels show the typical features of the oxidation state of Cu (I) with just a very small shake-up
satellite peak, more developed for quinary bronze after accelerated ageing by Dropping test. The Cu 2p;, peak
is centred at 933.1 eV (BE), while the Auger Cu L;M4sMyssignal at 915.6 eV (KE), with modified Auger
parameter (o), is measured at around 1848.7 eV. These values well correspond to Cu(l) species, such as a
mix of cuprous oxide and Cu(I)-S bonds [165]. For patinated quinary bronze coated by PropS-SH, Cu
contribution is low and the Cu 2p core level, as well as the Auger signal, is noisy and not well resolved.
Conversely, the uncoated bare quinary bronze shows a Cu environment slightly different. In particular, Cu 2p
core level shows the features of a mix of Cu(0) and Cu(l) species, with the Cu 2p;,, peak centred at 932.5 eV
(BE). The Auger Cu L;M4sMy;ssignal at 918.0 eV (KE), with modified Auger parameter (o’) measured at
around 1850.5 eV, are characteristic of Cu(0) species, as reported in [163,164]. This confirms the fact that

coating application is likely responsible of further oxidation of the pre-existing Cu(0) in Cu(I) species.
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Figure 5.7: (a) Cu 2p core levels and (b) Cu-LMM Auger spectra measured on Cu, Cu8Sn and quinary (thin coatings),
on quinary patinated bronze and on uncoated bare quinary bronze (BQ) (from the top to the bottom, respectively) [121].
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5.2.8. XPS atomic quantification on the top surface of PropS-SH coated substrates

From the analysis of the XPS core levels, it is possible to evaluate the atomic concentration of the different
elements on the coated surfaces. These values, together with their concentrations normalized with respect Si

relative amount, are reported in Table 5.2.

On all samples, high C concentrations are detected but, due to surface C contamination, no meaningful trend
among the samples is evident. O level always shows comparable atomic concentrations in all samples, except
for PropS-SH applied on pure Sn, in which O concentration is higher (1.5 times higher than in the reference
sample), due to abundant formation of tin oxides and sulphates. In general, the coated ZrN substrate shows the
lowest O atomic concentration, because the coating is rather thick and the coating/material interface (where
oxide accumulation may occur) cannot be investigated. On this reference substrate, the concentrations of the
coating elements (C 1s, O 1s, S 2p) normalized to silicon are in very good agreement with the theoretical
atomic ratios (O/Si=1.5, C/Si=3.0 and S/Si=1.0). This suggests that the coating reticulation is almost complete

and no significant silane oxidation occurs.

On coated metallic substrates, Si concentrations decrease by passing from pure Cu to either bare or patinated
bronze, to pure Sn, indicating a decreasing coating build-up, as the tin content of the substrate increases. Also
total S atomic concentration decreases by passing from Cu and Cu-based alloys to Sn, but without a
monotonic trend. Oxidation of the thiol group up to sulphate ion occurs at various extents on all bare metals
and the low total S/Si ratios detected on Cu and bronze substrates, in comparison to the expected value of 1
(based on silane stoichiometry), suggest partial sulphate dissolution during dip-coating. Only on Sn substrate,
the ratio (total S)/Si ratio is close to 1 (0.6+0.5), due to significant amount of insoluble sulphate species
detected, likely linked to the formation of insoluble compounds with Sn(IV), as suggested by Sn core level
spectrum. The concentration of S involved in S-Metal and C-S bonds, normalized to that of silicon, is
particularly low in the case of Cu substrate, indicating that thiol oxidation in PropS-SH is more evident on

pure Cu than on bronze or pure Sn.

Regarding the characteristic elements of the metallic substrates, Cu 2p signal is about double on coated bare
bronze substrates in comparison to pure Cu, so confirming the lower average PropS-SH thickness on the
former substrate types than on pure Cu. On patinated quinary bronze, where decuprification occurs due to
selective corrosion, the lowest Cu concentration is detected. On this substrate, the relatively high sum of the
alloying element content (> 1.3 at%) is a consequence of the decrease in Cu at%, but may be also connected to

the non-uniform distribution of PropS-SH, which does not avoid the emergence of the rough surface patina.
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5.3. Conclusive remarks

The following conclusions could be drawn from the results presented in Chapter 5:

* XPS technique allowed the collection of detailed information about the interaction of the organosilane
coating (PropS-SH) with bronze including the role of the main alloying elements in artistic alloys (Sn,
Zn and Pb). PropS-SH coatings tightly follow the morphology of the substrate on which they are
applied. In particular, EDS and HR-SRPES maps on bare quinary bronze evidence that these coatings
sink into shrinkage cavities, filling them up and forming a homogenous and continuous thin layer (<
500 nm). On patinated quinary bronze, the coating penetrates into the porosities apparently insulating
the bronze substrate.

* 1h dip-coating applied to the ZrN substrate produces rather thick coatings, which allow the
characterisation of the coating itself by XPS. Atomic quantification data related to the coating and
normalized to Si signal are in good accordance with theoretical values, indicating that coating
reticulation is almost complete and no silane oxidation occurs. More uniform and likely thicker silane
layers form by passing from pure Sn to bronze to pure Cu. In all cases, the contribution of Cu- and
(where present) Sn-thiolate bonds to silane adhesion has been recognized.

* An appreciable tendency of PropS-SH coating to oxidation is detected, with formation of sulfate and
carboxylate groups. The extent of this phenomenon depends on the substrate nature: it is more evident
on pure Cu than on bronze or pure Sn. It does not occur on ZrN. It likely takes place during the dip-

coating step and appears to be favoured by the presence of multiple-valence cations.
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6. PROTECTIVE COATINGS FOR BRONZES FOR CONTEMPORARY ART (Cu-Si-Mn)

6.1. Black patina (K;S)

Macroscale observation of the black patina on Cu-Si-Mn bronze displays a rather homogeneous surface, black
and dark grey in colour. The colour coordinates resulting from the average of six samples are: L*=24=+1,
a*=1.3x0.5, b*=2.1x0.9. SEM observation, however, indicates a noticeable surface roughness as shown in
Figure 6.1, directly related to surface preparation (sand blasting) before patination. At micrometric scale, the
patina surface consists of micrometric grains, also including some large particles of silica embedded in the

metallic surface.

Grazing angle X-ray diffraction reveals the presence of orthorhombic chalcocite (Cu,S — JCPDS PDF 00-033-
0490) and Cu oxide (Cu,O — JCPDS PDF 01-071-3645), and also confirms the presence of some quartz (SiO,
— JCPDS PDF 01-089-1961). A representative FIB cross-section of the black patina is shown in Figure 6.1a.

(b) . PEE layer
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Figure 6.1: Cross-section of “as-supplied” black patina (K,S) on Cu-Si-Mn bronze: (a) in situ FIB cross-section of
representative portion of the sample; (b) X-ray maps (C, O, Si, S, Cu) of the black patina; (c) superimposition of O
(vellow) and S (cyan) EDS signal to highlight the layered structure of the patina; (d) GD-OES concentration profiles of S
and alloying elements (Cu, Si and Mn) measured from the free surface. In order to improve the readability of the image,
the GD-OES concentration profiles for Si and Mn were amplified 10 times (x10) [136].
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The influence of sand blasting is clearly visible, producing scratches about 10 um wide and thin cracks in the
surface layer of strain hardened bronze. The black patina displays a variable thickness, ranging from 500 nm
to about 3 um. It is characterised by a two-layer structure (Figure 6.1b and c): an internal cuprous oxide layer
covered by an external one consisting of cuprous sulphide. The internal oxide, thin and regular, is directly
related to the surface heating during the patination process, before the application of the potassium sulphide
solution. The external cuprous sulphide formed mainly small dendritic crystals. GD-OES measurements
reported in Figure 6.1d confirm the FIB observation, as the profiles reveal a patina layer exhibiting an external
part rich in S content and an inner part very rich in oxygen element with lower or no S element. It is also

evidenced that the layer is very thin with a thickness lower than 1 um.

6.2. Surface characterisation of the coated samples

The preliminary optical investigation confirmed the relative homogeneity of all coatings produced by spraying
at a macroscale level. As shown in Table 6.1, no remarkable colour variation is induced by the coatings, as the

AE* values were 2.9 and 3.8 for Incralac” and PropS-SH, respectively.

Table 6.1:Colour variation measurements in CIELab 1976 colour space induced by coating application. Standard
deviation values are reported in bracket [136].

Aa* Ab* AL* AE*
Incralac® -0.5(0.2) -1.2(1.4) 2.0(1.7) 2.9(1.2)
PropS-SH -0.2(0.4) -1.0(0.4) 3.8(0.4) 3.8(0.3)

The morphology of the coated patinated surfaces on Cu-Si-Mn bronze is displayed in Figure 6.2.

The application of Incralac” and PropS-SH coatings induced the formation of a continuous layer, masking the
rough morphology of the black patina previously detailed. However, the surface coated by Incralac” (Figure
6.2, left column) reveals a very thin coating layer on areas hardly reachable by the spray jet, characterised by
visible Cu sulphide crystals embedded within the polymer with some external micro-porosities. Conversely,
the coating layer produced by PropS-SH is more homogeneously distributed. As shown in Figure 6.2 (right
column) at higher magnification, the polymer forms a continuous network, well embedding the Cu sulphide
crystallites of the black patina. These differences are related to a different surface wettability afforded by the
two coating formulations on the patinated surface, as confirmed by simple capillary rise measurements
performed after 15 minutes of partial immersion of patinated bronze sheets in 2 mm head of the coating
formulations, followed by sheet drying. The capillary rise in this short exposure time was about 5 mm for
Incralac” and 8.5 mm for PropS-SH. The higher wettability of PropS-SH is likely due to the high chemical
affinity between the thiol group and Cu cations in the patina [67] and determines an easier access of the silane

solution into surface cavities, due to capillary forces.
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Incralac®

o o B o B o o o B

Figure 6.2: Incralac® and PropS-SH surfaces on K.S-patinated bronze, at different magnifications. SEM observation
(SEI) [136].

The XPS surface analysis of the two coatings applied on black patina are reported in Table 6.2. Results were
obtained after a slight Ar” etching for limiting the detection of C pollution. For Incralac®, the top surface
mainly consists of C and O with a minor contribution of N and Si elements. In particular, C 1s showed an
intense peak centred in BE=284.6+0.1 eV, characteristic of C-C and C-H chains of methyl-methacrylate and
ethyl-methacrylate, present in the coating formulation, and two minor peaks at BE=286.3+0.1 eV and
BE=288.5%0.1 eV, linked to C-O and O-C=0 species, respectively. In addition, O 1s is mainly linked to C 1s.
This is also confirmed by the atomic quantification reported in Table 6.2, in which the O element present in
the coating is completely linked to C, with a C/O atomic ratio of about 1. N was detected in low concentration
(N 1s, BE=399.5+0.1 eV) highlighting the presence of BTA corrosion inhibitor within the organic layer, as
reported in [85,86,148].
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Chapter 6 Protective coatings for bronze for contemporary art

Regarding the top surface of PropS-SH, the main elements detected are C, O, Si and S, as expected. In
particular, C 1s showed an intense peak at BE=284.6+0.1 eV characteristic of the aliphatic chain of the
coating and also two other small contributions (BE=286.3+0.1 eV and BE=288.2 eV) linked to C-S/C-O and
O-C=0 species, respectively. An intense Si 2p peak was observed at BE=102.3+0.1 eV, ascribed to the silane
(C-Si-O and Si-O-Si), as detailed in [52,53]. A small concentration of SiO, (BE=103.4+£0.1 eV) was also
found. The analysis of S 2p signal takes into account the presence of a doublet structure of the core level with
a spacing of 1.2 eV (S 2p12 - S 2p32 = 1.2 €V) and a theoretical intensity ratio of 2 (I(S 2ps) / I(S 2pip) = 2).
In particular, S 2p peak is centred at BE=163.3+0.1 eV, characteristic of S-C bonds and thiol groups and
presents a minor contribution centred at BE=168.1+0.1 eV, to be ascribed to the presence of sulphate groups
[52,53,151-153], as highlighted in Figure 6.3 (dashed line). O-C=0O and sulphate bonds are connected to a
limited oxidation of the coating, as already observed on organic thiol compounds, like for PropS-SH exposed
to the atmosphere [56,121,149,150]. It is unclear if also the small concentration of SiO, (peak at
BE=103.4+0.1 eV) could be related to silane oxidation or to a contamination in the original silane monomer

commercial product.

C1ls N 1s O1s

------- Before ageing
.\ — After Dropping

Counts (a.u.)
Counts (a.u.)
Counts (a.u.)

280 282 284 286 288 290 292 39, 394 396 398 400 402 404 406 408 410 526 528 530 532 534 536 538 540
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Si 2p S2p

Counts (a.u.)
_ Counts (a.u.)

95 97 99 101 103 105 107 109 157 159 161 163 165 167 169 171 173 175
Binding energy (eV) Binding energy (eV)

Figure 6.3: XPS measurements on PropS-SH surface before (dash line) and after ageing by Dropping [136].

From the atomic quantification reported in Table 6.2, the calculated atomic ratios are Si/C=0.35, Si/0=0.47
and Si/S=1.60, by considering only the concentration of Si 2p centred in the representative value for silane at
BE=102.3 eV. These values agree quite well with the theoretical values: Si/C=0.33, Si/0=0.67 and Si/S=1.00,
indicating that the Ar' ion sputtering is rather efficient in removing contamination without damaging the
polymer. However, lower Si/O and higher Si/S ratios than the theoretical ones are found. The former

difference is linked to the additional contribution of SiO, species found on this coated substrate, while the
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latter one is likely due to a loss of sulphur from the silane top layer after thiol group oxidation to a volatile

sulphur oxide [121].

6.3. Assessment of the coatings protectiveness: inhibiting efficiency after Dropping

The gravimetric measurements recorded during accelerated ageing by Dropping as a function of Time of
Wetness (ToW), are reported in Figure 6.4. These results confirm the protective barrier effect of both
coatings. Thus, while uncoated bronze exhibits a marked linear trend (R* = 0.997) of mass decrease with
ToW, the coated samples only reveal a very limited mass decrease. However, at the end of the ageing test, a
slight weight increase was measured for Incralac®. This has to be linked to localised corrosion at the

coating/substrate interface, as detailed later, locally inducing corrosion deposits.
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Figure 6.4: Mass variation for the uncoated (black line) and coated patinated bronze samples (PropS-SH in red and
Incralac® in green) during accelerated ageing by Dropping test [136].
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The evolution of Cu, Mn and Si cations release in the weathering solutions was measured as a function of

ToW.
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Figure 6.5: Cumulative Cu, Mn and Si ions release (ug/cm’) from patinated bronzes (coated and uncoated) in

weathering synthetic solution, as a function of exposure time, for a total Time of Wetness (ToW) of 10 days of Dropping

test [136].

Results are given in Figure 6.5, which shows that linear Cu and Mn ion release trends were detected. In the

case of uncoated samples, Cu/Mn and Cu/Si concentration ratios (about 36 and 6, respectively) are much

lower than in the alloy (around 96 and 31), likely due to slight local Cu species precipitation. This result

highlights that the Dropping test always leads to a significant leaching of the surface of the uncoated, K,S-

patinated bronze, inhibiting the formation of a protective barrier layer of Cu-based corrosion products.

The coated samples displayed a lower dissolution rate of Cu and Mn by comparison to the uncoated ones.

Regarding Si, for both PropS-SH and Incralac® coated samples, the concentrations of dissolved species were
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always found under the Limit of Detection (LoD < 18 ppb) in the weathering solutions. Considering the
relatively high Si LoD due to the analytical technique applied, a conservative approach was adopted, by
assuming concentrations lower than LoD to be equal to 2 LoD. Therefore, for coated samples, Si
concentrations equal to Y2 LoD were used to estimate Si release reported in Figure 6.5. Overall, the results
given in Figure 6.5 highlight a clear difference between uncoated and coated samples, with much smaller
dissolution rates on coated samples, clearly confirming the high protectiveness of these coatings. Inhibiting
efficiency values m, calculated in accordance with Equation 3.1, quantify these differences. In particular,
Incralac® afforded an average 1y of 92, M of 95 and Mg of 91%, while PropS-SH showed an average 1, of

95, v of 87 and ms; of 91%, confirming an excellent equivalent protective performance of these coatings.

6.4. Surface examination after Dropping

The surface examination of uncoated patinated Cu-Si-Mn samples after ageing by Dropping indicates a more
extensive degradation by comparison to the coated ones, as already pointed out by gravimetric and metal
release data. As shown in Figure 6.6a, the uncoated samples revealed the formation of corrosion products

linked to a slight evolution of the black patina.

Incralac®

Uncoated sample

Figure 6.6: Surface morphology after Dropping: (a) Uncoated patinated bronze; (b) Patinated bronze coated by
Incralac® (c) Patinated bronze coated by PropS-SH [136].
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Due to runoff and high Cu ions release in the ageing solution, the initial rough surface is still observable but

partially masked by the formation of a new layer of cubic crystallites.

XRD measurements confirmed that these Cu species essentially consist of cuprous oxide (Cu,O JCPDS PDF
01-071-3645) but also of orthorhombic Cu,S (JCPDS PDF 00-033-0490) and residual quartz particles due to
sandblasting (JCPDS PDF 01-089-1961). No hydroxysulphate salts were identified. For the coated samples
(Figures 6.6 b and c), no pronounced differences were observed compared to the surfaces before ageing
(Figure 6.2). However, Incralac® coating exhibits surface cracks under Dropping exposure (Figure 6.6b)
which are not observed for PropS-SH (Figure 6.6¢). Furthermore, surface alterations appeared in areas
exhibiting lower thickness of the protective coatings. For Incralac”, this occurs in correspondence with
recessed areas (e.g. bottom of sand-blasting grooves) while for PropS-SH (i.e. for the surface treatment with

higher penetration capability), this occurs on raised areas (i.e. upper part of grooves).

In addition, colour measurements reported in Table 6.3 revealed that the appearance of the uncoated black
patinated bronze always showed marked colour variations induced by Dropping (AE* ~ 9), mainly due to an
increase in lightness (AL* ~ 7.5) and to chromatic variations towards blue. On the contrary, the coated
samples do not significantly change during the ageing test (AE* < 3). This confirms no evident visual
alteration of the coatings in the test conditions, especially for PropS-SH coating, which has to be related to a

good protectiveness, without patina evolution and formation of corrosion products.

Table 6.3: Colour variation measurements in CIELab 1976 colour space induced by accelerated ageing (Dropping test).
Standard deviation values are reported in brackets [136].

Aa* Ab* AL* AE*
Uncoated sample -0.9(0.7) -4.1(2.2) 7.5(1.6) 8.8(1.6)
Incralac® -0.3(0.5) -0.8(1.0) -0.4(1.1) 1.2(1.2)
PropS-SH -0.4(0.2) -0.20(0.03) 0.5(0.3) 0.7(0.2)

The influence of Dropping on Incralac® chemistry was analysed by XPS measurements (Figure 6.3). Atomic
quantification measured on the top surface of the coating after ageing is reported in Table 6.2. These results
show that no significant variation occurred, except a slight increase in N 1s, Si 2p. In parallel, on the top
surfaces of PropS-SH, no strong differences in the environment of the main elements (C 1s, O 1s, Si 2p, S 2p
and Cu 2p), as shown in Figure 6.3 when comparing the reported core levels before (dash line) and after the
Dropping test. This confirms that no marked modification of the coating surface chemistry occurred after
ageing. In particular as detailed in Table 6.2, Dropping induced an increase in N 1s contribution, to be
ascribed to the presence of nitrate species due to the effect of the acid rain solution on the top surfaces. In
addition, an increase of —SOy species at BE=168.1+0.1 eV for S 2p was detected, related to the oxidation of

silane coatings and to the presence of sulphates among the corrosion products, as observed in a previous study
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[121]. However, even if Cu 2p signal slightly increased after Dropping, Cu was always present in very low

concentrations and the signal was noisy and not well resolved.

Investigation of the microstructure of the coating/patina/bronze after the ageing test was performed by FEG-

SEM observation of in situ FIB cross-sections. The results for uncoated samples are shown in Figure 6.7.
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Figure 6.7: FIB cross-section of the uncoated patinated bronze after Dropping. X-ray maps of both the cross-sections
show the distribution of O, Si, S, Cu (Mn is not reported as the EDS map is not well-resolved). Pt-C layer was applied
before FIB milling in order to protect the top surface of the cross-section [136].
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By comparison with the examination before ageing reported in Figure 6.1, the corrosion process induced a
modification of the patina structure. A preferential dissolution of Cu elements is observed, producing
numerous voids and exfoliations within the corrosion-modified surface patina. This is accompanied by a

relative enrichment in Si and O elements, forming an inner corrosion layer.

Therefore, as illustrated in Figure 6.7, a decuprification process may take place here, characterized by the
internal oxidation of the alloy with a preferential dissolution of Cu ions and a relative enrichment in oxidised
Si element. This phenomenon may be analogous to the corrosion behaviour highlighted for tin bronze [34],
where selective dissolution of Cu, due to internal oxidation, induces selective enrichment in the stable
oxidised alloying element such as Sn. However, further work is required to investigate the corrosion
behaviour of the Cu-Si-Mn alloy itself. The cross-section observation also showed that S element, belonging

to the original sulphide-containing black patina, is still present in the inner layer.

As regards the coated samples, FIB cross-section observations are reported in Figures 6.8 and 6.9 for
Incralac” and PropS-SH, respectively. In general, the coatings fully cover the black patina, filling up the
porosities within black Cu sulphide crystallites. However, for both coatings, the polymer layer is not
homogenous in thickness. It is ranging from about 150 nm (Figures 6.8a and 6.9a) to about 10 um for
Incralac” and 7 pm for PropS-SH (Figures 6.8b and 6.9b respectively). However, the variations of thickness
in Incralac® are conversely disposed to those of PropS-SH. In fact, Incralac” is thicker on the raised areas of
the patinated bronze (i.e. on the top areas of sand-blasting grooves) and very thin in the lower recessed parts.
The opposite occurs for PropS-SH film. This microstructure characterisation confirms the previous

observations performed before ageing.

Figure 6.8 also shows that large pores are entrapped inside Incralac”, with diameters ranging from 1 to several
pm, sometimes in contact with the black patina. Conversely, PropS-SH (Figure 6.9) is dense and well

adherent to the underlying black patina.

Such differences are connected to a different wettability of the surface patina by the coating formulations. In
fact, the high affinity of the thiol groups with the Cu cations of the patina is expected to particularly favour the
penetration of PropS-SH hydrolysed solution inside the patina pores and cavities, by the contribution of

capillary forces.
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Figure 6.8: FIB cross-section of the patinated bronze coated by Incralac® after ageing by Dropping, in correspondence
of (a) a thinner part (recessed parts) and (b) coating thicker part, corresponding to raised areas of the patinated bronze,
i.e. on the top of grooves induced by sand-blasting). X-ray maps on cross-section revealing the distribution of the main
elements in the coated system (right detailed part of (a)). Pt-C layer was applied before FIB milling in order to protect
the top surface of the cross-section [136].

Because of these thickness variations, corrosion started within the thinnest coating areas, inducing localised
corrosion attack: on the recessed areas for Incralac” and on raised areas for PropS-SH. For Incralac®, this is
shown in Figure 6.8a (SEM image), and by the X-ray maps of C and O elements (coating polymer) as well as
of Si, Cu and Mn (patina system), always in Figure 6.8. The corrosion, developed at the bronze/black patina
interface, produces an internal corrosion layer under the Cu sulphide crystallites of the initial patina, as clearly
highlighted by the presence of oxygen in Figure 6.8. The O map, together with those of S and Cu, clearly
shows that, as for the uncoated sample (Figure 6.7), a decuprification process occurred, which is characterised
by a marked Cu dissolution (low Cu signal) and a relative enrichment in Si (high Si signal) and, to a lower

extent, in Mn.
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Figure 6.9: FIB cross-section of the patinated bronze coated by PropS-SH after ageing by Dropping, in correspondence
of (a) thin part (raised area of the patinated bronze surface), and (b) thick part located in the recessed parts of the
patinated bronze surface. X-ray maps on cross-section of the main elements located within the coated system after
ageing. Pt-C layer was applied before FIB milling in order to protect the top surface of the cross-section [136].

FIB cross-section of the PropS-SH coating after Dropping did not reveal a corrosion attack at the coating-
substrate interface (Figure 6.9). The double-layer structure of the initial black patina (previously reported in
Figure 6.1) is clearly conserved. This indicates that also when deposited as a thin layer, PropS-SH was able to
protect the substrate from corrosion. X-ray maps of the aged PropS-SH layer on black patina (Figure 6.9) also
confirm that, after ageing by Dropping, the film is not affected by corrosion and maintains a homogenous

chemical composition.

These findings suggest that, even if the two coatings exhibit very low and comparable metal releases from the
substrate, in terms of n¢y, Nvn and ng; values (c.f. paragraph 6.3), only PropS-SH efficiently prevents alloy
decuprification. Instead, Incralac® cannot avoid the formation of Si-enriched layers under the patina, related to

localised corrosion in thinner areas of the coating.

6.5. Other result from B-IMPACT project

To present an overview of other results about the PropS-SH and Incralac”® coatings applied on patinated Cu-

Si-Mn bronze achieved in the B-IMPACT project, results from the electrochemical tests performed by I-
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UniFE (Italy) and S-ZAG (Slovenia) reported in B-IMPACT Deliverable 2.1 — Proposal of candidate
protection systems for patinated bronze and B-IMPACT Deliverable 2.2 — Protection efficiency report for
eco-friendly coatings [120,135] and from the Occupational Exposure tests performed by I-ECAM and
reported in B-IPACT Deliverable 3.3 — Assessment of TLW/TWA and STEL [137] are reported in paragraph
6.5.1 and 6.5.2, respectively.

6.5.1. Electrochemical tests

In B-IMPACT deliverables [120,135], the protection efficiency of the PropS-SH and Incralac® treatments,
applied either by dip-coating or by spraying, was investigated by monitoring the time evolution of the
polarisation resistance R, and corrosion potential E., values. It was reported the results obtained during 30

days of continuous exposure to concentrated acid rain ARX10 and are shown in Figures 6.10a and 6.10b.

As regards the uncoated K,S-patinated bronze, the measured R, values showed a slight increase from 11 kQ
cm® to 28 kQ cm?, during the initial 24 h. Then, despite some fluctuations, they decreased down to 7.9 kQ cm”
at the end of the exposure (Figure 6.10a). The corresponding E., values evolved from -0.07 V after 1 h
immersion to more active values (-0.14 Vscg) after 24 h and then continuously increased up to 0.007 Vg, at
the end of test (Figure 6.10b). The relatively low and slightly decreasing R, values indicate that the K,S-patina
could offer only a partial protection to the bronze substrate and that the influence of immersion time on bronze

corrosion rate is limited.

During the first week of exposure, PropS-SH-coated bronze specimens obtained by dip-coating exhibited R,
values of about one order of magnitude greater than those recorded on the blank. Then, the R, values tended
to decrease slowly, although they always remained well higher than those of the blank (about 47 kQ cm’, after
30 days). Despite, as above mentioned, the dip-coating application method produced Incralac” coatings with
specific weights much higher (5.6 g m™ on average) than those of silane coatings (1.6 g m™ on average), the
former surface treatment on patinated bronze determined only slightly higher R, values, with similar time

evolution and final average R, values of 65 kQ cm? (Figure 6.10a).

It was suggested that that both PropS-SH and Incralac® applied by dip-coating adhere on patinated bronze and
offer a good protection, but the slow penetration of the aggressive solution and dissolved oxygen partially
impairs their performances. To assess and compare the performance of silane and Incralac”, sprayed coatings
of the same specific weight of about 6g m™~ (and hence comparable thickness) were then tested, as reported in

[120,135].

Figure 6.10a shows that the spraying method determined some improvements in comparison to dip-coating,
much more noticeable in the case of PropS-SH, which afforded R, values one order of magnitude higher than

those obtained by dip-coating, due to the increase of its thickness.
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Figure 6.10: Electrochemical characterization of uncoated and coated bronzes. Polarization resistance (a) and
corrosion potential (b) values recorded during 30 days exposure to ARXI10. Polarization curves recorded on uncoated
specimens at different immersion times (c) and on uncoated and coated specimens after 1 hour (d), 24 h (e) and 30 days
(f) of exposure to ARX10 [135,136].
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The polarization curves were also recorded at different exposure times on uncoated specimens and are
reported in Figure 6.10c. They highlighted relatively high initial anodic slopes of about 0.12 V/decade, after 1
h, and 0.24 V/decade, after 24 h of exposure. In this period, the cathodic polarization curve of oxygen
reduction tended to shift towards lower current densities. Instead, at the end of the exposure period (30 days),
the anodic slope significantly decreased to about 0.06 V/decade, while the cathodic currents again accelerate.
It was suggested that at first the patina behaved like a passive film, which initially became more compact and
protective, likely due to the precipitation of insoluble corrosion products in the patina pores, likely related to
cuprous oxide. Then, at the end of the exposure period, prevalent formation of soluble corrosion products
appeared to occur because patinated bronze exhibited an active corrosion behaviour, meaning that the patina

was no more protective [120,135].

The polarization curves recorded on PropS-SH and Incralac® produced by dip-coating and by spraying after 1
h, 24 h and 30 days of immersion are shown in figures 6.10d, e and f, respectively. After 1 h exposure (Figure
6.10d), all coated bronze specimens showed E., values nobler than that of the blank. However, in the case of
silane surface treatment applied by dip-coating (1.6 g m?), a negligible inhibition of the corrosion current (ico)
was achieved, while the other thicker coating types offered a significant protectiveness. In particular,
regardless the application method, Incralac® appreciably inhibited the cathodic process, while PropS-SH
applied by spraying exhibited a more significant barrier effect, against both the cathodic and the anodic
process. After 24 h of exposure (Figure 6.10¢), a marked i.,, reduction was observed on all coated samples in
comparison to their performances at shorter immersion times, again more evident in the case of sprayed

silane.

Table 6.4: Corrosion potential (E,,,) and current density (i) parameters and Protection efficiency (PE) obtained from
30 days polarization curve measurements [135,136].

e (Vsco) (ud cm”) e
30 days

K,S-patinated bronze 0.003 4.0 -

Incralac® Dip-coating 0.058 0.69 &3

Incralac® Sprayed 0.056 0.45 &9

PropS-SH Dip-coating -0.015 0.72 82

PropS-SH Sprayed -0.009 0.10 97

It was stated that this coating was the most efficient to hinder both the cathodic and the anodic reactions of the
corrosion process and afforded ic, values as low as 3x10™® A/cm®. At the end of the exposure period (Figure
6.101), on all specimen types the corrosion process was slightly speeded up, but still important final protective

efficiencies (PE) were measured applying Equation 3.5, particularly in the case of sprayed PropS-SH. So,
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Table 6.4, collecting the E.. and i, parameters deduced from the 30 day polarization curves, showed that
final PE of sprayed silane is 97%, while those of Incralac” are 83 and 89%, in the case of dip-coating or
spraying application methods, respectively. The time evolution of the polarization curves stresses the
excellent performances of sprayed PropS-SH during the continuous exposure to concentrated acid rain

(ARX10) [120,135].

6.5.2. Eco-toxicity

B-IMPACT deliverable 3.3 reports the values of the Exposure Limit (EL) of PropS-SH coating that was 0.019
[137]. Compared to Incralac” that shows a value of EL of 1.108, as reported in Table 4.7, also plain PropS-SH
performed better than the commercial reference Incralac”. So, it was concluded that all the selected coatings
in the B-IMPACT project showed low toxicity values and could be considered as non-hazardous protective

coatings [137].

6.6. Conclusive remarks

The assessment of the protectiveness of 3-mercapto-propyl-trimethoxysilane (PropS-SH) coating applied on

patinated Cu-Si-Mn bronze was carried out. The following main conclusions can be drawn from this work:

* The K,S patina on silicon bronze forms a double-layer structure: an internal cuprous oxide layer,
directly related to surface heating during the first step of the patination, covered by an external one
consisting mainly of cuprous sulphide developing small coalesced crystals, identified by XRD and in
situ FIB cross-section.

e Based on results from electrochemical tests, PropS-SH and Incralac® applied by spraying offer a good
protection to patinated bronze, better than that by dip-coating, particularly in the case of PropS-SH.
With the former application method, final protective efficiency (PE) values are 97 and 89% for silane
and Incralac”, respectively.

e Incralac® and PropS-SH coatings applied by spraying produce continuous layers. However, Incralac”
coating does not completely penetrate within patina cavities, whereas PropS-SH coating is found to
cover more homogenously the patinated surface. The top surface of Incralac® mainly contains C
atoms involved in C-C and C-H bonds and O atoms from C-O and O-C=0 bonds, as expected for a
methyl-methacrylate / ethyl-methacrylate copolymer. N is also detected to be ascribed to the presence
of BTA corrosion inhibitor within the organic layer. On the top surface of PropS-SH, C, O, Si and S
elements are mainly detected, with atomic ratios in agreement with the theoretical values. Dropping
tests (artificial accelerated ageing) did not induce strong variation in the chemistry of both top coating
layers, indicating a good stability of the polymer/patina system under ageing conditions.

* Inhibiting efficiency in terms of metal release of Incralac® and PropS-SH show mc, values of 92 and

95 (RSD about 15%), mmn of 95 and 87, respectively, and an estimated mg of 91% for both,
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suggesting excellent coating performance. Furthermore, based on cross-section observations, PropS-
SH also prevents the accumulation of insoluble corrosion products under the patina, while Incralac®
cannot avoid the formation of a silicon-enriched corrosion product suggesting the onset of

decuprification.
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7. GENERAL CONCLUSIONS AND FUTURE RESEARCH

The assessment of the protectiveness of innovative, non-hazardous coatings tailored for the conservation of
outdoor bronze Cultural Heritage was achieved in this study. The multi-analytical approach adopted allowed a
coherent and consistent investigation of the performance of the selected coatings under simulated ageing
conditions, representative of the outdoor exposure. All the investigated protective coatings, developed for the
protection of both traditional quaternary bronze alloy (Cu-Sn-Zn- Pb) and ternary alloy (Cu-Si-Mn) used for
contemporary art, show outstanding protective performance compared to the uncoated samples. In addition,
the protective performance of the selected treatments were also compared to the commercial product
Incralac®, considered as the reference treatment as one of the most used product for the conservation of
outdoor bronzes. Electrochemical approach, accelerated ageing, morphological and structural characterisation
of the coated substrates before and after ageing were discussed in this thesis, as well as data about the eco-

toxicity of the investigated treatments.

The selected coatings were tested on both the bronze substrates in patinated conditions, representative of the
natural patinas on quaternary Cu-Sn-Zn-Pb bronze and of the aesthetical black patina (K,S aqueous solution)
on the Cu-Si-Mn, usually applied by artistic foundries. The characterisation of both patinated substrates
showed different features, therefore the development of the protective treatments had taken into account the
morphological and structural features of the different patinas. On one hand, the artificial patinas on Cu-Sn-Zn-
Pb produced by the artificial ageing of Dropping (ToW=37 days) was not homogenous as mainly dendrite
cores were corroded and a thin layer of few microns characterised by nano-porosity was achieved, as
discussed in paragraph 4.1. This substrate simulating the real patinas of outdoor exposure of unsheltered
geometries was also compared to the ones produced by Wet&Dry test, representative of sheltered exposure.
So, similar corrosion behaviour was revealed by the characterization of Dropping and Wet&Dry-aged bronze
surfaces, characterised by the internal oxidation and decuprification process. However, the corrosion layer on
the samples produced with Dropping is thicker and a slight erosion effect was also detected. So both the
artificial patinas well represented the main features of the real corroded substrates of outdoor bronzes and
patinated Cu-Sn-Zn-Pb substrates obtained by Dropping were selected as representative substrates for the
application of the selected treatments. On the other hand, the K,S patina on Cu-Si-Mn bronze is characterised
by a developed surface roughness and porosity. It forms a double-layer structure: an internal cuprous oxide
layer, directly related to surface heating during the first step of the patination, covered by an external one

consisting mainly of cuprous sulphide developing small coalesced crystals, as reported in paragraph 6.1.

From a methodological point of view, the important achievement of this study was the implementation of the
Dropping device for the patination of a large set of samples in the same experimental conditions. The
standardisation of representative aged surfaces equivalent to natural bronze patinas is a fundamental point for
justifying the performance of conservation treatments, such as, for example, when designing the efficiency of

protective coatings. To this aim, the implemented method in relation to artificially aged bronze patinas
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representative of naturally aged outdoor bronzes was developed, essential for the reproducible evaluation of
conservation treatments. The scale up set for the Dropping test device allowed the ageing of a batch of 52
samples under the same experimental conditions. However, considerations of the effect of the experimental
set up initially defined in the earliest papers [34,35,61] have to be taken into account, such as the bronze
composition. In particular, tin content in as-cast bronzes seems to play an important role in corrosion
behaviour. As well-known for bronze alloys [114], the formation and proportion of eutectoid including delta
phase is also related to the cooling rate. Thus in as-cast condition, the formation of eutectoid is observed at
around 6-8 wt% Sn for industrial and artistic bronzes, quite far from the maximum Sn solubility in Cu solid
solution (15.8 wt%). In this study, the Sn content of the bronze was around 7 wt%, higher than in [34,35],
which was 4.4 wt%, and the presence of delta phase in the interdendritic eutectoid is quite important as
evidenced by surface observation [121]. So, the presence of the Sn-rich 6 phase, chemically more stable, is
probably enhancing the general stability of the bronze. This could explain the less-effective corrosion impact
of both ageing tests (Dropping and Wet&Dry) observed in comparison to the previous studies [34,35].
Furthermore, for the Dropping test, the drop dimension, the drop fall height, the average flow rate and the
alternate wet and dry cycles are fundamental parameters for optimising the mechanical effect of runoff. Also,
the less evident erosion effect observed in this study for the dropping test in comparison to the more
pronounced alteration in the reference study [34] could also be ascribed to the feebler impact due to the
greater dimension of drops used for batch making. In this context, additional improvements could be
performed for providing fully controlled ageing standards for outdoor bronze, such as including the impact of
the tin concentration or the wetting condition on the corrosion rate for improving the time schedule as well as

the phenomenon amplitude.

In chapter 4, the assessment of the protectiveness of charged silane coatings (PropS-SH+B-CD+MPT and
PropS-SH+FA) and fluoropolymers (FA-MS) shows that all the applied coatings produced continuous layers
and exhibited similar inhibiting efficiencies in terms of metal release compared to Incralac”®. In addition, from
the electrochemical point of view, the selected coatings offer a better protection to patinated Cu-Sn-Zn-Pb
than Incralac®, showing a more efficient barrier effect against both the cathodic and anodic process. Finally,
the occupational exposure test determines that the selected coatings have low toxicity, as they exhibit a EL <
1, contrary to what measured for Incralac®. Considering all the qualitative physical properties of the selected
coatings, such as colour changes, coverage ability, thickness homogeneity and porosity, as well as qualitative
evaluation of the effect of accelerated ageing (Dropping) and electrochemical measurements, FA-MS was
selected as the best protective treatment for the patinated Cu-Sn-Zn-Pb, mainly due to the low aesthetical
impact during coating application, while charged silane coatings induces a colour variation close to the limit

of acceptability for Cultural Heritage applications.

Chapter 5 demonstrates that XPS technique is a powerful tool for the study of interaction of coatings with the

patinated bronze substrate. The influence of the main alloying elements of a quinary bronze alloy (Cu-Sn-Zn-
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Pb-Sb) was discussed to understand the interaction with the organosilane coating (PropS-SH). Simpler
substrates, such as pure Cu and Sn, a binary Cu-Sn alloy and an inert sample were analysed by XPS after the
application of PropS-SH coating. Coupling conventional XPS technique with High resolution-Synchrotron
Radiation XPS device (HR-SRPES) carried out at Antares beamline at the Synchrotron Soleil (Saint Aubin,
France), it was found that the coating tightly follow the morphology of the substrate on which they are applied
and on patinated quinary bronze, the coating penetrates into the porosities apparently insulating the bronze
substrate. Finally, in all the substrates the contribution of thiolate bonds to silane adhesion has been observed

and more uniform silane layer forms by passing from pure Sn to bronze to pure Cu.

In chapter 6, the results about the protective assessment of protective coatings for the conservation of black
patinated (K,S) Cu-Si-Mn bronze alloy were discussed. For this rough patinated substrate, PropS-SH shows
outstanding properties compared to both uncoated samples and Incralac® performance. Regarding
electrochemical tests both the coatings applied by spraying offer a good protection to patinated bronze, better
than that by dip-coating, particularly in the case of PropS-SH. With the former application method, final
protective efficiency (PE) values are 97 and 89% for silane and Incralac”, respectively. Similar trend was also
recorded by the measurement of the inhibiting efficiency in terms of metal release and particularly PropS-SH
also prevents the accumulation of insoluble corrosion products under the patina, while Incralac® cannot avoid

the formation of a silicon-enriched corrosion product suggesting the onset of decuprification.

The results achieved in this study also allowed the final actions of B-IMPACT project. In particular, the
selection of the treatment for both the patinated bronze substrates (FA-MS for Cu-Sn-Zn-Pb and PropS-SH for
Cu-Si-Mn) was necessary in the phase of the pre-industrialisation process and validation of coating
application. In particular, a B-IMPACT test-kit containing a bronze object, PropS-SH coating and instructions
for application, was prepared (Figure 7.1) and sent to selected end-users (restorers, artistic foundries, ...) for
testing. The end-users were required to fill up an on-line questionnaire. The feedbacks from the end-users
highlight a very positive performance of the coating in general. Some comments were reported about the
smell of the coating released during application and scattered feedbacks about the visual appearance were

recorded.

’. Onaliah —_-
QUESTTIONNART Mark ot tevting

B e e e

Figure 7.1: B-IMPACT test-kit (bronze object, selected coating, instruction for application) sent to selected end-users
and a print screen of the on-line questionnaire [167].
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Finally, in order to monitor the long-term durability of both the selected coatings, two identical bronze object
depicting the Slovenian poet France Preseren (1800-1849) were supplied by the artistic foundry Livartis d.o.o.
(subcontractor of the B-IMPACT project) and installed in the park of ZAG Institute (March 2017). The
objects were made of the same alloys used for the samples of this study: Cu-Sn-Pb-Zn bronze without
artificial patination and Cu-Si-Mn alloy already supplied black-patinated (K,S). In the first case, FA-MS will
be applied when the bronze will be naturally patinated, while on black-patinated object PropS-SH was applied
at the moment of installation. Durability and protective performance of the coatings will be monitored by
checking the visual appearance and by characterisation with a portable X-Ray Fluorescence (XRF). As
revealed Figure 7.2, the traditional quaternary bronze object showed only some traces of the natural patina
after more than 5 months of outdoor exposure. FA-MS coating will be applied only when the object surface

will be more homogenously patinated.

17th March 2017 - 28th August 2017 -
No coating No coating (164 days)

Figure 7.2: Evaluation of surface evolution of the Cu-Sn-Zn-Pb object after more than 150 days after installation (FA-
MS coating has not been applied yet) [168].

Conversely, the black patinated Cu-Si-Mn object already coated by PropS-SH did not reveal any visual
changes after the first 5 months of outdoor exposure. The test is still in progress and the main observation
about the performances of both the coatings will be reported also in the future in order to fulfil the

understanding in terms of long-term durability of the selected B-IMPACT coatings.
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Modeg® Si bronze + KiSfpatina

’

1.7th March 2017 - 21st March 2017 - 28th August 2017 -

No coating Silane based (PSH) Silane based (PSH)
coating (3 days) coating (164 days)

Figure 7.3: Visual appearance evolution of the coated black-patinated object by PropS-SH at the moment of the
installation, after 3 days and after more than 150 days after installation. No appreciable visual difference were observed
in more than 5 months of outdoor exposure [168].

To conclude, a consistent understanding about the protectiveness of different innovative, non-hazardous
coatings was achieved thanks to a systematic and multi-analytical approach. However, some aspects could be
furtherly investigated. In particular, the influence of acid rain was investigated as the main responsible of the
mechanism of decay of outdoor bronzes. As pointed out in the introduction, the atmosphere is a very complex
media and several factors can play a role in the mechanism of decay of metallic Cultural Heritage. For this
reason, the synergistic action of different air pollutants, such as particulate matters (PM) and UV radiation
should be deeply investigated, in order to complete the assessment of the performance of the selected
coatings. As in this study organic polymers were investigated, the influence of temperature should be also
considered as one of the parameter acting in synergism with the other environmental constituents. A broad
investigation on the influence of these main environmental pollutants will fulfil the scientific understanding
about the mechanisms of decay of bronze substrates and of promising protective treatments to be used for
conservation. In addition, for engineer practice it would be possible to develop an implemented systematic
method to evaluate innovative protective coatings, considering the synergistic action of the main aggressive

constituents present in atmosphere.

Finally, one of the requirements for protective treatment for conservation coatings is the removability of the
coatings. In this study, only some literature data are reported about this aspect. It is known that
fluoropolymers may be easily removed by polar solvents, such as acetone [75]. So, a specific study about the
removability and consequently the re-applicability of the selected coatings will be carried out in order to

verify all the requirements for the acceptability of the selected coatings for conservation practice.
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