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Do the difficult things while they are easy and do the great things while they
are small. A journey of a thousand miles must begin with a single step.
Laozi
(likely 6th or 4th century BC)

	
  

	
  

	
  
	
  

	
  

	
  

Abstract
Copper and copper-based alloys are commonly used in both ancient and modern
architecture. This requires an in-depth fundamental and applied understanding on
their atmospheric corrosion behavior at different climatic, environmental and
pollutant levels and how these parameters influence e.g. corrosion initiation, patina
characteristics, aesthetic appearances, corrosion rates, and runoff rates. This doctoral
thesis elucidates the role of native surface oxides on the corrosion performance,
corrosion initiation, formation and evolution of corrosion products from hours to
months, years and even centuries, to diffuse dispersion of metals from Cu metal/Cu
alloy surfaces focusing on the roles of alloying elements, microstructure, and
deposition of chlorides. In-depth investigations have been performed at both
laboratory and field conditions on commercial Cu metal and copper-based alloys of
a golden alloy (Cu5Zn5Al1Sn) and Sn-bronzes (Cu4Sn, Cu6Sn). Patina
characteristics and relations to the presence of microstructural inclusions have in
addition been investigated for historic patinas of Cu metal roofing of different age
and origin, highlighted with data for a 400 years old Cu patina exposed at urban
conditions.
A multi-analytical approach comprising microscopic, spectroscopic and
electrochemical methods was employed for in-depth investigations of surface
characteristics and bulk properties. Electron backscattered diffraction (EBSD) was
utilized to characterize the microstructure. Auger electron spectroscopy (scanningAES), X-ray photoelectron spectroscopy (XPS), glow discharge optical emission
spectroscopy (GDOES) were employed for surface chemical compositional analysis,
and atomic absorption spectroscopy (AAS) to assess the amount of metal release
from the patinas. Cathodic reduction (CR) and electrochemical impedance
spectroscopy (EIS) were used to assess the amount and corrosion resistance of
corrosion products formed at laboratory conditions. Confocal Raman microspectroscopy (CRM), infrared reflection absorption spectroscopy (IRAS) and
grazing incidence X-ray diffraction (GIXRD) were used to identify the phases of
corrosion products. Colorimetry was used to assess surface appearances.
Cu5Zn5Al1Sn and Cu4Sn/Cu6Sn exhibit favorable bulk properties with respect
to corrosion in terms of smaller grain size compared with Cu metal and show non-
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significant surface compositional variations. The presence of multi-component
native oxides predominantly composed of Cu2O enriched with Sn-oxides on
Cu4Sn/Cu6Sn, and with ZnO, SnO2 and Al2O3 on Cu5Zn5Al1Sn, improves the
barrier properties of the native surface oxides and the overall corrosion resistance of
Cu4Sn/Cu6Sn and Cu5Zn5Al1Sn. The formation of Zn/Al/Sn-containing corrosion
products (e.g. Zn5(CO3)2(OH)6 and Zn6Al2(OH)16CO3·4H2O) significantly reduces
the corrosion rate of Cu5Zn5Al1Sn in chloride-rich environments. Alloying with Sn
reduces the corrosion rate of Sn-bronze at urban environments of low chloride levels
but results in enhanced corrosion rates at chloride-rich marine conditions.
A clear dual-layer structure patina was observed for centuries-old naturally
patinated copper metal with an origin from the roof of Queen Anne's Summer Palace
in Prague, the Czech Republic. The patina comprises an inner sub-layer of Cu2O and
an outer sub-layer of Cu4SO4(OH)6/Cu3SO4(OH)4. Abundant relatively noble
inclusions (mainly rosiaite (PbSb2O6)) were observed and incorporated in both the
copper matrix and the patina. The largest inclusions of higher nobility than the
surrounding material create significant micro-galvanic effects that result in a
fragmentized
patina
and
large
thickness
ratios
between
the
Cu4SO4(OH)6/Cu3SO4(OH)4 and the Cu2O sub-layer, investigated via a statistical
analysis of inclusions and patina characteristics of eight different historic urban
copper patinas.
Key words: Cu metal, copper-based alloy, historic Cu patina; atmospheric corrosion,
runoff, patina evolution, corrosion product characterization; inclusions,
microstructure, chlorides, marine and urban environments; surface analysis.

	
   ii

	
  
	
  

Sammanfattning
Koppar och kopparbaserade legeringar har många tillämpningsområden, bl.a. som
fasad- och takmaterial i såväl gamla som nya byggnader. Att hitta rätt material för
dessa applikationer kräver såväl grundläggande som tillämpad förståelse för
materialens atmosfäriska korrosionsbeteende under olika klimatförhållanden,
miljöer och närvaro av föroreningar och hur dessa förhållanden påverkar t.ex.
korrosionsinitiering, patinaegenskaper, estetiskt utseende, korrosionshastigheter och
avrinningshastigheter. I denna doktorsavhandling har fördjupade undersökningar
utförts på kommersiell kopparmetall och tre kopparbaserade legeringar, en Zn-Al
brons (Cu5Zn5Al1Sn) samt två Sn-bronser (Cu4Sn, Cu6Sn) vilka exponerats under
såväl laboratorie- som utomhusförhållanden. Speciellt har de initialt bildade
ytoxiderna undersökts och hur de påverkar olika korrosionsegenskaper i ett
tidsintervall som sträcker sig från någon timme till flera århundradens exponering.
Den diffusa metallspridningen från dessa ytor har också studerats. Förutom de
initiala oxidernas inverkan har syftet varit att klargöra inverkan av olika
legeringselement, materialens mikrostruktur och deponeringen av klorider. För att få
ett utvidgat tidsperspektiv har inte bara moderna material studerats, utan även åtta
material som använts som takmaterial på historiska byggnader under perioder upp
till 400 år.
Ett månganalytiskt tillvägagångssätt har använts som innefattar mikroskopiska,
spektroskopiska och elektrokemiska metoder för fördjupade undersökningar av ytoch bulkegenskaper. Bakåtspridd elektrondiffraktion (förkortning i facklitteraturen:
EBSD) har utnyttjats för att karakterisera mikrostrukturen hos legeringar. Likaså har
Augerelektronspektroskopi (SAES), fotoelektronspektroskopi (XPS) och
glimurladdningsspektroskopi
(GDOES)
utnyttjats
för
ytkemisk
sammansättningsanalys, samt atomabsorptionsspektroskopi (AAS) för att bedöma
mängden frisatt metall. Katodisk reduktion (CR) och elektrokemisk
impedansspektroskopi (EIS) har använts för att bedöma mängden respektive
korrosionsskyddet hos korrosionsprodukter bildade under laboratoriebetingelser.
Slutligen
har
konfokal
Raman-mikrospektroskopi
(CRM),
infraröd
reflektionsabsorptionsspektroskopi (IRAS) och röntgendiffraktion (GIXRD) under
strykande infall använts för att identifiera faser i de ytterst liggande
korrosionsprodukterna. Även färgmätningar har utförts på bildade korrosionsprodukter.
Cu5Zn5Al1Sn och Cu4Sn/Cu6Sn uppvisar gynnsamma bulkegenskaper med
avseende på korrosionsbeständigheten dels p.g.a. den mindre kornstorleken jämfört
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med kopparmetall dels på grund av frånvaron av signifikanta ytkemiska variationer.
Initialt bildad Sn-oxid har identifierats i ytområdet på Cu4Sn- och Cu6Snlegeringarna tillsammans med Cu2O, samt ZnO, SnO2 och Al2O3, förutom Cu2O i
ytområdet på Cu5Zn5Al1Sn. Denna spontant bildade multioxid resulterar i
barriäregenskaper som höjer korrosionsskyddet hos samtliga undersökta legeringar.
Vid fortsatt exponering bildas Zn-, Al- och Sn-innehållande korrosionsprodukter
(t.ex. Zn5(CO3)2(OH)6 och Zn6Al2(OH)16CO3·4H2O) vilka kraftigt reducerar
korrosions-hastigheten för Cu5Zn5Al1Sn i kloridrika miljöer jämfört med
kopparmetall. Tillsats av Sn minskar korrosionshastigheten för Sn-bronserna i
stadsmiljöer med låga kloridnivåer men resulterar i ökade korrosionshastigheter vid
kloridrika marina förhållanden.
Två tydligt skilda skikt observerades i de 400 år gamla korrosionsprodukterna
(patina) på koppartaket vid Drottning Annes Sommarpalats i Prag, Tjeckien. Patinat
består av ett inre skikt av Cu2O och ett yttre skikt av Cu4S04(OH)6/Cu3SO4(OH)4.
Rikligt med inneslutningar observerades i kopparsubstratet, huvudsakligen
bestående av rosiait (PbSb2O6). De största inneslutningarna var elektrokemiskt
ädlare än kopparsubstratet vilket resulterade i mikrogalvaniska effekter och en mer
fragmenterad patina. Detta resulterade i sin tur i ett ökat tjockleksförhållande mellan
det yttre, mindre skyddande delen av patinat (Cu4SO4(OH)6/Cu3SO4(OH)4) jämfört
med det inre, mer skyddande skiktet (Cu2O).
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Abbreviations
AAS

Atomic absorption spectroscopy

AES

Auger electron spectroscopy

AFM

Atomic force microscopy

BSE

Backscattered electrons

CPD

Contact potential difference

CR

Cathodic reduction

CRM

Confocal Raman micro-spectroscopy

CV

Cyclic voltammetry (CV)

DHP

Desoxidized high phosphor copper

DTGS

Deuterated triglycine sulfate

EBSD

Electron backscattered diffraction

EDS

Energy dispersive X-ray spectroscopy

EIS

Electrochemical impedance spectroscopy

FEG

Field emission gun

FTIR

Fourier transform infrared

GDOES

Glow discharge optical emission spectroscopy

GIXRD

Grazing incidence X-ray diffraction

IR

Infrared

IRAS

Infrared reflection absorption spectroscopy

MCT

Mercury cadmium telluride

OCP

Open circuit potential

LOM

Light optical microscopy

SE

Secondary electrons

SEM

Scanning electron microscopy

SKFPM

Scanning Kelvin probe force microscopy

XRD

X-ray diffraction

XPS

X-ray photoelectron spectroscopy
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1 Introduction
1.1 Motivation and scope
The global cost for atmospheric corrosion-induced failures in the society stands
upwards US$100 million per year [1]. This number may be even higher since the
enormous consequences related to the deterioration of ancient objects and the
cultural heritage is difficult to estimate compared with failures of infrastructure and
electronic components or systems. It is assumed that the cost of protection measures
against atmospheric corrosion is almost half the total cost of corrosion protection
measures [2]. In addition to various protection actions by different electrochemical
means, e.g. cathodic protection, corrosion inhibitors, and coatings, the choice of
material for a given application is crucial as e.g. alloying often results in a material
of improved corrosion resistance and physical properties compared with the pure
metals.
Copper and copper-based alloys are not only important materials in modern
society, but also largely used in historic objects and ancient architecture. These
materials are widely used in outdoor architecture such as roofs and cladding/facades
due to e.g. their aesthetic appearance and tarnishing resistance upon long-term
atmospheric exposure. Their aesthetic appearance, which is strongly correlated to
the formation of corrosion products – the patina, is dynamic and changes depending
on e.g. time, environmental and climatic conditions. Although extensive studies
have been performed with respect to atmospheric corrosion of copper [3-6], the
complex nature of atmospheric corrosion involving electrochemical, chemical and
physical processes, certain aspects still need to be explored. Except for an improved
understanding of how changes in pollutant characteristics influence the corrosion
processes, the opposite situation needs to be explored, i.e. how and in what amount
metals from the patina can be released to the environment and where they end up
(environmental fate). Alloying results in materials different microstructure and
characteristics. This complicates the prevailing atmospheric corrosion mechanisms
of copper-based alloys compared with copper metal due to multiple chemical
composition and possible heterogenetic microstructure, e.g. secondary phases and
inclusions, as well as the composition of the native surface oxide and the subsequent
patina formation [7]. Recent development of novel analytical tools combined with
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surface and bulk analytical techniques provides new opportunities to obtain a
mechanistic understanding of reactions taking place at the liquid/solid interface
during the corrosion process and an improved possibility for more precise and
effective characterization of patina constituents and corrosion product.
The topic of this doctoral thesis is to address atmospheric corrosion mechanisms
of copper and copper-based alloys from a combined fundamental and applied
perspective. The work includes in-depth studies of the influence of microstructure
and bulk composition on the atmospheric corrosion performance of copper and
copper-based alloys and of their spontaneously formed native surface oxides,
followed by investigations of atmospheric corrosion processes upon short-term
laboratory exposures mimicking outdoor conditions, and patina formation and
evolution combined with metal release processes at unsheltered long-term field
conditions at marine and urban environments. The thesis provides an overall
scientifically based knowledge on the performance of copper and copper-based
alloys at atmospheric conditions ranging from the initial stages of the corrosion
process (i.e. the initial oxidation within several minutes), the developing stage (i.e.
the occurrence within hours, days and several years) and the final relatively steady
stage after centuries of exposure. The main scientific aspects investigated in this
doctoral thesis are summarized in Fig. 1.1. Research activities within this study have
strong implications for sustainable use resources, in this case of copper and copperbased alloys in building applications, and the atmosphere and climate changing
worldwide. The research project is hence of large relevance for the UN global goal
11 on sustainable cities and for goal 13 on climate action.
This study elucidates the influence of prevailing environmental and pollutant
conditions, e.g. wet/dry cycles, presence of chlorides and sulfates, and the
importance of alloying elements in copper, e.g. aluminum, zinc and/or tin, on the
overall atmospheric corrosion performance of copper and copper-based alloys, and
on their metal dispersion to the environment by using different complementary bulk
and surface sensitive analytical techniques. The influence of alloying elements on
the microstructure and surface uniformity of copper-based alloys was characterized
in Papers I, III and IV by means of electron backscattered diffraction (EBSD),
scanning Auger electron spectroscopy (scanning-AES) and scanning Kelvin probe
force microscopy (SKPFM). The characteristics of native surface oxides (Papers I
and III), corrosion products formed in the presence of chlorides (Paper II), and
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patina evolution (Papers II-V) at various outdoor conditions were investigated by
means of glow discharge optical emission spectroscopy (GDOES), X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy with X-ray
microanalysis (SEM/EDS), atomic force microscopy (AFM), confocal Raman
micro-spectroscopy (CRM), infrared reflection absorption spectroscopy (IRAS),
cathodic reduction (CR), electrochemical impedance spectroscopy (EIS) and grazing
incidence X-ray diffraction (GIXRD). Metal release rates and changes in visual
surface appearance were evaluated by using atomic absorption spectroscopy (AAS)
and colorimetric measurement, respectively.
SO4 − /SO2

Cl−/NaCl

Centuries
rs
Yea
D
Minu

tes

Papers I and III
• Surface uniformity
• Sub-oxides: depth
distributions,
barrier properties

ays

Paper II
Corrosion products:
lateral distributions,
barrier properties

Papers II and III
• Corrosion rates
• Metal release
• Patina constituents,
distributions

Papers IV and V
• Micro-galvanic effects
• Patina composition

Steady patina

Patina
evolution

Corrosion
initiation

Native oxides
Cu and Cu-based alloys

Figure 1.1. Summary of main aspects investigated within the different papers of this
doctoral thesis.
The investigated copper-based materials, supplied via the European Copper
Institute, Brussels, Belgium include copper metal, bronze (4, 6wt.% Sn), brass (15
wt.% Zn) and a golden alloy (5 wt.% Al, 5 wt.% Zn and 1 wt.% Sn), all
commercially available materials used in contemporary outdoor architecture. Longterm field exposure testing was possible via research collaboration with colleagues
at the Politecnico di Milano, Italy, Universidad de Cádiz, Spain, Centro Nacional de
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Investigaciones Metalúrgicas (CENIM/CSIC), Madrid, Spain and the French
Corrosion Institute, Brest, France. The experimental work, material and
surface/patina characterization were performed at the Division of Surface and
Corrosion Science at KTH. Investigations of the importance of microstructural
inclusions on ancient patina characteristics were performed in collaboration with
Prof. Morcillo and co-workers at CENIM, Madrid, Spain and Jean- Marie Welter,
Luxembourg. All research activities within this study are closely connected to longterm (~25 year) dedicated research studies at the Division of Surface and Corrosion
Science with the International Copper Association, the European Copper Institute
and Scandinavian Copper Development Association to generate a fundamental
understanding of atmospheric corrosion and metal release processes and the
environmental fate of dispersed metals from outdoor architectural copper-based
materials [61].

1.2 Atmospheric corrosion
1.2.1 General description of atmospheric corrosion
Atmospheric corrosion refers to the interaction that occurs on the surface of a
material, mostly made of a metal, and its surrounding atmospheric environment. It
incorporates chemical, electrochemical, and physical processes involved in the
interfacial domain from the gaseous phase to the liquid phase to the solid phase.
GILDES models (G-gas, I-interface, L-liquid, D-deposition layer, E-electrodic
regime and S-solid) have been used to formulate this multi-regime system, and the
transition as well as transformations that need to be considered in atmospheric
corrosion chemistry [1, 8-10].
The occurrence of atmospheric corrosion is triggered already by the presence of
a very thin aqueous layer on the surface of the material. Depending on the relative
humidity levels in the atmosphere, the thicknesses of the water layer varies from
virtually absent to thin nonvisible and to thick clearly visible water layers, with
corresponding corrosion processes sometime denoted dry-, damp- and wetatmospheric corrosion [1]. Differences in environmental pollutants such as salt
particles (e.g. NaCl, (NH4)2SO4) or atmospheric gases (e.g. SO2, NOx) dissolve into
or interact with the water layer and can result in thicker, more corrosive electrolytes
or even the formation of surface droplets. Due to the interaction between this
unevenly distributed water layer and the heterogeneity of most metal surfaces,
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corrosion products frequently initially locally form as islands or as layers of
substantially varying thickness over the surface. This results in the formation of
spatially separated anodes and cathodes of local electrochemical corrosion cells.
Predominant anodic and cathodic reactions at atmospheric conditions are given
below:
M → M !! + ne!

(anodic reaction, metal dissolution)

O! +   2H! O   +   4e! → 4OH ! (cathodic reaction, oxygen reduction)
Dissolved metal ions will precipitate as a solid phase, i.e. the nucleation of
corrosion products, by coordinating with counter-ions present in the aqueous layer.
With prolonged exposure time, the size and number of precipitated nucleus increase
and the corrosion products grow until the entire metal surface is fully covered, i.e. a
corrosion products is formed. This layer is for copper metal and copper-based alloys
often denoted the patina.
Atmospheric corrosion normally takes place at uncontrolled field conditions,
which include both indoor and outdoor environments. The latter generally represents
the most complex type of environment due to large variations in relative humidity,
temperature, and airflow rates, presence of numerous corrosive gases and particles,
precipitation including rain, dew, fog, and snow, etc. This complexity makes it
difficult to predict the corrosion behavior of a given material for a given
environment. In order to simplify field conditions and discern the individual effects
of different corrosive species on the atmospheric corrosion of materials, controlled
laboratory conditions can be used to simulate outdoor conditions. These studies
typically involve synthetic air containing limited levels of selected corrosive gases
and/or particles at a given temperature and relative humidity, or in cycles mimicking
repeated dry and wet conditions. To provide mechanistic understanding of different
atmospheric corrosion processes on metals and alloys, investigations at laboratory
conditions are often combined with short- and long-term exposures at outdoor field
conditions [11, 12].

1.2.2 Atmospheric pollutants
The following main atmospheric constituents, either in their gaseous form or
their ionic form, have been identified as predominant corrosive species towards
metallic surfaces, including carbon dioxide (CO2), ozone (O3), ammonia (NH3),
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nitrogen dioxide (NO2), hydrogen sulfide (H2S), sulfur dioxide (SO2), hydrogen
chloride (HCl) and organic acids [1]. In addition, aerosol particles consisting of e.g.
chlorides (Cl−) and sulfates (SO42−) act as corrosion stimulators and enhance the
corrosion process on several metals/alloys. Findings from outdoor field exposure
programs carried out during last century reveal that the corrosion rates of most
construction metals/alloys are at outdoor field exposure conditions predominantly
influenced by prevailing pollutant levels of chloride ions and of sulfur dioxide in
addition to climatic factors such as relative humidity levels and temperature [1].
Chloride-rich aerosols, mainly transported by coastal wind, are suspensions of
tiny solid particles or liquid droplets originating from salt spray or fog [13]. As the
dominant pollutants in marine environment, chloride-rich aerosols provide a
relatively corrosive aqueous layer of high conductivity. High chloride deposition
levels are the predominant reason behind typically high atmospheric corrosivity
levels at marine conditions. The corrosivity level is reduced with increasing distance
from the coast line, i.e. reduced deposition levels of chlorides [14]. High deposition
levels of chlorides result in enhanced corrosion rates for many metals and alloys by
several orders of magnitude [13]. Chloride ions interact with the metal/alloy surface
at the initial stage of corrosion during which they locally destroy the native surface
oxide and hydroxides with passive properties and trigger corrosion, e.g. pitting
corrosion [15]. Chloride-induced atmospheric corrosion of metals and alloys has
been extensively and mechanistically studied in the scientific literature both at field
[14, 16-18] and laboratory [19-23] conditions.
Sulfide dioxide (SO2), predominantly originating from combustion of fossil
fuels containing sulfur, is an atmospheric gas of outmost importance for the
corrosion of metals/alloys. Emission levels of SO2(g) reflect the extent of industrial
development and show the highest concentration levels in industrial and urban
environments. SO2 is moderately soluble and easily dissolved in water forming
different kind of sulfur species such as SO32−, HSO3− and SO42− that typically
reduces the local pH of the aqueous surface layer [1, 2, 24]. This acidification effect
of dissolved SO2 and its oxidized forms enhances the corrosion rate of most metals
and alloys, an effect that increases with its concentration. Several investigations
have been performed to assess effects of SO2 on the corrosion or metals and alloys
using synthetic air at laboratory conditions [25-31]. Results on copper metal exposed
at outdoor conditions show that sulfate-rich constituents are the major corrosion
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products at industrial and urban field exposure conditions of low chloride levels [2528]. Controlled studies at laboratory conditions show that copper sulfite is the main
initial corrosion product on copper metal in synthetic air containing only SO2 in the
absence of other oxidants [29-31], and that copper sulfite very slowly is oxidized to
copper sulfate in clean humid air [24]. Such information would not be possible to
deduce at outdoor field conditions.
Carbon dioxide (CO2) is a natural atmospheric constituent with an average
concentration of 350−400 ppm in the ambient atmosphere. As CO2 is weakly soluble
in water, dissolved CO2 dissociates to moderately corrosive bicarbonate ions
(HCO3−) and carbonate ions (CO32−). CO2 is important from an atmospheric
corrosion perspective since it participates in the formation of different corrosion
products. A significant effect of CO2 on the corrosion performance at atmospheric
conditions has been reported at NaCl-rich conditions on different metals [24, 32-36].
The results show an increased corrosion rate of e.g. zinc in the absence of CO2, and
a reduced corrosion rate in the presence of CO2 due to the formation of zinc
hyrdoxycarbonates and an enhanced formation of zinc-hydroxychlorides [33, 34]
and the hindrance of the cathodic reaction on aluminum in the presence CO2 [35,
36]. The effect of CO2 on NaCl-induced atmospheric corrosion of copper metal has
previously been intensively investigated [20, 37].

1.3 Copper and copper-based alloys
1.3.1 Copper-based alloys
Copper and copper-based alloys including brasses (Cu-Zn) and bronzes (Cu-Sn)
are widely used in different industrial and societal applications. They are common
engineering materials in modern architecture and primarily used for roofing and
facade cladding due to their visual appearance (important from an architectural
perspective in terms of design or during renovation of modern or ancient cultural
buildings), ductility, malleability, atmospheric corrosion resistance and long-term
performance [1]. When exposed to air, copper forms a brownish-green or greenishblue corrosion layer, often denoted as the patina. Copper patina is generally known
as an aesthetically pleasing surface, and one reason for the extensive use of copper
metal and copper-based alloys in both ancient and modern architecture. One of the
most famous examples is the Statue of Liberty in the harbor of New York, US [26,
38].
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Bronze alloys are a family of copper-based alloys traditionally alloyed with tin.
Bronze alloys are of exceptional historic interest and still finds wide applications. It
was developed 5-6 millennium ago, the earliest tin-alloyed bronze dates back to
4500 BC [39]. The hardness, tensile strength, wear resistance and corrosion
resistance of these alloys are for most applications superior compared with copper
metal. In spite of their generally high corrosion resistance at most conditions, bronze
alloys may suffer from the so called “bronze disease”, a post-burial cyclic corrosion
phenomenon occurring at atmospheric conditions due to the formation and presence
of cuprous chloride and its concomitant volume expansion when transformed into
other corrosion products within the patina [11, 40, 41].
Brass alloys are copper-based alloys that are alloyed with zinc in different
proportions, which results in a material of varying mechanical, corrosion and
electrical properties. Increased amounts of zinc provide the material with improved
strength and ductility. Brass can range in surface appearance (color) from red to
yellow depending on the zinc content. Brass alloys are generally classified in three
types depending on their zinc content: alpha (α) brass (zinc < 35 wt.%) with facecentered cubic (fcc) crystal structure; alpha-beta (α-β) brass (35 wt.%< zinc < 45
wt.%), called duplex brass and beta (β) brass (zinc > 45 wt.%) with body-centered
cubic (bcc) crystal structure. The heterogeneity in structure of the brass alloys may
cause micro-galvanic corrosion effects [42, 43], and zinc may selectively be released
at certain conditions from the brass alloys in aqueous solution (dezincification) [4446].
In recent years, a novel copper-based alloy (Cu-5Zn-5Al-1Sn), containing zinc
(5 wt.%), aluminum (5 wt.%) and tin (1 wt.%), known as the golden alloy has found
increasing use for e.g. facade cladding due to its lustrous and golden appearance.
Compared with copper metal, brass (Cu-15Zn) and Sn bronze (Cu-4Sn), the golden
alloy corrodes much slower and is the only material that retains its lustrous golden
appearance even after 3–5 years of exposure at urban sites and also at marine sites
(except for conditions very close to the sea shore) [14, 47]. A similar alloy with
slight differences in composition and properties is used in both Swedish and Euro
coins. This material has shown non-allergenic and anti-microbial properties, good
tarnishing resistance and formability [48]. The antimicrobial characteristics of
copper metal and the golden alloy have been subject for investigations during recent
years [49-51].
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1.3.2 Historic copper
Copper metal has for centuries been used in architectural and cultural
applications, such as monumental buildings (e.g. copper roofs, frontages and
facades), statues and sculptures. Different production methods of copper sheet now
and hundreds years ago have resulted in differences in composition and
microstructural characteristics. Examples of such differences are displayed in Fig.
1.2 showing the microstructures of the base metal for a historic copper coupon from
the roof of the Summer Palace in Prague, the Czech Republic (Fig. 1.2a) and a
modern commercially available copper sheet (deoxidized high phosphorus copper,
DPH-Cu, Fig. 1.2b). Inclusions (white features in Fig. 1.2a) are clearly observed for
the historic copper coupon whereas no inclusions are observed for modern copper
metal (Fig. 1.2b).
(a)	
  

(b)	
  

100	
  μm	
  

	
  

50	
  μm	
  

	
  

Figure 1.2. SEM images of cross-sections of historic copper from the roof of
Summer Palace in Prague (a) and a modern copper sheet (b). (Paper IV,
reproduced with permission from MDPI; Materials, 10, 298–311, 2017.)
Differences in chemical bulk composition of historic copper metal and modern
copper metal shown in Fig. 1.2 are presented in Table 1.1. The results clearly show
significant larger amount of impurities, connected to the observed inclusions, in the
historic- compared to the modern copper metal. The underlying reason for these
differences is related to the fact that the historic copper metal was extracted from
oxide ores by reduction with charcoal, and that these ores range from fairly pure
chalcopyrite (CuFeS2) to Fahlerz ore with high content of antimony (Sb) and
arsenic (As). For instance, lead (Pb) and zinc (Zn) sulfides were the main
constituents in the mine of Falun (Sweden). Later production processes used
oxygen to reduce sulfur and other elements from the ore, processes that resulted in
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that large amount of oxygen and other metallic impurities became retained in the
copper bulk material. This type of copper metal contained lead (≤ 1 wt.%), arsenic
and antimony (≤ 0.5 wt.%) with minor presence of nickel (Ni), silver (Ag), tin
(Sn), zinc , iron (Fe), and bismuth (Bi). Until the end of the 19th century, electrorefining of copper resulted in total impurity levels below 0.1 wt.%. At present,
phosphor (P) is a preferred element and commonly used as a de-oxidant in copper
manufacture, and present in quantities of 0.02–0.03 wt.% (modern copper).
Table 1.1 Bulk chemical composition (wt.%) of the historic copper bulk metal from
the roof of the Summer Palace in Prague and modern copper. (Papers IV and V)
Cu

Sb

Historic
copper

98.98

0.242

Modern
copper

> 99.90

Pb

Ni

S

Ag

Al

P

0.188 0.076 0.0393 0.0344 0.0011

0.015–
0.040

1.4 Atmospheric corrosion of copper and copper-based alloys
1.4.1 Patina evolution
Processes that govern the formation and growth of corrosion products on copper
and copper-based alloys during atmospheric exposure are often referred to as patina
evolution. This evolution, which depends on the prevailing climatic conditions,
environmental parameters and pollutant levels, determines the corrosion
performance and surface appearance of the material. Since patinas formed on copper
metal and copper-based alloys are generally regarded as aesthetically pleasing due to
their dynamic appearance, these materials are commonly used in architectural
applications and for sculptures and statues. The patina is when established at most
conditions poorly soluble, stable, and well adherent [52].
The influence of climatic and environmental conditions on the atmospheric
corrosion of copper metal has been extensively studied in the scientific literature [36]. Fresh copper metal exposed at outdoor conditions changes its visual surface
appearance from a salmon pink to a dull brown progressively and eventually to a
bluish or greenish color [3], as evident for the green or green/blue copper roofs on
ancients buildings, e.g. the roof of the Royal Summer Palace in Prague, the Czech
Republic, Fig. 1.3. Differences in surface appearance and coloration and their
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change with time are a consequence of the patina characteristics (thickness and
composition) and a consequence of corrosion product formation and transformation
with time. At urban and industrial sites the patina typically evolves via the initial
formation of cuprite (Cu2O) and the concomitant formation of posnjakite
(Cu4SO4(OH)6·H2O), brochantite (Cu4SO4(OH)6), and/or antlerite (Cu3SO4(OH)4)
depending on the pollutant levels of SO2 and/or other sulfate-rich pollutants [4]. At
chloride-rich conditions, typically in marine environments, atacamite (Cu2Cl(OH)3)
and/or its isomorphous compound paratacamite are the main corrosion products
formed in addition to cuprite and sometimes nantokite (CuCl) [4, 11, 64]. The same
corrosion products are commonly identified on copper also at laboratory conditions
when exposed to humid air and pre-deposited NaCl crystals [11, 37, 53]. Once
formed, the patina is relatively stable and acts as an efficient barrier that
substantially reduces the rate of corrosion.

Figure 1.3. The green copper patina on the roof of the Royal Summer Palace in
Prague, the Czech Republic. (Paper V, reproduced with permission from Elsevier;
Materials Characterization, 133, 146–155, 2017.)
Investigations of patina formation and its evolution on binary Sn-bronzes at
atmospheric conditions are significantly less investigated compared with studies on
copper metal, especially Sn-bronze used in modern architecture for façade
claddings. The same corrosion products that form on copper metal, i.e. Cu2O,
Cu4SO4(OH)6·H2O, Cu3SO4(OH)4 and Cu4SO4(OH)6 in sulfur-rich atmospheres, and
Cu2Cl(OH)3 at chloride-rich conditions, are also predominant patina constituents on
Sn-bronzes. In addition, Sn-oxides (SnO2, SnO and/or SnO·nH2O) have been
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identified within the patina on ancient bronzes (Cu-Sn alloys) [54-58] of both
relatively high (≥ 6 wt.%) [56, 59] and low (~1 wt.%) [60] Sn bulk contents.
Unsheltered exposures of brass alloys containing 15 wt.% Zn (Cu15Zn) or 20
wt.% Zn (Cu20Zn) at urban conditions also result in a predominance of copper-rich
corrosion products combined with zinc-rich corrosion products of both an
amorphous (possibly basic zinc carbonates and sulfates) and crystalline (ZnO)
nature. Zinc-rich corrosion products covered with time a relatively large portion of
the outermost brass alloy surface at low-polluted conditions, a coverage that was
reduced for more sulfur-polluted (SO2 and SO42−-species) [46]. In chloride-rich
atmospheres, additional Zn-containing corrosion products, mainly zinc
hydroxycarbonate (hydrozincite, Zn5(CO3)2(OH)6 ) and ZnO were observed within
the patina [11, 14].

1.4.2 Metal runoff
Metal runoff is within the context of atmospheric corrosion defined as the
amount of dissolved metal from the patina that by the action of rainwater can be
released into the environment from corroded metal/alloy surfaces [61]. This fraction
is small compared to the oxidized metal adhering in corrosion products of the patina.
The metal runoff process is mainly governed by different physicochemical processes
taking place at the patina/environment interface, whereas the corrosion process
predominantly is of electrochemical nature and takes place at the bulk metal/alloy –
patina interface. These processes are schematically displayed in Fig. 1.4. [1, 62].
Determinations of corrosion rates can consequently not be used to estimate the
runoff rate or be used to assess the diffuse environmental dispersion of metals
induced by corrosion. Such deliberations require determination of short- and longterm metal runoff rates at field conditions and in-depth studies of the influence of
different parameters, e.g. climatic and pollutant levels, patina characteristics [61], on
the runoff process. Quantitative knowledge on metal runoff rates and how the
chemical speciation of released metals change upon environmental entry are crucial
to assess the environmental fate and predict potential environmental hazards.
Influencing factors of the diffuse dispersion of copper from corroded outdoor
surfaces, have recently been summarized in a critical review including e.g. effects of
prevailing exposure conditions (size, inclination, geometry, extent of sheltering, and
orientation), surface characteristics (patina age, composition and thickness), and
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specific environmental conditions (gaseous pollutants, chlorides,
characteristics, wind, temperature, time of wetness, and season) [61].

rainfall

In contrast to mechanistic studies of atmospheric corrosion of copper and to
some extent of copper-based alloys that have been performed for more than a
century, investigations that focus on metal release mechanisms have only been
conducted during recent decades [46, 63-70]. The results show significant lower
annual runoff rates compared with corrosion rates and generally lower release rates
of copper from brass alloys compared with copper metal, and preferential release of
zinc [46, 63, 64]. Similar release rates of copper have been reported for Sn-bronze
compared with copper metal at urban conditions with negligible amounts of released
tin [63, 64].
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Figure 1.4. Schematic illustration of different interfaces for corrosion and metal
runoff.

1.4.3 Micro-galvanic corrosion
When two dissimilar metals or alloys with different electrode potentials are in
contact and in an electrolyte, an electrochemical cell forms and galvanic corrosion
takes place. The potential difference between the materials is the driving force for
the preferential corrosion of the metal of lowest potential (usually becomes the
anode) followed by accelerated corrosion.
In addition to the galvanic corrosion cell formed between different materials,
micro-galvanic couplings can also be established between different phases or
microstructural features within an alloy or metal of heterogeneous microstructure.
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This may result in localized corrosion when the alloy/metal is exposed to a relatively
corrosive electrolyte. Potential differences between two phases or microstructural
features within an alloy/metal can be indicated by measuring their relative surface
Volta potentials [71, 72] by using the scanning Kelvin probe technique with a high
lateral resolution. This method has been intensively applied to study micro-galvanic
effects of zinc and copper in brass alloys [43, 46, 64, 73, 74]. Generated results have
been used to describe the initial corrosion of α-brass and the preferential release of
zinc at atmospheric conditions [46, 64, 73], and to investigate initial selective
corrosion of the less noble β-phase (higher zinc content) within the dual-phase of
brass alloys at laboratory conditions [43]. It has been revealed that zinc-rich areas of
lower surface potential compared with the adjacent matrix of e.g. brass with 20 wt.%
Zn are initially dissolved in diluted NaCl solutions [74].
Local probing analytical techniques including atomic force microscopy (AFM)
[75], in-situ scanning electrochemical microscopy (SECM) [76] and in-situ
electrochemical scanning tunneling microscopy (ECSTM) [77, 78] have been used
to investigate the susceptibility to localized corrosion related to grain characteristics
of copper metal. The results suggest the important influence of microstructural
features in terms of orientation of neighboring grains and grain boundary type on the
inter-granular corrosion behavior [79, 80]. In spite of the accomplishment of these
fundamental and novel studies, possible micro-galvanic effects of inclusions within
the copper matrix have been much less investigated due to their minor presence
within modern copper metal. However, as the presence of inclusions is pronounced
within historic copper metal microstructures, see e.g. Fig. 1.2 in Chapter 1.3.2,
studies of the possible influence of such inclusions are important to elucidate
possible connections to micro-galvanic corrosion effects. Moreover, limited
scientific understanding exists on microstructural feature-induced corrosion for
single phase copper-based alloys.
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2 Material and methods
2.1 Materials and surface preparation
Mechanistic studies of the atmospheric corrosion behavior of bare copper metal
and copper-based alloys were investigated at different laboratory (wet/dry cycles)
conditions as well as short- and long-term outdoor exposures in different
environments. Table 2.1 summarizes the materials examined in this thesis with their
bulk nominal compositions and corresponding exposure conditions. The copperbased alloys Cu-5Zn-5Al-1Sn, 96Cu-4Sn and 94Cu-6Sn will in the following be
denoted Cu5Zn5Al1Sn, Cu4Sn and Cu6Sn respectively.
Table 2.1 Summary of materials and exposure conditions investigated within the
framework of this thesis.
Material

Composition
(wt.%)

Cu metal

99.98 Cu

Cu5Zn5Al1Sn

89Cu-5Zn5Al-1Sn

Cu4Sn

96Cu-4Sn

Cu6Sn

96Cu-6Sn

Historic Cu

98.98 Cu

Exposure
environment
diamond
polished/asreceived
/laboratory/field
diamond
polished/asreceived
laboratory
field
diamond
polished/asreceived
laboratory/field
field

Exposure
period

Studied in
Papers

0−5 years

I, II, III, IV

Several min

I

6 h−3 days
1−5 years

I, II
I, II

0−5 years

III

100−425 years

IV, V

Commercial bare Cu metal and Copper-based alloys were kindly provided by
the European Copper Institute, Belgium. Coupons were cut into 1 × 1 cm2 and 2 × 2
cm2 for the experimental conditions of non-exposures and the wet/dry cyclic
laboratory exposures, respectively. Each coupon was mechanically consecutively
abraded with #800, #1200, #2400 SiC paper followed by mechanical polishing in
sequence using 3, 1, 0.25 µm polycrystalline diamond paste. All surfaces were
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ultrasonically cleaned in analytical grade ethanol for at least 10 min and
subsequently dried using cold nitrogen gas. Coupons for the wet/dry cyclic
laboratory exposures were stored in a desiccator overnight before further exposure.
All coupons for outdoor conditions, sized 300 cm2 for continuous metal runoff
measurements and 10 cm2 large coupons for surface analysis were exposed asreceived, i.e. mill-finish, delivered with a protective film removed prior to exposure
and only ultrasonically degreased with isopropylic alcohol and acetone before
exposed. Surface preparation of cross-sections of field exposed coupons included
embedding in a conductive polymer followed by successive diamond polishing to
0.25 µm in order to obtain a near-mirror like surface.

2.2 Exposure conditions
2.2.1 Non-exposure (Papers I and III)
Non-exposed surfaces of Cu metal and the Copper-based alloys refer to bare
materials after diamond-polishing without any further exposure, i.e. investigated
immediately or in most cases within three minutes after preparation if not stated
differently.

2.2.2 Laboratory wet/dry cyclic exposure conditions (6 h−7 days, Papers I
and II)
Different amounts of NaCl (in a saturated 99.5% ethanol solution, 0.1, 1.0, 4.0
µg/cm2) were, prior to exposure, pre-deposited onto bare Cu metal and
Cu5Zn5Al1Sn surfaces by using a transfer pipette in order to obtain a relatively
uniform distribution of NaCl crystals upon solvent evaporation. The amount of
deposited NaCl was controlled by weight measurements using a microbalance
(Mettler Toledo Excellence XP26, B101100104) and normalized to the geometric
surface area of the coupon.
Laboratory wet/dry cycle experiments on bare Cu metal and Cu5Al5Zn1Sn
were carried out in a climatic chamber (WEISS WK1000, Germany) by mounting
the coupons at 45° from the horizontal on Plexiglas fixtures. With different amounts
of pre-deposited NaCl on the coupon surfaces, the coupons were exposed to several
repeated wet/dry cycles: cycle 1−4 h (RH 80%) and 2 h (RH 0%) followed by cycle
2−16 h (RH 80%) and 2 h (RH 0%), schematically displayed in Fig. 2.1. For the
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simultaneous exposure of all coupons, two cycles were repeated 1 (6 h), 2 (1 day), 6
(3 days) or 14 times (7 days).

Figure 2.1. Schematic illustration of wet/dry cyclic laboratory exposures in a
climatic chamber.

2.2.3 Long-term field exposure conditions (1−5 years, Papers II and III)
Large surfaces and coupons of copper metal, copper-based alloys of
Cu5Zn5Al1Sn golden alloy and Cu4Sn/Cu6Sn bronze alloys were exposed at
unsheltered outdoor conditions at three urban (Milan, Italy; Madrid, Spain;
Stockholm, Sweden) and two marine sites (Brest, France; Cadiz, Spain) in Europe,
for exposure periods up to 5 years. In Brest, coupons were exposed at four different
exposure sites with increasing distance from the coastal line; the Military harbor < 5
m (site 1), St. Anne: 20−30 m (site 2), St. Pierre: 1.5 km (site 3) and Langonnet: 40
km (site 4). Following the ISO 17752 standard for metal runoff rate measurement
[81], all surfaces were exposed at an inclination of 45° from the horizontal and
facing south. General environmental differences between the sites are given in Paper
III.

2.2.4 Long-term field exposure conditions (100−425 years, Papers IV and V)
The examined copper materials in the present studies originate from roofs on
different historic buildings in various urban European environments, exposure
periods and ages. Among all the materials, the oldest surface (approximately 425
years) originated from the Royal Summer Palace (Belvedere) in Prague, the Czech
Republic and the youngest surface had been exposed for around 100 years at a
church roof in the Old Town of Stockholm, Sweden. Other materials originated
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from different exposure sites including Drottningholm Castle outside Stockholm,
Sweden, the Mausoleum in Graz, Austria, Basilica Maria Dreieichen in Lower
Austria, Helsinki Cathedral, Finland, Otto Wagner Church in Vienna, Austria, and
Kronborgs Castle, Elsinore, Denmark. Detailed information on the exposure site of
each location and approximate length of their exposure periods is given in Paper IV.
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3 Analytical techniques
Complementary analytical techniques were employed in order to provide an indepth understanding of microstructures, bulk and surface composition, surface
nobility, corrosion initiation, patina characteristics and evolution and metal release.
Information of main techniques used and acquired information using each technique
is given in Table 3.1. Specific methodology and technical details for each technique
are given in the respective papers as indicated in Table 3.1.
Table 3.1 Summary of analytical techniques employed within the appended Papers
of this thesis. The meaning of the abbreviations and underlying theories for each
technique are given in sections 3.1-3.11.
Employed in
Papers
I, III

Techniques

Main information acquired:

EBSD

Bulk microstructure

AFM/SKPFM

Surface topography and Volta potential
mapping

I, II and IV

SEM/EDS

Morphology/elemental distribution of topsurfaces and cross-sections of corrosion
products

II-V

GDOES

Elemental depth distribution

I-III

AES/SAM

Elemental depth distribution/lateral
elemental distribution

I, III

XPS

Elemental composition and chemical state
information

I-III

CR

Thickness and oxidation states of
corrosion products

I, II

EIS

Corrosion resistance and barrier properties
of corrosion products

I, II, IV

IRAS

Surface functional groups

II, III, V

FTIR

Lateral distribution of functional groups

II

CRM

Lateral distribution of functional groups

II, III, V

GIXRD

Crystalline corrosion products

II, III, V

AAS

Concentrations of released metals

II, III
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3.1 Scanning electron microscopy with X-ray microanalysis
(SEM/EDS)
Scanning electron microscopy (SEM) is widely used for imaging of
microstructure, surface morphology and compositional analysis of materials by
scanning a conductive surface of a sample with a focused beam of electrons. The
incident electrons interact with atoms in the sample, triggering various signals that
contain surface morphological and compositional information of the material. These
signals include Auger electrons (AE), secondary electrons (SE), backscattered
electrons (BSE) and characteristic X-rays [82]. The interaction volume from which
each signal emits is schematically illustrated in Fig. 3.1. The analytical depth values
only provide rough ranges since the information depth varies with the acceleration
voltage of the incident electron beam and the nature of the material [83]. The signals
are utilized for imaging and quantitative investigations of the materials within the
corresponding interactive volume.
Primary electron beam
Secondary electrons
(SE, ~100 nm)

Auger electrons
(~1 nm)

Backscattered electrons
(BSE, ~1×103 nm )

Characteristic X-rays
(~3×103 nm)

Sample surface

Volume of
primary
excitation

Figure 3.1. Interaction volumes for different generated signals using SEM. (Adapted
from the website of Vrije Universiteit Brussel [84].)
Backscattered electrons consist of high-energy electrons originating from a wide
range within the interaction volume, as shown in Fig. 3.1. These are the incident
electrons that are reflected or back-scattered out from the sample after interactions
with sample atoms. Heavy elements (high atomic number) backscatter electrons
more strongly than light elements (low atomic number), and thus regions that have a
higher concentration of heavy elements appear brighter in the BSE image. This
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dependence of BSE imaging on the atomic number helps to detect contrast between
areas of different chemical composition [82]. The BSE detector is commonly
positioned right above the sample stage in the SEM chamber to maximize the
number of collected backscattered electrons. In addition, BSE can also be used for
electron backscattered diffraction (EBSD), a powerful technique to study the
crystallography and microstructure of bulk materials, see Section 3.2.
In contrast, SE is a commonly used imaging mode, which collects low-energy
(< 50 eV) secondary electrons that are ejected from the surface or near surface
regions of the sample after inelastic scattering interactions of incident electrons and
sample atoms. SE is very beneficial for the inspection of surface morphology and
topography. The SE detector is positioned at the side of the SEM chamber at a
certain angle to enhance the efficiency of detecting secondary electrons.
The X-rays of a specific element are unique to the atomic structure and can be
analyzed with energy dispersive spectroscopy (EDS) to obtain elemental
compositional information of the sample surface. EDS provides local qualitative and
relevant quantitative chemical information from the surface by determination of the
elemental species and the statistics of their relative abundance.
SEM/EDS investigations within Papers II-IV were conducted using a LEO 1530
instrument with a Gemini column, upgraded to a Zeiss Supra 55 (equivalent) and an
EDS X-Max SDD (Silicon Drift Detector) 50 mm2 detector from Oxford
Instruments. Cross-sectional images were recorded by using a backscattered electron
(BSE) detector with an accelerating voltage of 15 kV. Top-view surface analysis
(75% SE and 25% BSE) was performed by means of a FEI-XL 30 Series instrument
with an accelerating voltage of 20 kV, equipped with an X-Max SDD, 20 mm2 EDS
system. EDS measurements within Paper V were carried out on a JEOL
JEM300FEG microscope equipped with an ISI 300 X-ray microanalysis system
from Oxford Instruments with a LINK Pentafet EDS detector.

3.2 Electron backscattered diffraction (EBSD)
Electron backscattered diffraction (EBSD) is a microstructural-crystallographic
characterization technique combined with SEM to assess microstructures, crystal
orientations and phases of materials [85]. Inside the SEM, the electron beam is
focused onto the surface of a crystalline sample. The electrons enter the sample and
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some may backscatter. Escaping electrons may exit near to the Bragg angle and
diffract to form Kikuchi bands that correspond to each of the lattice diffracting
crystal planes. From the well described geometry of the Kikuchi bands in the
pattern, the crystallographic phase and orientation can be determined. The band
profiles contain information on local defect densities (in particular on dislocation
densities). This information can be obtained in a highly automated manner using
existing computer software that displays the basis of the EBSD-based orientation
microstructure. Generated maps describe grain orientations, grain boundaries and
the diffraction pattern (image) quality, illustrated for a copper-based alloy in Fig. 3.2
(Paper I). The average misorientation, grain size, and crystallographic texture can
also be determined by means of various statistical tools.

Figure 3.2. EBSD grain color map (a) and corresponding image quality map
displaying different types of grain boundaries. Random high angle boundaries
(misorientation > 15°) and twin boundaries are indicated in blue and red
respectively (b) for the substrate of Cu5Zn5Al1Sn. (Paper I, reproduced with
permission from Elsevier; Corrosion Science, 131, 94–103, 2018.)
A crystalline sample in the SEM chamber is typically tilted to 70° in order to
obtain the optimal EBSD patterns, as schematically shown in Fig. 3.3. An EBSD
detector, consisting of a phosphorous screen observed by a highly light-sensitive
camera, is positioned close to the sample. Focusing of a stationary electron beam is
onto a single crystalline area of the sample surface results in an EBSD pattern on the
detector. It should be noted that the sample deformation layer introduced from
mechanical grinding/polishing has to be fully removed by careful ion-polishing or
electrolytic polishing since the pattern quality is largely affected by surface
deformation. Thus, analyzed sample surfaces of this thesis (Papers I and III) are
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prepared by combining mechanical and electrolytic polishing. The measurements
were performed using a SEM with a field emission gun (FEG) scanning equipped
with an Oxford HKL Fast EBSD detector at a beam energy of 20 kV. Kikuchi
patterns were recorded with a step size of 0.03 µm. Data was post-processed using
the HKL CHANNEL5 system provided by Oxford Instruments®.

Figure 3.3. Geometric set-up of an EBSD measurement system. (Printed with
permission from the author Stefan Zaefferer at Max-Planck-Institut für
Eisenforschung GmbH [86].)

3.3 Atomic force microscopy/Scanning Kelvin probe force
microscopy (AFM/SKPFM)
As a type of scanning probe technique, atomic force microscope (AFM) is used
for imaging the high resolution topography of a variety of samples by measuring
force interactions between a cantilever tip and a sample surface [87]. These forces
cause the cantilever to bend, or deflect. A photodiode detector measures the
cantilever deflections as the tip is scanned over the sample, or the sample is scanned
under the tip. The measured cantilever deflections generate a map of surface
topography, and the topographic variations in specific areas can be evaluated via
line profiling analysis. An example of such a map is shown in Fig. 3.4 (from Paper
II).
Several forces typically contribute to the deflection of an AFM cantilever. To a
large extent, the distance regime (i.e. the tip-sample spacing) determines the type of
force that will be sensed. According to the tip-sample distance, the force interaction
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can be either a repulsive force or an attractive force, based on if the AFM can be
operated in either contact- or non-contact (tapping) mode. In addition to a
topographic image, tapping mode AFM imaging simultaneously provides a phase
image, which can indicate microstructural information. Variations in the phase
image are influenced by changes in surface composition, adhesion, friction,
viscoelasticity, etc [88, 89].

Figure 3.4. AFM topographic images (top) of a Cu5Zn5Al1Sn surface with predeposited NaCl (4 µg/cm2) after 6 wet/dry cyclic exposures, and corresponding line
profiles of the marked white lines (bottom). Ra denotes − arithmetic average surface
roughness. (Paper II, reproduced with permission from Elsevier; Corrosion Science,
133, 190–203, 2018.)
Scanning Kelvin probe force microscopy (SKPFM) is an electrical measurement
mode based on the non-contact AFM set-up and the Kelvin method, developed for
simultaneous mapping of topography and Volta potential distribution on metal
surfaces in air [90-92]. SKPFM measures the contact potential difference (CPD)
between a conductive AFM tip and the sample surface, thereby determines the work
function or surface potential with a high spatial resolution e.g. at an atomic or a
molecular scale. The work function represents the band gap between vacuum and
Fermi level for each material. The CPD (VCPD) is defined as:
𝑉!"# =

𝜙!"# − 𝜙!"#$%&
−𝑒
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Where ϕtip and ϕsample are the work functions of the AFM tip and sample, and e is the
electronic charge. If the AFM tip is brought close to the sample surface, an electrical
force is generated between the tip and the sample surface due to differences in their
Fermi energy levels [93]. In brief, the essence of SKPFM is to detect electrostatic
force between an AFM tip and the sample surface and to compensate them by
applying a proper dc bias on the sample during the scan. Detailed principles and
theory of the technique are described in the literature [93].
SKPFM has been specially applied in corrosion science to characterize the
corrosion resistance properties associated with local heterogeneities on metallic
surfaces by providing differences in VCPD [71]. It has been established that metallic
surface areas of lower Volta potentials are relatively more prone to
electrochemically oxidize compared to surface areas of higher Volta potentials [90,
94]. Having this in mind, the relative nobility of local surface areas in terms of
different microstructural features, phases or compositional variations can be
indicated in Volta potential mappings and thereby be used to assess the tendency for
micro-galvanic effects and the role of different microstructural features.
Nevertheless, data interpretations should be made with caution as the techniques
measure absolute surface potentials on freshly polished surfaces, conditions that
may be very different from the real (e.g. oxidized or aged) surface characteristics.
In Paper II, AFM (Nanoscope Icon AFM from Bruker, Germany) in tapping
mode was employed to determine changes in surface topography in air before and
after cathodic reduction using a triangular silicon nitride cantilever with a tip radius
of approx. 8 nm (TESPA). In Papers I and IV, for the purpose of Volta potential
mapping, a Pt-Ir-coated probe (SCM-PIT, Bruker) with a nominal spring constant of
1–5 N/m and a resonance frequency of 50–100 KHz and a HQ:NSC18/PT probe
from MicroMash (Wetzlar, Germany) were used. The data was processed with
Gwyddion (Czech Metrology Institute, Brno, Czech Republic), a free modular
software program for visualization and analysis of scanning probe microscopy data.

3.4 Auger electron spectroscopy and scanning auger microscopy
(AES and SAM)
Auger electron spectroscopy (AES) is a surface sensitive analytical technique by
utilizing the emission of low energy electrons in the Auger process, and is
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commonly employed for determining the composition of surface layers of different
metallic surfaces. The primary beam interacts with the surface and results in an
Auger process in which Auger electrons are emitted from different metal atoms. A
rough estimate of the depth of interaction volume is given in Fig. 3.1. Elemental and
quantitative information are obtained via the kinetic energy and intensity of
generated Auger peaks [95]. AES offers information with a high sensitivity
(typically ~1% monolayer) for all elements except for hydrogen and helium and
enables quantitative compositional analysis of the surface region of samples by
comparing with standard samples of known composition. The technique can also be
used to monitor surface cleanliness [96].
Scanning Auger microscopy (SAM) is a type of specifically designed AES used
for high resolution, spatially resolved chemical imaging of heterogeneous samples
by forming an image from elemental specific Auger electrons emitted from the
surface [97, 98]. SAM images can be obtained by tracking a focused electron beam
across a sample surface measuring the intensity of the Auger peak above the
background of scattered electrons. In addition, sputtering is also commonly used
with AES to perform depth profiling experiments, which enables quantitative
compositional information from the outmost surface into the bulk material.
AES measurements within this study were conducted by using an AES-setup
(PHI 710 Scanning Auger Microscopy, ULVAC-PHI, Japan) with an electron
incidence angle of 30° and an Ar+ ion gun voltage of 10 kV. The UHV chamber was
maintained at ≤ 3.9 × 10−9 Torr. SAM experiments were performed after sputtering
by calibrating with an SEM image to account for spatial drift in the image over the
scan time. The spectra and images were interpreted using the PHI MultiPak
software.

3.5 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) utilizes photo-ionization and analysis
of the kinetic energy distribution of emitted photoelectrons to study the composition
and electronic state of the outmost surface region of a sample. XPS irradiates the
sample surface with a beam of X-rays (with a photon energy of 200–2000 keV),
resulting in emission of photoelectrons. Each element gives rise to a characteristic
set of peaks in the photoelectron spectrum at kinetic energies determined by the
photon energy and the corresponding binding energies. Therefore, the presence of a
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given element within the sample surface can be assessed due to the presence of
peaks at specific energies. The intensity of these peaks is related to the concentration
of the element at the outmost surface. Measurements can also be made by sputtering
the sample with e.g. Ar to gradually remove the surface oxide. No such
measurements were performed within the framework of this thesis. XPS provides a
quantitative analysis of the surface composition and the chemical state of elements
at the surface.
XPS spectra within Papers I-III were recorded using a Kratos AXIS UltraDLD
X-ray photoelectron spectrometer (Kratos Analytical, Manchester, UK) with a
monochromatic Al X-ray source. The analysis area was typically smaller than 1
mm2 (most of the signal orginates from an area of 700 × 300 µm2) collecting wide
spectra and detailed high resolution spectra of C1s, O1s, Cu2p, Cu KLL, Zn2p and
Sn3d. Generated results are presented as mean values and standard deviation based
on two different areas per investigated sample.

3.6 Glow discharge optical emission spectroscopy (GDOES)
Glow discharge optical emission spectroscopy (GDOES) is a spectroscopic
method for rapid qualitative and quantitative analysis of solid materials. Information
is gained on the elemental composition and the layer thickness (ranging from thin
layers (< 50 nm) to thick layers (several hundred µm)) of a sample [99]. The
metallic sample is used as cathode and a separated surface as anode. The electric
field between the anode and the cathode leads to plasma formation and the sample is
subsequently removed in layers by sputtering with argon ions. Electrons collisions
lead to excitation of ions and atoms to higher energy levels, which give rise to an
optical emission that can be detected by a spectrometer and subsequently be
quantified. A spectrum with characteristic wavelengths is recorded for species
originating from the examined sample. This technique has been demonstrated to
possess sufficient depth resolution with respect to chemical variations within thin
films and the ability to obtain quantitative information from the elements involved
[100].
GDOES (Leco GDS 850) measurements were in this thesis employed to provide
elemental depth information of the patina formed on copper metal and the copperbased alloys. A circular area (ϕ 4 mm) was continuously sputtered using Ar plasma
at a potential of 700 V and a current of 20 mA to keep the sputtering rate constant.
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The Ar pressure varied between 6 and 7.5 Torr. Generated results were acquired and
analyzed using the LECO data handling system.

Concave
Grating

Rowland Circle

Entrance Slit

Sample

Lens

Anode

Cathode

Figure 3.4. Illustration of the set-up of a GDOES measurement system. (Adapted
from the website of Spectruma Analytik GmbH [101].)

3.7 Electrochemical methods
Electrochemical measurements are commonly used techniques to evaluate and
study different corrosion processes. Electrochemical cathodic reduction (CR) and
electrochemical impedance spectroscopy (EIS) were performed to discern and
estimate corrosion products, oxide thicknesses, corrosion resistance and barrier
properties of corrosion products formed on copper and copper-based alloys at
laboratory exposure conditions. A Multi Autolab (Metrohm Autolab B.V.
Netherlands) instrument or Solartron 1287 (AMETEK, USA) potentiostat combined
with a frequency response analyzer Solartron 1255 were used together with a
standard three-electrode cell, a saturated Ag/AgCl electrode as reference electrode
and a platinum mesh as counter electrode. To perform the experiments at oxygenfree conditions, the solution was purged with N2 gas for 30 min prior to the
measurement. All the measurements were performed in triplicate to ensure the
reproducibility.

3.7.1 Cathodic reduction (CR)
Galvanostatic cathodic reduction was conducted to estimate the amount of
different constituents of the surface oxides by observing the potential plateau caused
by the specific oxide in the potential-time curve. A potential drop to a more negative
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potential plateau corresponds to the reduction of another oxide, or hydrogen
evolution (~ −1.15 V vs. Ag/AgCl [102]) if the oxide is fully reduced. The applied
constant current density was in this study 0.05 mA/cm2. The thickness d (nm) of the
reduced surface oxide can be calculated by using Faraday's law:
𝑑=

10000  ×  𝑡  ×  𝐼  ×  𝑀
𝐴  ×  𝑛  ×  𝜌  ×  𝐹

where t is the time required to reduce the oxide (s); I is the applied current (mA); M
is the molar mass of the oxide (g/mole); A is the sample area in contact with the
electrolyte (cm2); n is the number of electrons required to reduce one mole of oxide;
ρ is the density of the oxide (g/cm3); and F is Faraday's constant (96500 C/mole).
Potentiostatic cathodic reduction was carried out to distinguish sub-oxides from
the overall oxides formed on copper-based alloy surfaces by applying different
potentials that correspond to specific sub-oxides. The approximate thickness of each
oxide was estimated by integrating the current required to reduce the oxide.

3.7.2 Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) is a powerful technique for
characterizing changes in interfacial properties over time. EIS is usually performed
by applying a small electrical perturbation to an electrochemical system and
measuring the response from the system. EIS is typically used to investigate the
overall corrosion behavior, inhibition effect and barrier property of the corroded
surface.
EIS measurements in this study were performed at the open circuit potential
(OCP) in 0.1 M NaCl or Na2SO4. The applied perturbation amplitude was set to 10
mV with the measured frequency range of 104–10−2 Hz with 75 measuring points.
Data is normally presented in Nyquist (Z' vs. Z'') and Bode (log│Z│and θ vs.
frequency) plots. A Nova 1.8 software was used to analyze the EIS data with
appropriate equivalent electrical circuits [50, 103].

3.7.3 Cyclic voltammetry (CV)
Cyclic voltammetry (CV) is performed by cycling the potential of a working
electrode, and measuring the resulting current. It is a powerful electrochemical
technique that used to study a variety of redox processes, to determine the stability
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of reaction products, the presence of intermediates in redox reactions, reaction and
electron transfer kinetics, and the reversibility of a reaction.
CV studies were conducted in this study to identify the influence of Sn on the
reduction/oxidation processes of the Cu4Sn alloy compared with Cu metal using a
PARSTAT multichannel PMC Chassisinstrument equipped with six PMC1000(AC/DC) channels. Measurements were performed from 0.0 V to −1.3 V to 0.0
V (vs. Ag/AgCl) at a potential scan rate of 20 mV s−1.

3.8 Vibrational spectroscopy
Infrared (IR) and Raman spectroscopy are two main vibrational techniques by
measuring the vibrations in atoms utilized to identify functional surface groups. For
a given chemical bond, the infrared absorption frequency is equal to the Raman
shift, which represents the energy of the first vibrational level. Thus, the infrared
absorption wave number and the Raman shift of some peaks are the same for a given
compound. The wave number of the infrared absorption and the Raman shift are
both in the infrared light region and both provide molecular structure
information. Raman spectroscopy, like infrared spectroscopy, is also used to detect
the vibrational and rotational energy levels of molecules.

3.8.1 Infrared reflection absorption spectroscopy and Fourier transform
infrared reflection micro-spectroscopy (IRAS and FTIR)
When IR radiation impinges on a molecule, absorption, scattering, and emission
are expected to take place. When the photon energy of the IR beam matches the
difference between two quantized energy levels of the molecule (usually from the
vibrational ground level to an excited level), molecules absorb specific frequencies
that match the vibrational frequency of bonds and change the dipole moment of the
molecules [95, 104]. The main selection rule in IR spectroscopy is that the dipole
moment (µ) must change with respect to the normal coordinate (Q), which is
described as:
𝜕𝜇
≠0
𝜕𝑄
The intensity (I) of an IR band in the spectrum is defined as:
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𝜕𝜇
𝐼∝
𝜕𝑄

!

Infrared reflection absorption spectroscopy (IRAS) is an IR technique based on
reflection that in this thesis was employed to investigate the formation of thin films
formed on sample surfaces by using a single external reflection at near-grazing
incidence angle. Information about vibrational transitions is usually provided as
peaks in an absorption spectrum, where the absorbance (A) is given as:
𝐴 = −𝑙𝑜𝑔

𝑅
𝑅!

where R0 is the background signal, which is the intensity of the reflected beam from
the reference sample surface, i.e. the non-exposed surface or a gold surface within
this thesis, and R is the intensity of the reflected beam from the examined sample
surface.
Fourier transform infrared reflection (FTIR) spectrometry is a commercial
technique that simultaneously collects high-spectral-resolution data over a wide
spectral range. Interferometer used in FTIR can modulate the intensity of each
wavelength of light at a different audio frequency [95]. A FTIR microscope
produces IR micro-spectroscopy and optical images and generates spectra with a
spatial resolution in the µm-range (even nm in advanced cases). This allows
observations of the distribution of different chemical species at the sample surface
and possibilities to examine the heterogeneity of the sample.
IRAS analyses were performed in Paper II using a commercial Digilab 4. 0 Pro
FTIR spectrometer equipped with a Deuterated triglycine sulfate (DTGS) detector
(4000–400 cm−1). The polarized infrared beam strikes the sample surface at a
grazing angle around 78° from the normal surface. The reflected beam is
subsequently directed towards a liquid cooled nitrogen mercury cadmium telluride
(MCT) detector via the CdTe window of an external chamber. The instrument set-up
is schematically presented in Ref [105]. A FTIR microscope (Thermo Nicolet
Continuum FTIR microscope) coupled with a MCT detector (4000–600 cm−1) with a
lateral resolution of 5 µm was employed in Papers II and III to identify the
distribution of functional groups within the patina. Both IRAS and FTIR microscope
measurements were performed by acquiring 1024 scans with a resolution of 4 cm−1
for each spectrum.
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3.8.2 Confocal Raman micro-spectroscopy (CRM)
When light strikes a substance, the photon collides with electrons in the
molecule, and an inelastic collision occurs. In contrast to infrared absorption, the
Raman process involves inelastic scattering and takes place off-resonance [106].
The molecules undergoing Raman scattering are excited from the ground state to a
virtual energy state by an incident photon with a significantly higher energy than a
vibrational transition [107]. The molecules may return to a different rotational or
vibrational state during the decay of the virtual state. Upon the annihilation of the
incident photon, a new photon is immediately scattered from the virtual state and
accompanied by a relaxation process of the molecules. The energy gap between the
original and new states causes the shift in frequency of the exciting and the scattered
photon and gives information about the vibrational modes in the system [108]. The
three types of scattering phenomena include Rayleigh-, Stokes- and anti-Stokes
scattering, as illustrated in Fig. 3.5 in which the normal infrared absorption is
included for comparison. More detailed descriptions of the scattering phenomena are
given in Refs [107, 109].
Virtual state

ν1
ν0

ΔEν
IR

Stokes
Ev = hν - ΔEν

Rayleigh

anti-Stokes

Ev=hν

Ev=hν + ΔEν

Figure 3.5. IR adsorption, Stokes-, Rayleigh-, and anti-Stokes scattering. υ0
represents the vibrational ground state, υ1 the first excited state, ∆Ev the energy
difference between the ground and the first vibrational state, hν the energy of the
incident photon, and Ev the energy of the scattered photon [107, 109].
The band positions in Raman spectroscopy are associated with the difference in
frequency between the exciting and the scattered photon, whereas in IR
spectroscopy the position of an absorption band is related to the absolute frequency
of the incoming photon. The selection rule of Raman spectroscopy depends on the
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change in polarizability (α), which is different from the dipole moment in IR
spectroscopy during a vibration:
𝜕𝛼
≠0
𝜕𝑄
Confocal Raman micro-spectroscopy (CRM) is a combinatory technique of
Raman spectroscopy and confocal microscopy. By applying the confocal optical
system, it enables the collection of signals only from the examining image plane via
controlling the analysis volume of the sample in the XY (lateral) and Z (depth) axes
with a high lateral resolution. The technique allows laser-illuminated Raman
spectroscopy to focus on very small (< 2 µm) defined areas. CRM produces both
spectroscopic and optical images simultaneously that can be used for chemical
analysis and assess the distribution of different phases within a certain area of the
sample based on Raman spectroscopy.
CRM measurements were carried out in Papers II, III and V to display the
lateral distribution of functional groups within the patina by using a WITec alpha300
system, equipped with a laser source of wavelength 532 nm. A Nikon NA0.9 NGC
objective was used giving a lateral resolution of approximately 300–400 nm.

3.9 Grazing incidence X-ray diffraction (GIXRD)
X-ray diffraction (XRD) is one of the most widely used techniques in material
characterization to identify and characterize crystalline compounds based on their
diffraction patterns. An incident beam of monochromatic X-rays irradiates a
crystalline material that generates diffracted X-rays at certain angles, according to
Bragg equation:
𝑛𝜆 = 2𝑑  𝑠𝑖𝑛𝜃
where n is the order of diffraction, λ is the wavelength of the primary beam, d is the
lattice spacing in a crystalline sample, and θ is the diffraction angle. The size and
shape of the unit cell of the sample determine the directions of possible diffractions,
and the intensities of the diffracted waves depend on the kind and arrangement of
atoms in the crystal structure. All possible diffraction peaks of the material can be
detected by changing the angle of incidence. Crystalline phases are identified based
on the 2θ positions of the diffracted peaks, or their corresponding calculated dspacings compared with standard reference patterns [95].
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Grazing incidence X-ray diffraction (GI-XRD) is a surface sensitive technique
by using small incident angles for the incoming X-rays. It is typically used for
studying thin films or surface layers because the penetration waves are limited and
the signal intensity increased. GI-XRD is therefore employed in this study to
identify crystalline oxidation/corrosion products within the surface oxide formed at
laboratory exposures and at the outermost surface of the patina at field exposures.
GI-XRD measurements were carried out by means of an X’pert PRO
PANALYTICAL system, equipped with an X-ray mirror (CuKα radiation) and a
0.27° parallel plate collimator on the diffracted side. Diffraction patterns were
generated from a 1 × 1 cm2 or 2 × 2 cm2 area at an incidence angle of 0.5°, 1° or 2°,
depending on the thickness of corrosion products.

3.10 Atomic absorption spectroscopy (AAS)
Atomic absorption spectroscopy (AAS) is a spectroanalytical tool for
quantitatively determining the concentration of chemical elements in solution using
the absorption of optical radiation (light) by free atoms in the gaseous state. This
technique requires standards of known concentration of the element of interest in
order to establish the relation between the measured absorbance and the element
concentration using the Beer-Lambert law:
𝐴 = 𝜀𝑏𝑐
This relation shows that the absorbance (A) is proportional to the wavelengthdependent molar absorptivity coefficient (ε), the path length of the sample (b) and
the element concentration of interest in solution (c).
AAS was carried out using a Perkin Elmer AAnalyst 800 instrument at standard
operational conditions to determine total concentrations of released metals (Cu, Zn,
Al, Sn) in collected runoff water continuously sampled at the different field
exposure sites. The technique was used in flame mode (AAS-F) for released Cu and
Zn (limits of detection: 6 and 3 µg/L, respectively) and the graphite furnace
accessory (AAS-GF) for released Al and Sn (limits of detection: 3 and 2 µg/L,
respectively). Prior to analysis, the runoff water was acidified to a pH < 2 to
completely dissolve any complexes. Three replicate readings were made for each
sample.
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3.11 Colorimetry
Natural changes in surface appearance of copper metal and copper-based alloys
at outdoor conditions are one of the main reasons behind their common use in both
ancient and modern architecture. In this study, relative changes in surface
appearance were assessed via colorimetric measurements using a Minolta CM2500D
spectrophotometer with D65 light and the CIELab color reference space. 10
measurements were performed for each coupon and exposure period. Surface
appearance is described by the three coordinates, a* (red/magenta-green), b*
(yellow- blue) and L* (lightness − black to white) of the color space. Its changes are
calculated using the equation below, where ΔE is a measure of the total variation in
color, ΔL variations in lightness and Δa*, Δb* chromatic variations. The color
change is considered significant if ΔE > 3 [110, 111].
𝛥𝐸 =

(𝛥𝐿∗ )! + (𝛥𝑎∗ )! + (𝛥𝑏 ∗ )!
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4 The role of alloying elements (Zn, Al and Sn) on atmospheric
corrosion and metal release processes of copper-based alloys
4.1 The presence of the native surface oxide rich in Zn/Al/Sn-oxides on the
copper-based alloys improves the corrosion performance compared with Cu
metal. (Papers I, III)
Copper and copper-based alloys in outdoor architectural applications are used in
their as-received (unpolished) conditions, i.e. a surface finish that is provided by the
manufacturer and that have a native surface oxide. The thickness and characteristics
of this oxide depend on the production method, storage etc. before use. This oxide is
the first line of defense towards the environmental interactions given by prevailing
climatic and pollutant conditions, and hence very important for the corrosion
performance of the material. Knowledge on the characteristics, e.g. thickness and
composition, of the native surface oxide at the near-surface region is essential in
order to gain a fundamental understanding of the corrosion performance.
Investigations in this thesis have with this purpose been performed to assess surfacerelated properties (e.g. visual appearance, atmospheric corrosion resistance) of
copper and copper alloys. The oxide spontaneously formed on a freshly polished
surface of the materials was investigated and compared with as-received conditions
in order to discern the role of alloying element within the native surface oxide of the
copper alloys. GDOES and AES depth profiling were employed to analyze the depth
distributions, chemical composition and enrichment of alloying elements within the
thin surface oxide.
4.1.1 Cu5Zn5Al1Sn golden alloy
A 20–30 nm thick native surface oxide is present on as-received (non-polished)
Cu5Zn5Al1Sn showing evident enrichment of both Sn and Al, as well as minor
enrichment of Zn, Fig. 4.1 (GDOES). The results suggest that the overall surface
oxide predominantly is composed of Cu-oxides combined with Sn-, Al- and Znoxides. The characteristics of the spontaneously formed oxide were investigated for
an unexposed alloy surface after diamond polishing to further elucidate the roles of
the Sn-, Al- and Zn-oxides within the native surface oxide on the atmospheric
corrosion performance of Cu5Zn5Al1Sn.
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Figure 4.1. Elemental depth profiles (at.%) of the surface oxide formed on asreceived (unpolished) Cu5Zn5Al1Sn (a); enrichment of alloying elements Sn, Al and
Zn normalized against Cu for unpolished Cu5Zn5Al1Sn compared with their
corresponding bulk ratios (b) by means of GDOES. (Paper II, reproduced with
permission from Elsevier; Corrosion Science, 133, 190–203, 2018.)
(a)

(b)

Figure 4.2. Potentiostatic cathodic reduction curves in 0.1 M oxygen-free KCl of
freshly diamond polished Cu5Zn5Al1Sn at the potentials −0.6, −0.8, −1.0 and −1.2
V vs. Ag/AgCl in separate experiments (a); and XPS surface compositional analysis
of freshly diamond polished Cu5Zn5Al1Sn before (Ref. in b) and after CR at the
corresponding conditions (b). The results are mean values and standard deviations
based on 4 different surface areas, presented as the relative abundance of Cu2O,
ZnO/Zn and SnO2 (in at.%). (Paper I, reproduced with permission from Elsevier;
Corrosion Science, 131, 94–103, 2018.)
The spontaneously formed oxide is approximately 5 nm thick and enriched with
Sn and Zn within the oxide and a depletion of Al in the outer part of the oxide.
These findings are in agreement with results of the galvanostatic CR investigation
that resulted in an approximately equal oxide thickness of Cu2O on Cu5Zn5Al1Sn
and Cu metal, in the range of 10 ± 3 nm. The divergence between the two methods
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(GDOES and CR) is most probably related to the fact that the thickness estimation
of the oxide formed on Cu5Zn5Al1Sn by means of CR was based on the assumption
that Cu2O was the only oxide present without considering the Zn-, Al- and Snoxides.
Different sub-oxides in the overall oxide were tentatively discerned by applying
potentiostatic reduction potentials to reduce the corresponding oxides, Fig. 4.2a, and
XPS was performed to examine surface compositional changes of Cu5Zn5Al1Sn
before and after the potentiostatic CR measurements, Fig. 4.2b. Cuprous oxides
were reduced by potentiostatic CR at both −0.6 and −0.8 V without reducing any
ZnO or SnO2, which instead were removed at −1.0 and −1.2 V respectively, findings
in agreement with the reductive potentials of each sub-oxide reported in the
literature [102, 112]. Moreover, the thicknesses of the reduced sub-oxides, assumed
as Cu2O, ZnO and SnO2, were estimated to 7.6 nm, 0.8 and 0.4 (± 0.4 nm)
respectively, Table. 4.1. However, Al2O3 was not possibly to discern using neither
XPS nor CR, and its presence seems to be closest to the alloy matrix, followed by
the presence of SnO2 and ZnO within the Cu2O dominated oxide up to the topsurface, Fig. 4.1. These results are in line with literature findings discussing
corrosion of different copper-based alloys with Al- and Sn-containing oxides present
adjacent to the metal or alloy matrix, while Cu-rich oxides predominantly are
present in the outer surface region [40, 113].
Table 4.1 Main results obtained by combining potentiostatic CR at corresponding
reductive potentials and compositional measurements using XPS. (Paper I,
reproduced with permission from Elsevier; Corrosion Science, 131, 94–103, 2018.)
Potential
(V vs.
Ag/AgCl)

Main oxide
reduced
according to
XPS

−0.6
−0.8
−1.0
−1.2

CuxO
Cu2O
ZnO
SnO2

Integrated
charge at
reducing
potential
(× 10−4 C/cm2)
9
40
51
59

Charge difference
compared to
previous potential
(× 10−4 C/cm2)
31
11
8

Estimated
main
oxide
thickness
(± 0.4 nm)
1.1
7.6
0.8
0.4

The EIS spectra obtained before and after applying potentiostatic CR at
corresponding reductive potentials suggest reduced corrosion resistance after the
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removal of each sub-oxide. These results indicate that all oxides contribute to the
overall corrosion resistance. In addition, Al2O3, SnO2 and ZnO exhibit barrier
properties, whereas Cu2O, the dominating oxide, reveals a more complex structure.
Combing the indicative depth distribution of each sub-oxide and their
approximate mass proportions within the outmost surface region (5–10 nm), the
overall surface oxide of freshly polished Cu5Zn5Al1Sn was concluded to be
composed of an inner part consisting of Al2O3, SnO2 (4%) and ZnO (8%) that all
possess barrier properties and an outer part dominated by Cu2O.
4.1.2 Cu4Sn/Cu6Sn bronze alloy
As a starting surface for outdoor architectural use, the native oxide present on
as-received (aged/unpolished) non-exposed surfaces of the Cu4Sn alloy is about 5–
10 nm thick, Fig. 4.3a. A pronounced enrichment (5–10 times) of Sn compared with
its bulk alloy composition was evident, Fig. 4.3b. The results clearly show that the
surface oxide of as-received Sn-bronzes is enriched with tin oxides. Their presence
is very important for the subsequent corrosion performance of the alloys at outdoor
conditions.

Figure 4.3. GDOES - (a) elemental depth profiles (at.%) of the surface oxide
formed on an as-received (unpolished) Cu4Sn surface; (b) enrichment of Sn
normalized against Cu for unpolished Cu4Sn compared with corresponding bulk
ratios. (Paper III)
To discern the role of Sn in the surface oxide, the spontaneously formed oxide
after diamond polishing of Cu4Sn was investigated, showing an approximate oxide
thickness of 1 nm, Fig. 4.4 (AES), i.e. approximately 5 times thinner than the oxide
present on as-received (unpolished) surfaces. The enrichment of Sn within the
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surface oxide (~1 nm) agrees well with XPS findings, which predominantly show
the presence of Cu(I) surface species and Sn, possibly as SnO2 and/or SnO.

Figure 4.4. AES elemental depth profiles (at.%) of the surface oxide spontaneously
formed on Cu4Sn after diamond polishing. (Paper III)

Figure 4.5. Cyclic voltammograms of Cu metal (a) and Cu4Sn (b) after diamond
polished in oxygen-free 0.1 M KCl. (Paper III)
The presence of Sn-oxides within the surface oxide was also suggested by the
cyclic voltammograms of freshly diamond polished Cu4Sn and Cu metal surfaces,
Fig, 4.5, due to a lower potential of the cathodic peak for Cu4Sn (−0.88 V) than for
Cu metal (−0.75 V) during the first scan. In contrast with Cu metal, an additional
anodic peak at −0.65 V appeared that is associated with the oxidation of Sn(0) to
Sn(II) or Sn(II) to Sn(IV) [114, 115]. The slight shift of the oxidation potential peak
of Cu to Cu(I) for Cu4Sn (−0.14 V) compared with findings for Cu metal (−0.22 V)
is attributed to the presence of Sn-oxides within the surface oxide that suppress the
reduction of Cu-oxides at the Cu4Sn surface. This indicates a blocking effect of Sn-
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oxides, similar that has been reported for Sn-bronzes at immersion conditions [114116].
In short, the results show that an approximately 1 nm surface oxide
spontaneously forms on a freshly polished Cu4Sn alloy. This oxide is predominantly
composed of Cu2O and Sn-oxides, where the latter is enriched within the outmost
surface and exhibits blocking properties on copper reduction and oxidation.

4.2 Formation of Zn/Al-corrosion products reduces the corrosion rate of the
Cu5Zn5Al1Sn golden alloy induced by interactions of NaCl, effects
observed both at wet/dry cyclic laboratory exposures and unsheltered marine
field conditions. (Paper II)
The role of alloying elements (Zn, Al and Sn) on the atmospheric corrosion
behavior of the golden alloy Cu5Zn5Al1Sn in chloride-containing environment was
elucidated upon exposures at both laboratory conditions and at outdoor marine field
conditions. The laboratory exposures were carried out by pre-depositing different
amounts (0, 0.1. 1.0 and 4.0 µg/cm2) of NaCl crystals on diamond polished
Cu5Zn5Al1Sn surfaces, followed by exposures to 1, 2, 6 and 14 of wet/dry cycles.
Exposure details are given in Chapter 2.2.
IRAS spectra collected from coupons of Cu5Zn5Al1Sn pre-deposition with 0,
0.1. 1.0 or 4.0 µg/cm2) NaCl crystals exposed to 6 wet/dry cycles reveal the
formation of Cu2O (647 cm−1) and hydroxycarbonates (1399, 1518 cm−1) to increase
with increasing amount of pre-deposited NaCl, Fig. 4.6a. The presence of
hydroxycarbonates indicate the formation of Zn- and/or Zn/Al-hydroxycarbonates,
i.e. hydrozincite (Zn5(CO3)2(OH)6) and hydrotalcite (Zn6Al2(OH)16CO3·4H2O),
respectively, corrosion products previously reported at similar exposure conditions
[17, 117-119]. GI-XRD measurements identified the formation of Cu2O (2θ: 36.6,
42.6 and 61.3°), Cu2(OH)3Cl (weak peaks at 29.9, 40.1 and 48.0°), ZnO (36.5, 57.6°)
and weak peaks possibly assigned to Zn5(CO3)2(OH)6 (29.9, 36.2, 49.4 and 58.5°),
Fig. 4.6b. No other crystalline phases could be assigned, implying their amorphous
structure or minor amounts at laboratory exposure conditions.
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Figure 4.6. IRAS spectra (a) and GI-XRD patterns (b) of corrosion products formed
on Cu5Zn5Al1Sn pre-deposited without and with 0.1, 1.0 or 4.0 µg/cm2 NaCl after 6
wet/dry cyclic exposures. (Paper II, reproduced with permission from Elsevier;
Corrosion Science, 133, 190–203, 2018.)
As a result of the initial spreading of NaCl droplets and concomitant corrosion
reactions, circular-shaped corrosion features with different constituents formed on
the Cu5Zn5Al1Sn surface with different amounts of pre-deposited NaCl and wet/dry
cyclic exposures. Complementary information on morphology and lateral
compositional information of these corrosion features was obtained by using
SEM/EDS (data not shown here), LOM, CRM, and FTIR.
Optical microscopy and combined CRM images of Cu5Zn5Al1Sn pre-deposited
with NaCl (with 4 µg/cm2) after 1 and 14 dry/wet cycles illustrate that Cu2O (blue
pixels, main peaks at 219, 424 and 636 cm−1 [120]) mainly was present outside the
circular-shaped features, whereas CuCl (white pixels, main peaks at 290, 613 and
1110 cm−1 [11]) predominately formed adjacent to, and within the NaCl droplet area,
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Fig. 4.7. Their presence increased with exposure time. Al2O3 (red pixels, main peaks
at 421, 383 and 645 cm−1 [121, 122]) and/or ZnO (red pixels, main peak at 440 cm−1
[123]) was predominantly formed within the droplet area, whereas the formation of
carbonate (green pixels, main peaks at 1061, 1045–1055, 733 cm−1 [123, 124])
mainly occurred at the periphery and within the droplet area.

Figure 4.7. Light optical images of corroded surface features formed on
Cu5Zn5Al1Sn pre-exposed with 4 µg/cm2 NaCl after 1 and 14 dry/wet cyclic
exposures (a-b), corresponding Raman mapping images (c-f), and Raman spectra
extracted from the droplet-area and its periphery (g-h). The Cu2O band is indicated
in blue pixels (integrated between 150 and 250 cm−1), the CuCl band in white pixels
(integrated between 250 and 350 cm−1), the CO32− band in green pixels (integrated
between 1000 and 1100 cm−1) and the band corresponding to Al2O3 in pink pixels
(integrated between 350 and 500 cm−1). (Paper II, reproduced with permission from
Elsevier; Corrosion Science, 133, 190–203, 2018.)
Complementary FTIR spectra conducted on different areas (labelled A- within,
B- at the periphery/ spreading zone, and C- outside) of the circular features formed
on Cu5Zn5Al1Sn pre-deposited with NaCl (1.0 or 4.0 µg/cm2) exposed to 6 dry/wet
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cycles, Fig. 4.8, reveal the formation of hydrozincite (Zn5(CO3)2(OH)6) (1339 and
1534 cm−1 [117]) within and at the periphery of the circular features, Fig. 4.8c-d. It
should be noted that the abnormal asymmetric peak within the range of 1350–1810
cm−1 in spectra B and C of Fig. 4.8c most probably is attributed to surface roughness
interferences. The contribution of hydrotalcite Zn6Al2(OH)16CO3·4H2O can neither
be excluded nor confirmed due to overlapping bands with the peaks caused by the
surface roughness artefact. The peaks assigned to hydroxide ions (OH−) or water
(3000 to 3700 cm−1 [11, 125]) were mainly attributed to the presence of Cu2(OH)3Cl
[41] in addition to the zinc hydroxycarbonates, but may also originate from Znhydroxychloride Zn5(OH)8Cl2·H2O due to its characteristic peak of 752 cm−1 [17]
observed for Cu5Zn5Al1Sn pre-deposited with 4.0 µg/cm2 NaCl, Fig. 4.8d.

Figure 4.8. Optical images (a, b) and corresponding FTIR spectra (c, d) of circularshaped corrosion features formed on Cu5Zn5Al1Sn exposed to 6 wet/dry cycles and
pre-deposited with 1.0 (a, c) or 4.0 (b, d) µg/cm2 NaCl. (Paper II, reproduced with
permission from Elsevier; Corrosion Science, 133, 190–203, 2018.)
The results show the Zn/Al-rich corrosion products of ZnO, Zn5(CO3)2(OH)6,
possibly Zn5(OH)8Cl2·H2O and Zn6Al2(OH)16CO3·4H2O, Al2O3 form in addition to
the Cu-rich corrosion products of Cu2O within the corroded area, and CuCl and
Cu2(OH)3Cl within the NaCl-droplet zone at given laboratory conditions. Sn-oxides,
predominantly as SnO2, were present within the patina as well. The presence of
these Zn/Al/Sn-containing corrosion products efficiently reduces the corrosion rate
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of Cu5Zn5Al1Sn compared with Cu metal. This effect is especially pronounced at
chloride-rich conditions as illustrated in the results of electrochemical CR, Fig. 4.9.
Significantly less amounts of corrosion products (thinner patina) formed on
Cu5Zn5Al1Sn compared with Cu metal at chloride-rich conditions are a result of the
beneficial barrier effects of constituents and native oxides (ZnO, Al2O3, SnO2, see
Chaper 4.1). Significantly lower corrosion rates of Cu5Zn5Al1Sn compared with Cu
metal were also observed at marine field exposure conditions up to years (1–5 years),
Fig. 4.10.

Figure 4.9. Galvanostatic cathodic reduction curves of Cu5Zn5Al1Sn and Cu metal
after exposure to 6 dry/wet cycles without (a) and with pre-deposited (b) NaCl (4.0
µg/cm2). (Paper II, reproduced with permission from Elsevier; Corrosion Science,
133, 190–203, 2018.)

Figure 4.10. Average annual corrosion rates of Cu5Zn5Al1Sn and Cu metal
exposed up to 5 years at unsheltered marine conditions (< 5 m from the coast, Brest
site 1). (Paper II, reproduced with permission from Elsevier; Corrosion Science,
133, 190–203, 2018.)
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(c)

(d)

Figure 4.11. Cross-sections of the patina formed on Cu5Zn5Al1Sn exposed for 5
years at unsheltered marine conditions (a, b), corresponding elemental line scan
(top-middle) and mapping images (middle and bottom, Cl, O, Cu and Zn, Al, Sn) by
means of SEM/EDS, and the combined CRM mapping image of bands assigned to
Cu2O (blue, integrated between 150 and 250 cm−1), Al2O3 (red, integrated between
350 and 500 cm−1), and OH-groups (yellow, integrated between 3300 and 3500
cm−1) of the patina formed at same conditions (c), and corresponding Raman
spectra extracted from the marked areas (d). (Paper II, reproduced with permission
from Elsevier; Corrosion Science, 133, 190–203, 2018.)
Motivated by the significantly reduced corrosion rate of Cu5Zn5Al1Sn
compared with Cu metal, the patinas formed after different years of exposure were
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characterized by means of SEM/EDS, CRM, IRAS and GDOES in order to
investigate the influence and formation of Zn-, Al- and Sn-containing corrosion
products within the patina on the corrosion performance. The patina, with a total
thickness between 2 and 4 µm after 2–5 years of exposure was composed of an outer
layer dominated by chloride-rich copper-containing corrosion products (Cu2(OH)3Cl)
and an inner layer of dominated by Cu2O and different Zn-, Sn- and Al-rich
corrosion products, as shown in SEM/EDS and CRM images in Fig. 4.11.
Aluminum oxide (Al2O3) and zinc oxide (ZnO) were present within the inner Cu2Orich layer, as identified by the Raman spectra, Fig. 4.11d. The presence of Sn-oxides
(SnO2, main Raman peak at 632 cm−1 [126]) observed with e.g. GDOES (Fig. 4.1)
and EDS (Fig. 4.11a-b) was not unambiguously possible to be identified using CRM
due to peak overlap with Cu2O. Hydrotalcite (Zn6Al2(OH)16CO3·4H2O),
hydrozincite
(Zn5(CO3)2(OH)6)
and/or
hydroxy-compounds
such
as
Zn5(OH)8Cl2·H2O and/or Zn5Al(OH)6Cl·2H2O were in addition to Cu2O and
Cu2(OH)3Cl present at the outermost surface of corroded Cu5Zn5Al1Sn coupons
exposed for 2–5 years (IRAS).
In summary, the patina formed on Cu5Zn5Al1Sn at unsheltered marine
conditions of high deposition rates of chlorides consists of a Cu2O-rich inner layer
(1–2 µm) enriched with Al2O3, ZnO and Sn-oxides and an equally thick outer
chloride-rich layer mainly composed of paratacamite (Cu2(OH)3Cl). Compared with
Cu metal forming a patina composed of the same copper-rich corrosion products
(Cu2O and Cu2(OH)3Cl), Zn/Al-hydroxycarbonates (hydrozincite, Zn5(CO3)2(OH)6
and hydrotalcite, Zn6Al2(OH)16CO3·4H2O) and possibly other Zn/Al-hydroxy
compounds (e.g. Zn5(OH)8Cl2·H2O, Zn5Al(OH)6Cl·2H2O) were additional
constituents within the patina. The presence of these Zn/Al-containing corrosion
products efficiently hinder the corrosion process (i.e. reduces the corrosion rate
compared with Cu metal, Fig. 4.10).

4.3 Alloying copper metal with Sn reduces the corrosion rates of
Cu4Sn/Cu6Sn bronze alloys at urban conditions but enhances the corrosion
rates at marine chloride-rich conditions. (Paper III)
Determined annual corrosion rates show different trends for Cu metal and Snbronzes between the investigated urban and marine environments up to 5 years of
exposure, Fig. 4.12. Observed corrosion rates of the Sn-bronzes were at the urban
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sites 2–7 times lower compared with determined rates for Cu metal, Fig. 4.12a,
whereas, similar or even higher corrosion rates were evident at the marine sites, Fig.
4.12b. Observed corrosion rates at the urban sites were in addition 5 to 10 times
lower compared with rates determined for both the Sn-bronzes and Cu metal at the
marine sites.

(c)

Figure 4.12. Average annual corrosion rates of Cu metal, bronze Cu4Sn and/or
Cu6Sn exposed up to 4 years at different urban sites - Madrid, Milan, Stockholm (a),
and marine sites-Brest sites 1–4, Cadiz (b) in Europe; and representative crosssectional SEM images (c) of patina formed on Cu4Sn/Cu6Sn (left) and Cu metal
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(right) exposed at urban (Milan) and marine sites (Brest site 1) for 5 years. (Paper
III)
At the urban sites, Fig. 4.12a, observed differences in corrosion rates between
the sites are predominantly due to differences in climatic conditions in terms of wetdry conditions, rainfall characteristics and frequency, temperature and RH rather
than to differences in environmental pollutant levels and chloride deposition rates.
These aspects have previously been investigated and discussed for Cu metal and
different Copper-based alloys [46]. Based on identification of patina constituents of
Sn-bronzes by means of SEM/EDS, IR and XRD, the patina formed at marine sites
is predominately composed of a Cu2O-rich inner part intercalated with Sn-oxides
and an outer part primarily composed of paratacamite (Cu2(OH)3Cl).The patina
formed at the urban sites mainly consists of Cu2O enriched with Sn-oxides
combined with the presence of posnjakite (Cu4SO4(OH)6·H2O) and brochantite
(Cu4SO4(OH)6). Reduced corrosion rates compared with Cu metal at urban
conditions (e.g. Milan, Italy) are due to the presence of Sn-rich oxides (SnO2 and/or
SnO) within the patina of the Sn-bronzes relatively thinner, compact and more
adherent compared with the patinas at marine conditions, Fig. 4.12c. In contrast,
thicker and more poorly adherent patinas consisting of stratified layers formed on
Sn-bronzes at the marine sites (e.g. Brest site 1), Fig. 4.12c, which is attributed to
the volume expansion caused by transformation of CuCl to Cu2(OH)Cl3 [11].

Figure 4.13. Enrichment of Sn compared with Cu in the patina compared with the
corresponding bulk mass ratio determined by means of GDOES for Cu4Sn (Brest,
Milan, Stockholm – 1 and 5 years) and Cu6Sn (Cadiz – 5 years). (Paper III)
A significant effect of Sn on the corrosion behavior of Sn-bronze at the urban
sites was revealed by the evident enrichment (1.5–3 times) of Sn within the patina,
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illustrated for Milan, Italy and Stockholm, Sweden, Fig. 4.13a, compared with the
patina formed at marine conditions (Cadiz, Spain and Brest site 1, France, Fig.
4.13b). Sn was enriched at the outmost surface of the patina of the Sn-bronzes at
urban conditions but depleted at the outmost surface of the patina formed at the
marine sites, i.e. enrichment of Sn within the entire patina at urban conditions but
only within the inner part of the patina at marine conditions. The results elucidate
the crucial role of Sn on the formation and evolution of the patina, beneficial at the
urban sites but not at the marine sites.

4.4 Similar main patina constituents form at the outmost surface of
Cu5Zn5Al1Sn golden alloy and the Cu4Sn/Cu6Sn bronze alloys as observed
for Cu metal. This results in a minor influence of the alloying elements (Al,
Zn, Sn) on the amount of released copper (copper runoff rate) at
unsheltered atmospheric conditions. (Papers II, III)
4.4.1 Cu5Zn5Al1Sn golden alloy (Paper II)
Although the alloying elements significantly reduce the corrosion rate of
Cu5Zn5Al1Sn compared with Cu metal (Fig. 4.10), their influence on the copper
runoff rate is small, Fig. 4.14. Similar or somewhat lower annual runoff rates of
copper were observed from Cu5Zn5Al1Sn compared with parallel measurements for
Cu metal.

Figure 4.14. Runoff rates of Cu and Zn from Cu5Zn5Al1Sn and Cu metal exposed
up to 5 years at unsheltered marine conditions (20–30 m from the coast, Brest site
2). (Paper II, reproduced with permission from Elsevier; Corrosion Science, 133,
190–203, 2018.)
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As the runoff process is controlled by the patina characteristics and intimately
connected to the environmental and climatic conditions [1], minor differences in
runoff rates between Cu5Al5Zn1Sn and Cu metal is related to the predominance of
the same poorly soluble Cu-rich corrosion product, i.e. paratacamite (Cu2(OH)3Cl)
at marine conditions, present and prevailing in the outer part of both patinas. The
presence and distribution of the alloying metals and their patina constituents were
determined by means of SEM/EDS (Fig. 4.11a-b), CRM (Fig. 4.11c-d), XRD (data
not shown) and GDOES (Fig. 6 in Paper II). Their predominant presence within the
patina and only to a small extent at the outermost surface explains their minor effect
on the runoff process at marine conditions.
4.4.2 Cu4Sn/Cu6Sn bronze alloy (Paper III)
Even though the corrosion rates of Sn-bronzes are somewhat enhanced
compared to Cu metal at marine conditions and reduced at urban environments, see
Fig. 4.12a-b, recent findings from the long-term field exposures and the laboratory
findings clearly demonstrate that alloying with Sn does not largely influence the
release rate of copper from Sn-bronze (6 wt.%) compared to Cu metal at either
urban or marine conditions [63, 127]. This is connected to the fact that the runoff
process takes place at the interface between the patina and the environment, and
therefore largely depends on the patina constituents at the outermost surface. Thus,
the formation of the same main corrosion product of Sn-bronze and Cu metal, i.e.
paratacamite (Cu2(OH)3Cl) at top-surface of the patina at marine conditions results
in similar release rates of copper from both materials. No measurable amounts of Sn
were released from the Sn-bronze [63, 64].
Results of this thesis report on total runoff rates of Cu and Sn released from the
patina by the action of rainwater from the Sn-bronzes (Cu4Sn/Cu6Sn) exposed at
three urban (Stockholm, Madrid, Milan) and two marine sites (Brest site 2, Cadiz)
up to 5 years of exposure. Continuous collection of runoff water from the materials
during this period showed an insignificant dispersion of Sn for all examined
conditions, most probably due to the non-solubility of Sn-oxides [128, 129] and/or
their minor presence at the outermost surface, Fig. 4.15. No evident differences in
copper runoff rates between Sn-bronzes and Cu metal, were observe neither at urban
nor marine conditions. Again, this implies that the patina composition at the
outermost surface is similar and predominantly Cu-rich for both the Sn-bronzes and
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Cu-metal. Similar runoff rates of copper for the Sn-bronzes (Cu4Sn, Cu6Sn) and
Cu-metal suggest that the predictive runoff rate model elaborated for Cu metal at
urban conditions also can be applicable for Sn-bronzes at urban conditions [61, 130,
131]. In all, alloying with Sn marginally influence the annual runoff rate of copper
upon exposure at urban and marine sites.

Figure 4.15. Runoff rates of Cu from Cu4Sn, Cu6Sn and Cu metal exposed up to 5
years at urban (a) and marine sites (b) of Europe. Average annual rainfall
quantities during the exposure period (Milan-620 mmh−1; Madrid-315 mmh−1;
Stockholm 570 mmh−1; Cadiz- 450 mmh−1; Brest-800 mmh−1) (Paper III)

4.5 General scenarios for patina evolution of Cu5Zn5Al1Sn and Sn-bronzes
are established to illustrate the beneficial role of alloying elements (Al, Zn,
Sn) for Cu5Zn5Al1Sn at chloride-rich condition and the role of Sn for Snbronzes in chloride-rich (marine) and sulfur/sulfate-rich (urban)
environments. (Papers I–III)
4.5.1 Cu5Zn5Al1Sn golden alloy (Papers I, II)
The role of the alloying elements (Al, Zn, Sn) in the golden alloy Cu5Zn5Al1Sn
at chloride-rich conditions is schematically summarized in Fig. 4.16 based on all
findings from the laboratory and field exposures. When exposed to air, a 5–10 nm
thick surface oxide consisting of cuprite (Cu2O) enriched with aluminum oxide
(Al2O3), zinc oxide (ZnO) and tin oxides (SnO2/SnO) rapidly forms within the inner
layer of the oxide on the alloy surface. All sub-oxides contribute to the overall
corrosion resistance with barrier properties exhibited for Al2O3, ZnO and the Sn-
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oxides. At chloride-rich conditions, chloride ions react with cuprous ions in the
aqueous surface layer, which results in local formation of nantokite (CuCl). CuCl
easily transforms to paratacamite/atacamite (Cu2(OH)3Cl) through reactions with
water and oxygen. This transformation results in a significant volume expansion,
which leads to the formation of poorly adherent corrosion products and flaking upon
long-term exposure [11, 43]. Reactions between zinc- and aluminum-hydroxides
with dissolved CO2 from the atmosphere lead to the formation of hydrozincite
(Zn5(CO3)2(OH)6) and hydrotalcite (Zn6Al2(OH)16CO3·4H2O). Both corrosion
products possess barrier properties and efficiently suppress the formation of CuCl
and the subsequent transformation to Cu2(OH)3Cl, whereby the corrosion rate and
the flaking of corrosion products are reduced compared with Cu metal at chloriderich conditions. High chloride deposition rates also result in the formation of other
Zn/Al-hydroxy compounds (e.g. Zn5(OH)8Cl2·H2O, Zn5Al(OH)6Cl·2H2O) within the
patina of Cu5Zn5Al1Sn golden alloy.
Corrosion'rate'and'ﬂaking'
reduced'compared'with'Cu'metal'

Atmosphere*

Interface

Cu2(OH)3Cl%
Zn5(CO3)2(OH)6,%%%%%Zn6Al2(OH)16CO334H2O,%
Hinder*
Zn5Al(OH)6Cl,2H2Oﬂaking* Zn5(OH)8Cl2,H2O
CuCl%
%Cu2O%

ZnO%

Al2O3%

SnO2%

Patina

Interface

Cu5Zn5Al1Sn

Figure 4.16. Schematic illustration of patina evolution on the Cu5Zn5Al1Sn alloy at
chloride-rich atmospheric conditions upon long-term unsheltered field exposure and
short-term laboratory exposures.
4.5.2 Cu4Sn/Cu6Sn bronze alloy (Paper III)
Alloying with Sn in Sn-bronzes results in significantly different effects on the
corrosion rate and patina evolution of at chloride-rich marine condition and sulfur
rich low chloride-polluted urban conditions, see Chapter 4.3. The role of Sn on the
atmospheric corrosion performance of Sn-bronzes (Cu4Sn/Cu6Sn) is schematically
summarized in Fig. 4.17 based on all results generated within the framework of this
thesis.
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At both the urban and the marine sites tin oxides (SnO2/SnO) are enriched
within the native nanometer thick surface oxide, predominantly composed of cuprite
(Cu2O) and spontaneously formed in air. At urban conditions, the oxide gradually
evolves, which improves the barrier properties of the patina by hindering the ingress
of water and other corrosive ions. Urban conditions also result in the formation of
posnjakite (Cu4SO4(OH)6·H2O) and brochantite (Cu4SO4(OH)6). The Sn-bronzes
thereby show reduced corrosion rates and thinner patinas compared with Cu metal at
urban environments. However, at chloride rich conditions the barrier effects of the
Sn-oxides are lost due to the interactions of chloride ions in favor of the formation
of copper-rich corrosion products of nantokite (CuCl) that rapidly transforms to
paratacamite/atacamite (Cu2(OH)3Cl), forming a copper-rich outer layer of the
patina of poor adherence due to the volume expansion induced during the
transformation between CuCl and Cu2(OH)3Cl. Sn-oxides are present and
intercalated within the inner layer of the patina, though not at the bulk/patina
interface hindering the oxidation process. At chloride-rich marine conditions, this

Chloride=rich,marine,atmosphere,
Urban/rural,atmosphere,

Cu2O%

Compact patina

Cu4SO4(OH)6*H2O,
/Cu4SO4(OH)6,, %Sn-oxides%

Cu2(OH)3Cl%%
CuCl%

%Sn-oxides%

Cu2O%
Sn-bronze

Sn-bronze

Porous and partly flaking patina

results in a significantly thicker patina and higher corrosion rates compared with Cu
metal.. Differences in patina characteristics observed at urban conditions compared
with chloride-rich marine conditions are in accordance with two types of patina
structures proposed by Robbiola et al [40].

Figure 4.17. Schematic illustration of patina evolution on Sn-bronzes (4 or 6 wt.%
Sn) at urban conditions of low chloride levels and at chloride-rich marine
conditions upon long-term unsheltered field exposure conditions.
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5 Characterizations of historic copper patinas
5.1 The patina of a centuries-old copper roof tile from Queen Anne's
Summer Palace in Prague is composed of an inner sublayer of cuprite and
an outer sublayer of brochantite and antlerite containing Pb/Sb-inclusions
inherited from the bulk matrix. (Papers IV, V)
A multi-analytical methodological approach (SEM/EDS, Raman, IRAS and
XRD) has been used to investigate the patina of a centuries-old (~400 years) copper
tile from the roof of Queen Anne's summer Palace in Prague, the Czech Republic. A
two-layer structure of the patina was observed with distinct differences in the
oxygen and sulfur levels seen in the cross-sectional image of the patina and the
adjacent bulk matrix, Fig. 5.1 (SEM/EDS). The results suggest an inner sub-layer of
cuprite (Cu2O) and an outer sub-layer of brochantite (Cu4SO4(OH)6)/antlerite
(Cu3SO4(OH)4), Fig. 5.2 (CRM) and confirmed with results of FTIR spectra (Fig. 9
in Paper V) collected from the cross-section of the patina, and XRD analysis (Fig.
12 in Paper V).
S	
  

O	
  

Figure 5.1. Cross-section of the patina and adjacent bulk matrix (a) and
corresponding elemental distribution of oxygen and sulfur relative to the sum of
(copper + oxygen + sulfur) (in at.%) based on EDS analysis (b) of the historic
copper patina formed at the Royal Summer Palace in Prague, the Czech Republic.
(Paper IV, reproduced with permission from MDPI; Materials, 10, 298–311, 2017.)
In addition, several inclusions (white features in Fig. 5.3) are embedded within
the ancient patina, which are lead (Pb)-antimony (Sb)-oxygen (O)-rich., Their
composition resembles that of rosiaite (PbSb2O6), as was confirmed by means of
XRD. These inclusions originate from the copper matrix as a result of the mining
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and smelting process [132]. They remain relatively unchanged in the patina due to
their relative higher nobility compared to the adjacent constituents of the patina,
despite the fact that the atmospheric corrosion process has been taking place during
decades.
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Figure 5.2. Light optical image and combined CRM mapping image of cuprite
(Cu2O) and brochantite (Cu4SO4(OH)6) within the cross-section of the ancient
copper patina formed at the Royal Summer Palace in Prague, the Czech Republic.
(Paper V, reproduced with permission from Elsevier; Materials Characterization,
133, 146–155, 2017.)
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Figure 5.3. SEM image of a cross-section of the historic patina formed at the Royal
Summer Palace in Prague containing a number of inclusions left after copper
oxidation of the bulk material (left) and the corresponding relative Pb-Sb-O mass

	
  56

	
  
	
  

distribution for different inclusions based on EDS analyses (right). (Paper V,
reproduced with permission from Elsevier; Materials Characterization, 133, 146–
155, 2017.)
In summary, the copper patina formed over centuries at the urban site of Prague
consists of an inner sub-layer predominately cuprite (Cu2O)-rich and an outer sublayer enriched with brochantite/antlerite. The rosiaite (PbSb2O6)-rich inclusions
inherited from the base metal matrix remain embedded within the patina.

5.2 Inclusions within the historic copper matrix induce micro-galvanic
effects that influence patina uniformity and its corrosion protective ability
compared with the patina formed on a modern Cu sheet. (Paper IV)
Due to the different production methods and copper ores at different areas and
ages, inclusions of varying size, density and composition (detailed information in
Paper IV) exist within the bulk material of Cu metal of historic copper. Coupons
originating from 8 different historic copper roofs (from the 16th to the 19th century)
exposed to different middle and northern European environments were examined
(detailed information is given in Chapter 2.2 and Paper IV). The inclusions consist
mainly of oxides of different metals of three types: cuprite (Cu2O)-rich, rosiaite
(PbSb2O6)-rich and Cu/Sb/Ni/O-rich inclusions. By the combined utilization of
SEM/EDS and AFM-based SKPFM, Fig. 5.4, these types of inclusions were
suggested to exhibit higher relative nobilities (higher Volta potentials) compared
with the bulk matrix. In this respect, the inclusions act as cathodes relative to the
copper matrix that acts as anode, conditions that trigger micro-galvanic effects
during atmospheric corrosion. These effects may not only enhance the corrosion
kinetics but also influence the patina evolution.
Cross-sectional studies of the interfacial region between the copper matrix (light
grey, lower part) and the patina (dark grey, upper part) display two
electrochemically noble inclusions (PbSb2O6-rich, white areas in Fig. 5.5). As
shown in Fig. 5.5, the brochantite (Cu4SO4(OH)6)/antlerite (Cu3SO4(OH)4) layer
(darker grey, upper part) is in direct contact with both inclusions (as marked in two
squares), resulting in a disruption of the cuprite (Cu2O) layer. This is probably
attributed to that inclusions of higher Volta potential compared with the copper
matrix and cuprite (Cu2O) induce more oxidation of cuprite (Cu2O, Cu+-containing
corrosion product), which in turn enhance the formation of brochantite
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(Cu4SO4(OH)6)/antlerite (Cu3SO4(OH)4) (Cu2+-containing corrosion products).
Therefore, the larger noble inclusions may result in a more fragmentized patina with
a larger thickness ratio between the brochantite (Cu4SO4(OH)6)/antlerite
(Cu3SO4(OH)4) and the cuprite (Cu2O) sub-layer, Fig. 5.6. The results show that the
thickness ratio increases with the maximum size of the inclusions.

Figure 5.4. SEM-images (a, b, c), the corresponding AFM-based topographies (d, e,
f) and AFM-based Volta potential images (g, h, i) of three types of inclusions:
rosiaite (PbSb2O6)-rich inclusions (a, d, g); cuprite (Cu2O)-rich inclusions (b, e, h);
copper-antimony-nickel-oxygen-rich inclusions (c, f, i) in the matrices of different
historic copper materials. (Paper IV, reproduced with permission from MDPI;
Materials, 10, 298–311, 2017.)
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Brochantite/
Antlerite

Cuprite

Copper matrix

Figure 5.5. SEM cross-sectional image of the interfacial region between the copper
matrix (lower part) and the patina (upper part) of the historic patina of the copper
roof of the Royal Summer Palace in Prague, the Czech Republic. White areas
represent rosiaite (PbSb2O6)-rich inclusions, light grey areas in the middle
represent cuprite (Cu2O), and dark areas in the upper part represent brochantite
(Cu4SO4(OH)6)/antlerite (Cu3SO4(OH)4). (Paper IV, reproduced with permission
from MDPI; Materials, 10, 298–311, 2017.)

Figure 5.6. Relation between the thickness ratio of two sub-layers
(brochantite/antlerite and cuprite) and the observed maximum size of inclusions
within the copper matrix of eight historic copper patinas of different age and origin.
The results are presented as average values with standard deviation (within a 300 ×
300 µm2 large area) based on the various observed maximum size of inclusions. The
dotted parabolic line is only included for guidance – with no physical meaning.
(Paper IV, reproduced with permission from MDPI; Materials, 10, 298–311, 2017.)
The effect of the inclusions within the historic copper patina in terms of
uniformity and corrosion protection was discerned in comparison with a
commercially used modern Cu metal of high purity (> 99.9 wt.% Cu). An evident
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difference was observed between the matrixes of historic- and modern Cu in term of
microstructural inclusions, Fig. 1.2, i.e. modern Cu sheet is nearly inclusion-free and
results upon exposure at outdoor conditions in a relatively homogeneous patina [4].
A higher impedance modulus for modern Cu compared with historic Cu suggests a
relatively superior protective ability of the modern Cu patina at given exposure
conditions, Fig. 5.7.

Figure 5.7. EIS spectra of Nyquist plot (a), phase angle (unfilled legend, b) and
impedance modulus (filled legend, b) for polished modern and historic (from
Helsinki Cathedral) copper matrices in 0.1 M oxygen-free Na2SO4. (Paper IV,
reproduced with permission from MDPI; Materials, 10, 298–311, 2017.)
In short, the presence of larger inclusions incorporated in the historic copper
matrix results in micro-galvanic effects from which follows the formation of
relatively heterogeneous patinas of larger thickness ratio between the
brochantite/antlerite and cuprite sub-layers. The presence of inclusions impairs the
surface protection ability of the historic copper patina compared findings for modern
Cu sheet of high-purity.
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6 Summary
This doctoral thesis provides a comprehensive picture of the atmospheric
corrosion performance and prevailing mechanisms of copper and copper-based
alloys used for outdoor constructions, ranging from the characterization of
microstructures and surface uniformity to spontaneously formed surface oxides,
corrosion product formation and evolution after short- and long-term exposures at
both laboratory and field conditions to patina characterization after centuries of
exposure. A multi-analytical approach including microscopic, spectroscopic and
electrochemical tools has been employed to acquire a better understanding towards
the influence of microstructure and alloying elements of the bulk matrix on
corrosion initiation, role of alloying elements and environmental effects on
corrosion propagation, patina evolution and metal runoff, as well as influence of
matrix heterogeneity (e.g. inclusions) on the long-term patina development. Some of
the main investigations and results are summarized in Fig. 6.1.

Cl−/NaCl

SO4

−

/SO2

SO4
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Sn) on the atmospheric corrosion
process of Cu alloys in modern
architecture (Papers I, II, III)
The formation of sub-oxides and Al/Zn/Sncontaining corrosion products contributes
to an improved corrosion resistance of
Cu5Zn5Al1Sn compared with Cu metal
Alloying with Sn reduces the corrosion rate
of Sn-bronze at urban environments of low
chloride levels but results in enhanced
corrosion rates at chloride-rich marine
conditions compared with Cu metal
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Centuries-old urban patinas are
composed of an inner layer of cuprite
and an outer layer of brochantite/
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Similar outermost surface constituent of the
patina on Cu5Zn5Al1Sn and Sn-bronzes as on
Cu metal leads to similar copper runoff rates

Figure 6.1. Summary of the main messages of this doctoral thesis.
Compared to Cu metal, the smaller grain size of the Cu-alloys Cu5Zn5Al1Sn
and Sn-bronze Cu4Sn is beneficial from a corrosion resistance perspective. Their
minor variations in surface chemical composition result in a low risk for micro-
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galvanic corrosion effects. The addition of alloying elements in both Cu5Zn5Al1Sn
and Cu4Sn is hence generally beneficial for their overall corrosion resistance,
though as shown in this thesis – not for all exposure conditions.
The surface oxides that spontaneously form on diamond polished Cu5Zn5Al1Sn
and Sn-bronzes Cu4Sn/Cu6Sn are several nanometer thick, being 3−10 times
thinner compared with as-received non-exposed conditions (surface state from
producer). Sub-oxides formed on Cu5Zn5Al1Sn include Cu2O, ZnO and Al/Snoxides (assumed as Al2O3, SnO2) and exist within the overall oxide with a
compositional gradient with Cu2O, ZnO and SnO2 in the outer part of the oxide, and
Al2O3 in the inner part next to the alloy matrix. All sub-oxides contribute to the
overall corrosion resistance of Cu5Zn5Al1Sn, though barrier properties are
predominantly given by ZnO, Al2O3, and SnO2. The predominant enrichment of Snoxides (SnO2 and/or SnO) within the surface oxide of Cu4Sn/Cu6Sn results in a
blocking effect on the oxidation of Cu.
Chloride-induced atmospheric corrosion of the golden alloy Cu5Zn5Al1Sn was
investigated via short-term laboratory exposures and long-term outdoor marine field
investigations (Brest, France). Controlled wet/dry cyclic exposures with predeposited NaCl on the alloy surface resulted in ring-shape corrosion features due to
the formation and spreading of the NaCl droplets. Spectroscopic observations with
high lateral resolution revealed that Cu2(OH)3Cl, Zn5(CO3)2(OH)6 and
Zn5(OH)8Cl2·H2O preferentially formed in the central droplet, surrounded by Cu2O
and Zn5(CO3)2(OH)6 at its periphery. This growth became more pronounced with
increasing amount of deposited chlorides. The patina consists of a compact inner
layer with Cu2O, ZnO, Al2O3, SnO2/SnO and a relatively porous outer layer
containing Cu2(OH)3Cl and Zn5(CO3)2(OH)6. Both the inner and the outer layer of
the patina act as physical barriers that improve the corrosion resistance. A higher
amount of pre-deposited NaCl (e.g. 4.0 µg/cm2) leads to a thicker patina, favoring
the formation of Cu2O and Zn5(CO3)2(OH)6, which improves the corrosion
resistance compared with the patina formed at lower chloride loadings (e.g. 0.1, 1.0
µg/cm2). In accordance with the patina constituents that were identified at laboratory
conditions, the patina formed at outdoor marine condition is composed of an inner
layer of Cu2O, ZnO, Al2O3 and SnO2 intercalated with Zn6Al2(OH)16CO3·4H2O, and
an outer layer predominantly rich in Cu2(OH)3Cl and the additional presence of
Zn5(CO3)2(OH)6, Zn5(OH)8Cl2·H2O and/or SnO2/SnO. The presence of these
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additional alloying-element-containing corrosion products efficiently reduces the
corrosion rate of Cu5Zn5Al1Sn compared with Cu metal in chloride-rich
environments at both a short (days) and long-term (years) perspective.
Similar to Cu metal, Cu2(OH)3Cl is the predominant corrosion product formed
at the outermost surface of Cu5Zn5Al1Sn at marine conditions (Brest, France). As a
result, the runoff rates of copper are very similar. No measurable amounts of either
Al or Sn were released which reflect their presences mainly within the patina and
not at the outermost surface, and their poor solubility or non-soluble characters.
Similar findings were observed for the Sn-bronzes (Cu4Sn, Cu6Sn) with
insignificant amounts of Sn runoff and outermost surfaces predominantly composed
of Cu2(OH)3Cl at the marine sites (Brest, France, Cadiz, Spain). The patina was
predominately composed of a Cu2O-rich inner part intercalated with Sn-oxides and
an outer part predominantly composed of Cu2(OH)3Cl. At the urban sites (Milan,
Italy, Madrid, Spain, Stockholm, Sweden), the patina of the Sn-bronzes (Cu4Sn and
Cu6Sn) was composed of Cu2O enriched with Sn-oxides (SnO2 and/or SnO), and
posnjakite (Cu4SO4(OH)6·H2O)/brochantite (Cu4SO4(OH)6) within the outer part of
the patina to a comparatively small extent. The beneficial effect of the Sn-oxides
was more significant for the Sn-bronzes exposed to the urban environments
compared with the marine environments, due to the formation of a more compact
and thinner patina (relatively low corrosion rate) whereas the patinas at marine
conditions were relatively porous and thicker (enhanced corrosion rate compared
with Cu metal).
Historic copper patinas from roofs of different historic buildings exposed over
centuries all show an inhomogeneous character with two distinct sublayers, an outer
layer of brochantite (Cu4SO4(OH)6)/antlerite (Cu3SO4(OH)4) and an inner layer of
cuprite (Cu2O) . The thickness ratio between the brochantite-antlerite/cuprite sublayers is related to the maximum size of the inclusions incorporated in each historic
copper matrix. The relatively higher nobility of all observed inclusions, including
cuprite (Cu2O)-rich, rosiaite (PbSb2O6)-rich and Cu/Sb/Ni/O-rich inclusions,
induces micro-galvanic corrosion effects that accelerate the transformation of
cuprite to brochantite/antlerite. The presence of the largest noble inclusions hence
results in a disruption of the bi-layer structure and a more fragmentized patina.
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7 Outlook
In addition to the research findings elucidated for the atmospheric corrosion of
copper and copper-based alloys in this thesis, several related questions should be
explored in future research.
•

Prevailing corrosion mechanisms of Sn-bronzes in different environments (e.g.
at Cl−- and SO42−-rich conditions) require more fundamental understanding via
systematic laboratory exposures to elucidate the underlying mechanisms
behind the pronounced different corrosion behavior of Sn-bronzes observed at
marine and urban conditions.

•

An improved corrosion performance of the golden alloy Cu5Zn5Al1Sn at
chloride-rich environments is due to the formation of certain corrosion
products. Do these constituents form also in other environments (e.g. SO42−rich)? What is the exact role of Al/Zn/Sn at these conditions?

•

As the atmosphere not only contains one or two corrosion stimulators, mixed
corrosive constituents may have synergistic effects on atmospheric corrosion
initiation and corrosion product formation. The dynamic interactions of the
corrosive constituents within the aqueous layer and the copper/alloy surface
could possibly be investigated using in-situ techniques.

•

The methods employed in this study e.g. the evaluation of contributions of
each sub-oxide to a complex multi-component oxide, the influence of
inclusions on the formation of corrosion products, can also be adopted or
possibly confirmed for other metal/alloy systems, e.g. steel, aluminum alloys.
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