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“Some of the greatest poetry is revealing to the reader  
the beauty in something that was so simple  

you had taken it for granted” 
  

 Neil deGrasse Tyson  
(1958 – present) 
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Abstract 

   With the advancement and accessibility of local probing 
techniques that can operate at the submicron scale it has become 
possible to analyse the local corrosion properties of industrially 
important metallic materials and relate these properties to 
microstructure characteristics of the same materials. In this 
doctoral study the focus has been on copper-zinc samples, both as 
industrial brass alloys and as micro-patterned copper-zinc 
samples. They have been exposed to dilute chloride solutions and 
to an atmosphere that mimics indoor conditions that cause 
corrosion. The main goal has been to investigate micro-galvanic 
effects caused by surface heterogeneities in the copper-zinc 
samples, and the corrosion inhibition ability of a self-assembled 
octadecanethiol (ODT, CH3(CH2)17SH) monolayer when applied to 
these heterogeneous samples. The local chemistry, local 
electrochemistry, and local surface chemistry in the presence of 
the copper-zinc galvanic couplings have been elucidated, and their 
importance has been investigated for corrosion initiation, 
propagation, termination, and inhibition. A broad spectrum of 
local probe techniques has been utilised. They include optical 
microscopy (ex situ and in situ), electrochemical techniques, 
scanning electron microscopy with energy dispersive spectroscopy, 
atomic force microscopy, scanning Kelvin probe force microscopy 
and confocal Raman spectroscopy. In addition, infrared reflection 
absorption spectroscopy (in situ) and vibrational sum frequency 
spectroscopy have been employed to analyse the formation of 
corrosion products and monitor the corrosion kinetics.  
   A characteristic selective zinc dissolution process was triggered 
in non-metallic inclusions when a brass alloy was exposed to 1 mM 
NaCl. Disc-like corrosion areas spread radially outwards from the 
inclusions, the shape and termination of which was attributed to 
accessibility to chloride ions. An ODT-layer deposited on brass 
retarded access to chloride ions at the brass surface and slowed 
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down the radial corrosion process. Instead a delayed formation of 
filiform-like corrosion was observed. 
   Upon exposure of the copper-zinc patterned sample to 
humidified air containing formic acid, micro-galvanic effects were 
induced by the copper patches on zinc that accelerated the zinc 
dissolution in the thin aqueous adlayer with concomitant 
precipitation of zinc formate. The micro-galvanic effects not only 
resulted in accelerated corrosion rates for zinc, but also in 
broadening of shapes and atomic structures for the corrosion 
products formed. Crystalline zinc oxide and zinc formate were 
observed on the copper-zinc patterned samples, whereas 
amorphous zinc oxide and zinc formate were formed on the bare 
zinc surface. Micro-galvanic effects occurred in the two-phase 
Cu40Zn (Cu with 40 wt% Zn) brass alloy as well, induced by more 
zinc-rich beta-phase grains surrounded by an alpha matrix with 
lower zinc-content.  
   The application of a self-assembled monolayer of ODT for 
corrosion inhibition of pure zinc and the patterned copper-zinc 
samples was also explored. In situ infrared reflection absorption 
spectroscopy analyses showed that ODT initially reduced the rate 
of zinc formate formation on pure zinc and on the copper-zinc 
micro-patterned sample. However, the inhibition efficiency was 
slightly reduced with exposure time due to local removal of ODT 
on pure zinc and on the micro-patterned samples. This caused 
micro-galvanic effects that resulted in increased rates of zinc 
formate formation on the ODT-covered samples – even higher 
than on the uncovered samples. When applied to the single-phase 
Cu20Zn alloy, ODT resulted in a corrosion inhibition that was 
comparable to that of pure copper, a metal for which ODT has 
shown very good corrosion inhibition. On double-phase Cu40Zn 
local galvanic effects resulted in less efficient corrosion inhibition 
and more abundant corrosion products than on Cu20Zn. Based on 
vibrational sum frequency spectroscopy, the ODT-layer retained 
its well-ordered molecular structure throughout the exposure to 
both Cu20Zn and Cu40Zn.  
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   In all, the inhibiting action of the ODT-layer was attributed to the 
transport hindrance of corrosion promoters (O2, H2O, and 
HCOOH) to the brass surface. This result suggests that ODT can 
function as a temporary corrosion inhibitor for brass exposed to 
benign indoor environments.  
 
Keywords: Copper, zinc, brass, octadecanethiol, IR Spectroscopy, 
AFM, atmospheric corrosion, aqueous corrosion, corrosion inhibition. 
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Sammanfattning 

   Med utvecklingen av och tillgången till lokala analysmetoder som 
kan ge information med en lateral upplösning på mindre än en 
mikrometer har det blivit möjligt att analysera lokala 
korrosionsegenskaper hos industriellt viktiga metalliska material 
och relatera dessa egenskaper till mikrostrukturen hos samma 
material. I doktorsavhandlingen har denna möjlighet utnyttjats för 
koppar-zinkprover, dels som industriella mässingslegeringar dels 
som mikro-mönstrade koppar-zinkprover, som exponerats för 
utspädda kloridlösningar samt för en atmosfär som kan efterlikna 
den atmosfäriska korrosionen inomhus. Det huvudsakliga målet 
har varit att undersöka dels mikro-galvaniska korrosionseffekter 
som orsakas av heterogeniteter på koppar-zinkytorna dels 
korrosionsförmågan hos självorganiserande monolager av 
oktadekantiol (ODT, CH3(CH2)17SH) vid adsorption på dessa 
heterogena ytor. På så vis har den lokala kemin, ytkemin och 
elektrokemin kunnat klarläggas i närvaro av galvaniska effekter, 
och dess betydelse har undersökts för korrosionsprocessens 
initiering, propagering, terminering och inhibering. Ett brett 
spektrum av lokala analysmetoder har utnyttjats. De innefattar 
ljusoptisk mikroskopi (ex situ och in situ), elektrokemiska 
metoder, svepelektronmikroskopi med energidispersiv röntgen-
spektroskopi, atomkraftsmikroskopi för mikro-kartering och 
Voltapotentialmätningar samt konfokal Raman-spektroskopi. 
Dessutom har infrarödreflektions absorptionsspektroskopi (in 
situ) och vibrationssummafrekvens spektroskopi (engelska: 
vibrational sum frequency generation) använts. 
   När en mässingslegering exponerades för 1 mM NaCl 
observerades en selektiv utlösning av zink med karakteristiskt 
utseende som växte radiellt från icke-metalliska inneslutningar för 
att bilda cirkulärt formade korrosionsområden. Formen och 
termineringen av denna korrosionsprocess bestäms av tillgången 
på kloridjoner. När ett monolager av ODT adsorberades på 
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mässingslegeringen hämmades tillgången av kloridjoner på 
mässingsytan och den radiella korrosionsprocessen stannade upp. 
Istället iakttogs en fördröjd bildning av s.k. filiform korrosion.  
   Vid exponering av mikro-mönstrade koppar-zinkprover för 
befuktad luft med låga tillsatser av myrsyra inducerades mikro-
galvaniska effekter i gränsen mellan koppar och zink som 
accelererade utlösningen av zink i den adsorberade fuktfilmen på 
provet, under samtidig utfällning av zinkformat. De mikro-
galvaniska effekterna resulterade inte bara i förhöjda 
korrosionshastigheter jämfört med de på ren zink, utan även i 
andra faser hos bildade korrosionsprodukter. På de mikro-
mönstrade koppar-zinkproverna bildades kristallint zinkoxid och 
zinkformat, under det att amorft zinkoxid och zinkhydroxyformat 
bildades på ren zink. Mikrogalvaniska effekter observerades även i 
den tvåfasiga mässingslegeringen Cu40Zn (Cu med 40 vikt-% Zn) 
orsakade av kontakten mellan den mer zinkrika beta-fasen och den 
omgivande alfa-fasen med lägre zinkhalt.  
   Appliceringen av ett självorganiserat monolager av ODT för 
korrosionsinhibering av ren zink och koppar-zinkprover har också 
undersöks. In situ infrarödreflektions absorptionsspektroskopi 
visade att adsorberat ODT initialt hämmade bildningen av 
zinkformat på ren zink och på de mikro-mönstrade koppar-
zinkproverna. Med tiden minskade ODTs korrosionsinhiberings-
förmåga på grund av att ODTs vidhäftning lokalt försvann. De 
mikro-galvaniska effekter som därigenom uppstod resulterade i 
bildandet av zinkformat som med tiden blev snabbare på de ODT-
belagda proverna än på motsvarande prover utan ODT. När ODT 
applicerades på den enfasiga mässingslegeringen Cu20Zn 
resulterade detta i en korrosionsinhibering som var jämförbar med 
den på ren koppar, en metall på vilken ODT tidigare visat mycket 
bra korrosionsskydd. På den tvåfasiga mässingslegeringen Cu40Zn 
ledde lokala galvaniska effekter till en mindre effektiv korrosions-
inhibering och en rikligare mängd korrosionsprodukter än på 
Cu20Zn. Baserat på vibrationssummafrekvens spektroskopi behöll 
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ODT-lagret dess välordnade struktur under hela exponeringen på 
både Cu20Zn och Cu40Zn.  
   ODTs korrosionsinhibering tillskrivs främst transport-
hämningen av korrosionsstimulatorer (O2, H2O och HCOOH) till 
mässingsytan och antyder att ODT kan fungera som en temporär 
korrosionsinhibitor för mässing i milda inomhusmiljöer. 
 
Nyckelord: Koppar, zink, mässing, oktadekantiol, IR-reflektions 
absorptionsspektroskopi, AFM, atmosfärisk korrosion, vattenaktig 
korrosion, korrosionsinhibering. 
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Preface 

   This doctoral thesis focuses on the study of micro-galvanic 
effects caused by surface heterogeneities in copper-zinc alloys in 
diluted aqueous solutions and under accelerated indoor 
atmospheric conditions, and the corrosion inhibition by a self-
assembled monolayer of octadecanethiol. The main aim is to gain a 
fundamental understanding at the molecular level in terms of the 
local chemistry, local surface chemistry, and local electrochemistry 
involved in micro-galvanic corrosion and its inhibition.    
   Contents of the papers included in this thesis are schematically 
illustrated in Figure 1 showing which material used and the 
corrosion phenomena and inhibition mechanisms investigated.  
 
Stockholm, September 2014 
Mattias Forslund 
 

 
Figure 1: Summary of the materials and the exposure conditions 
investigated in the respective papers. 
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Summary of papers 

 
 

PAPER I 
 
 
The importance of surface heterogeneities for the initiation of 
selective leaching in aqueous solutions and the effect of chloride 
concentration were studied for as-rolled alpha-brass sheets in 
diluted NaCl solution. Diluted aqueous solution was used to 
simulate outdoor atmospheric corrosion in marine environments. 
The stages of initiation, propagation, termination, and passivation 
were assigned as essential steps in the selective corrosion process 
that took place on the alpha-brass. 
The micro-galvanic corrosion in this case is related to the selective 
leaching of brass, known as dezincification, and this process 
results in a porous copper-rich surface layer. Exposing the alpha-
brass samples in diluted NaCl solution triggered the leaching of 
zinc at various inclusions located across the surface. The in situ 
monitoring by optical microscopy revealed radial spreading of the 
selective leaching from the inclusions. The microscopic analyses 
using scanning electron microscopy combined with energy 
dispersive spectroscopy and atomic force microscopy of the 
exposed samples disclosed that these inclusions were rich in 
sulphur and selenium, and that spherical sub-micrometre copper-
rich precipitates covered the leached areas. After considering the 
experimental results as well as thermodynamic calculations, the 
selective leaching and the radial spreading were explained by 
variations in the local surface composition of the brass, local 
electrochemical reactions, and local chemistry of the solution. 
Termination of the selective leaching is attributed to the reduction 
of chloride ions nearby the zinc depleted areas that were oxidised 
to copper(II) and/or chloride/carbonate/hydroxy-containing 
compounds.   
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PAPER II 
 
 
   The effect of micro-galvanic action on the corrosion of zinc was 
studied on manufactured micro-patterns of copper patches on zinc 
exposed to humidified air containing formic acid. The exposure 
conditions were meant to be representative of indoor atmospheric 
corrosion with an acceleration factor in the order of 100. The 
formation of corrosion products on the exposed samples was 
monitored by in situ infrared reflection absorption spectroscopy to 
obtain the overall chemistry of the corrosion products and a 
measure of the kinetics of the corrosion process. Moreover, 
microscopic analyses by scanning electron microscopy, confocal 
Raman microscopy, and atomic force microscopy were performed 
to gain local chemical information for the corrosion products 
preferentially formed at the copper-zinc junction.  
   The presence of copper patches on zinc increased the formation 
rate of zinc formate as compared to bare zinc. This is due to the 
micro-galvanic effect induced by the copper, which accelerates the 
zinc dissolution in the thin adsorbed water/electrolyte layer and 
thus the formation of zinc formate precipitates. The microscopic 
chemical analyses of the corrosion products disclosed that, the 
micro-galvanic effect (potential gradient across the copper-zinc 
junction) determined the local electrochemical reactions, i.e., 
cathodic reactions on the copper patches and anodic reactions on 
the zinc substrate. This results in the changes in the local 
chemistry such as local pH and ion concentration. Consequently 
hemispheric zinc formate precipitates were formed adjacent to the 
copper patches. Where the spherical shape of the precipitation is 
resolved as a minimization of surface energy. The micro-galvanic 
effect was not only influencing the formation rate, but also the 
atomic structure of the corrosion products. Crystalline zinc oxide 
and zinc formate were formed on the patterned samples, whereas 
amorphous zinc oxide and zinc hydroxy formate were observed on 
bare zinc.   
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PAPER III 
 
 
   Corrosion inhibition of zinc and copper-zinc micro-pattern 
samples by an adsorbed self-assembled monolayer of 
octadecanethiol (ODT) was studied under the same exposure 
conditions as in Paper II. However, the focus is on the inhibition 
performance in presence of the zinc-copper galvanic couple.  
   In situ infrared reflection absorption spectroscopy analysis 
indicated that the adsorbed ODT monolayer initially acted as an 
inhibitor which reduced the rate of zinc formate formation on both 
samples despite the galvanic coupling of the zinc-copper micro-
patterned sample. However, during prolonged exposure the 
inhibition efficiency declined with time due to local removal of 
ODT, which caused an acceleration of the formate formation. As a 
result, after a certain period, the rate of zinc formate formation on 
the ODT-covered samples increased and became higher than that 
for uncovered samples. Infrared and Raman analyses revealed the 
formation of two different formate compounds, zinc formate and 
zinc hydroxy formate on the zinc-copper micro-patterned samples 
with and without an adsorbed ODT layer. The infrared-spectra for 
the ODT-covered samples showed an additional feature that was 
assigned to unreacted formic acid due to reduced reaction rates of 
the corrosion products. Overall, the results suggest that ODT can 
function as a temporary corrosion inhibitor in representative 
indoor environments on zinc and zinc with zinc-copper junctions. 
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PAPER IV 
 
 
   This paper is focused on the study of corrosion inhibition of an 
adsorbed ODT monolayer on alpha brass and alpha-beta brass 
during exposure to humidified air containing formic acid, which 
could be relevant for practical applications of copper-zinc alloys. 
   The microstructure of the alpha-beta brass was characterized by 
optical and scanning electron microscopy. Relative corrosion 
tendency of the two phases in the brass alloy was evaluated with 
scanning Kelvin probe force microscopy, which revealed that the 
beta phase grains in the alloy were relatively less noble and thus 
more prone to corrode than the alpha phase grains, and is 
indicating micro-galvanic couplings between the two phases.   
   In situ monitoring with infrared reflection absorption 
spectroscopy during the exposures showed a higher rate of zinc 
formate formation on the alpha-beta brass compared to the alpha 
brass. The reason for this is the accelerated zinc dissolution of the 
beta phase grains due to the micro-galvanic effect. ODT-covered 
brasses showed a significantly reduced rate of formate formation 
compared to uncovered surfaces, and the inhibition was also 
effective for the alpha-beta brass despite the micro-galvanic 
coupling. Vibration sum frequency spectroscopy analysis of the 
ODT-covered samples after a one week of exposure to humid 
formic acid revealed that the adsorbed ODT-layer remained 
ordered on both alloys throughout the exposure. ODT was verified 
to be an effective inhibitor for the brass alloys exposed to 
humidified formic acid. 
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1 Introduction 

1.1 Background and motivation 
   Corrosion is an interaction between a material and an 
environment, which results in deterioration of the material. In the 
main, corrosion is referred to as the deterioration of metals 
exposed to aqueous or atmospheric environments. Corrosion 
processes take place at the interface between the metals surface 
and the environment, and is causing dissolution of the metal 
and/or formation of non-protective porous corrosion products. 
This reduces material properties and performance, limits the 
service life of the material, and sometimes results in serious 
disasters. There are different types of corrosion phenomena. In 
addition to uniform corrosion, localized corrosion may occur in the 
form of pitting[1], crevice development, galvanic corrosion, 
etcetera [2-4]. These local corrosion effects are more dangerous 
since they can cause unpredicted failure of the material in service.  
   H. H. Uhlig estimated that corrosion cost about $5.4 billion in 
1949, which was about 2 % of Gross National Product (GNP) in the 
US. On behalf of the National Bureau of Standards (NBS), Battelle 
Columbus Laboratories estimated an increase of this cost in 1975 
to $82 billion (4.9 % of GNP) [5, 6]. NACE International 
performed a study that estimated the direct cost of corrosion at 
$276 billion in 1998 (3.5 % of the US GNP) [7]. The direct cost of 
corrosion has increased with economic growth in the US since the 
1950s. It is commonly believed that the indirect cost of corrosion is 
at least as much as the direct cost. G2MT (Generation 2 Materials 
Technology) Laboratories added these costs together and 
extrapolated as a function of financial growth in 2013 and found 
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that the cost of corrosion in US had exceeded $1 trillion annually 
(about 6 % of the GDP) [8].  
   It is impossible to prevent corrosion from happening, since it is a 
thermodynamically favoured process [9]. However, different 
corrosion control methods can reduce the corrosion rate. Through 
electrochemical means, the corrosion rates of metals can be 
reduced by either anodic or cathodic protection. With anodic 
protection, the metal is connected to an electrochemical circuit, 
which shifts the electrochemical potential of the metal in the 
anodic direction so that the metal is maintained at a passive 
condition. This can be achieved by applying a direct current to the 
metal, using a low-voltage power supply with feedback control. 
This method is used for mild steel vessels storing acidic or alkaline 
fluids.  
   With cathodic protection the metal is connected as a cathode so 
that a cathodic reaction occurs instead of anodic dissolution. This 
can be accomplished with impressed current cathodic protection 
(ICCP), or sacrificial anodes such as zinc blocks, paints, or 
coatings. ICCP is commonly used for reinforced concrete 
structures located nearby seawater [10]. Coatings are used for 
corrosion protection[2] in many applications such as blueing[11], 
blackening[12], anodizing[13], and phosphate or chromate 
conversion coatings[14]. Chromate conversion coatings using 
hexavalent chromium are widely used and very efficient due to its 
self-healing effect. However, hexavalent chromium is toxic and 
therefore highly regulated, so there is an urgent need for a 
substitute [15].  
   Corrosion inhibitors are also commonly used to control the 
corrosion of metals in aqueous and atmospheric conditions. One 
kind of corrosion inhibitor is self-assembly monolayers (SAMs) 
that adsorb and form a film on the metal surface. SAMs are part of 
nanotechnology. Although their minimal size they can act as 
barriers between the protected material and the environment, and 
thereby reducing mass transport of corrosive species and 
inhibiting the corrosion process [16]. Self-assembling of 
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alkanethiols on metals creates beneficial surface functionalization, 
in particular on noble metals because of the relatively strong 
chemical bond between the metal and the anchor group (thiol, S) 
[17]. The adsorbed monolayer film can be deposited on objects of 
different sizes and shapes, and is therefore used in applications 
such as microelectronics, micromechanics, and nanoelectro-
mechanical systems [18, 19]. The potential role of alkanethiols as 
corrosion inhibitors has been investigated, particularly for copper 
[16, 20-22]. It was found that the corrosion resistance increases 
with increasing alkane chain length (CH3(CH2)n-1SH) and that the 
corrosion resistance is superior for n ≥ 16, while inferior for n ≤ 12 
due to the improved crystallinity of the former [23].  
   Metals can also become corrosion resistant through alloying. An 
example is stainless steel that is iron alloyed with chromium 
together with other elements which provide corrosion resistance to 
the material due to the formation of a protective Cr2O3 film [9, 24]. 
Alloying can also contribute to other beneficial physical properties. 
Copper alloyed with zinc improves machinability and malleability 
[25]. However, corrosion can cause the reverse to happen – in 
particular, copper alloys may suffer from dealloying, i.e., the 
selective removal of the less noble constituent(s) (e.g., Al, Mn, Zn, 
and Ni, here presented in decreasing order of dealloying kinetics) 
[26]. 
   Usually, galvanic corrosion refers to selective dissolution of the 
metal with inferior electrochemical nobility when two metals are 
electrically connected due to their distinct electrode potentials [2, 
3]. However, at the microscopic scale, micro-galvanic effects can 
be induced by surface heterogeneities such as impurities, grain 
boundaries, grain shape, grain size, grain orientation, multiple 
phases, and inclusions, and these heterogeneities affect the 
corrosion process of the metal [27-30]. The micro-galvanic effects 
are of great importance for brasses because of the large nobility 
difference between copper and zinc. 
   Brass is widely used, so there is a strong motivation for a 
fundamental understanding of microscopic corrosion with respect 



 
 
4 

to corrosion initiation and propagation induced by surface 
heterogeneities and micro-galvanic effects. The study of suitable 
corrosion inhibitors for brasses that are used in corrosive 
atmospheric conditions is motivated and this is covered in this 
work, in particular the inhibition ability of alkanethiols on brasses 
with single phase and multiple phases. 
 
 
1.2 Scope and collaborations 
   The main goal of this work was to investigate the micro-galvanic 
effects caused by surface heterogeneities on copper-zinc alloys, and 
the corrosion inhibition ability of self-assembled octadecanethiol 
monolayers. The aim was to elucidate the local chemistry, local 
electrochemistry, and local surface chemistry in relation to 
corrosion initiation, propagation, and termination, as well as 
corrosion inhibition in the presence of galvanic couplings between 
copper and zinc. 
   In this investigation, several microscopic and spectroscopic 
techniques were used, including light optical microscopy (ex situ 
and in situ), electrochemical techniques, scanning electron 
microscopy with energy dispersive spectroscopy, atomic force 
microscopy, scanning Kelvin probe force microscopy, infrared 
reflection absorption spectroscopy (in situ), and vibrational sum 
frequency spectroscopy. In some cases, thermodynamic 
calculations were performed in combination with the experimental 
efforts. These techniques are described in Section 3.1 to 3.8, 
respectively. 
   The research work for this doctoral thesis was mainly funded by 
the Swedish Research Council (VR, project no. 621-2009-3240). 
Most of the experimental work was performed at the Division of 
Surface and Corrosion Science of the Royal Institute of Technology 
in Sweden. The in situ light optical microscopy and parts of the 
electrochemical analysis were performed at the State Key 
Laboratory of Physical Chemistry of Solid Surfaces, Xiamen 
University, China. The Xiamen University also supplied the micro-
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patterned copper-zinc samples used in this study. The Swedish 
Research Council (VR, project no. 348-2008-6078) financially 
supported the collaboration with Xiamen University.  
   This research project also had collaboration with the Department 
of Chemistry, Houston University, USA, which resulted in a 
manuscript regarding the spatial monolayer ordering of 
octadecanethiol on copper alloys studied by means of sum 
frequency generation imaging microscopy (Paper VII). The 
manuscript is still in preparation and thus not included in this 
thesis.  
   The candidate also had other collaborations that resulted in two 
joint publications not included in this thesis: Paper V concerning 
corrosion protection of carbon steel by composite films composed 
of mussel adhesive proteins and ceria nanoparticles; and Paper VI 
concerning electrical and electroactive properties of 
electrochemically synthesized composite films of copper and 
reduced graphene oxide. 
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2 Corrosion and inhibition of copper, zinc, and 

copper-zinc alloys 

 

2.1 Copper 
   Copper (Cu) has a coloured appearance in its pure form (reddish-
brown). It is relative soft, yet tough with high ductility and 
malleability. Copper is used in a wide variety of applications, and 
the pie chart on the right in Figure 2 illustrates the end uses of 
copper: Equipment (30 %) refers to electronics and electrical 
applications, which derives from copper’s excellent thermal and 
electrical conductivity properties [31]. Construction (30 %) refers 
to plumbing, roofing, and cladding, mostly because of its appealing 
appearance. Infrastructure (15 %) and transport (13 %) refer to 
components in trains, trams, and cars. The remaining part is 
under industrial (12 %), which refers to copper alloys, coins, 
sculptures, musical instruments, and cookware [32]. 
   Oxidation of copper occurs spontaneously in oxygen-rich pure 
water as well as in air and results in a thin copper oxide film 
(Cu2O). The formation rate of the oxide film increases with 
temperature as well as with humidity. In a polluted atmosphere 
the oxidation is more rapid. This increases the amount of Cu2O 
visible as the formation of black surface films. With prolonged 
exposure times a characteristic green patina is formed on copper 
consisting of several compounds with low solubility in water [2]. 
In urban and countryside environments where sulphur dioxide 
concentrations are relatively high this patina commonly occurs as 
Cu4(OH)6SO4•H2O and in marine environments as Cu2(OH)Cl [31]. 
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   The selection of corrosion inhibitor for copper depends on the 
environment in which the material will be used. Azoles are 
common organic compounds that bond to the copper via free 
electron pairs of nitrogen. There is a wide range of different 
combinations of azoles, and many (e.g., benzotriazole) form 
complexes with copper ions which can provide corrosion 
protection. The inhibition efficiency is increased with increasing 
azole concentration but is decreased with elevated temperatures 
[33]. Another organic inhibitor that forms complexes with 
dissolved metal ions is the mussel adhesive protein (MAP), 
although studies have mostly been focussed on mild steels due to 
MAP’s strong complexation with iron ions [34].  
   Alkanethiols have been proven to be great inhibitors for copper. 
The alkanethiol forms a self-assembly monolayer (SAM) on metal 
surfaces, which acts as a barrier for corrosive species, for example 
in aqueous solutions [16]. Alkanethiols do not form complexes 
with dissolved ions, but alkanethiols with alkane chains of 16 or 
more carbons can form crystal-like monolayers which make denser 
films that improve the inhibition efficiency [16, 22, 23, 35]. 
Hosseinpour et al., have studied the inhibition effect of 
alkanethiols with different chain lengths on copper exposed to 
humid formic acid [22]. It was found that increasing the alkane 
chain length decreased the formation of copper formate. 
Octadecanethiol (ODT, 18 carbons) showed significantly 
suppressed copper formate formation after a week of exposure. 
Selective hindrance of molecules diffusing through the SAM was 
observed for the shorter chains. The period of time needed to 
diffuse certain molecules through the SAM increased in the order: 
O2, HCOOH, and H2O. Water molecules needed about 20 hours to 
penetrate the SAM.   
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Figure 2: Charts that illustrate the end use of zinc[36] (left) and 
copper[32] (right). 
 
 
2.2 Zinc 
   The end uses of zinc is illustrated in the left pie chart in Figure 2: 
Galvanizing (55 %) is a process that provides cathodic protection 
to steels by deposition of zinc-containing sacrificial coatings 
(anodic type) on the surface. Zinc-based alloys (21 %) generally 
contain alloying elements such as nickel, aluminium, or 
magnesium. Copper-based alloys (16 %) refer to brasses and 
bronzes. In the remaining part (8 %), zinc is mainly used for anode 
materials in batteries. 
   Zinc is primarily used as the supplementary material in these 
applications [2]. The relatively low electrode potential of zinc 
makes it often the less noble constituent in the system and 
therefore it is preferentially anodically oxidised. Zinc is dissolved 
as Zn2+ ions that mainly form zinc(II) compounds. The oxide film 
formed in aqueous and atmospheric conditions is amphoteric ZnO 
(ZnOxH2O or ZnO:ZnOH2). In stagnant aqueous solutions with 
limited oxygen and carbon dioxide sources, zinc forms a white 
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voluminous compound consisting of a mixture between 
2ZnCO3•3Zn(OH)2, ZnO, and β-Zn(OH)2, or Zn5(OH)6(CO3)2 in 
atmospheric conditions [2]. Zinc forms hydrated zinc hydroxy 
formate in addition to ZnO when exposed to humidified air and 
formic acid [37]. 
   Corrosion inhibition for zinc is not as widely investigated as for 
other materials since zinc itself is used as the sacrificial inhibitor in 
many applications, as shown in Figure 2. Nonetheless, it is of 
interest to understand the adsorption ability and efficiency of 
corrosion inhibitors on zinc to comprehend more complicated 
systems like brasses. Benzimidazole derivatives have been studied 
for zinc, and similar to azoles on copper the inhibition efficiency is 
increased with inhibitor concentration but decreased with 
increasing temperature [38]. Alloying with aluminium is also a 
way to constrain the zinc dissolution due to the formation of a 
highly beneficial Al2O3-layer on the alloy surface.  
   Hedberg et al. have studied the adsorption of ODT on zinc 
substrates and it was observed that ODT adsorbs both on reduced 
and oxidized zinc surfaces through the covalent Zn–S bond [39]. It 
was also observed that shorter deposition times (in the order of 
hours, compared to days) of ODT in ethanol favoured the ordering 
of the ODT-layer and thus improved the barrier between the metal 
and the environment. This was also observed in a study of the 
adsorption of (3-mercaptopropyl)-trimethoxysilane on zinc [40]. It 
was suggested by the authors that solvent-substrate interferences 
between ethanol and zinc decrease the ordering of the monolayer 
over time. Subsequently, the changing of solvent can optimise 
SAM deposition on zinc.  
.  
 
2.3 Brass 
   Brass is a substitutional, germicidal copper-based alloy with zinc, 
which improves machinability, malleability, acoustic properties, 
and appearance compared to pure copper. Changing the copper-
zinc ratio as well as adding minor amounts of additional 
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components generates different kinds of brass alloys. In general, 
brasses are characterised in three classes: alpha brasses (<35 % 
Zn), alpha-beta brasses (35 – 45 % Zn), and beta brasses (45 – 60 
% Zn) [41, 42]. The alpha brasses contain one phase that has a 
face-centered cubic (FCC) crystal structure, which are malleable 
and can be worked cold. The beta brasses have a body-centered 
cubic (BCC) crystal structure and are harder and stronger 
compared to the alpha brasses, but can only be worked hot. The 
alpha-beta brasses (also known as duplex brass) contain both 
alpha and beta phase, and are usually worked hot. 
   Brasses may suffer from selective corrosion via the dealloying of 
zinc (dezincification), which leaves a porous red copper surface 
layer that in a way protects the surface from further dezincification 
[43]. The mechanisms of dezincification have been disputed, but 
two main theories predominate [26, 44]. The first theory claims 
that both zinc and copper are simultaneously dissolved, but the 
copper is directly deposit back to the surface. The second theory 
states that only zinc is dissolved. Dezincification normally occurs 
on brasses with 15 wt% zinc or more [45, 46], although, mild 
dezincification has been observed for brass with lower zinc 
contents [47]. Dezincification is often observed in stagnant 
conditions, e.g. in seawater[48] or in a NaCl solution[49-51]. 
Dezincification is affected by temperature, salt concentration, and 
pH [42, 49, 52, 53]. It has been observed in chloride solutions that 
Zn is dissolved as Zn2+ or ZnCl42- and copper as CuCl- or CuCl2- 
[50, 54, 55], so the dissolution is highly depending on local 
chloride concentration. Depended on condition, the oxide layer 
formed on brass can be ZnOxH2O, ZnOxH2O:Cu2O-CuO or 
Cu2O:CuO, here presented in the order of increasing protection 
toward chloride attacks [42, 50, 54].  
   Dezincification resistant brasses can be made by adding about 1 
wt% of tin, aluminium, lead, or arsenic to the solid solution of 
brass to decrease the dealloying of zinc and form more protective 
oxide layers on the brass surfaces [45, 56]. Similar to the case of 
copper, azoles were reported to be efficient corrosion inhibitors for 
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brass [57]. Brasses have an appealing appearance, so there is little 
desire to conceal the surface with thick layers of paint or coatings. 
Therefore, alkanethiols, which are known to form ordered self-
assembled monolayers (SAMs) on metals, could be corrosion 
inhibitors that maintain the appearance of brass. 
 
 
2.4 Cu-Zn patterned samples 
   As a model system, the Cu-Zn micro-patterned samples were 
fabricated to investigate micro-galvanic effects on the corrosion of 
copper-zinc alloys exposed to humid formic acid (mimicking 
indoor corrosion conditions [58]). Figure 3 illustrates the design of 
the micro-patterned sample, and its manufacture is described in 
the experimental part.  
   

 
 

Figure 3: A schematic illustration of the Cu-Zn patterned sample. The 
dimensions of the copper patches were 10 × 10 × 0.1 µm, with spacing, d, 
of 10 or 20 µm. The water adlayer was exaggerated for clarity. 
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According to the electrochemical series, copper has a higher 
electrode potential than zinc and thus copper is nobler [59]. The 
coupling between copper patches and the zinc substrate generates 
galvanic effects where copper is the cathode and zinc is the anode. 
Consequently, cathodic reactions will occur on the copper patches 
and anodic reactions will occur on the zinc substrate. In this case, 
the cathodic reactions are the reduction of protons and dissolved 
oxygen, and the anodic reaction is predominantly the dissolution 
of zinc. The corrosion inhibition of ODT on the micro-patterned 
sample exposed to humidified air containing formic acid was 
investigated in this work. 
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3 Techniques 

3.1 Light optical microscopy (LOM) 
   The light optical microscopy (LOM) is a technique using visible 
light (usually defined as the wavelengths between 400 and 700 nm 
of the electromagnetic spectrum) in an arrangement of optical 
lenses that generates magnified images of sample surfaces. The 
design of basic LOM instruments can be very simple, but efforts to 
improve resolution and contrast can make the design more 
complex. The resolution (𝑑) is limited by the wavelength (𝜆) of the 
light source and the numerical aperture (𝑁𝐴) of the objective lens. 
Thus, if optical aberrations in the optics are neglected, the 
resolution can be given as: 
 

𝑑 =
𝜆

2  𝑁𝐴
 

 
   The numerical aperture depends on the refractive index (𝑛) of 
the medium and the angle (𝜃) of light collected by the objective 
lens: 
 

𝑁𝐴 = 𝑛  𝑠𝑖𝑛
𝜃
2

 

 
   The refractive index derives from the difference between the 
speed of light in vacuum (𝑐) and the speed of light in the substance 
(𝑣), and determines by how much light is bent or refracted at 
material interfaces: 
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𝑛 =
𝑐
𝑣

 

 
   LOM analyses are often performed in air where the highest 
practical numerical aperture is 0.95. However, numerical 
apertures greater than 1.0 can be achieved by immersing the 
sample and objective in water (~1.3) or oil (~1.6), due to their 
higher refractive indices [60]. Generally, a resolution of about 
200 nm can be obtained with conventional lenses.   
   The microscopes used in this study are (1) a LOM from 
Lumenera Corp. equipped with a charge-coupled device (CCD) 
camera, (2) a WITec alpha 300 with a Nikon NA0.9 NGC 50x 
magnification objective, (3) a Horiba HR800 with an Olympus 50x 
magnification objective, and (4) a Leica DM2700M instrument 
with N Plan achromatic objectives. The objective lens in (1) was 
immersed in water to be able to follow the corrosion process in 
situ, whereas the others were used ex situ in air. The microscopes 
in (2) and (3) are part of a confocal Raman micro-spectroscopy 
(CRM) instrument which is described in more detail in Section 3.6.  
 
 
3.2 Electrochemical techniques 
   Three-electrode electrochemical cells are commonly used while 
performing electrochemical measurements and include a working 
electrode (metal sample), a reference electrode (e.g., Ag/AgCl), 
and a counter electrode (e.g., platinum mesh) immersed in an 
electrolyte. It is important that the effective area of the counter 
electrode is at least the same as the working electrode. The 
reference electrode should be located close to the working 
electrode to minimise solution resistance. The electrodes are 
connected to a potentiostat that adjusts the voltage. The technique 
used in this study was open-circuit potential (OCP). 
   When a metal is exposed to an electrolyte there will be an 
electrode potential. This refers to the potential difference between 
the metal phase and the solution phase, and is related to the 
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electrical double layer at the interface between the two phases [2]. 
The double layer is formed due to charge accumulation. When 
copper is immersed in an electrolyte its surface becomes negatively 
charged while the solution layer nearest the surface becomes 
positively charged due to accumulation of copper ions. At 
equilibrium, metal dissolution into ions and the reduction of metal 
ions back to metal atoms (opposite processes) occur at an equal 
rate. At this stage, the chemical driving force and the opposing 
electrical force are equal. All half-cell reactions that occur on a 
metal surface are either oxidation or reduction reactions, each 
with its own equilibrium potential at the interface between metal 
phase and solution phase. When multiple half-cell reactions are 
occurring simultaneously on the metal surface, the metal’s 
electrode potential will change until the oxidation and reduction 
reactions are balance out to zero net current. This potential is the 
one referred as OCP. 
   OCP is actually a two-electrode technique that measures the 
electrode potential over time of the working electrode in an 
electrolyte under open-circuit conditions relative to the reference 
electrode. The OCP of a metal as well as its variation over time 
relates to changes taking place at the interface between the metal 
and the solution, which can provide useful information about the 
corroding system. In this work, the electrochemical instrument 
used for the OCP measurements was an Autolab PGSTAT302N 
potentiostat. 
 
 
3.3 Scanning electron microscopy & energy dispersive 

spectroscopy (SEM/EDS) 
   Scanning electron microscopy (SEM) produces images of 
conductive surfaces in vacuum by scanning a focused beam of 
electrons. The incident electron beam triggers responses on the 
sample surface that can be used to characterise the sample.  Some 
of these responses are: Auger electrons, secondary electrons, back-



 
 
18 

scattering electrons, and X-ray emissions [61]. Each of these 
responses has a different information depth, as illustrated in 
Figure 4. 
   Secondary electrons (SE) are generated through ionisation of 
atoms at the surface layer, and imaging using SE has a lateral 
resolution of less than 1 nm. The intensity of the SE response is 
higher from features sticking out from the surface due to multiple 
exit points. This generates topographic contrasts of the surface. In 
order to increase the topographic contrast, the SE detector is 
placed on the side of the sample, which creates a sundown effect in 
the image that makes features darker on the side facing away from 
the detector and brighter on the side facing the detector. 
   Back-scattering electrons (BSE, also known as primary electrons) 
is basically an elastic scattering of the electron beam, which means 
that the incident electrons are scattered back with the same kinetic 
energy by nuclei at the surface. The detector is located directly 
above the sample and is ring-shaped with a hole large enough to 
allow the incident electron beam through. The BSE intensity is 
increased with increasing atomic number, i.e. a larger nucleus 
produces more BSE scattering. Thus, BSE generates images with 
chemical contrast.  
   The X-rays response of a specific element is unique and can be 
analysed with energy dispersive spectroscopy (EDS). The EDS 
generates relative quantitative chemical information from the 
surface and the precision of the analysis increases with atomic 
number. The EDS solid-state detector measures the energy of X-
rays whose intensity is measured as the degree of 
ionization/scintillation produced in the detector material. 
   The SEM instruments used in this study were a JEOL 7001 
equipped with a field emission gun (FEG) and a tabletop Hitachi 
TM-1000, both equipped with EDS. FEG is used to produce 
electron beams smaller in diameter, with increased coherence, and 
improved current density compared to conventional thermionic 
emitters such as tungsten (used in the TM-1000) or LaB6 [61]. 
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Figure 4: Depth of information in SEM. The values give rough ranges 
since they will change depending on the acceleration voltage of the 
incident electron beam and the nature of the sample material [61]. 
 
 
3.4 Atomic force microscopy (AFM) and scanning Kelvin 

probe force microscopy (SKPFM) 
   Atomic force microscopy (AFM) measures force interactions 
between a micrometre-sized cantilever tip and a sample surface. 
Cantilevers are commonly made of silicon (Si) with integrated tips 
and are normally shaped like diving boards of different size and 
therefore having different spring constants [62]. The integrated tip 
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is located under the cantilever, on the side facing the sample. The 
tip restricts the contact area with the sample thereby improving 
lateral resolution. The interaction forces between tip and surface 
deflect the cantilever and these forces can either be attractive or 
repulsive. Attractive van der Waals forces dominate at large 
separations whereas repulsive short-range Coulomb forces 
dominate at small separations. These interactions cause the 
cantilever to deflect and the deflection is detected by a position-
sensitive photodetector that monitors the position of a laser beam 
reflected from the top of the cantilever. A piezoelectric scanner 
controls the position of the cantilever in x, y, and z directions. The 
x and y parameters are preselected at the start of the analysis and 
define the scanning area (e.g., 1x1 to 80x80 µm). The z parameter 
defines the force interaction between tip and sample, and is 
determined relative to a setpoint that is optimised during the 
analysis.  
   Basic AFM is either performed in quasi-static or dynamic mode. 
In the quasi-static mode the tip is probing the sample while in 
contact with the surface under a constant force, a force that is 
regulated with a feedback loop. The feedback is continuously 
controlling the deflection of the cantilever and if it deviates too 
much from the setpoint, the scanner will be contracted or 
extended to withdraw or approach the cantilever to the surface 
until the condition of the setpoint is fulfilled. The amount of 
adjustment for each feedback loop is controlled by the 
proportional gain and the integral gain which are optimised during 
the analysis. Too low gain will not trace the topography properly 
and too high gain will result in noise patterns. The signal sent to 
the scanner in order to retain the setpoint is used to generate 
topographic images of the surface. The cantilever can also twist 
while probing the surface and this information can be used to 
generate friction images. 
   In the dynamic mode the surface is probed with an oscillating 
cantilever which is a more gentle approach compared to the 
contact mode and therefore suited for soft samples. The cantilever 
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is tuned to oscillate at its resonance frequency with a free-
oscillation amplitude. The oscillation is damped during contact 
with the surface and the amplitude is decreased. The amount of 
dampening is controlled by the feedback loop that functions to 
retain the amplitude setpoint. The feedback is optimised by the 
proportional and integral gains, similar to the contact mode, and 
the error signal of the amplitude during a scan is used to create the 
topographic image. The response of the oscillating cantilever can 
shift in time and this information is used to generate phase 
images. Phase contrast is commonly referred to as the distinction 
between soft and hard areas on the sample - true for some, but not 
all cases. The phase shift is a measure of energy dissipation 
involved in the contact between tip and sample. The energy 
dissipation depends on several factors such as contact area, 
friction, composition, viscoelasticity, and adhesion. Therefore, 
interpreting the phase response can be challenging and supportive 
information is often needed. The factors mentioned above can be 
separated by performing force-distance measurements (a time 
consuming, point-by-point analysis) which generate force curves 
that include additional information that is not obtained with basic 
AFM modes. More sophisticated AFMs combine PeakForce 
TappingTM that acquires force curves at every pixel within the 
scanning area, a very time-saving analysis). 
   AFM can be combined with several different modes, and one of 
these is scanning Kelvin probe force microscopy (SKPFM), which 
is used in this study. The SKPFM measures electrostatic forces 
associated with the contact potential difference (𝑉!"#), which is 
defined as the difference between the apparent work functions (𝑊) 
of two electrically conducting bodies (e.g., a tip and a metal 
sample) and is expressed as [63-65]: 
 

𝑉!"# = −
𝑊! −𝑊!

𝑒
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   The work function is defined as: 
 

𝑊 = −𝑒𝜙 − 𝐸! 
 
where −e is the charge of an electron, 𝜙 is the electrostatic 
potential in vacuum above the surface, and 𝐸! is the Fermi level 
inside the material. So basically, the work function is the 
thermodynamic work required to remove an electron from the 
inside of the material to outside the material. Consider the 
following scenarios. When a conductive tip and metal are 
separated without any electrical connection, the two exhibit 
different Fermi levels, but if the two are electrically connected the 
Fermi levels align which results in an electrostatic field due to the 
displacement of electrons from the material with the originally 
higher Fermi level to the material with the lower Fermi level, 
making the materials positively and negatively charged, 
respectively. This is the electrostatic field that is sensed by the 
cantilever during a SKPFM analysis and its force is expressed as: 
 

𝐹 =
1
2
𝜕𝐶
𝜕𝑧

(𝑉 − 𝑉!"#)! 

 
   The tip-sample system is treated as a parallel plate capacitor (𝐶) 
where z is the vertical tip-sample distance. The applied voltage (𝑉) 
is set to 𝑉 = 𝑉!" + 𝑉!"sin  (𝜔𝑡), where the AC term has an angular 
frequency (𝜔) and amplitude  𝐹!, which are parameters pre-set by 
the equipment. The DC term is adjusted in a feedback loop to 
nullify the 𝑉!"# and thus the force. SKPFM is not an absolute 
technique since it is only measuring relative potential differences, 
but the measuring of contact potential difference has been 
established as a valid technique to evaluate corrosion tendency of 
metals and alloys [1, 66-71].  
   Performing SKPFM mappings on heterogeneous metal surfaces 
reveal differences in 𝑉!"#. It has been established that areas with 
higher Volta potentials (𝜓) are less prone to electrochemically 
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oxidise compared to areas with lower Volta potentials [67, 72]. 
This is only valid for metals, whereas an additional contributing 
parameter, the surface potential (𝜒), has to be accounted for in 
samples with, for example, a dipole-charge distribution on their 
surfaces [72, 73]. The sum of the Volta potential and the surface 
potential is the Galvani potential (𝜙), which is the actual measured 
electrostatic quantity [72]. Adsorbed SAMs (e.g., alkanethiols), 
ceramic or semiconductor inclusions, and oxide layers are 
examples where what is measured is not directly related to their 
work functions. The electrostatic interaction force between metal 
(tip) and semiconductor is derived as [74]:  
 

𝐹! = −
𝑄!
𝜀!

𝐶!𝐶!
𝐶! + 𝐶!

𝑉!" sin𝜔𝑡 

 
where 𝑄! correlates to the total charge at the semiconductor 
surface, 𝜀! is the dielectric constant, 𝐶! is the capacitance 
associated with the air gap between the tip and sample, and 𝐶! is 
the capacitance associated with the space-charge-layer (SCL) in 
the semiconductor. The measured potential is not related to the 
work function for semiconductors, but rather related to their 
surface potentials due to the SCL of semiconductors [74]. The 
SKPFM setup is illustrated in Figure 5. 
   An Agilent 5500 AFM and a Bruker Multimode IV AFM were 
used in this study. The Agilent instrument operates in a single-
pass mode that simultaneously obtains topographic information 
and potential differences by the lock-in of two frequencies: the 
resonance frequency (~70 kHz) to maintain the mechanical 
oscillation amplitude, and at a frequency where the electrostatic 
forces are traced (~10 kHz). The Multimode IV instrument 
operates in a dual-pass mode where the topography is tracked and 
recorded in dynamic mode, and then the oscillation of the 
cantilever is stopped and the surface probed in an interleave mode 
following the traced topography at a constant tip-sample distance 
(tens of nanometres). The data was analysed with Gwyddion, 
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which is a modular freeware for SPM data visualisation and 
analysis [75].  
 

 
Figure 5: An illustration of the SKPFM setup. The scales are arbitrary for 
clarity.  
 
 
3.5 Infrared reflection absorption spectroscopy (IRAS) 
   Infrared (IR) radiation is divided into three regions with 
decreasing energy: the near IR (12800 to 4000 wavenumbers), 
mid IR (4000 to 200 wavenumbers), and far IR (200 to 33 
wavenumbers) [76]. Generally, the near IR contains a combination 
of molecular vibrations, the mid IR contains organic molecular 
vibrations, and the far IR includes inorganic molecular vibrations. 
In this work the mid IR is measured. A wavenumber (𝑣) is the 
inverse of wavelength (𝜆) and is expressed in reciprocal length 
(cm-1): 
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𝑣 =
1
𝜆

 

 
   The wavelength is the length of a complete wave cycle and the 
number of wave cycles occurring per second is the frequency (𝑣): 
 

𝜆 =   
𝑐
𝑣

 

 
where c is the speed of light. The frequency and wavenumber are 
directly proportional, whereas wavelength is inversely 
proportional to energy (𝐸): 
 

𝐸 = ℎ𝑣 = ℎ𝑐𝑣 =
ℎ𝑐
𝜆

 

 
where ℎ is Planck’s constant (6.6 x 10-34 J s). Molecules can absorb 
the IR energy and covert it to molecular vibration. Bond lengths 
and bond angles represent the average position about which atoms 
vibrate. Molecules can vibrate in different ways and each way is a 
vibration mode. In order for a molecule to have a vibration mode, 
the vibration is required to cause a change in the permanent dipole 
moment, which is defined as a vector describing the charge and 
the distance of separation. Therefore, the following condition has 
to be fulfilled for a vibration to be IR active [76]: 
 

𝜕𝜇
𝜕𝑄

≠ 0 

 
where 𝜕𝜇 is the change in permanent dipole moment and 𝜕𝑄 is the 
change in bond distance along the normal coordinate (𝑄). By 
placing a molecule in Cartesian coordinates it has a total of 3𝑛 
degrees of freedom, where 𝑛 is the number of atoms in the 
molecule. In a nonlinear molecule the degrees of freedom of 
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vibration are 3𝑛 − 6 (subtraction of three rotational and three 
translational modes), and in a linear molecule it is 3𝑛 − 5 
(subtraction of two rotational and three translational modes) [76]. 
There are two general types of molecular vibrations, stretching and 
bending, which in themselves contain different modes (e.g., 
symmetric stretching, asymmetric stretching, scissoring, twisting, 
rocking, or wagging). The bending modes are occurring at lower 
energies than the stretching modes due to their lower spring 
constants (𝑘), corresponding to Hooke’s law for a harmonic 
oscillator [76]: 
 

𝐸 =
ℎ
2𝜋

𝑘
𝜇

 

 
where 𝜇 is the reduced mass of the two atoms between which the 
vibration is occurring: 
 

𝜇 =
𝑚!𝑚!

𝑚! +𝑚!
 

 
   An increase in reduced mass decreases the energy of the 
vibration and this is often utilised to separate overlapping peaks in 
hydrogen-containing molecules by replacing the hydrogen atoms 
with deuterium (doubling of the mass).  
   The potential energy of the vibration is dependent upon the 
distance (𝑥) the spring is stretched or compressed: 
 

𝐸 =
𝑘𝑥!

2
= ℎ𝑣 

 
   The vibrational motion is quantized, which limits it to the rules 
of quantum mechanics where the permitted transitions are [77]: 
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𝐸 = 𝑛 +
1
2
ℎ𝑣 

 
where 𝑛 is a quantum number (0, 1, 2, 3, …), which makes the 
lowest energy level 𝐸! =

!
!
ℎ𝑣 and the next energy level 𝐸! =

!
!
ℎ𝑣, 

and so on. Only fundamental transitions are allowed, meaning 
transitions between adjacent energy levels that absorb energies 
equal to ℎ𝑣. Although, this rule is flexible and transitions 
corresponding to combination bands (two or more fundamental 
vibrations are excited simultaneously), hot bands (transition 
between two excited vibrational states), Fermi resonance (shift in 
energy and intensification of two absorption bands with the same 
symmetry and that are vibrating at similar frequencies), and 
overtones (2ℎ𝑣, 3ℎ𝑣, 4ℎ𝑣, …) can be observed in IR spectra [76]. 
   Fourier transform infrared (FTIR) spectroscopy is a technique 
that uses an interferometer to generate interferograms, which is 
data-processed with fast Fourier transforms (FFT), to obtain IR 
spectra [60, 78]. In an interferogram the IR radiation output is 
plotted as a function of mirror displacement and the IR absorption 
spectra are plotted versus wavenumber. In an interferometer with 
a Michelson configuration, the incoming coherent IR beam with a 
continuum of wavenumbers is split into two beams by a partially 
reflective mirror. The two beams will travel different paths before 
they are recombined. This can be difference in distance travelled 
which can be adjusted using a moveable mirror to increase or 
decrease the distance one of the beams travels. This creates a 
phase shift between the two beams which generates an 
interference patterns once the beams are recombined. Consider an 
incoming beam with a specific frequency. This beam is then split 
into two beams. If the phase difference of their waves is a multiple 
of 2𝜋 the recombination of the beams will generate constructive 
interference with a resultant wave that is the sum of the 
recombining waves, whereas if the phase difference of the waves is 
an odd multiple of 𝜋 the recombination of the waves will cause 
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destructive interference with a resultant wave that has zero 
amplitude. If the phase difference of the recombining waves is 
intermediate of these two extremes the resultant wave will be 
anywhere between the minimum and maximum values depending 
on the degree of phase shift.  
   IR spectrometers are normally used as ex situ analysis tools to 
verify chemical structure or product purity using transmittance or 
attenuated total reflectance (ATR).  In this work in situ infrared 
reflection absorbance spectroscopy (IRAS) was used to analyse 
metal surfaces during exposure to humid formic acid [79]. In 
general, metals are efficient IR mirrors that reflect the IR radiation 
without absorbing it. However, organic and some inorganic 
compounds that are formed through chemical, physical, or 
corrosion processes on the metal surface can absorbed the IR 
radiation and thus these compounds can be characterised. If an IR 
beam is aimed normal to the surface a standing wave will be 
generated with a distance of about 1 µm between the nodes and the 
antinodes, resulting in poor surface sensitivity [80]. The surface 
sensitivity is enhanced with steeper angles of incidence and the 
angle should be optimised for each material (78° was used in this 
work) [78, 79]. The incident IR beam is also p-polarised to make 
the electric field parallel to the plane of incidence, which also 
improves the surface sensitivity [79, 80]. A schematic illustration 
of the IRAS instrument used in this work is displayed in Figure 6 
   In this work, a Digilab FTS 40 Pro FTIR spectrometer with an 
external exposure chamber and liquid nitrogen cooled MCT 
(mercury cadmium telluride) detector was used for the in situ 
IRAS analysis of zinc samples, copper-zinc patterned samples, and 
brass samples during exposure to humid formic acid.  
   To be able to follow the experiments in situ the spectra taken 
during the exposure were background subtracted by a spectrum 
taken prior to the exposure, which gives the reflection (R) at a 
given exposure time and the reflection at prior exposure (R0), 
providing absorbance intensities that were plotted as -log(R/R0). 
The spectra were based on 1024 individual scans in the range 500 
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– 4000 cm-1 with resolutions of 2 – 4 cm-1. Moreover, the in situ 
IRAS can give chemical information about the corrosion products 
as well as the formation kinetics for these compounds. The latter is 
achieved by determining the peak height of interesting vibration 
modes and plotting them against time. 
 

 
 
Figure 6: Schematics of the IRAS setup showing the environmental 
chamber, sample holder, switcher between dry air and humidified air 
containing formic acid, and the IR-source beam path. The p-polarised 
incident IR-beam is reflected on the metal and an MCT detector monitors 
the intensity of the reflected and partly absorbed IR-light. 
 
 
3.6 Confocal Raman micro-spectroscopy (CRM) 
   Sir C. V. Raman discovered the Raman effect in liquids that 
results in the gain or loss in energy of the scattered light compared 
to the incident light [81]. This form of scattering is defined as 
inelastic and in the case of visible light it is referred as Raman 
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scattering. Most scattered light is elastically scattered (Rayleigh 
scattering), which is the excitation of a molecule from the ground 
state to a virtual energy level followed by immediately decay back 
to the ground state, emitting a photon with the same energy as the 
incident light. The Raman transitions are only a small fraction of 
the total scattering, and the Raman interaction generates two 
possible outcomes: Stokes and anti-Stokes [76]. Stokes Raman 
transitions occur when molecules decay from the virtual energy 
level to a molecular vibrational state higher than the ground state, 
generating photons with lower energies compared to the incident 
light. Anti-Stokes Raman transitions are less common since 
excitations to the virtual state have to occur from a higher 
vibrational state than the ground state, which is much less 
frequent at ordinary temperatures according to the Boltzmann 
distribution [76]. Nevertheless, the decay from virtual state to 
ground state in anti-stokes Raman transitions generates photons 
with higher energies compared to the incident light.  
   To produce a sufficient amount of scattered light to be able to 
study these inelastic processes, the Raman spectroscopes use laser 
sources. It is important that the energy of the incident light is 
above the energies of the molecular vibrations, but below the 
energies that induce electronic transitions and fluorescence. 
Moreover, too high laser intensities can also have destructive 
impacts for the surface (e.g., burning of organic contamination).  
   Raman spectroscopy analyses the molecular vibration modes of 
the sample in a similar way as for the IR spectroscopy but the 
vibration modes are represented as Raman shifts (cm-1) instead of 
wavenumbers. For a molecular vibration to be Raman active a 
change in electric polarisability (𝛼) is required during the vibration 
[76]: 
 

𝜕𝛼
𝜕𝑄

≠ 0 
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   The electric polarisability is correlated with induced dipole 
moment (𝜇!"#), which is the forced separation of nuclei and 
surrounding electrons in a molecule that is subjected to an 
oscillating electric field with the amplitude 𝐸! and frequency 𝑣: 
 

𝜇!"# = 𝛼𝐸!𝑐𝑜𝑠2𝜋𝑣𝑡 
 
   Since the polarisability is changing as the molecule is vibrating 
along the normal coordinate (𝑄) the induced dipole moment is 
then expressed as [77]: 
 

𝜇!"# = 𝛼!𝐸!𝑐𝑜𝑠2𝜋𝑣𝑡  
𝐑𝐚𝐲𝐥𝐞𝐢𝐠𝐡  𝐭𝐞𝐫𝐦

+
𝜕𝛼
𝜕𝑄

𝑄!𝐸!
2

𝑐𝑜𝑠2𝜋 𝑣 − 𝑣!"# 𝑡
Stokes >

+
  
𝑐𝑜𝑠2𝜋 𝑣 + 𝑣!"# 𝑡
anti−Stokes

  
𝐑𝐚𝐦𝐚𝐧  𝐭𝐞𝐫𝐦  

  

 
where 𝛼! is the static polarisability, 𝑄! is the equilibrium position 
along the normal coordinate, and 𝑣!"# is the vibrational frequency. 
This contains three frequency modes, where 𝑣 is the Rayleigh 
transition, and 𝑣 − 𝑣!"# and 𝑣 + 𝑣!"# are the Stokes and anti-Stokes 
Raman transitions, respectively. 
   Raman spectroscopy is using visible light to excite the molecules 
and can therefore be combined with the confocal optical imaging 
technique. Confocal Raman micro-spectroscopes (CRM) are using 
point illumination that is controlled by a moving mirror, which 
allows mapping of the surface in the micrometre scale. The 
deflected light from the surface is going through a spatial pinhole 
that is eliminating out-of-focus light. The Rayleigh scattering is 
filtered to differentiate the inefficient Raman transitions. The 
scattered light is dispersed and analysed with a multi-channel CCD 
detector to characterise the Raman shifts. A combined image of 
the lateral distribution of the selected vibrational mode can be 
produced from the mapped surface and is achieved by lock-in 
certain molecular modes in the acquired spectra. 
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   In this work a WiTec alpha 300 equipped with a 532 nm laser 
source and a Nikon 50X objective [82], and a Horiba HR800 
equipped with a 514 nm laser source and an Olympus 50X 
objective were used. 
 
 
3.7 Vibrational sum frequency spectroscopy (VSFS) 
   In vibrational sum frequency spectroscopy (VSFS), the molecules 
residing at the sample surface are excited with two laser beams: 
one beam of visible light with a fixed frequency (𝑣!"#) and one IR 
beam with a tuneable frequency (𝑣!"). The two beams are 
overlapped in time and space, which can induce a nonlinear 
second order surface polarisation at the surface that generates a 
third beam of the sum frequency (𝑣!") of the two incident beams 
[83]: 
 

𝑣!" = 𝑣!"# + 𝑣!" 
 
   The degree of surface polarisation (nonlinear second order) that 
is induced by the two incident beams’ electric fields, is related to 
the second order susceptibility (𝜒(!)). 𝜒(!) becomes zero in 
centrosymmetric media, which includes bulk gases, liquids, and 
most solids, whereas at the interface between two centrosymmetric 
media (e.g., gold and air) the inversion symmetry is broken and a 
sum frequency (SF) beam is generated [84]. The surfaces have to 
have a net polar orientation for a SF signal to be observed, which 
makes the VSFS an excellent technique to study ordered 
monolayers of organic molecules adsorbed to metal surfaces [84], 
e.g., SAM of ODT. To study metal surfaces, the ppp polarization 
(p-polarised  𝑣!", 𝑣!"#, and 𝑣!") combination is commonly used 
since it generates the strongest sum frequency signal.  
   In this work the VSFS setup consisted of an Ekspla Nd:YAG 
picosecond 1064 nm laser with a pulse length of 27 ps at a 
repetition rate of 20 Hz and an output energy of 25 mJ. The 
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1064 nm beam was split using a Laservision OPG/OPA with a 
nonlinear KTP crystal to generate a 532 nm beam. One part of the 
split beam is directed to hit the sample surface at an angle of 55o 
from the surface normal and the other part is used to create an 
idler wave that is mixed with the fundamental 1064 nm beam to 
generate a mid-IR beam that was directed on to the sample at an 
angle of 63o from the surface normal. The output of the IR beam 
was 300 µJ with a bandwidth around 7 cm-1 within the 
wavenumber region from 2750 cm-1 to 3050 cm-1, and this region 
was scanned at 1 cm-1 per second during the measurements. The 
analysis area is limited to the size of the IR beam, which is 4-5 mm 
in diameter. 
 
3.8 Thermodynamic calculations 
   Medusa software was used to create chemical equilibrium 
diagrams for the studied systems [85]. Medusa uses the Hydra 
database with 𝑙𝑜𝑔𝐾 data at 25 °C for chemical systems. The 
algorithms used to make the chemical equilibrium diagrams were 
SOLGASWATER[86] and HALTAFALL[87] which are for aqueous 
multicomponent, multiphase equilibria and composition of 
equilibrium mixtures, respectively. Fraction diagrams and 
logarithmic diagrams with projected parameters[88] were used in 
this study.  
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4 Experimental 

4.1 Sample preparation 
   The samples (copper, zinc, and brass) were cut from as-rolled 
sheets into desirable sizes, and wet grounded with SiC paper 
followed by fine polishing with diamond paste in ethanol. 
Thereafter, the samples were cleaned in an ultrasonic bath of 
ethanol to remove residual diamond paste. Brasses with 20 wt%, 
31 wt%, and 40 wt% zinc were used in this work, and are from now 
on referred as Cu20Zn, Cu31Zn, and Cu40Zn, respectively. 
   The Cu-Zn micro-pattern samples were prepared by applying a 
1.6-2.0 µm thick layer of a commercial photoresist coating, AZ 
5214E(1), on polished zinc substrates by spin coating at 2500 rpm. 
The spectral sensitive interval of the coating is 310-420 nm [89], 
and an array of squares was created by radiate the surface with 
UV-light passed through a lithographic template. The area of the 
squares was 10 µm2 and the spacing between the squares was 10 
and 20 µm. This was followed by sputtering copper onto the 
sample to create a uniform 0.1 µm thick copper film. Thereafter, 
the sputtered samples were immersed in acetone to dissolve the 
photoresist coating underneath the copper. This process removes 
the copper between the squares and leaves a pattern of copper 
patches as schematically illustrated in Figure 3.   
 
 

                                                        
(1)	  1-‐Methoxy-‐2-‐propanol	  acetate	  (73%),	  cresol	  novolak	  resin	  (≥22%),	  diazonaphthoquinonesulfonic	  
esters	  (≥3%),	  and	  phenolic	  compound	  (≥1%).	  
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4.2 Solutions 
   Deconex® 11 Universal is a mildly alkaline solution (pH ~11.8) 
containing alkalis, surfactants, and an inorganic chlorine carrier, 
that was used to clean the laboratory glassware in this work. The 
Deconex® was diluted with de-ionized water before usage and for 
normal cleaning at room temperature the concentration was about 
1-2 % and exposure time was at least one hour. In practice, 
increasing temperature accelerates the cleaning process, and 
ultrasonic cleaning reduces the time to a few minutes. 
   Amidosulphuric acid (H2NSO3H, ASA) is used for the cleaning of 
metals and ceramics. It is frequently used in the removal of 
corrosion products on metals and it has been shown to be suitable 
for the removal of oxides from copper surfaces [90, 91]. In this 
work, ASA was used to chemically clean the Cu-Zn patterned 
samples since mechanical polishing was not suitable. ASA was also 
used for gentle etching of the duplex brass samples to reveal its 
microstructure between the beta and alpha phase grains for the 
LOM analysis. Ferric chloride (0.2 M) with hydrochloric acid (2 M) 
was also used to etch the brass samples, as its etching effect is 
stronger than ASA allowing the contrast between the alpha phase 
grains to be revealed as well. 
   Diluted sodium chloride solutions were used to mimic the 
accumulation of chloride ions that occurs on surfaces in marine 
atmospheres. Laboratory grade sodium chloride was dissolved in 
Milli-Q water (18.2 MΩΩ cm) to obtain desired concentrations. 
   The polished samples used for the corrosion inhibition studies 
were immersed in deaerated ODT-ethanolic solution for two hours 
to deposit an ODT film on their surfaces. The deaeration (dry 
nitrogen gas flow) was implemented to decrease the influence of 
oxygen, and thus the formation of metal oxides and degradation of 
ODT.    
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4.3 Gas and exposure 
   To simulate indoor atmospheric conditions with an acceleration 
factor of the order of 100 during the in situ IRAS analyses, the 
samples were placed in an environmental chamber and exposed to 
94 parts per billion (109) volume (ppbv) formic acid with 80 % 
relative humidity (RH) at ordinate temperatures. The atmosphere 
in the chamber is controlled by two airflows. The first flow is about 
0.1 L/min of dry air that run through a glass container containing 
a formic acid tube, which is gravimetrically analysed to calculate 
average volume concentration of formic acid in the chamber. The 
second flow is about 1.1 L/min of dry air that runs through a 
heated glass vessel containing Milli-Q water (18.2 MΩΩ cm) to bring 
up the humidity in the chamber. The two flows are mixed in an 
additional glass container before entering the exposure chamber. 
The dry air was CO2-reduced to less than 10 parts per million (106) 
volume (ppmv) and all glass containers except the heated glass 
vessel were partly immersed in a water tank to moderate 
temperature as well as condense excessive water vapour. 
   The RH is defined as the ratio of the partial pressure of actual 
water vapour and the saturated vapour pressure of water at a given 
temperature: 
 

𝑅𝐻 % =
𝑃!"#$!%
𝑃!"#$%"#&'

  ×  100 

 
   If the water content remains the same and the temperature is 
increased, the RH will decrease. Therefore, it is important to take 
note of the temperature as well as the RH during experiments. The 
formation rates of formate corrosion products are enhanced with 
increased humidity [92-94]. The water adlayer is not 
homogenously distributed over the surface and the amount of 
water-coverage on the surface is larger at higher humidities than at 
lower [92]. 
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5 Summary of results and discussions 

   This chapter gives a summary of the results and discussions in 
Papers I –V: Paper I, selective leaching of brasses in stagnated 
NaCl solutions (section 5.1); Papers II & III, atmospheric 
corrosion and inhibition of ODT on copper-zinc micro-patterned 
samples exposed to humid formic acid (section 5.2); and Paper IV, 
atmospheric corrosion and inhibition of ODT on two brasses 
exposed to humid formic acid (section 5.3). Section 5.1 also 
includes unpublished data regarding selective leaching as well as 
the inhibition of ODT for these kinds of exposures. 
 
 
5.1 Selective leaching of brasses in stagnant NaCl 

solution 
   This section concerns the selective leaching of Cu20Zn, Cu31Zn, 
and Cu40Zn in diluted stagnant NaCl solutions as well as the 
inhibition effect of ODT for these materials. The result of Cu20Zn 
is documented in Paper I, and the results of Cu31Zn and Cu40Zn 
as well as the inhibition effect of ODT are unpublished work. The 
questions of interest were: Do the selective leaching behaviours of 
Cu20Zn, Cu31Zn, and Cu40Zn differ? What happens to the 
selective leaching when ODT is present on the brasses? 
 

5.1.1 Characterisation of the brass alloys 

   Both Cu20Zn and Cu31Zn are alpha phase brasses, whereas 
Cu40Zn is a duplex brass that consists of both alpha and beta 
phase grains. Figure 7 shows the microstructures of these 
materials. 
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Figure 7: LOM images of microstructure of the three brasses 
(etched with FeCl3 + HCl solution). 
 
 
   Cu20Zn and Cu31Zn consist of alpha phase grains, and no real 
difference is noticeable between them. Cu40Zn consists of parallel 
stripes of beta phase grains along the rolling direction among the 
alpha phase grains. Sporadically distributed black features were 
observed on all samples. SEM/EDS analyses indicated that these 
features are inclusions rich in sulphur and selenium for the alpha 
brasses, whereas rich in sulphur for the duplex brass. As shown in 
Figure 8, SKPFM mappings of Cu20Zn and duplex Cu40Zn 
indicated that Cu20Zn exhibits a relatively homogenous Volta 
potential distribution, whereas the Cu40Zn exhibits a more 
heterogeneous distribution with inferior Volta potentials of the 
beta phase grains compared to the surrounding alpha phase 
grains.  
   The lower Volta potentials of the beta phase grains are in 
accordance with the higher content of zinc in these grains and the 
inferior nobility of zinc compared to copper. The lower Volta 
potential also implies that the beta phase grains are more prone to 
corrode than the alpha phase grains [66], and micro-galvanic 
effects are generated between the phases during exposure to 
corrosive situations.  
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Figure 8: AFM topography (left) and Volta potential (right) images of 
polished Cu20Zn (top), Cu40Zn (middle), and ODT-covered Cu40Zn 
(bottom). The arrow in (d) is pointing at an inclusion. 
 
 
   As indicated by the arrow in Figure 8d, Volta potential mapping 
over the inclusions also revealed lower potentials compared to the 
surrounding brass matrix. If the sulphur/selenium-containing 
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inclusions were considered to be semi-conductors, their SCLs 
could potentially cause a drop in the measured potential [74]. 
Nevertheless, it has been observed that sulphur-containing 
inclusions (MnS) on steel can dissolve [95], and the deposition of 
sulphur can induce formation of trenches in the steel at the 
boundary of the inclusion. The trenches can develop into 
metastable or stable pits [96]. In this work no pits were observed 
on the exposed brass samples, trenches were however spotted at 
the boundary of the inclusions on the brass side. The primarily 
belief in the formation of these trenches was assumed to be 
because of a higher zinc content in the grains closest to the 
inclusion. Further investigation of the inclusions is imperative to 
understand their role in the corrosion of brass. 
   Final, the level of surface heterogeneities is the highest for 
Cu40Zn due to its duplex microstructure, and therefore a high 
probability for inducing micro-galvanic effects in corrosive 
environments. 
 
5.1.2 Thermodynamic calculations 

   The stability diagrams in Figure 9 for zinc and copper in different 
NaCl concentrations suggest that zinc predominately exists as 
Zn2+ ions after dissolution under the initial conditions (1 mM NaCl 
at around pH 6), but a sufficient increase in pH would lead to 
formation of Zn(OH)2 or ZnO. Copper forms Cu2O under the initial 
conditions, which transforms into CuO with increasing pH and 
Cu2+ ions with decreasing pH. An increasing chloride 
concentration leads to the formation of CuCl2- ions, whereas a 
similar increase in chloride concentration would not affect the zinc 
compounds. 
   The variation of pH and chloride concentration can occur locally 
at the electrochemically active sites, e.g., local pH is increased at 
sites where oxygen is cathodically reduced, and local chloride 
concentrations are increased at sites where dissolved zinc ions 
(positively charged) attract chloride ions. This will change the local 
chemistry.  



 
 

43 

 

 
 
Figure 9: Stability diagram for zinc (top) and copper (bottom) expressed 
as functions of logarithmic Cl- concentration and pH. 
 
 
5.1.3 Monitoring and analysis of the exposed brasses 

   The exposure of Cu20Zn to stagnant 1 mM NaCl solution at 
around 15 °C was monitored by in situ LOM, which revealed a 
radial propagation of the selective leaching (dezincification in 
expanding discs). Over time the centre of the disc started to 
oxidise and form copper(I) compounds (generally Cu2O), with an 
attendant colour change from red to reddish-brown.  
   As shown in Figure 10, this finally covered the whole leached 
area and stopped the spreading. After longer immersion times the 
selective leached areas were further oxidised to form with a bluish-
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green appearance, possibly copper(II) and/or chloride/carbonate-
containing compounds, as seen in Figure 11. 
 

 
 

Figure 10: In situ LOM images of Cu20Zn in stagnant 1 mM NaCl 
solution at around 15 °C. From the left in the top row, the images were 
taken immediately after immersion, and after 8 and 16 minutes of 
immersion, respectively. In the bottom row the images were taken after 
26, 40, and 60 minutes of immersion, respectively. 
 
 

 
 
Figure 11: In situ LOM images of Cu20Zn in stagnant 1 mM NaCl at 
around 15 °C, taken after 60 (left), 90 (middle), and 190 minutes (right) 
of immersion. 
 
 
   SEM/EDS analysis revealed that the cause of initiation of the 
selective leaching was the sulphur/selenium inclusions mentioned 
above, since these were found in the middle of the discs. At higher 
chloride concentration (10 and 100 mM NaCl) the dezincification 
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was more uniform. In these cases, the leaching could be triggered 
directly on the alpha phase grains without the direct presence of 
an inclusion. 
   The exposures of Cu31Zn and Cu40Zn as well as ODT-covered 
samples to stagnant 1 mM NaCl solution were performed, and 
LOM images of the exposed samples were taken ex situ after 15 
minutes. For consistency Cu20Zn was also included in this 
exposure. These experiments were performed at about 25 °C, 
which significantly accelerated the selective leaching compared to 
the experiments mentioned above. The LOM images from these 
experiments are shown in Figure 12.    
   For Cu20Zn, radial spreading of the selective leaching was 
observed, similar to that reported in Paper I, but the propagation 
process was much faster at 25 °C than at around 15 °C. Cu31Zn 
showed non-uniform leaching in different alpha phase grains 
within the leaching area, seen as hue variations of the grains in the 
top row in Figure 12. This suggests that the oxidation rates were 
different on different grains, indicating a higher heterogeneity of 
the surface compared to Cu20Zn, probably due to larger 
differences in zinc content in the different grains. For Cu40Zn, the 
image shows preferential leaching of the beta phase grains 
compared to the adjacent alpha phase grains, and accelerated 
oxidation and the formation of copper(II) and/or 
chloride/carbonate/hydroxy-containing compounds on the beta 
phase grains. This is in agreement with the SKPFM analysis that 
predicts preferred dissolution of the beta phase grains due to 
inferior Volta potentials (Figure 8). 
   The ODT-covered Cu20Zn, Cu31Zn, and Cu40Zn were exposed 
to stagnant 1 mM NaCl solution for 15 minutes and 19.5 hours. No 
radial spreading of selective leaching was observed on these 
samples. Instead, after 15 minutes exposure, some corrosion-like 
spots a few micrometres in diameter were observed, as shown in 
the middle row in Figure 12. After prolonged exposure times, some 
features that showed a filiform-like behaviour were observed on 
the ODT-covered samples, as shown on the bottom row in Figure 
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12 [97]. Further studies are needed to determine the reason for 
this behaviour.   
 

 
Figure 12: LOM images taken after 15 minutes exposure to stagnant 1 mM 
NaCl solution, top row for Cu20Zn (left), Cu31Zn (middle), and Cu40Zn 
(right), and middle row for the ODT-covered samples, respectively. The 
images of the bottom row were taken from the ODT-covered samples 
after 19.5 hours exposure. The exposure was performed at room 
temperature, ca. 25 °C. 
 
 
5.1.4 Galvanic effects and inhibition of brass in stagnant NaCl 

solution 

   As reported in Paper I, the selective leaching on Cu20Zn in 
diluted stagnant NaCl solution occurs in several steps: initiation, 
propagation, termination, and passivation. The initiation of the 
leaching occurs at inclusions; the propagation of the leaching 
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spreads radially outwards from the initiation sites; and the 
termination of the leaching is due to the depletion of chlorides 
around the active sites and the passivation of the leached area by 
the formation of copper(II) and/or chloride/carbonate/hydroxy-
containing compounds. The perimeter of the leaching disc is the 
frontline of the selective dissolution of zinc, and as the discs 
expand the anodic areas move further out from the initiation 
points, and the previously leached areas change to cathodic areas. 
The leaching is terminated when the perimeter of the disc has 
reached a size where the local chloride concentration and the 
galvanic driving force between the anodic and cathodic areas are 
no longer able to support the increasing anodic dissolution needed 
for radial spreading, and passivation occurs at the leached areas 
due to the changes in local chemistry. The role of chlorides on the 
dezincification has been reported previously [49, 53]. The rapid 
dezincification observed in higher temperatures can be explained 
by the increased diffusion of chlorides that befalls with increasing 
temperature [98]. The temperature-dependence for diffusion 
coefficients is also specified in the Stokes-Einstein equation. 
   Similar selective leaching has also been observed on Cu31Zn and, 
i.e., the leaching is initiated at inclusions and propagates radially. 
However, Cu31Zn exhibited more pronounced differences in 
leaching between the alpha phase grains than for Cu20Zn. For the 
duplex brass, Cu40Zn, the galvanic coupling between the alpha 
and beta phase grains resulted in accelerated leaching of the beta 
phase grains (with inferior nobilities) compared to the adjacent 
alpha phase grains. 
   The inhibition effect of ODT against the selective leaching is 
clearly seen on the LOM images in Figure 12. This observation 
indicates that the adsorbed ODT-layer can provide effective 
corrosion inhibition in diluted NaCl solutions for the brasses, 
including Cu40Zn - even with the micro-galvanic effect generated 
between the two phases. It seems that the adsorbed ODT-layer is 
able to annul surface heterogeneities such as inclusions and 
nobility differences between alpha and beta phase grains on 
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duplex brasses. The filiform-like behaviour observed after 
prolonged exposure suggests that the corrosive species are able to 
penetrate the ODT-layer and locally deteriorate the brass surface. 
Further studies are needed to explore the role of ODT and clarify 
its inhibition mechanism in the current system.  
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5.2. Atmospheric corrosion and inhibition of ODT on Cu-Zn 

micro-pattern sample exposed to humid formic acid 
   The studies of atmospheric corrosion of a copper-zinc patterned 
sample exposed to humid formic acid as well as the inhibition by 
ODT under these conditions are reported in Paper II and Paper III, 
and summarized in this chapter. Zinc samples were also included 
in these studies to compare chemistry and formation kinetics of 
the formation of corrosion products with the micro-pattern 
sample. The questions of interest are: Is the corrosion process 
different on the patterned sample compared to zinc? What 
happens when an ODT-layer is present on zinc and on patterned 
samples?  
 
5.2.1 Zinc and copper-zinc micro-pattern samples  

   The formation of corrosion products on the samples was 
monitored in situ with IRAS during exposure to humid formic 
acid. By using the asymmetric vibration band of formate, vas(COO), 
kinetic curves for zinc formate can be created, which are displayed 
in Figure 13 for zinc (dashed grey line) and the patterned sample 
(dashed black line). 
   The formation rate of zinc formate was much faster on the 
patterned sample compared to zinc. The reason for this is the 
presence of copper patches on the patterned samples which induce 
micro-galvanic effects that accelerate anodic dissolution of zinc, 
and cathodic reduction of protons and dissolved oxygen in the 
adsorbed water layer. As shown in Figure 14, the enhanced 
corrosion reactions due to the well-ordered copper patches 
(cathodic sites) led to faster formation of zinc formate compounds 
in the form of hemispherical nodules at the zinc-copper junction. 
 The formation of hemispherically shaped zinc formate products 
adjacent to the copper patches is due to the establishment of 
gradients in charge, potential, and pH across the interface between 
copper and zinc during exposure to humid formic acid. Figure 14 
schematically illustrates the corrosion mechanism in the presence 
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of the copper-zinc galvanic coupling. The mechanism includes 
several steps: the build up of a water adlayer by the adsorption of 
H2O on the sample surface (1), the electrochemical dissolution of 
zinc (2) and oxygen reduction (3) where the latter increases the 
local pH on the cathode, the dissolution (4) and dissociation (5) of 
formic acid in the water adlayer, complexation (6) between 
formate and zinc ions, migration (7) of OH-, HCOO-, and 
Zn(HCOO)+ toward the interface between copper and zinc, and 
finally the precipitation of zinc formate products adjacent the 
copper patches. 
 

 
Figure 13: The absorbance for the vas(COO) on zinc (dashed grey line), 
patterned sample (dashed black line), ODT-covered zinc (grey solid line), 
and ODT-covered patterned sample (black solid line), exposed to humid 
air (80% RH at 20 °C) containing formic acid (94 ppb), as a function of 
time. The lines are based on average values and error bars represent 
standard deviations. The arrow indicates the intercept of the lines 
representing zinc and ODT-covered patterned samples. Considering the 
copper islands, the values on the patterned samples were normalized to 
attain comparable zinc areas.  
 
 
   The micro-galvanic effects on the patterned sample not only 
influence the formation rate of the corrosion products, the 
arrangement of well-defined cathodes also affects the chemistry 
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and crystallinity of the corrosion products formed. The variation in 
local pH on the patterned sample leads to the formation of 
localised semi-crystalline ZnO, which is supported by the 
thermodynamic data. Figure 16 shows that zinc formate is formed 
at lower pH and ZnO and Cu2O are formed at higher pH.    
 

 
Figure 14: SEM image of a copper-zinc micro-pattern sample after 76 
hours of exposure to humid formic acid. The copper patches are coloured 
to highlight the copper patches that act as cathodic sites in the galvanic 
corrosion.  
 
 

 
 
Figure 15: Scheme of the corrosion mechanism of Cu-Zn micro-pattern 
samples during exposure to humid formic acid. The water adlayer is 
exaggerated for clarity. 
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Figure 16: Thermodynamic calculation showing the fraction of 
HCOOH/HCOO- as a function of pH. The figure also includes data for 
stable zinc and copper species at different pH values. 
 
 

 
Figure 17: CRM analysis of a patterned sample exposed 5 days to humid 
formic acid. The chemical map to the left is based on stacked data from 
the spectra to the right of zinc formate (green), semi-crystalline zinc 
oxide (red), and copper(II) oxide (blue).  
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   Figure 17 shows the mapping result from a CRM analysis of the 
exposed copper-zinc micro-pattern sample, which verifies the local 
formation of different corrosion products. The green area is 
related to lower pH, and the red and blue areas are related to 
higher pH, supporting the description in Figure 15. Semi-
crystalline ZnO products formed on the patterned samples are 
quite large. In contrast, it was only detected on exposed zinc in the 
sub-micrometre range in proximity to zinc formate precipitates 
[37]. This suggests that cathodic oxygen reduction was occurring 
directly on the zinc formate product on the zinc samples. The zinc 
formate was also spotted in connection with inclusions, and the 
inclusions in the zinc are believed to be PbS [37]. By comparison 
with copper, zinc formate and semi-crystalline ZnO are 
precipitating locally (three-dimensionally) on the zinc and 
patterned samples during exposure, whereas on copper the copper 
formate and Cu2O precipitate uniformly (two-dimensionally). This 
is suggesting that the corrosion mechanisms are different in the 
formation zinc formate compared to copper formate. 
   The chemical structure of the zinc formate product differs 
between the zinc and copper-zinc micro-pattern sample. The IRAS 
spectra in Figure 18 indicate a shift in the asymmetric vibration 
band of zinc formate with time. The shift in the position of the 
asymmetric vibration band of zinc formate is plotted in Figure 19 
for clarification. The wavenumber position of the asymmetric 
vibration band of formate formed on zinc (hydrated zinc hydroxy 
formate) was detected at 1620 cm-1 up to 60 hours [37]. The 
wavenumber position of formate formed on the patterned samples 
shifted with time, and the splitting of the peak was observed. 
These indicate formation of several formate species on the 
patterned samples, and results from CRM analyses suggest the 
formation of hydrated zinc formate and hydrated zinc hydroxy 
formate.  
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Figure 18: In situ IRAS spectra of pure zinc (A), ODT-covered zinc (B), 
patterned sample (C), and ODT-covered patterned sample (D). The 
spectra are taken every two hours during exposure to humid air (80% RH 
at 20 °C) containing formic acid (94 ppb). The peaks are assigned to 
vs(COO), δ(COO), vas(COO), and v(C=O) at around 1350, 1388, 1610, and 
1680 cm-1, respectively. The latter is only observed on the ODT-covered 
samples and the splitting of the vas(COO) vibration was only observed on 
the patterned samples, with and without an ODT-layer.  
 
 
5.2.2 ODT-covered zinc and copper-zinc micro-pattern samples 

   ODT-covered zinc and copper-zinc micro-pattern sample were 
exposed in the same way as described above to investigate the 
inhibition effect of ODT on zinc with and without the presence of 
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micro-galvanic effects. The kinetic curves in Figure 13 indicate that 
ODT initially has an inhibiting effect, reducing the formation of 
zinc formate both on zinc and patterned samples. The inhibition 
efficiency decreases with time, and the formation rate zinc formate 
on the ODT-covered zinc eventually exceeds that for uncovered 
samples. This implies that the partial coverage of ODT induces an 
accelerated zinc formate formation. 
 
 

 
Figure 19: The peak position of the vas(COO) for zinc (A), ODT-covered 
zinc (B), patterned sample (C), and ODT-covered patterned sample (D). 
The points are averages and the error bars are standard deviations. 
 
 
   The IRAS spectra shown in Figure 18 indicate differences in the 
chemical structure of the corrosion products formed on the ODT-
covered samples compared to the uncovered samples. The most 
notable difference is the occurrence of a peak at 1680 cm-1, 
assigned to formic acid. This suggests a higher HCOOH/HCOO- 
ratio and thus a lower pH on the ODT-covered samples compared 
to the uncovered samples. The acidic environment on the ODT-



 
 
56 

covered samples affects the chemistry of the corrosion product 
formed. The wavenumber position of the asymmetric vibration 
band of formate on ODT-covered zinc is not as stable as for the 
uncovered zinc and is overall located at lower wavenumbers. This 
is indicating chemical dissimilarities in the formate compounds 
formed on ODT-coated and uncoated zinc. The ODT on the 
patterned samples lead to a delayed splitting of the asymmetric 
vibration band of formate until the inhibition ability of the ODT 
started to decline. 
   The inhibition efficiency of ODT adsorbed on zinc during 
exposure to humid formic acid is not as good as for copper [22]. It 
has been reported that ODT forms a self-assembly monolayer on 
zinc from ethanolic solutions, and that adsorption occurs by the 
bonding between Zn and S [39].  The crystallinity of the monolayer 
is not as high as on noble metals, and this can be the reason why 
the ODT-layer is dispersing over time. Similarly, alkaneselenols 
adsorbed on copper initially delay the formation of copper 
formate, but the formation rate is increased later to levels 
exceeding rates detected for bare copper [99]. This acceleration 
rates was also observed on ODT-coated zinc and is believed to be 
caused by micro-galvanic effects between partially ODT-covered 
areas and uncovered areas where ODT has detached. 
 
5.2.3 Galvanic effects and ODT inhibition on the patterned 

sample 

   The results show clearly that the presence of copper patches on 
zinc induce strong micro-galvanic effects that accelerate the 
dissolution of zinc, as evidenced by the enhanced formation of zinc 
formate. The corrosion process that is taking place in the presence 
of micro-galvanic couples is strongly affected by local surface 
chemistry and local electrochemical reactions, which in turn affect 
the local chemistry and thus the distribution and morphology of 
the corrosion products. For the copper-zinc micro-pattern sample, 
the local electrochemical and chemical gradients across the 
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copper-zinc borders resulted in characteristic hemispherically 
shaped corrosion products at the zinc-copper junction. The micro-
galvanic effects also alter the chemistry of the corrosion products, 
in this case resulting in higher amounts of semi-crystalline ZnO 
and two distinct formate compounds.  
   The ODT adsorbed on the patterned sample constrains the 
micro-galvanic effects for a certain period of time. The inhibition 
effect of ODT decreases with time, and at prolonged exposure 
times some galvanic effects could arise and promote the corrosion. 
Moreover, the galvanic effect is not likely to directly cause the 
failure of the ODT-layer. It is more likely that the zinc substrate is 
not able to sustain the layer itself since the inhibition efficiency of 
ODT also declines on the bare zinc.    
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5.3 Atmospheric corrosion and inhibition of ODT on two 

brass alloys exposed to humid formic acid  
   Major findings about atmospheric corrosion of two brass alloys, 
Cu20Zn and Cu40Zn exposed to humid formic acid, as well as 
corrosion inhibition of an adsorbed ODT-layer are summarised in 
this chapter, and is mainly based on the results in Paper IV. The 
questions addressed in this paper are: Is there a difference in 
formate formation on Cu20Zn and Cu40Zn? What happens when 
an adsorbed ODT-layer is present on the single-phase Cu20Zn 
alloy? Can the ODT-layer on Cu20Zn perform as well as on pure 
copper against corrosive environments? What happens when an 
adsorbed ODT-layer is present on the Cu40Zn alloy with its 
duplex structure having inherent local variations in chemical and 
electrochemical characteristics? 
 
5.3.1 Monitoring and analyses of corrosion products on 

uncovered and ODT-covered Cu20Zn and Cu40Zn 

   The exposures of Cu20Zn and Cu40Zn were performed in the 
same manner as in previous chapter. Figure 20 displays the kinetic 
curves for the formation of formate on uncovered and ODT-
covered brass samples. The absorbance units (amount of formed 
zinc formate) for these brass alloys after 18 hours of exposure are 
both below 0.014, which is much lower compared to that of the 
patterned samples (>0.3), and also lower than that of zinc (~0.05) 
and copper (~0.05) under the same exposure conditions and 
exposure times [100, 101]. The lower rate of formate formation on 
the brasses compared to the unalloyed copper and zinc samples 
indicates that alloying increases the corrosion resistance. The 
dezincification occurring on brass occurs in the form of 
multifaceted dissolution and the corrosion mechanism on brass 
differs from that of copper[100] and zinc[101], which is believed to 
be the reason for the observed suppressed formation of formate.   
   It can be seen in Figure 20 that Cu40Zn exhibits a higher zinc 
formate formation rate than for Cu20Zn. The main difference 
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between the materials is seen within the first hour of exposure 
during which the absorbance for Cu40Zn increases from zero to 
almost 0.008 absorbance units compared to about 0.001 for 
Cu20Zn. This initial zinc formate formation rate for Cu40Zn is a 
consequence of its heterogeneous microstructure where the 
boundaries between alpha and beta phase grains trigger galvanic 
corrosion effects, at least initially. This is supported by the inferior 
nobility of the beta phase grains compared to the surrounding 
alpha phase grains, as seen in Figure 8, and by the selective 
leaching of beta phase grains observed on Cu40Zn as displayed in 
Figure 12. With prolonged exposure, the precipitation and build-
up of corrosion products primarily on the beta phase closest to the 
alpha phase results in a reduced driving force in the galvanic 
corrosion. The formation rate of zinc formate on Cu20Zn is similar 
to that on Cu40Zn after several hours of exposure.   
   Figure 20 also displays the corresponding data for ODT-
protected Cu20Zn and Cu40Zn, respectively. The formation rates 
of zinc formate are significantly reduced compared to the 
unprotected samples; and the ODT-protected Cu40Zn corrodes 
faster than the ODT-protected Cu20Zn. As shown in Figure 21 the 
formation rates exhibit larger variation with time on Cu40Zn. 
During the first 20 hours the increase is significantly faster than 
for Cu20Zn, followed by a period up to 160 hours where the 
average growth rate of ODT-protected Cu40Zn is slower than in 
the beginning, but still faster than of ODT-protected Cu20Zn.  
   The curve in Figure 21 for Cu20Zn with ODT shows no 
significant difference compared to the corresponding curve for 
copper formate on ODT-protected copper [22], which suggests 
that the initial protective ability of ODT on pure copper and on 
Cu20Zn is similar. The zinc formate formation rate on ODT-
protected pure zinc is significantly higher than on ODT-protected 
Cu40Zn, despite the galvanic effects observed on Cu40Zn. This 
result may tentatively be explained by the observation in the 
previous subsection of the local debonding of Zn-S bonds on ODT-
covered zinc.  
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Figure 20: Time dependence of the amount of zinc formate formed 
during exposure of two brass alloys to humidified air with formic acid for 
up to 40 hours, measured as the absorbance of the asymmetric stretching 
band, vas(COO-), for Cu20Zn (circles) and Cu40Zn (squares) with (filled) 
and without (unfilled) an adsorbed ODT-layer. The error bars represent 
variations in duplicate measurements. 
 

 
Figure 21: Time dependence of the amount of zinc formate formed during 
exposure of brass protected by ODT to humidified air with formic acid up 
to 160 hours, measured as the absorbance of the asymmetric stretching 
band, vas(COO-), for Cu20Zn (filled circles) and Cu40Zn (filled squares). 
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   It can be concluded that the corrosion inhibition ability of ODT 
up to 168 hours under the exposure conditions follows the order 
Zn << Cu40Zn < Cu20Zn ≈ Cu. 

 
Figure 22: In situ IRAS spectra of Cu20Zn exposed to humidified air with 
addition of formic acid during 106 hours. Upper curve: Bare, 
unprotected, Cu20Zn; Lower curve: Cu20Zn protected with ODT. 
 
 
   Figure 22 displays IRAS spectra of Cu20Zn, with and without an 
adsorbed ODT-layer, taken after 106 hours of exposure to humid 
formic acid. The spectrum of the ODT-covered sample appeared 
flatter in comparison to the spectrum of the uncovered sample, 
and is similar to what has been observed for ODT-covered copper 
[22]. The corrosion products on Cu20Zn have been characterised 
as zinc formate and cuprite (Cu2O) in a previous study [93]. Some 
kind of zinc formate was also detected in this study but the amount 
of Cu2O was suppressed to levels below the detection limitation of 
IRAS. With prolonged exposure the spectra of ODT-covered 
Cu40Zn started to reveal a peak at 1680 wavenumbers assigned to 
formic acid (not shown here), which was observed on both ODT-
covered zinc and the ODT-covered patterned sample, as shown in 
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Figure 18. This was not detected on the ODT-covered Cu20Zn, 
which could be due to the overall low intensities of the signal for 
formic acid and the overlap of the vibration-rotation bands of 
water vapour. 
   As shown in Figure 8, the SKPFM analysis of the ODT-covered 
Cu40Zn shows comparable Volta potential differences between the 
beta phase and alpha phase grains as for uncovered Cu40Zn. This 
implies a uniform adsorption of ODT on Cu40Zn, and hence the 
dipole-contribution of ODT to the measured potential is about the 
same for both phases. This was verified by means of VSFS on 
ODT-covered brass samples before and after a week of exposure to 
humid formic acid. The VSFS results are summarised in Figure 23. 
VSFS is commonly used to assess the quality of the adsorbed ODT-
layer by observing the ratio between the CH2 and CH3 symmetric 
stretching vibrations to establish the degree of ordering of n-
alkanethiol monolayers [91, 102]. A high intensity of the CH2 
symmetric stretch vibration band at 2850 cm-1 corresponds to a 
disordered ODT-layer.  
   The ODT-covered Cu20Zn and Cu40Zn show an absence or weak 
appearance of the CH2 peak both before and after exposure. This 
suggests well-ordered ODT-layers on all samples. Although, as 
showed in Figure 21, the exposed ODT-covered samples exhibit a 
limited formation of zinc formate observed as minor features 
across the surface in the LOM analyses in Figure 24. The exposed 
ODT-covered Cu40Zn also exhibited larger features, which 
suggests the local removal of ODT in these areas. Even though 
there is formation of corrosion products, the VSFS analyses show 
ordered ODT-layers, which suggest that the non-corroded surface 
areas retain well-ordered ODT layers. It is important to note that 
the size of the VSFS analysis area (10-3 m) is much larger than the 
size of the corrosion products (10-6 m). 
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Figure 23: VSFS spectra of the CH-region of ODT-covered Cu20Zn (a-b) 
and Cu40Zn (c-d) before (left) and after (right) a week in exposure to 
humidified air containing formic acid. LOM images of the samples are 
displayed in Figure 24. The CH2 vibration band at 2850 cm-1 (indicated 
with an arrow in the spectra) in the alkane chain appears as the result of 
disordering of the chain. The characteristic peaks are all obtained in the 
CH-region and include the CH2 symmetric stretching vibration at around 
2850 cm-1, the CH3 symmetric stretching vibration at around 2875 cm-1, 
the CH3 Fermi resonance at around 2940 cm-1, and the out of plane CH3 
antisymmetric stretching at around 2965 cm-1 [22]. 
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Figure 24: Optical microscopy images of ODT-covered Cu20Zn before 
(upper left) and after (upper right) 168 hours of exposure to humidified 
air containing formic acid, and of ODT-covered Cu40Zn before (lower 
left) and after (lower right) the same exposure. The same samples have 
also been analysed with VSFS, see Figure 23. The two images to the far 
right are digital magnifications of the marked areas on the exposed 
samples.  
 
 
5.3.2 Galvanic effects and inhibition of ODT on the brass alloys 
   The surface heterogeneity is higher on the brasses compared to 
copper and zinc due to alloying, but yet they exhibit inferior 
formate formation. The reason for this is that the mechanism is 
different on brass compared to zinc and copper, due to 
dezincification and the formation of zinc formate (three-
dimensionally) instead of copper formate (two-dimensionally). 
However, internal comparison amongst the brasses revealed that 
Cu40Zn with the higher surface heterogeneity is also the one 
exhibiting enhanced formate formation: Cu20Zn < Cu40Zn. The 
microstructure of the Cu40Zn induces micro-galvanic effects with 
preferred electrochemical dissolution of the beta-phase grains, 
which enhances the overall dissolution compared to Cu20Zn. The 
corrosion product formed on Cu40Zn predominantly precipitates 
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at the beta phase grains adjacent to the border between alpha and 
beta phase. The precipitation of the corrosion product on the beta-
phase grains was also observed on the ODT-covered Cu40Zn, as 
shown in Figure 25. 

 
Figure 25: LOM and AFM images of ODT-covered Cu40Zn exposed a 
week in humid formic acid. (a) to (c) are LOM images with different 
digital magnifications. The scale bar in the LOM image (b) is estimated. 
The dark areas in the LOM images correspond to beta-phase grains and 
the bright surrounding matrix to the alpha-phase grains. The AFM image 
in (e) shows the topography of the same area as marked in (b), while the 
image in (f) presents the same data with a higher topographic contrast for 
clarity. The image in (d) is the combination of the optical and AFM 
images of the same area. 
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   The order remains the same between the ODT-covered samples: 
Cu20ZnODT < Cu40ZnODT compared to the uncoated brasses. The 
formate formation rates are reduced compared to the uncoated 
samples and the ODT-covered Cu20Zn showed similar levels as for 
ODT-covered Cu [22]. The higher formation rate of zinc formate 
on ODT-covered Cu40Zn than on ODT-covered Cu20Zn is 
attributed to a higher extent of galvanic corrosion due to larger 
local compositional and Volta potential variations along the 
surface of Cu40Zn, which results in a lowering of the overall 
corrosion inhibition efficiency of ODT-covered Cu40Zn. 
 
   



 
 

67 

 

 

6 Conclusion and Outlook 

   This study was divided in two parts: an aqueous corrosion part 
and an atmospheric corrosion part. Micro-galvanic effects induced 
by surface heterogeneities and the inhibition efficiency of ODT 
have been investigated for the studied samples: zinc, zinc with 
patterns of copper, and three brasses: Cu20Zn, Cu31Zn, and 
Cu40Zn. 
   In the aqueous part, it was shown that brass undergoes uniform 
leaching in exposure to stagnant NaCl solutions (≥10 mM). 
However, in a diluted solution (1 mM) the leaching was locally 
triggered by inclusions with high contents of S and/or Se. The 
leaching spread radially outward from the inclusions, forming 
leached areas in the shape of discs. Having an adsorbed ODT-layer 
on brass inhibited the radial leaching in dilute solutions, yet after 
prolonged exposure time filiform-like behaviour was observed. 
Further studies are needed to explore the role of ODT and clarify 
its inhibition mechanism on brass exposed to aqueous conditions. 
Further investigation of the inclusions is also imperative in 
understanding their role in the corrosion of brass. 
   In the atmospheric part, the studied samples were exposed to 
comparable formate concentrations and relative humidity, which 
resulted in the following relationship with decreasing order of 
formate formation:  
 

𝑃𝑎𝑡𝑡𝑒𝑟𝑛𝑒𝑑  𝑠𝑎𝑚𝑝𝑙𝑒   ≫ 𝑍𝑖𝑛𝑐 > 𝐶𝑢40𝑍𝑛 > 𝐶𝑢20𝑍𝑛  
 
   The zinc dissolution rate is increased on the patterned samples 
due to the micro-galvanic effect induced by the copper patches, 
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which also influences chemistry modifications in the corrosion 
products compared to pure zinc. Micro-galvanic effects on the 
duplex Cu40Zn sample also enhanced the zinc dissolution 
compared to the more homogeneous Cu20Zn. Alloying copper 
with zinc (brass) decreased formate formation compared to the 
corresponding unalloyed copper and zinc samples.  
   The formate formation rates for the brasses were significantly 
reduced by the adsorption of ODT, where ODT-covered Cu40Zn 
again showed higher levels compared to Cu20Zn. The ordering 
formate formation on the studied samples covered with ODT was:  
 

𝑃𝑎𝑡𝑡𝑒𝑟𝑛𝑒𝑑  𝑠𝑎𝑚𝑝𝑙𝑒   ≫ 𝑍𝑖𝑛𝑐

𝐼𝑛𝑓𝑒𝑟𝑖𝑜𝑟  𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛

≫ 𝐶𝑢40𝑍𝑛

𝐷𝑒𝑐𝑒𝑛𝑡  
𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛

> 𝐶𝑢20𝑍𝑛

𝑆𝑢𝑝𝑒𝑟𝑖𝑜𝑟  𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛

!"#

 

 
   The protection of ODT on the zinc substrates, both pure and 
patterned samples, was initially good. However, this was merely 
retarding the formate formation rate that reached similar or higher 
levels compared to uncovered samples after a day of exposure. The 
zinc substrate could not sustain an ODT-layer, whereas brass 
could sustain an ODT-layer under the exposure conditions in this 
study. All ODT-covered samples are believed to increase the 
acidity of the adsorbed water layer compared to the uncoated 
samples, hence the higher HCOOH/HCOO- ratio on the ODT-
covered samples. Further studies are needed to explore and clarify 
the acidic conditions induced by the ODT during exposure to 
atmospheric conditions.  
   This work has mainly considered the role of formic acid and 
humidity on the indoor atmospheric corrosion of zinc and copper 
alloys. Further studies are needed to gain a complete 
understanding of ODT’s effectiveness in inhibiting atmospheric 
corrosion. This could be done by studying other corrosive 
promoters (CO2, SO2, H2S and chlorides) as well as other exposure 
conditions (temperature and water content). In particular the case 
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of SO2 and H2S, where it would be interesting to see if the sulphur 
in these corrosive specimens can substitute the sulphur in the S-
Me bond between ODT and the metal, and thus detach the 
adsorbed ODT-layer from the metal surface. 
   Another further study could be the prospect of optimising the 
solvent used during ODT-deposition in the aim to generate denser 
SAMs, especially when zinc is part of the solid solution.  
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