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Abstract 
The extensive demand of aluminium alloys in various industries such as in transportation 

is mainly due to the high strength to weight ratio, which could be translated into fuel economy 
and efficiency. Corrosion protection of aluminium alloys is an important aspect for all applica-
tions which includes the use of aluminium alloys in the painted form requiring a conversion 
coating to improve the adhesion. Chromate based conversion coating processes are extremely 
good for these purposes, however the carcinogenic and toxic nature of hexavalent chromium led 
to the search for more benign and eco-friendly alternative processes.  

In the present work high temperature steam-based process has been investigated as a pos-
sible chromate free conversion coating. Investigations in the thesis includes the effect of alloy 
type, substrate microstructure, surface finish, and various chemistries on the coating formation, 
and detailed analysis of the structure and morphology of the coating, and interface structure with 
and without organic top coat. Corrosion performance of the coatings was investigated using 
electrochemical methods, AASS, and FFC test. The morphology, microstructure, chemical com-
position, adhesion, and interface structure of the coatings were analysed using SEM, FIB-SEM, 
TEM, GI-XRD, FTIR, XPS, AFM, contact angle, and boiling test.  

Chapter 1 of this thesis provides a background to the work and available literature infor-
mation. Materials and experimental methods are outlined in chapter 2. The chapters 3 to 12 
present various experimental results in the form of appended papers. The chapters consist of the 
experimental results obtained by the use of steam-based process and its effect on microstructure 
and corrosion resistance of the alloy as a function of steam pressure, use of various chemicals, 
crystalline nano-particles, role of steam-based treatment on adhesion of industrially applied 
powder coating, and investigations of a failed painted aluminium window profile due to defects 
in the extruded profile. Chapters 13 and 14 describe the overall discussion, conclusions and 
future work based on the results presented in the appended papers.  

Overall the results presented in the thesis show the feasibility of using steam to generate 
thicker oxide coating on aluminium, which can be useful as a standalone coating or for further 
top coat. The steam process can be carried out either as a batch process using autoclave or using 
spray system, and with or without various chemistries as accelerators. In general, results show 
the formation of 650 nm – 3000 nm thick conversion coating, where the thickness depend on 
the treatment parameters and steam chemistry. Further, the formed coating provide good cover-
age on the aluminium matrix and second phase particles, with a performance matching in several 
cases quality standards of chrome based coating and alternatives used today. 
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Resume 

Den omfattende efterspørgsel af aluminium legeringer i eksempelvis transportindustrien 
skyldes primært det favorable styrke til vægt forhold, hvilket omsættes til forbedret brænd-
stoføkonomi og effektivitet. Korrosionsbeskyttelse af aluminiumlegeringer er et vigtigt aspekt 
for mange applikationer, hvilket ofte inkluderer maling, der kræver en konverteringsbelægning 
for at forbedre vedhæftningen mellem maling og aluminium. Kromat baserede konverterings-
belægninger er velegnede, men den kræftfremkaldende og giftige hexavalente krom har ført til 
efterspørgsel på mere miljøvenlige alternative processer. 

I dette arbejde er en damp-baseret proces blevet undersøgt som en mulig kromatfri kon-
verteringsbelægning. Undersøgelserne beskriver effekten af legeringstype, mikrostruktur, 
overfladefinish og forskellige kemi tilsætninger til damp på belægningens dannelse, samt en 
detaljeret analyse af belægningens struktur og morfologi, med og uden organisk belægning. 
Korrosionsegenskaberne blev undersøgt ved hjælp af elektrokemiske metoder, salt tåge test og 
filiform korrosions test. Mikrostruktur, morfologi, kemisk sammensætning, adhæsion og 
grænseflade struktur blev analyseret ved anvendelse af SEM, FIB-SEM, TEM, GI-XRD, FTIR, 
XPS, AFM og kontaktvinkel analyse. 

Kapitel 1 introducerer baggrunden for arbejdet og gennemgår relevant og tilgængelig lit-
teratur på området. Materialer og eksperimentelle metoder gennemgås i kapitel 2. Kapitlerne 3 
til 12 viser resultater af undersøgelser i form af vedhæftede artikler. Artiklerne beskriver hver 
især de eksperimentelle resultater der er opnået ved brug af damp-baseret behandling og dens 
virkning på mikrostruktur og korrosionsbestandighed af aluminium som funktion af damptryk, 
anvendelse af forskellige syre/base tilsætninger og krystallinske nanopartikler samt en beskriv-
else af effekten af damp-baseret behandling på vedhæftning af industrielt påført pulverlakering, 
og endelig en undersøgelse af et aluminium vindue med defekter i det ekstruderede profil. 
Kapitel 13 og 14 beskriver den overordnede diskussion, konklusion og fremtidigt arbejde på 
grundlag af de resultater, der præsenteres i de vedhæftede dokumenter. 

Samlet set viser resultaterne i afhandlingen muligheden for at bruge damp til at generere 
oxid belægning på aluminium, der kan være nyttigt som en belægning eller forbehandling før 
maling. Dampen kan produceres enten som en batch-proces ved hjælp af autoklave eller ved 
hjælp af et spray-system, og med eller uden forskellige kemi tilsætninger.  

Generelt viser resultaterne dannelsen af en 650-3000 nm tyk belægning, hvor tykkelsen 
afhænger af dampens proces-parametre; tryk, temperatur, kemi tilsætning. Den dannede belægn-
ing giver en god dækning af aluminiumlegerings matrix såvel som dens intermetalliske partikler, 
og kvaliteten vurderes i flere tilfælde til at være sammenlignelig med krom baseret belægning 
og de alternativer, der anvendes i dag. 
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General background 
Aluminium and its alloys find major applications in automotive, aerospace, building, and 

packaging. Transportation industry (automotive and aerospace) consumes a large share of the 
aluminium alloys, owing to good strength, low weight, as well as good corrosion resistance at a 
reasonable cost. The light weight and good mechanical properties of aluminium alloys can be 
translated to efficiency and energy saving. However, corrosion protection is an important issue 
for aluminium alloys for use in all applications where the product is being exposed to external 
environment [1–3]. 

In order to improve the corrosion resistance of aluminium surface, pre-treatment is an 
important factor either as standalone coating or as under layer for subsequent polymer coatings 
such as paints [4–6]. Typical paint layer on aluminium surface usually comprised of three 
indi-vidual coating layers as shown in . The first layer, a conversion coating 
rather thin (up to 600 nm), is the product of substrate pre-treatment that provides corrosion 
protection and improved adhesion between the substrate and the second layer primer. The 
topcoat paint is applied for decorative purposes and is also the main barrier against 
environmental influences [7,8]. 

Figure 1 Layard structure of painted aluminium body parts [9] used in automotive industry. 

The traditional conversion coatings applied on aluminium alloys from last many decades 
were hexavalent chromate based, including chromic acid anodizing [10] and chromate dipping 
process [11–13]. Due to the toxicity of Cr(VI), however, environmentally benign alternatives to 
chromate conversion coatings have been investigated extensively [7,8]. Most of the chromate 
free conversion coatings available today are considered to be inferior to the chromating treat-
ment in terms of its durability under severely accelerated corrosion tests [14,15]. The key aspect 
of chromate based coating is the re-passivation ability of chromium, which is difficult to attain 
with other conversion coatings used as alternatives. Further, chromate-free conversion coatings 
may be less effective with the broad range of alloy types compared to the chromating process 
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[16,17]. This is due to wide difference in the microstructure of various aluminium alloys includ-
ing the presence of second phase particles with varying composition and electrochemical 
behaviour [18–21]. An additional aspect today is the use of recycled alloys with increased levels 
of impurity and intermetallic particles [22,23]. Some of the presently available alternatives for 
hexavalent chrome conversion coating processes are Ti/Zr and trivalent chrome conversion 
coatings [24,25]. However, Ti/Zr and trivalent chrome conversion coatings are quite different 
in nature and have improved corrosion resistance and adhesion properties of aluminium alloys 
[26,27]. Further, trivalent chrome is currently one of the leading non-chromate conversion coat-
ings in the market as it has been shown to provide excellent corrosion protection and paint 
adhesion in standardized tests. 

A rather simple approach for the corrosion protection of aluminium is to treat the surface 
with hydrothermal process (boiling water treatment) in order to produce a stable oxide/hydrox-
ide film [28–30]. The formation of oxide/hydroxide by boiling water treatment on aluminium 
alloys seemed to provide strong adhesion to applied polymers [31,32]. However, the boiling 
water treatment requires long process time (more than 30 min) and the adhesion properties are 
largely dependent on the water temperature [33–35]. Further, the recent studies indicated the 
cohesive failure of these oxide films [36]. Although numerous patents describe methods and 
solution compositions for improving certain properties and rate of formation of these films, there 
are no reports on major commercial use or performance for coated or painted products [37].  

The reaction kinetics and dissolution of aluminium reported to increase by increase in 
water temperature [38]. Therefore using hydrothermal treatment using steam at temperature 
higher than the boiling point of water might further enhance the kinetics due to increased thermal 
energy together with the availability of water molecules in the vapour phase to react with the 
substrate. Volume of steam is 1700 times higher than liquid water at standard temperature and 
pressure. Specific heat and density of steam at 1 bar pressure is only half of liquid water, there-
fore it can be heated up fast and transferred easily to substrate surface. 

Aim of the PhD project 

Aim of the present PhD project was to investigate the feasibility of developing a chrome 
free alternative conversion coating based on hydrothermal route using high temperature steam 
(100 -130 ºC), where the vapour pressure is in the range of 1.1 - 1.9 bar. For this purpose an 
autoclave process for determination of controlled process parameters at lab scale have been 
studied. In the autoclave process, the influence of steam vapour pressure on oxide formation on 
aluminium alloys, and microstructure and corrosion performance of the formed coating was 
investigated in detail. Role of various chemistries were investigated, which were selected based 
on the electrochemical stability of aluminium as a function of pH and potential. These are citrate 
and phosphate based acid chemistry, and oxidative chemistry using potassium permanganate 
and nitric acid. Further nano-particle incorporated coatings were made using incorporation of 
TiO2 and CeO2 particle during steam treatment. The learning from autoclave process has been 
transferred to a continuous pilot steam jet process feasible for various industrial applications. 
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All the coatings produced were characterized in detail for its chemical composition, mi-
crostructure and surface morphology, and corrosion performance. Experimental 
characterization methods employed include glow discharge optical emission spectroscopy (GD-
OES), field emission gun (FEG), focused ion beam (FIB) scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), grazing incidence X-ray diffraction (GI-XRD), fou-
rier transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS). 
Corrosion protectiveness of the coatings was analysed using potentiodynamic polarization 
measurements. Industrial level corrosion and adhesion performance as an intermediate layer is 
evaluated using neutral salt spray (NSS), acetic acid salt spray (AASS), filiform corrosion (FFC) 
testes and boiling water test. 

Structure of the thesis 

Thesis is made up of 14 chapters. Chapter 1 provides a brief introduction on the aluminium 
alloys, the role of microstructure in the corrosion process, and pre-treatment methods for alu-
minium alloys. The importance of aluminium alloys pre-treatment and the literature on various 
conversion coatings on aluminium alloys have been summarised. Chapter 2 summarise the ma-
terials, experimental procedures, and characterization methods used in this study. However, 
more detailed discussion on the materials and experimental methods related to individual inves-
tigation is available in the appended papers. Various investigations in this thesis are presented 
as a compilation of ten separate technical journal papers published or intended for publication 
(Chapters 3-12). The discussion of experimental results in individual investigations presented 
as appended papers (chapter 3-12) is generally restricted to the results presented in each chapter. 
Therefore an overall discussion covering the entire investigation is provided in Chapter 13. 
Chapter 14 provides overall conclusions and suggestions for future work. A bird view diagram 
of the overall thesis showing various investigations and connections is shown in Figure 2. 
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Figure 2 Bird’s view diagram of the present thesis. 
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 Aluminium alloys 
In 1886, Charles Hall (USA) and Paul Heroult (France) independently developed a 

method for extracting aluminium by the electrolytic reduction of aluminium oxide (from baux-
ite, a natural ore) dissolved in molten cryolite (sodium aluminium fluoride) [1]. This triggered 
growth in the production and availability of aluminium for various applications.  

Aluminium alloys are widely used in various industrial sectors today due to its light 
weight, which can be translated into efficiency in applications such as in automotive, aerospace, 
and architecture. Aluminium alloys are 35% lighter than steel with high strength-to-weight ratio 
and comparatively good resistance to corrosion under natural conditions [2,3]. Due to these 
unique properties leading applications of aluminium and its alloys, the production rate has been 
increased steadily over the last several decades as shown in Figure 1.1(a), where the main pro-
ducer of aluminium in 2010 was china. However, Europe and North America traditionally 
remained the important producers of primary aluminium. Moreover, European consumption of 
aluminium is predicted to almost double between 2010 and 2050, whereas in 2012, on average 
each European citizen used 22 kg of aluminium [4]. The usage of aluminium in end user market 
in Europe in 2013 has been presented in Figure 1.1(b), where transport and building industries 
are the major consumers of aluminium. The following section will briefly describe the im-
portance and usage of aluminium alloys in various industries.  

 
Figure 1.1.(a) Production of primary aluminium worldwide [4] (b) usage of aluminium in European indus-
tries in 2013 [5]. 

 Applications of aluminium and its alloys 

 Automotive industry 

Worldwide governments are imposing tougher CO2 emission standards, e.g. from 2010 to 
2020 the average CO2 emissions from European vehicles supposed to decrease at a rate of 3.9% 
per year [6]. Therefore, the lowest CO2 emission savings are needed which will be achieved by 
combining weight reduction with fuel saving for low energy demands and downsizing certain 
components (i.e. brakes, suspension, engine, etc.) to keep the vehicle performances at the same 
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level. Hence aluminium is the most favourable material, which allows relative and average ab-
solute weight savings in a mass produced cars as presented in Figure 1.2.  

 
Figure 1.2 Aluminium direct weight saving and market penetration [7]. 

The European producers have taken the global lead in the light-weighting of passenger 
cars with aluminium. A study published by Ducker Worldwide in cooperation with the European 
Aluminium Association shows that the amount of aluminium used per car produced in Europe 
tripled between 1990 and 2015, increasing from 50 kg to 150 kg as shown in Figure 1.3(a) [7]. 

Primarily AA3004, AA5052, and AA6061 aluminium alloys were being used in automo-
tive industry. However, the low strength of AA3004, problems with drawing of some 5xxx 
series alloys, and the limited formability of AA6061 led to the development of new composi-
tions such as the copper-containing alloys AA2008 and AA2036, and other 6xxx series alloys 
including AA6009 and AA6010. Due to the focus for producing the body of vehicle with alu-
minium alloys, the use of the non-heat treatable Al–Mg alloys or several Al–Mg–Si alloys of 
the 6xxx series that respond to age hardening are in focus as shown in Figure 1.3(b) [1]. 

 
Figure 1.3 (a) Evolution of average aluminium content per car produced in Europe [7], (b) New Range Rover 
with an all-aluminium alloys body structure [8]. 

 Building and construction industry  

Aluminium is utilised for a host of applications in building and construction. It is the ma-
terial of choice due to its sustainability, energy performance, good decorative appearance, and 
high corrosion resistance in most environments. Additional aspects are the light weight, ease of 
fabrication, and possibility of processing extruded sections of complicated cross-sections. Its 
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applications include facades, roofing, gutters, window frames, sun shades, curtain walls, and 
balustrades as shown in Figure 1.4(a) [9]. Further, European building market consumes some 2 
million tonnes of aluminium annually (Figure 1.4(b)) and boasts a total inventory of 30 million 
tonnes to date. The alloys commonly used for rolled products in construction industry are those 
based on the 5xxx series (e.g., AA5083) and 3xxx series (e.g., AA3003), whereas extrusions are 
usually made from the 6xxx series (e.g., AA6063) [1]. 

 
Figure 1.4 (a) various components in building industry made from aluminium [9] (b) Aluminium content of 
buildings in Europe[10]. 

 Packaging industry  

Use of aluminium in the packaging industry is beneficial due to weight reduction, corro-
sion resistance, hygienic, non-toxic, non-tainting, and retaining the product’s flavour, thereby 
guaranteeing a long shelf-life. During the last few decades, the use of aluminium in packaging 
has increased to an extent that, at times, it has been the largest market for it in some countries 
including the United States. Within the packaging industry, roughly 50 percent aluminium is 
being used for semi-rigid and flexible applications (menu trays and other food containers, plain 
foil, and foil in laminates) and 50 percent for rigid applications (beverage and food cans, aerosol 
cans, closures, tubes, etc.) as presented in Figure 1.5(a). Additionally the aluminium foil thick-
ness has been reduced in the range of 28 to 40%, without jeopardising the quality of the contents 
the foil protect as shown in Figure 1.5(b). However, further reductions will be more challenging 
from a technical point of view. 

 
Figure 1.5 (a) Different properties obtained in packaging industry by the usage of aluminium, (b) Reduction 
in thickness of aluminium foil over the years [11]. 
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Aluminium foil is commonly produced in the 1000 series alloys, alloyed only with Fe and 
Si. Furthermore AA3014 and AA5182 have been used for cans. In general large amounts of 
recycled alloys are being used in packaging industry. 

 Various types of aluminium alloys 
Alloying elements are usually added in aluminium to improve its mechanical and electro-

chemical properties. Major alloying elements used in aluminium alloys are zinc (Zn), 
magnesium (Mg), copper (Cu), and silicon (Si), which have significant solubilities, and several 
other elements with solubilities as low as 1 at. %, for improving mechanical properties. Transi-
tion metals like chromium (Cr), manganese (Mn), Titanium (Ti), and zirconium (Zr) are used 
primarily to form compounds that control the grain structure[1]. Corrosion properties of the 
alloys vary with alloying elements, some of which are beneficial for corrosion resistance, while 
others provide an adverse effect. 

Table 1.1 Classification of the aluminium alloys according to the EN 573 and EN 1780 standards. 

Primary alloying element Wrought al-
loys 

Tempering pro-
cess 

Typical applications 

Commercially pure (Al min 
99%) 1xxx Non heat treata-

ble Foils, sheets 

Copper (Cu) 2xxx Heat treatable Aircraft industry 

Manganese (Mn) 3xxx Non heat treata-
ble Cans, buildings, radiators 

Silicon (Si) 4xxx Non heat treata-
ble Heat exchangers 

Magnesium (Mg) 5xxx Non heat treata-
ble 

Cans, transportation, 
buildings 

Magnesium + Silicon 6xxx Heat treatable Transportation, Con-
struction 

Zinc (+ Copper) 7xxx Heat treatable  Aircraft industry, radia-
tors 

Lithium + Other elements 8xxx  Foil, aircraft industry 
 

Aluminium alloys in general are classified into cast and wrought alloys [13], while both 
categories consists of heat treatable and non-heat treatable (work hardening type) alloy. Various 
alloys have 4 digit ASTM designations based on the alloying elements it contains. The nomen-
clature of wrought alloys contains four digits, while for cast alloy the last digit is separated by 
a decimal point. The first digit define the main alloying element(s), and thereby the series. The 
other digits in general define the alloy type and any modification to the original alloy. Table 1.1 
shows the commercially available classes of wrought alloys. Based on the tempering process, a 
temper designation is given to these wrought alloys. The detailed overview of these designations 
and paths are given in Figure 1.6, which are divided into 3 basic temper groups “O" - soft (i.e. 
fully annealed), "T" - Heat treated (i.e. for age hardening alloys) "H" - Strain hardened (i.e. for 
non-age hardening alloys), respectively. 
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Figure 1.6 Overview of aluminium alloys temper condition and its path [12]. 

 Physical metallurgy and aluminium alloy microstructure  
The crystal structure of the phases present as well as the microstructure of aluminium 

alloys depend on complex interaction of chemical composition, distribution of the phase formed 
during solidification, thermal treatment, and processing. Unlike cast alloys, wrought alloys can 
be formed or shaped by mechanical deformation [1,14].  

The typical microstructure and phase content of aluminium alloys can be classified into 
the following categories [1] and presented in Figure 1.7.  

Fine precipitates: The most significant phase for increasing the strength of aluminium 
alloys by age hardening (often called precipitation hardening). The principle of age hardening 
requires that the solid solubility of alloying elements decrease with temperature. Precipitates of 
one or more solid phases, dispersed within the original alloy phase (the matrix) are developed 
during ageing [15]. Principally age hardening requires, single phase solid solution at high tem-
perature to dissolve alloying elements followed by quenching to lower temperature and 
controlled decomposition of supersaturated solution to form dispersed precipitates at ambient 
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temperature (natural ageing) or higher temperature (artificial ageing) for suitable time. During 
natural or artificial ageing the nucleation and growth of these precipitates (coherent and inco-
herent) occur from a supersaturated solid solution. Among the other shapes these precipitates 
can appear in spherical, needles, and plates having typical size from 1 nm up to 0.1 m. More-
over, their presence significantly influences the strength of the alloy. Mainly, the presence of 
elements like Cu, Mg, Si and Zn leads to the precipitation of the phases such as Al2MgSi, 
Al2CuMg, Al2Cu, etc. 

Dispersoids: The formations of these phases occur during the annealing process. These 
particles composed of alloying elements which are highly insoluble in aluminium. Further, they 
tend to segregate as clusters/nodules in the solutionised state, which are responsible for grain 
refining. The typical size of these precipitates ranges from 0.05 - 0.5 m, and having some effect 
to the strength of the alloy. Usually elements like Cr, Ti, Zr and Mn are present in the dispersoids 
phases such as Al20Mn3Cu2, Al12Mg2Cr, Al3Zr, Al3Ti, etc.  

Constituent particles: The formation of these particles occurs during solidification (cast-
ing) and usually unaffected to a significant extend during subsequent processing. They are 
comparatively large (2 - 10 m) with irregular shape. The presence of these particles will not 
contribute to the strengthening. Mostly Cu, Fe, Si, Mn, and Mg are present in these phases de-
pending on the alloy type. Further, phases such as Al2Cu, Al2CuMg, Mg2Si, etc. are soluble type 
whereas Al6(Fe,Mn), Al3Fe, Al7Cu2 etc. are insoluble during the processing. Presence of more 
impurity elements such as Fe in the alloy increases the amount of Fe containing intermetallic 
particles with other alloying elements. This is usually the case with recycled aluminium alloys 
due to higher levels of impurity elements.  

 
Figure 1.7 Typical heterogeneous microstructure of AA7075-T6 [16]. 
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The variation in local density and compositions of precipitates as well as the grain bound-
ary segregation of alloying elements enormously affect the material properties. For instance, the 
grain boundary segregation in metals and alloys is known to be severely detrimental to many 
important mechanical properties. This can introduce problems such as grain boundary fracture 
in temper brittleness, creep embrittlement, stress relief cracking of weldments, grain boundary 
corrosion, inter-granular stress corrosion cracking, hydrogen embrittlement, and environmen-
tally assisted fatigue. Segregation can also affect grain boundary migration rates as well as grain 
boundary diffusivity [17]. 

 Aluminium recycling and issues 
Recycling is the cornerstone of the aluminium industry’s sustainability today due to the 

fact that the energy used for recycling is only 5-7% of its primary production and approximately 
75% of the aluminium ever produced is still in use all over the world. Particularly, the amount 
of aluminium recycling in Europe has tripled its output from ~1.4 million tonnes in 1980 to ~4.7 
million tonnes in 2004 [18,19].  

The scrap aluminium contains trace elements such as Si, Mg, Ni, Zn, Pb, Cr, Fe, Cu, V 
and Mn, which inevitably remain in the recycled secondary aluminium. Since properties of al-
uminium alloys are generally sensitive to composition, thus presence of these trace elements 
directly alter the amount and composition of constituent intermetallic particles i.e. Fe due to its 
lower solubility. Several studies on different aluminium alloys have manifested the importance 
of Fe, Mn, and trace elements like Pb, in surface activation [20–22]. Further on secondary pro-
cessed aluminium such as on rolled sheets, presence of a thin heavily deformed layer at the 
surface is electrochemically active due to the presence fine intermetallic particles [23]. Due to 
the presence of higher number of intermetallic particles, recycled aluminium alloys in general 
have high filiform corrosion susceptibility even after removing the surface layer by etching pro-
cesses prior to the surface modification [24,25].  

 Corrosion of aluminium and aluminium alloys 

 Corrosion of pure aluminium  
Due to the high affinity of aluminium towards oxygen, aluminium surface is rapidly cov-

ered with an oxide film under exposure to air. Oxide film on aluminium is stable in the neutral 
pH range in the absence of chloride ions (near neutral pH), while aluminium due to its ampho-
teric character dissolves under acidic (pH 1 - 4–as Al+ ions) or under alkaline conditions (pH 9 
– 14 as AlO2

 ions). The pourbaix diagram in Figure 1.8 shows the stability regions and the shift 
in boundaries with increase in the concentration of Al3+ and AlO2

- ions.  

Corrosion of aluminium is an electrochemical process involving anodic and cathodic re-
actions as presented in equation 1-1, 1-2 and 1-3 respectively. 

Anodic reaction 

Al Al3++3e    1-1 
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Cathodic reaction 

O2+2H2O+4e 4OH  1-2 

2H++2e H2  1-3 

 
Figure 1.8 Pourbaix diagram of aluminium showing stability regions[26]. 

 Corrosion of aluminium alloys  
Corrosion aluminium alloys is heavily influenced by the microstructure of the alloy. Im-

portant microstructural features influencing the corrosion are the nature of alloying elements, 
grain boundary precipitation, and presence of secondary phases in the matrix acting as localized 
sites for pitting.  The most common type of corrosion in aluminium alloys is localised corrosion 
due to second phase particles in the matrix acting as cathodes or grain boundary precipitation 
causing precipitate free zone with different electrochemical potential. Detailed mechanism of 
pitting under chloride conditions can be found elsewhere in the literature [27–29]. 

 Role of microstructure in corrosion of aluminium alloys 

 Grain boundary precipitation and effects on corrosion 

The grain boundary corrosion occurs when a network of segregated impurities (precipi-
tates) is distributed along the grain boundaries. Specifically, the corrosive attack propagates 
along the grain boundaries or the solute depleted zones, causing grain boundary attack. Thus the 
fundamental mechanism of grain boundary corrosion is the galvanic cell formation between the 
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micro constituents and depleted aluminium solid solution (precipitate fee zone (PFZ)) due to the 
difference in electrochemical potential [30]. At the grain boundaries of aluminium alloys two 
different situations may occur namely: precipitation of an anodic phase compared to the PFZ 
(Mg2Al3, MgZn2 and Al-Zn-Mg) such as in aluminium magnesium and aluminium-zinc-magne-
sium-copper alloy families and cathodic phases compared to PFZ (CuAl2 and Al-Cu-Mg) as in 
aluminium-copper alloys [31,32]. Among these Al-Cu-Mg type Al2CuMg (S Phase) initially 
act as anodic until the selective dissolution of Mg complete. Eventually under these conditions 
presence of electrolyte will complete the corrosion cycle and results in the dissolution of the 
respective anodic areas as presented in Figure 1.9, where the PFZ is the anode, whilst the grain 
bodies and the intermetallic are cathodes and vice versa. Grain boundary corrosion propagates 
aggressively than pitting, but also reaches a limiting depth. Once the limiting depth is reached, 
the grain boundary attack spreads laterally and results in splitting or exfoliation of the grains in 
some alloys with elongated grain structure. 

 
Figure 1.9 Mechanism of grain boundary corrosion in aluminium alloys.  

Typically in high strength aluminium alloys for example 6XXX the excessive amount of 
Si (more than needed for Mg2Si) causes increase in grain boundary corrosion due to cathodic 
nature of insoluble Si. The excess of Si come as an impurity element from the recycling of 
aluminium alloys. Whereas in 2XXX alloys selective grain boundary precipitation during low 
cooling rate leads to grain boundary corrosion. However, the alloys that do not form micro con-
stituents at grain boundaries or those have corrosion potential similar to matrix are not highly 
susceptible to grain boundary corrosion such as AA1100, AA3003, and AA3004. 
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 Role of constituent intermetallic particles in corrosion  

A range of alloying elements are found in constituent intermetallic particles, but Cu, Fe, 
Si, Mn, Mg are found most commonly. For general corrosion properties of multiphase alumin-
ium alloys, the role of micro-galvanic coupling between constituent intermetallic phases and the 
aluminium rich matrix is the driving force for most localised corrosion processes [33,34]. De-
pending on the electrochemical potential the constituent intermetallic particle could behave 
either anodic or cathodic with respect to the surrounding region as shown in Figure 1.10. The 
anodic phases can dissolve straight away in the corrosive environment, but if the constituent 
intermetallic phases act as cathodes, they promote the reduction of hydrogen or oxygen to gen-
erate an alkaline condition surrounding the particle. This leads to corrosive attack in the matrix 
around the cathodic sites. In cases where the intermetallic particle is inert, accelerated corrosion 
adjacent to the intermetallic particle can still occur because of a crevice generated between the 
intermetallic particle and the alloy matrix [2,29,35,36]. Over the years several studies have been 
reported on the role of intermetallic particles in corrosion susceptibility of specific aluminium 
alloys [29,37].  

 
Figure 1.10 Schematic illustrations showing cross-sectional view of localised corrosive attack in aluminium 
alloys at intermetallic particles. 

Different constituent intermetallic phases are present in aluminium alloys depending on 
the alloy type [38], but most commonly Fe and Si are present as impurities in aluminium alloys. 
Therefore, the constituent intermetallic particles present in aluminium alloys contain Fe or Fe 
and Si are in the form of Al6Fe, Al3Fe, and Al12Fe3Si2. The influence of Al3Fe and various Al-
Fe-Si intermetallic phases on the localised corrosion of aluminium alloys have been the subject 
of many investigations [20,39–41]. It is generally agreed that the presence of Fe in such inter-
metallic particles is damaging for the corrosion resistance of aluminium alloys, however the role 
of Si is not so clear. Further the corrosion may initiates at these sights and progress rapidly, but 
number and/or size of such corrosion sites is proportional to the volume fraction of the constit-
uent intermetallic particles [42].  
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The use of recycled aluminium increases the presence of high fraction of constituent in-
termetallic particles. As described earlier, the recycling of aluminium alloys boosts the presence 
of various elements such as Si, Mg, Fe, Cu, Mn. For instance, Fe has limited solubility in alu-
minium alloy thus main microstructural effect of altering the content of Fe alters the amount 
and composition of constituent intermetallic particle during solidification process [23]. Further, 
it has been reported in literature that the deformed surface layer show higher cathodic activity 
due to higher concentration of fine Fe and Mn rich phases formed due high shear deformation 
during the mechanical processing [43]. Chino et al. [44] investigated the extrusions of AA5083 
produced from the solid state recycling. It was found that the secondary alloy contained almost 
three times as much iron (0.74 wt. %) as the primary alloy and the weight loss during immersion 
testing in 3 wt. % NaCl solution was two times larger than that of the primary alloy. A list of 
various intermetallic particles present in aluminium alloys is shown in Table 1.2. 

Table 1.2 List of intermetallic particles present in various aluminium alloys [2]. 

Alloy Second phase particles 
AA1XXX Al3Fe, Al6Fe, Al12SiFe3 or Al9Si2Fe2 

AA2XXX 
Al2Cu, Mg2Si, Al12Si(Mn,Fe), Al2CuMg, Al3(Mn,Fe), 

Al6(Mn,Fe) 

AA3XXX Al6(Mn,Fe), Al12Si(Mn,Fe)3 

AA4XXX Si, Al9Si2Fe2 

AA5XXX Mg2Si, -Al(Mn,Fe)Si, Al6Mn 

AA6XXX Mg2Si, Al12SiFe, Al9Si2Fe2, Al12Si(Fe,Mn,Cr)3, Si 

AA7XXX Mg2Si, Mg2Zn, Al12Si(Fe,Cr)3, Al2CuMg 

Andreas [23] reported in detail the effect of intermetallic particles on the filiform corro-
sion of aluminium alloys and concluded that the presence of excess elements (i.e. Fe, Si, Mn) 
during the hot rolling or annealing process enhanced the precipitation of intermetallic particles. 
Presence of these intermetallic particles in the heavily deformed layer has different characteris-
tics from the underlying bulk material, making it more susceptible to localised corrosion attack. 
Therefore, corrosion resistance of aluminium alloys is directly related to compositional specifi-
cation, appropriate thermo-mechanical processing and surface cleaning process.  

 Chemical conversion coating of Aluminium alloys  
The chemical conversion coating (also some time called pre-treatment in general) of alu-

minium alloys is an essential requirement to maintain its corrosion performance with or without 
polymer coatings such as paints. The most common conversion coating treatment applied on 
aluminium alloys for the last many decades were hexavalent chromate based, including chromic 
acid anodizing [45], and chromate dipping process [46–48]. Due to the toxicity of Cr(VI), a 
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number of alternative coating have been developed today [49,50]. However, many of the chro-
mate free conversion coatings are found to be inferior to chromating and mostly less effective 
for the broad range of aluminium alloys for which chromating was a successful process [51,52]. 

Prior surface finishing methods used for aluminium alloys before conversion coating pro-
cess include degreasing, etching, and desmutting process [53]. Usually alkaline degreasing is 
carried out as the first step followed by acid desmutting to remove any etch products [54,55]. 
Alkaline etching step (sometime acid etching is also used) is required for the removal of nano-
crystalline deformed layers formed during the secondary processing such as rolling or machin-
ing process [56–59]. 

Following section summarized the available literature on chromate and chromate-free 
conversion coatings for aluminium alloys.  

 Various conversion coatings for aluminium alloys 

 Chromate conversion coatings 
Chromate conversion coatings have been used widely on aluminium alloys due to its self-

healing nature, ease of application, and efficiency to cost ratio. They are well known for provid-
ing localised corrosion protection and promote adhesion to the adhesives and paints [46,60,61]. 
The performance of chromate conversion coating is related to a number of factors such as its 
stability over a wide pH range, barrier and self-healing effect due to storage and release of re-
sidual hexavalent chrome that diffuse into the defect and react with the bare aluminium to form 
hydrated Cr III oxide which prevents pit initiation [62,63]. 

Typically a mud crack morphology for chromate conversion coating has been reported in 
the literature on aluminium alloys, which is produced due to the shrinkage of the film, as the 
large amounts of water trapped between the particles in conversion film are removed during 
drying [64]. Further, the morphology of the chromate conversion coating is strongly dependent 
on the crystallographic orientation of the substrate. It appears to control the preferential deposi-
tion of the hydrated chromium oxide at grain boundaries or cellular boundaries. Such boundaries 
for the most part, contain the presumed flaw sites due to the impurity segregation in the metal 
substrate [65].  

The film growth of chromate conversion coating takes place by the direct contact of metal 
with the solution containing dichromate and fluoride in the pH range of 1.2-1.9. Thinning of the 
natural oxide takes place as an initial step and the ion transport is produced to replace the natural 
oxide film by depositing Cr2O3.nH2O at the cathodic sites, ultimately hindering the growth of 
the layer over aluminium matrix. Additionally, the diffusion of reactants through the film pro-
vides a mechanism for the continuation of film growth on surfaces already covered with a layer 
of reaction products[46,48,65–68].  

Campestrini et al. [69] observed that the nucleation of the coating occurs at the second 
phase intermetallic particles. They represent cathodic sites on the matrix enhancing the rate of 
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the reduction of the chromate species. Further, the aluminium oxide in the proximity of the 
intermetallics contain more flaws and defects, thus is more easily attacked by the fluoride pre-
sent in the bath and the ion transport is promoted. During the initial stage of the coating growth, 
the deposition of the coating at the intermetallic particle may occur at a different rate than the 
aluminium matrix. As a result, the layer formed is discontinuous with a large number of defects 
mainly in the proximity of the intermetallic particles. This can reduce the protectiveness of the 
oxide formed. Therefore accelerators can be added to the bath in order to increase the rate of 
deposition. A common additive to the coating solution is potassium ferricyanide, K3Fe(CN)6, 
which acts as an accelerator [70]. 

As the growth of chromate conversion coating is dependent on the heterogeneous micro-
structure of the alloy, several studies have focussed [16,70–72] on the influence of Cu and Fe 
containing intermetallics and their effects on chromating. The formation of chromate conversion 
coating on intermetallic particles is dependent on their electrochemical reactivity, local pH and 
chemical reaction with the chemical bath. The growth of the conversion coating was observed 
to be faster on Al-Fe-Cu-Mn particles than on Al-Cu-Mg. This is due to the fact that Al-Fe-Cu-
Mn intermetallic particles are more cathodically active than the matrix compared to Al-Cu-Mg 
intermetallics.  

Baek and Frankel [73] suggested that the presence of chromate effectively decreases the 
net cathodic current densities on the more noble phases such as Cu and Al20Cu(MnFe)3. The 
presence of chromate was also observed to decrease the anodic reaction rate of Al2CuMg inter-
metallics. The minimised oxygen reduction reaction on the -phase (Al2Cu) and Al-Cu-Fe-Mn 
phase by chromate species generates less hydroxyl ions, which will reduce the attack of alumin-
ium matrix around the intermetallics. This will reduce the development of catalytic Cu on the 
alloy surface. 

In general chromate conversion coatings are the most effective treatment for aluminium 
alloys despite the inhomogeneous growth of the coating. However, the homogeneity of the coat-
ing particularly depends upon the presence of second phase intermetallic particles in the alloy. 

 Permanganate conversion coatings 
This treatment is based on the Mn(VII) species which reduces to Mn(IV) by forming an 

oxide layer at aluminium alloys surface. Bibber [74–77] extensively studied the use of perman-
ganate as an alternative of chrome. Reported method for the permanganate based conversion 
coating process consists of a number of steps depending on the type of aluminium alloy [78]. 
Bibber [79] states that the coating process provides corrosion protection for 2024-T3 aluminium 
up to 168 hours in a salt spray cabinet (ASTM B 117 method) and only 8-10 small pits were 
seen after 336 hours, exhibiting a corrosion performance close to a chromated surface. 

The coating formed by permanganate treatment is a mixed oxide layer consisting of alu-
minium and manganese oxide. The composition is close to Al2O3 and MnO2, where the 
outermost layer is enriched in manganese oxide. The typical thickness of the oxide layer is ~100 
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nm, which is probably due to the passivation of AlOOH by MnO2 [80]. The mechanism of 
permanganate based conversion coating is quite similar to deposition mechanism of chromate 
based conversion coatings. Kulinich et al. [81] elucidated that the thickness of the conversion 
layer on the intermetallics is thicker than the alloy matrix. However no significant adsorption of 
MnO4 in the coating was found, which might influence the self-healing ability of the treatment. 
Danilidis [82] reported the formation of a “non-rinse”(no rinsing with water after conversion 
coating formation) permanganate conversion coating with significant amounts of Mn(VII). The 
presence of Mn(VII) in this coating might be attributed to the methodology of the treatment. No 
rinsing with water after the treatment results in significant amounts of chemical dried at the 
surface, which otherwise could dissolve in water. Later studies [83] confirmed that the “non-
rinse” conversion coated samples were rinsed in water and no Mn(VII) was detected at the sur-
face. Further, addition of F- into the coating bath did not improve the properties of the coatings, 
however addition of Al3+ as sulphate and nitrates improve the performance of the coating [84]. 
Thus, further exploration of new methodology or bath compositions may enhance the properties 
of permanganate based conversion coatings. 

 Vanadate conversion coating 
Vanadate oxide is considered to be potential replacement of chromate conversion coating. 

Vanadium-based oxyanions also referred to as vanadates, have been investigated as corrosion 
inhibitors for aluminium alloys. Hamdy [85] et al. reported that the aluminium treatment with 
vanadate did not provide significant corrosion resistance in chloride solution, however sealing 
of the oxide with vanadate resulted in high protection of the alloy. Further, corrosion protection 
using vanadate depends greatly on the formation of a thick layer of Al-V-oxide. 

The V5+ has a complex aqueous chemistry depending on the pH and concentration. Lit-
erature is not clear on the stability of various species with pH, although Ortho-vanadates (VO4

3 ) 
are colourless and dominate at a solution of pH greater than 13.0 [86]. Moreover, vanadates 
corrosion inhibition ability depends on its speciation. 

Cook et al. [87] compared several candidate for corrosion inhibition including vanadates 
and concluded that in aqueous solutions at neutral to basic pH values vanadates gave the best 
performance even in some cases to the level of chromate. On the other hand, Guan et al. [88] 
formed the vanadate conversion coating on AA2024 in acidic pH, which provided corrosion 
protection to the coated panels. Iannuzzi et al. [89] studied the effect of vanadate solutions with 
varying concentrations and pH on corrosion inhibition of AA2024. Their results show that the 
meta-vanadate solutions containing mono-vanadate strongly inhibited the oxygen reduction re-
action to a level similar to the chromate. At a fixed pH, increased NaVO3 concentration in meta-
vanadate solutions increased inhibition efficiency. Further, Ralston et al. [86] reported that the 
NaVO3 solutions inhibit the cathodic kinetics of AA2024 corrosion in alkaline aerated NaCl 
solutions, but not in deaerated solutions. The main inhibiting action of vanadates on cathodic 
reactions is suppression of oxygen reduction. Iannuzzi et al. [90] elucidate that the corrosion 
inhibition of AA2024 by mono-vanadates might occur by the formation of an adsorbed layer. 
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The adsorption phenomena will block the reactive sites on intermetallic particles inhibiting the 
oxygen reduction reaction. Moreover, adsorption on the aluminium matrix might also displace 
the Cl  adsorption, increasing the stability of the passive film. Ralston et al. [91] reported that 
the vanadate conversion coatings effectively inhibit corrosion in NaCl solution on AA2024 and 
7075, however the inhibition effect was less pronounced on AA6061. Further, with high amount 
of Cu content the vanadate conversion coating remains catholically dominant, however decrease 
in Cu content resulted in mixed or even anodic inhibition. This may indicate the important in-
teractions between aqueous vanadates and microstructure of alloys, as substantial reduction in 
surface pitting was observed in vanadate solutions. 

 Molybdate conversion coatings 
Molybdate based treatment is another potential replacement for chromate conversion coat-

ings as they are strong oxidizers and passivate the aluminium surface. Moshier et al. [92] studied 
the role of Mo in the aluminium alloys and found that the molybdate film was present in the 
passive oxide which obstructed the chloride ions attack. Shaw et al. [93] reported that the pas-
sivity of molybdenum coating on aluminium was due to the incorporation of Mo6+ and Mo4+ 
species in the oxide lattice, and lower concentrations of the species result in more corrosion 
protection than at higher concentrations. Breslin et al. [64] proposed the formation of Mo, Mo3+, 
and MoO2 species, and subsequent formation of molybdenum oxides with different stoichiom-
etry. They reported that the larger polymeric molybdate species, formed in acidic solutions, were 
too big to accumulate in the flawed areas, thus the passivation property is not comparable to the 
chromate. Further, the pitting potential was more dependent on chloride concentration than on 
the pH. Chidambaram et al [94] studied the coating formation on AA2024 in various formula-
tions of baths and found that the coating formation time was changed depending on the 
compositions of the coating bath, although majority of the samples showed good coating for-
mation within 7 minutes. The chemical composition analysis showed layered structure for the 
coatings with multiple valence states of Mo in the coating namely MoO2, Mo2O5, MoO4

2-, and 
MoO3. The surface of the molybdate conversion coating was predominantly composed of oxi-
dized Mo(VI) and Mo(V), whereas the inner layer consisted of reduced Mo(IV). Further, it was 
hypothesized that the oxidized molybdates from the outer layers may be able to migrate to active 
regions and re-passivate any exposed alloy by getting reduced to Mo(IV) [95]. 

Hamdy et al. [96] reported that a combination between etching and oxide thickening pro-
cesses prior to molybdate treatment plays a vital role in the mechanism of corrosion protection 
of aluminium alloys in NaCl solution. In general, the corrosion protection performance of the 
Mo-treated specimens seems very promising as an alternative to chromating process. 

 The Ti/Zr conversion coatings  
Majority of the chrome-free conversion coating used commercially on aluminium alloys 

today is Ti or Zr oxide based, which sometime also contain a polymer to promote adhesion. This 
conversion coating treatment bath contains aqueous solution of boron fluoride, silicon, titanium 
or zirconium with some additives of polymer for adhesion enhancement. Some commercially 
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available coating solution contain hexafluoro-zirconic, hexafluoro-titanic, and poly-acrylic ac-
ids [97–99]. A small amount of HF is frequently added in order to enhance the dissolution of 
the naturally formed aluminium oxide film. The formation mechanism of these coatings is de-
pendent on several factors such as pH, temperature, composition of bath, and microstructure of 
the alloy. Schram et al. [100] reported the formation of bilayer conversion coating after treating 
the aluminium surface with Zr based conversion coating solution containing a polymer. The 
inner most layer was next to aluminium interface consisted of the aluminium oxide, while the 
top layer composed of fluorinated zirconium species with high concentrations of polymer. Nord-
lien et al. [101] studied the microstructure and chemical composition of the films in relation to 
their formation mechanism and corrosion protection behaviour. It was found that the preferential 
nucleation of the titanium-zirconium oxide film occurred on and around the intermetallic parti-
cles resulting in reduced cathodic activity of the particles and inhibiting further film growth. 
However, the conversion coating was not able to give a complete coverage to the AA6060 alu-
minium alloy. Further, prolonged immersion in the conversion bath resulted in polymer 
formation along the extrusion lines without formation of a titanium-zirconium oxide. Lunder et 
al. [102] reported that the conversion layers normally form by deposition at and in the vicinity 
of cathodic -Al(Fe,Mn)Si particles on AA6060 aluminium and layers formed consequently 
exhibit considerable lateral variations in thickness. Further, the electrochemical behaviour of 
the AA6060 in 0.1 M NaCl solution is not significantly influenced by titanium-zirconium based 
pre-treatment. Hence, these conversion coatings are not expected to improve the corrosion re-
sistance of aluminium significantly. 

Andreatta et al. [103] reported that the formation of the conversion layer progressively 
reduces the Volta potential difference between the intermetallic particles and matrix. This po-
tential difference is completely eliminated for relatively long immersion times. Further, the 
matrix becomes nobler as a result of deposition of a continuous layer. This is associated to an 
improvement of the corrosion behaviour of AA6016, while the deposited of conversion layer 
improves the adhesion of an acrylic paint on the alloy. Smit et al. [104] describe the influence 
of thermal and mechanical treatments on AA5182 with a commercial no-rinse coating based on 
hexafluoro-titanic acid with Zr and Si compounds, and a polymeric component. Results shows 
that the heat-treatment has the greatest effect on the performance of the commercial coating, 
mainly seen as a decreased pitting potential on alloy 5182, and increased metastable pitting 
activity on alloy 3003. 

 Cerium conversion coating 
Lanthanides form insoluble hydroxides and are considered not to be harmful for health 

[105], particularly cerium (Ce), which is relatively abundant in nature and provide the best de-
gree of inhibition due to the formation of a compact film of cerium oxide and hydroxides. 
Hughes et al. [106] reported the cerium coating formation on AA2024 and found that the formed 
coating was a mixed hydrated cerium-aluminium oxide. The cerium was concentrated on the 
intermetallic particles and the aluminium oxide covering the matrix. Buchheit et al. [107] as-
cribed the effectiveness of the treatment against corrosion to a self-healing process with the 
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mechanism: the CeO2·2H2O is slightly soluble, giving Ce(OH)2
2+ ions in the solution. Such ions 

can diffuse to local defects where they can reduce to Ce3+ and precipitate as Ce(OH)3 and some-
time together with Al(OH)3 sealing the layer. 

The cerium based conversion coatings have been applied by immersion in aqueous CeCl3 
or by electrochemical activation. Despite the simple immersion process, it takes long immersion 
time to the order of days [108–111]. Different theories were postulated to explain the formation 
of a mixed Ce(III)/Ce(IV) hydrated oxide in the presence of oxygen. It was reported that the 
local increase of pH caused by the oxygen reduction reaction enables the precipitation of solid 
Ce(III) hydroxide, which finally oxidises to hydrated CeO2 [112,113]. Further, Aldykiewicz et 
al. [114] proposed that the first step of film formation involves the oxidation of Ce(III) to Ce(IV) 
in solution, which can in turn, precipitate insoluble CeO2 due to a local pH increase as a result 
of the cathodic oxygen reduction. 

The formation of cerium conversion coatings on aluminium alloys is commercially unat-
tractive due to the longer duration of process time. However, a less complicated method has 
been developed by the addition of H2O2 in cerium chloride bath to form a cerium oxide/hydrox-
ide film on aluminium-copper alloys in a very short time (approximately 10 min) [115]. The 
acceleration effect of H2O2 may simply be related to the rapid increase in pH caused by its 
reduction, which favours the precipitation of cerium oxide/hydroxide. Hydrogen peroxide also 
enhances the oxidation of Ce(III) to Ce(IV) ions in solution and this results in an hydroxide film 
containing cerium mainly in the 4-valent state [116,117]. 

The corrosion inhibition by cerium is believed to involve decreasing the rate of cathodic 
oxygen reduction by the precipitation of Ce(III) hydroxide and Ce(OH)3 at areas of high pH. 
The cathodic processes generate alkaline conditions close to the metal surface, which leads to 
localised precipitation of a hydrated cerium oxide and the formation of the film. Film formation 
can be accelerated by the cathodic treatment in cerium chloride or cerium nitrate dissolved in 
butoxyethanol, but the film formed provides reduced corrosion inhibition to the aluminium sub-
strate [118,119]. 

 Silane coatings  
Silane based coatings are another example for chrome free coatings tried on aluminium 

alloys. Silane based materials provides outstanding properties of forming strong bonds with 
metal surface and at the same time formation of cross linkage with applied polymer, both of 
which are good for a conversion coatings [120]. Initially silane coatings were developed to pro-
mote adhesion, however, studies showed that the silane coatings on metallic substrate enhance 
the corrosion protection [121,122]. Beccaria et al. [123] reported corrosion inhibition of alumin-
ium by silane coatings and found that the inhibitive action is due to the synergistic effect of 
aluminium oxides and aluminium siloxane compounds formed by the chemical condensation 
reactions between the silanols and aluminium oxides. Pefrunin et al. [124] studied the mecha-
nism of anti-corrosive ability of silane on aluminium. Results showed that the covalent bonding 
of silanes with the surface (Al-O-Si bonds) occurs in the presence of adsorbed water on the 
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aluminium surface. Further, the presence of monolayer of silane inhibits the hydration of alu-
minium metal and corrosion inhibition was due to the negatively charged siloxane films. 
Franquet et al. [125] showed that an increase of the bis-1,2-(triethoxysilyl)ethane (BTSE) bath 
concentration induces the formation of a thicker, but very porous layer. However, the curing 
step performed after the silane deposition creates an important modification of the structure of 
the thin film. Indeed, the condensation reaction of Si-OH groups to form Si-O-Si links leads to 
the formation of a less porous layer. This step increases the barrier properties of the BTSE film 
and improves the corrosion protection. Terryn et al. [126] carried out an extensive work on the 
corrosion protection of aluminium by silane films and elucidated that the Si-O-Al covalent 
bonds are formed by the condensation reaction, therefore the presence of OH- at the surface is 
an important factor. Fresh uncured BTSE showed no protection, however the curing leads to the 
increased absorption of Si-O-Si and decrease of Si-OH. Formation Si-O-Si layer at the interface 
appears to play a determining role in corrosion protection in aggressive environment.  

In general, silanes require difficult application procedures such as the substrates must have 
sufficient alkalinity in addition to the presence of moisture to produce the required chemical 
reaction, which may complicate the process due to high volatility of the silanes [127]. 

 Anodising  
Anodising is used as a pre-treatment for aluminium alloys in order to achieve good dura-

bility and corrosion protection properties for bonding and organic coating of aluminium alloys 
in aircraft and marine applications [128]. Anodising is an electrochemical method which is used 
to develop porous oxide film on aluminium alloys in a suitable bath. It can be carried out in 
direct current (DC) or alternative current (AC) for providing corrosion protection to aluminium 
alloys [129]. In general AC anodising is faster and hot-AC process (~70 ºC) cleans the surface 
simultaneous to the formation of the porous film, which makes the separate degreasing step 
unnecessary. 

Anodising can be carried out in various electrolytes such as phosphoric acid, chromic acid, 
or sulphuric acid. For phosphoric acid anodising, phosphate is incorporated and improves the 
oxide resistance towards hydration. Chromic acid anodizing produces a thick and more corro-
sion resistant oxide and the oxide strength are improved compared to phosphoric acid. Sulphuric 
acid is the most widely used electrolyte, due to the low cost and reduced environmental hazard, 
even though the resistance towards hydration is lower compared to phosphoric acid anodising 
[130]. Further, the dimensions of the pores depend upon the applied potential and the electrolyte, 
whereas the thickness of the oxide is a function of the current density and anodising time [131]. 

Typically the oxide layers obtained by anodising process are several tens of microns thick, 
and the treatment time is several minutes long [132]. However, the anodising also has a long 
and successful history as a pre-treatment in aluminium coil coating [133,134]. For such pur-
poses, much thinner oxides (~2 m) and shorter treatment times are being used. Børgum et al. 
[133] showed that the hot AC anodising using either sulphuric or phosphoric acid electrolytes 
performed as good as standard phosphoric anodising irrespective of the shorter anodising times 
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and no etching step prior to the anodising process. The purpose of this study was to explore the 
pre-treatment process for the structural bonding. Kundsen et al. [135] studied the AC (at 80 ºC) 
and DC (at 20 ºC) anodising of extruded aluminium alloys as a replacement of chromate con-
version coating process for shorter period (~5min) of time in sulphuric acid. Both AC and DC 
anodising gave filiform corrosion properties that were comparable to the chromated samples. A 
correlation between filiform corrosion performance and cathodic properties of converted surface 
was found. Chromating and hot AC anodising gave significant reduction in the cathodic current 
density. The reduction is due to the chromium oxide covering the intermetallic particles after 
chromating, while Fe rich intermetallics normally acting as cathodic sites were removed by the 
hot AC anodising process. Such conditions have high industrial relevance as they are faster, 
require less current and therefore have lower costs. However, the available literature on this type 
of anodising process is limited.  

 Boehmite coatings  
Aluminium reacts readily with water between room temperature and 100 ºC to form a 

thermodynamically stable Al(OH)3 phase. However, formation of AlOOH is often kinetically 
favoured under ambient conditions of aluminium oxidation [136]. The process of forming a 
boehmite films on aluminium surfaces has been known for very long time, however the for-
mation of these films have been carried out in the warm/boiling water (40 - 100 ºC) on mostly 
pure aluminium substrates [137,138]. Hart et al. [139] reported that on high purity aluminium 
in the temperature range from 20 - 80 ºC in pure water produced surface films consisting either 
“amorphous” or crystalline hydrates. Further, below a critical temperature, between ~60 ºC, film 
growth proceeds in three stages: (1) amorphous; (2) boehmite, and (3) bayerite. Therefore the 
overall film shows three layers. Bernard et al. [140] reported that the film formed on aluminium 
by the action of water between 80-100 ºC consists of  hydrated aluminium oxide containing as 
much as 32% water, rather than stoichiometric AIOOH, as previously reported in the literature. 
However, the formation of boehmite films needed longer process times over a time period of 
hours to days. Alwitte [141] studied oxide layer formation on aluminium by immersion in water 
at 50-100 ºC for relatively short times i.e. 20 h and determined that initially the film formation 
takes place by the nucleation and growth of hydrolysis sites on the amorphous oxide surface, 
and subsequently by solid-state diffusion through the boehmite layer. Another critical factor 
during boehmite film formation in boiling water was the incubation time (up to 4 h) [139]. 

Underhill et al. [142] studied the reaction of AA2024 unclad and AA7075 clad aluminium 
alloys with water in the temperature range from 40 to 50 ºC. Unlike pure aluminium, the water 
reaction with AA2024 unclad and AA7075 clad alloys does not possess an incubation period, 
however still it requires longer process time. Rider et al. [143] studied the adhesive properties 
of the aluminium hydroxide layers formed by treatment with water and found that the effective-
ness of the coating formation is substantially influenced by the water temperature and treatment 
time. Gorman et al. [144] investigated the formation of aluminium hydroxide layer on various 
aluminium alloys including the effect of added anions on the growth behaviour. Altenpohl et al. 
[145] have elucidated in detail the growth mechanism of the coating at elevated temperature (98 
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- 155 ºC) and suggested that the coating can be useful for the corrosion protection of aluminium 
alloys. However the formation of these films requires longer time (30 min at 155ºC). Although, 
numerous patents describe methods and solution compositions for improving properties and rate 
of formation of boehmite films in the literature, there are no evidence on major commercial use 
for coated or painted products [146]. 

 Corrosion performance of chrome free conversion coatings in comparison to chro-
mate conversion coating 
When considering the corrosion performance of an aluminium alloy in reality, the choice 

of conversion coating and top coat should be made according to the atmospheric conditions for 
long service life of the components. Years of practical experience have shown that a broad range 
of appropriate pre-treatment processes (chromate, anodising, chrome-free) and coating materi-
als can be used. However, the implementation of particular conversion coating process at an 
industrial scale requires its standardised corrosion and adhesion performance tests in a specific 
environment. Therefore, different international quality standards have been compiled for vari-
ous industries on its demand and usage of a number of different aluminium alloys [147,148]. 
For instance, the usage of AA6XXX in building components, a quality standard has been de-
rived on the basis of chromate conversion coating performances [147]. This test standard defines 
the maximum allowance of corrosion in an atmospheric environment, which has been divided 
into different categories referred as weathering classes as presented in Table 1.3. 

Therefore, in order to judge the performance of a conversion coating in relation to the 
chromate conversion coating, its susceptibility of filiform corrosion after coating of the product 
is an important parameter. Filiform corrosion is a unique type of galvanic corrosion occurring 
under painted surfaces with inferior adhesion and corrosion properties. Typically filiform cor-
rosion appears as a thread like path called filaments, Figure 1.11(a). The active corrosion takes 
place primarily in the small area of the filament referred as head, which is filled with aggressive 
aqueous solution. The trailing part of the filament is referred as tail, which is filled with porous 
corrosion product and is essentially passive. The transportation of water and oxygen to the active 
head takes place predominately through the porous corrosion product in the tail. Due to the 
directional supply of oxygen, a differential aeration cell is created at the active head. Thus ma-
jority of cathodic reaction occur at the back of the filament head in form of oxygen reduction, 
while anodic dissolution of aluminium takes place in the de-aerated solution in front of the head. 
Hydration of aluminium ions produced by the anodic dissolution results in local acidification, 
and further migration of chlorides ions towards anodic region establishes a stable and aggressive 
solution ensuring continued aluminium dissolution. The mechanism of filiform corrosion is 
schematically shown in Figure 1.11(b) [23,149,150].  

A number of studies [151–153] indicate that the susceptibility of painted aluminium prod-
ucts to filiform corrosion is strongly influenced by the alloy composition, microstructural state, 
and substrate surface condition (conversion coating). The filiform corrosion initiates at the de-
fect in the interface of applied top organic coating due to aluminium chloride and other 
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hydrolysis products of the aluminium salt solution having low pH. Under these conditions, the 
adhesion of the organic coating weakens and thus initiates filiform corrosion. Therefore, effi-
cient inhibition of the reduction reactions occurring at the cathodic particles should be an 
important characteristic of conversion coatings to prevent filiform corrosion.  

Table 1.3 International quality requirements for powder coated aluminium (AA6XXX) for the use in build-
ing components [147]. 

  

Weather 
class 

Impact 
of corro-

sion 
Ambient conditions Recommended pre-

treatment Test 
Require-
ments for 

finished parts 

Countryside 
(A1 / A2) 

Low & 
average 

Slightly dirty countryside, city 
and moderate industrial environ-

ment 

Containing chro-
mate// 

chromate/chromium-
free 

Condensation – 
constant atmos-

phere 

1000 h 
Infiltration at 
cross-section 

 1 mm 
Blistering =0 

 

Industrial 
(A3/A4) High 

Industrial atmosphere with cor-
rosive exhaust gases and coastal 
areas with moderate salt content 

Containing chro-
mate// chromate// 

chromium-free 

Acetic acid salt 
spray(AASS) 

500 h/ 750 h 
Infiltration at 
cross-section 

 1 mm 
Blistering =0 

 

Sea Proof 
(A4/A5) 

Very 
high Coast with medium salt content 

Containing chro-
mate/ chromate 
chromium-free 

Filiform corrosion 
(FFC) test 
and AASS 

1000 h 
Infiltration at 
cross-section 

 1 mm 
Blistering =0 
Filiform coef-
ficient  0.3 

 

Sea Proof 
Plus (A5) 

Very 
high 

Coast with high salt content, 
open sea Pre-anodising FFC and AASS 

1000 h 
Infiltration at 
cross-section 

 1 mm 
Blistering =0 
Filiform coef-
ficient  0.1 
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Figure 1.11 A schematic of the (a) Morphology of filiform corrosion and (b) Filiform corrosion mechanism 
[23].  

 Effect of commercial conversion coating on filiform corrosion of aluminium alloy 

 
Figure 1.12 The length of the longest filament on AA6016 surface treated with chromate and Ti/Zr conver-
sion coating, after 1000h of filiform corrosion test [154]. 
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Today a number of conversion coatings are used on aluminium alloys. However, the direct 
comparison of filiform corrosion resistance of these conversion coatings with one another is not 
possible due to the difference in the substrate type, process time, pre-treatment process prior to 
conversion coating, and final top coat. Therefore in this section some of the reported literature 
comparing the performance of chromate, Ti/Zr, and anodizing is summarized. 

Bozec et al [154], has compared the filiform corrosion resistance of hexavalent chrome and 
commercially used Ti/Zr coatings on AA6016-T4 at two temperatures, 25 °C and 35°C as shown 
in Figure 1.12.  

It is evident that the chromate treatment provides lower length on filiform corrosion fila-
ment even at higher temperature. This is directly related to the re-passivation effect of chromate. 
Lunder et al. [52] reported the performance of Ti/Zr conversion coating in comparison to chro-
mated AA6060 as a function of change in pH of the bath solution i.e. pH 2.9 and 4.0, as 
presented in Figure 1.13. 

 
Figure 1.13 Maximum length of attack from scribe on epoxy coated AA6060 and AlMg0.5Si0.4 specimens 
after 1000 h of filiform corrosion testing. The maximum lengths of attack reported include filiform corrosion 
testing and continuously disbonded areas along the scribe, referred to as ‘‘f’’ and ‘‘c’’ in the diagram [52]. 

It elucidate that the Ti/Zr-based pre-treatment provided improved durability of epoxy-
bonded AA6060 aluminium joints relative to an alkaline etch and de-oxidation pre-treatment, 
but was inferior to a chromate treatment in terms of adhesion and resistance against the filiform 
corrosion. Further, Ti/Zr-based pre-treatment promoted the adhesion; however it did not provide 
significant protection against the filiform corrosion due to the fact that the Ti/Zr oxide deposit 
did not inhibit the cathodic activity on the particles as effectively as in chromate pre-treatment. 
Effective passivation of the cathodic particles, which are always present in commercial alumin-
ium alloys, should be an important issue in the search for chromate-free pre-treatments 
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exhibiting high filiform corrosion resistance. Federizzi et al. [155] showed that the use of an 
acid cleaning after the alkaline etching provides great improvement in the aluminium surface 
chemistry and consequently the resistance to filiform corrosion. The best behaviour was ob-
tained for chromates or fluo-titanates conversion coatings after an alkaline plus acid chemical 
cleaning. 

Another alternative pre-treatment process used in the industry is named as flash anodising 
[146]. For such purposes, thin anodized layers are used based on shorter treatment times. Com-
pared to other chromate free processes currently available, anodising has the advantage of 
providing simultaneous surface cleaning and oxide formation. The removal of the outermost 
deformed aluminium surface has been shown to be essential for the corrosion properties of cold 
rolled sheets in particular [129,156]. Knudsen et al. [135] have investigated anodising as a re-
placement for chromating process under AC and DC mode and concluded that the anodizing 
gave filiform corrosion properties that were comparable to the chromated samples (as shown in 
Figure 1.14). The good filiform corrosion properties of the layer are related to the cathodic 
properties of the converted surface. Both chromating and hot AC anodizing decreased the ca-
thodic current density significantly. Since the cathodic reaction mainly takes place at the 
intermetallic particles, an important property of a conversion coating is to passivate and/or re-
move these particles. Chromating forms a thin chromium oxide on the intermetallic particles, 
while hot AC anodizing removed iron rich intermetallic particles. 

 
Figure 1.14 Filiform corrosion of anodized, chromated, and deoxidized samples: (a) extruded AlSi15 castings 
and (b) and EN AW-6060 profiles . The bars show the longest filament on each variant after 5 days of expo-
sure[135]. 

Olsen et al [129] has reported the effect of DC and AC anodizing pre-treatment on various 
alloys (AA8006, AA1050, AA1080) and showed that the alkaline etched chromated surface had 
highest resistance to filiform corrosion.  

The boiling water treatment (98-100ºC) of AA6060 and subsequent filiform corrosion 
testing of the powder coated samples showed poor filiform corrosion resistance properties by 
showing delamination of the powder coating up to 15 mm [157].  
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This section provides an overall summary of materials, processes, and the experimental 
methods employed for various investigations presented in the appended papers. More detailed 
and specific description on materials and experimental methods connected to each investigation 
can be found in the appended papers.  

 Material  
Three commercial alloys have been used for the investigation namely AA1090, Peralu-

man706™, and AA6060. Specimens of size 50 mm x 50 mm of AA1090 and Peraluman706™ 
cut from 1 mm sheet were used for the investigations. All industrial standardised tests (e.g. 
filiform testing) were carried out on commercial AA6060 aluminium alloy. The chemical com-
positions of the alloys from the supplier’s data sheets are presented in Table 2.1.  

Table 2.1 Chemical composition of the alloys in wt. % (balance Aluminium). 

Material Si Fe Cu Mn Mg Cr Zn Ti 
Peraluman 706™ 0.2 0.2 0.1 0.05 0.8 0.02 0.05 0.03 

AA1090 0.06 0.05 0.01 0.01 0.01 0.01 0.04 0.03 
AA6060 0.3-0.6 0.1-0.3 0.1 0.1 0.3-0.6 0.05 0.1 0.1 

 Surface preparation 
Prior to the conversion coating process, following pre-treatment methods are used prior 

surface finish to prepare the specimen surface. List of pre-treatments used in the entire study 
includes:  

1. Surface cleaning in acetone for 5 min using ultrasonic bath. 

2. Surface cleaning by immersion in 6 wt. % commercial Alficlean™ (pH=9) aque-
ous solution for 2 minutes at 60 °C. 

3. Alkaline etching treatment by immersing in an aqueous solution of 10 wt.% 
NaOH at 60 °C or room temperature for 5 minutes. 

4. Desmutting in 69 vol.% HNO3 for 2 minutes. 

5. Rinsing with deionized water and dried in air at room temperature as intermedi-
ate step after each treatment. 

 Metallographic preparation 
Selective cross-sections of samples were prepared by metallographic preparation meth-

ods. The metallographic samples were taken perpendicular to the area of interest, and mounted 
in cold-setting epoxy and allowed to cure. The epoxy mounted samples were subjected to the 
mechanical grinding using silicon carbide papers down to 4000 grit followed by polishing using 
3 m and 1 m diamond paste. 

 Conversion coating treatments  
The following types of surface treatments were carried out as part of various investiga-

tions.  
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 Chromate  
Chromate conversion coating treatment process was carried out by immersing the speci-

mens for 2 min at 25 °C in a bath containing 7.5 g/l of commercial Alodine® 1200S™ followed 
by rinsing in deionized water and drying in medium hot air stream. 

 Chromate-phosphate 
Chromate-phosphate conversion coating treatment was performed by immersion of the 

specimens for 2 min at 35 ºC in a bath containing 25 ml/l of commercial Alfipas731® with 4 
ml/l of an accelerator. The specimens were then rinsed in deionized water and dried in medium 
hot air stream. 

 Steam treatment  
Surface treatment using steam in this investigation was carried out using two methods 

namely: (i) using an autoclave process (for controlled study of parameters) and (ii) a pilot steam 
jet process (more applicable to industrial process). In the following sections, a description of the 
equipment and various parameters used for investigations are described.  

 Autoclave process 

 
Figure 2.1 A schematic of the autoclave process showing procedure of steam treatment 

Specimens were subjected to pressurized steam treatment in an autoclave. The surface of 
the specimens were exposed to 5 psi (0.35 bar), 10 psi (0.7 bar), and 15 psi (1.03 bar) (gauge 
pressures) pressurized steam which was generated from deionized water in an autoclave (All 
American Pressure Canners, USA). The total process time was 25 minutes, while the time of 
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exposure after the autoclave reached steady state conditions was 30sec, 2 min, 5 min or 10 min 
depending on the requirements. The maximum temperature measured by Thermax (TMC,UK) 
surface indicator strips at 5 psi (0.35 bar), 10 psi (0.7 bar), and 15 psi (1.03 bar) internal pressure 
in the autoclave was 107 °C, 113 °C, and 118 °C, respectively. Cases where steam treatment 
was carried out under various chemistries, the steam was generated from the aqueous solution 
of respective chemicals having a certain concentration/pH. After the steam treatment specimens 
were rinsed with deionized water. A schematic of the autoclave process and samples placement 
has been shown in Figure 2.1. 

 Steam jet process 

 
Figure 2.2 Pilot steam jet process flow diagram (inset image shows the specimen placement and colour 
change due to coating formation on AA6060).  

Prior surface finished aluminium alloy specimens of 150 mm long and 50 mm wide, were 
subjected to the steam treatment with pilot steam jet process with and without addition of various 
chemicals for 6 min at a steam temperature of 150-160 ºC. The temperature measured with the 
thermocouples on the backside of the specimen was in the range of 112-120 ºC. The temperature 
at the specimen surface was constantly monitored by the use of a thermocouple. The distance 
between the steam and specimen surface was kept constant at 5 cm and injection of the respec-
tive chemicals was carried out into the steam with an atomiser regulating the flow rate to 
1ml/min. After the steam treatment, specimens were rinsed with deionized water. The flow sheet 
diagram of steam jet system has been presented in Figure 2.2. 
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 Microstructural characterization 

 Glow discharge optical emission spectroscopy (GD-OES) 
A GD-OES equipment was employed for chemical composition depth profiling and to 

calculate the thickness of the oxide layer. For this purpose GD-2 profiler, Horiba Jobin YVON 
has been used. The instrument is equipped with a radiofrequency (RF) generator, a standard 
discharge source with an anode of 4 mm internal diameter, a monochromator and polychromator 
optical spectrometers, and Quantum XP software. Calibration accuracy of the RF GD-OES pro-
cess is highly dependent, on the use of standard specimens. Using correct standards it is possible 
to measure concentrations at an accuracy level within 10 ppm. However, in the present investi-
gations, it was not possible to have correct standards matching with the coating, therefore the 
coating composition were relatively compared using a calibrated discharge condition. Calibra-
tion of the GD-OES profiler was carried out at optimized discharge condition of 850 Pa pressure 
and RF power 40 W by sputtering the sample surface for a specific time and then measuring 
depth of the resulting crater using a surface profilometer. Figure 2.3 shows 3D image profile of 
the crater and depth profile measured using a profilometer. The sputter rate of the specimen is 
dependent on both the material and process parameters. For the parameters stated above, a sput-
ter rate of ~30 nm/s was found for the oxide layer based on the profilometer measurements. The 
bottom of the crater is mostly flat indicating that the process parameters are appropriate for the 
given material. 

 
Figure 2.3 3D Image and profile of a flat crater of RF GD-OES under optimised discharge conditions.  

 Light optical microscopy (LOM) 
To observe the changes in the surface morphology of the specimens after corrosion and 

adhesion tests, an Olympus GX41 light optical microscope with an Altra 20 Soft Imaging Sys-
tem was used. 

 Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 
(EDS) 

Different SEMs were used depending on the level of resolution required. An Inspect S 
from FEI with a tungsten filament was used for low magnification imaging i.e. filiform corro-
sion filament analysis; and EDS measurements were performed with an Oxford Instruments 50 
mm2 X-Max silicon drift detector using INCA software. A field emission gun (FEG) SEM, 
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Quanta 200 from FEI was used for high magnification investigations and EDS measurements 
with an Oxford Instruments 80 mm2 X-Max silicon drift detector using an INCA software. 

 Focused ion beam scanning electron microscopy (FIB-SEM) 
The cross sections of the treated surfaces were analysed using focussed ion beam (FIB –

SEM) Helios Nanolab DualBeam from FEI with an electron source of field emission gun and 
ion source of Ga+ ions, respectively. The instrument was equipped with gas injection systems 
(GIS) for tungsten and platinum deposition, selective carbon etch and delineating etch, in-situ 
Omniprobe™ micromanipulator, and cryo-scan for minimizing contamination. The equipment 
can be operated within 5 kV-30 kV acceleration voltage and having resolution up to 1.5 nm at 
1 kV. The EDS analysis on the cross sectional areas of interest were carried out using EDAX 
SD Apollo 10 Pegasus System. 

 Transmission electron microscopy (TEM) 
Detailed cross section TEM investigations were carried out using Tecnai T20 G2 from 

FEI operating at 200 kV. The EDS compositional analysis was performed in S-TEM operational 
mode. Thin film lamella of the treated surfaces for TEM analysis were prepared using in-situ 
focussed ion beam (FIB-SEM) lift out (Model Quanta 200 3D DualBeam, FEI) and were further 
thinned for electron transparency in a FIB-SEM (Helios Nanolab DualBeam, FEI).  

 Grazing incidence X-ray diffraction (GI-XRD) 
The GI-XRD technique was used for phase identification before and after surface treat-

ment. The equipment used for the investigations was D8 Discover XRD, Bruker AXS. A copper 
K 1 beam (1.54 Å) was used at a grazing incidence of 2°and the step size was 0.03°, however, 
the step time was 40 sec. The 2  range of 10° - 75° was used for further analysis using the EVA 
application software. 

 Chemical compositional analysis  

 X-ray photoelectron spectroscopy (XPS) 
The surface characterisation of treated surfaces was analysed by XPS analysis. The XPS 

analysis were performed using a Thermo Scientific K-Alpha X-ray photoelectron spectrometer 
equipped with an Al K  (1486.6 eV) X-ray source. Survey spectra were measured in the range 
from 0 to 1100 eV with pass energy of 200 eV. High-resolution spectra were measured with 
pass energy of 50 eV and 10 scans were performed in each case. Binding energies were meas-
ured with a precision of ± 0.1 eV. Surface charge compensation was performed using a low 
energy electron flood gun. Photoelectrons were collected at 90° with respect to the sample sur-
face. The analysed area had a diameter of 400 m. The base pressure in the analysis chamber 
was approximately 2·10-8 mbar. The deconvolution of the XPS spectra was made by commercial 
peak fitting software (XPSPeak 4.1). 
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 Fourier transform infrared spectroscopy (FT-IR) 
The composition of the developed coatings were analysed by FT-IR. The transmittance 

IR spectra were obtained on a Nicolet™iN™10 infrared microscope using OMNIC software. 
The samples were analysed using an attenuated total reflection (ATR) method. The detector 
used for measurements was a liquid nitrogen cooled MCT detector. The spectra were recorded 

in the range of 4000 cm
-1 

- 675 cm
-1 

with a resolution of 4 cm-1. 

 Corrosion performance 

 Potentiodynamic polarisation 

 
Figure 2.4 Flat cell assembly used for potentiodynamic polarisation measurements. 

A flat cell setup (Figure 2.4) was used for anodic polarisation, cathodic polarisation, and 
potentiodynamic polarisation studies. All these measurements were carried out in naturally aer-
ated 0.1 M sodium chloride (NaCl) solution having pH 5.5 ± 0.3. The exposed area of the 
specimen was approximately 0.95 cm2. All the measurements were carried out using an ACM 
electrochemical instrument (GillAC) and using three electrodes assembly namely: working elec-
trode (the specimen), reference electrode of saturated Ag/AgCl, and platinum wire twisted 
around a glass ring was used as counter electrode. The open circuit potential (OCP) was moni-
tored prior to conducting the each polarisation scans. 

 Neutral salt spray (NSS) 
In some cases the corrosion performance of treated samples was characterized by means 

of the neutral salt spray test for 360 h. The saline atmosphere was 5 wt. % NaCl solution with a 
pH range of 6.5–7.2. The temperature of the salt spray cabinet was 35±1.8 °C. The back side of 
the samples was covered with adhesive tape prior to start of the test. The samples were examined 
every day visually. After 360 h testing, the samples were washed and examined under optical 
microscope. 
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 Acetic acid salt spray (AASS) 
In order to evaluate the adhesion performance of the produced conversion coatings rela-

tive to traditional coatings containing chromate and chromium-free AASS was carried out for 
1000 h. The test was carried out in accordance with DIN EN ISO 9227 in Erichsen Model 606 
salt spray chamber equipped with the Software JUMO PCC/PCA. As mentioned in the standard, 
a sufficient amount of glacial acetic acid was added to the salt solution to ensure that the pH of 
sprayed solution collected in the test cabinet is between 3.1 and 3.3. The pH of the solution was 
regularly monitored in routine checks (24 h) and if needed necessary correction by adding gla-
cial acetic acid or sodium hydroxide of analytical grade was performed. Prior to exposure of the 
powder coated sample into the AASS cabinet, a cross cut (Andreas Cross) of 1 mm wide and 
110 mm long using a scratching stylus have been made. The evaluation of the test results were 
carried out in accordance with ISO 4628-2 standard, where it is mentioned that the degree of 
blistering should be zero and in accordance with ISO 4628-8 stating that the disbanding of the 
coating from the applied Andreas cross should be  1 mm in order to achieve “sea proof” quality. 

 Filiform corrosion  
To ensure the high quality corrosion resistance of the conversion coatings, filiform corro-

sion test according to the DIN EN 3665 standard in test chamber Weiss Technik SB 111/300 for 
weathering class (A4/A5) as coastal area medium salt content applications has been carried out 
for 1000 h. According to the test standard two scribes were made on the powder coated sample, 
a vertical scribe and horizontal scribe of 80 mm, 40 mm in length having 1mm width, respec-
tively. Scribed samples were placed in a corrosion chamber which has been saturated with 
hydrochloric acid (HCl). After one hour of exposure, samples are removed from the acidic at-
mosphere and placed in an environmental chamber that was set to a specific temperature and 
humidity according to DIN EN 3665. At the end of the test, the samples were removed and 
thoroughly cleaned in deionized water. The assessment of relevant specimens was made by 
measuring the filament length between the scribe and the head of the filament. Filament curving 
was to be discounted in the measurement. Counting the filament along the cut mark provides 
the filament frequency. The average filament length I (mm) and fibril frequency was taken and 
used to determine the coefficient F of the filiform corrosion. The level of filiform coefficient 
should be 0.3 in order to meet the “sea proof” quality of the coatings. 

 Adhesion 

 Contact angle 
Liquid contact angles were measured at room temperature using Rame-Hart Contact An-

gle Goniometer Model 200. The total dosing volume of the droplet was 3 l and for each sample 
and the contact angle was measured for 5 times.  

 Atomic force microscopy (AFM) 
Force measurements were carried out using both the rectangular silicon (model FMV, 

Bruker) and V-shaped silicon nitride AFM cantilevers (model NP, Bruker) with nominal spring 
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constants of 2.8 and 0.06 N/m, respectively. The normal spring constant of the cantilever was 
obtained with the generalized Sader method. The normal photodetector sensitivity (nm·V-1) was 
acquired from the slope of the linear part of a force curve at the repulsive regime obtained on 
the flat regions of a silica specimen. The tip radius of curvature was determined by imaging of 
the TGG01 (Mikromash, Eesti, Tallinn, Estonia) calibration grating at 0o and 90o scanning an-
gles. The geometric mean radius of the tip (R) was calculated by fit of a parabola at the top of 
each image’s profile and application of the Zenhausern model of deconvolution. The pull-off 
forces were recorded in air as well as in distilled water using a liquid cell (Bruker). At least four 
different locations (separated by about 5 m) on each sample were examined. In each location, 
25 force-curves were obtained within an area of 500x500 nm2, with the scanner set to translate 
between each force-curve by steps of 100 nm at 0o and 90o with respect to the long cantilever 
axis. The samples were examined sequentially with the same cantilever and at the end pull-off 
forces were recorded on the first sample of the sequence to ensure that the tip contamination did 
not affect the observed forces. For each environment at least two different cantilevers were used 
and two rounds of freshly prepared samples. The pull-off forces were analysed using Carpick's 
toolbox. All bare probes were cleaned using Piranha solution prior to use. The probes were 
subsequently rinsed with copious amounts of ultrapure water, dried in a flow of nitrogen, and 
used immediately. Silanized probes were prepared using Octadecyltrichlorosilane (> 90%, 
OTS). After the probes had been piranha cleaned, water rinsed, and thoroughly dried, they were 
immersed in a solution of 20 ml cis, trans-decahydronaphthalene 10 mM in chloroform (99>) 
and OTS for 30 minutes. They were subsequently rinsed with cyclohexane, then ethanol and 
dried with N2 and the probes were used immediately 

 Indentation  
In order to test the powder coating and oxide adhesion, an interface crack was generated 

by making an indent on the metallographic cross section using a Vickers micro hardness indenter 
using FutureTech FM 700 micro hardness tester with a load of 500 g or 1000 g.  

 Tape test  
Tape adhesion test was carried out at three regions on the surface of the powder coated 

samples. It involved scoring four parallel lines with a diamond knife down to the metal base, 
vertically and horizontally with a separation of approximately 1 mm followed by sticking a tape 
to the area, which is subsequently pulled with a steady force at 90º. Adhesion of the coating was 
assessed from the number of squares in which the coating was delaminated according to ASTM 
D-3359. After the tape test, the areas with scoring lines were exposed to AASS for 1000 h as 
mentioned in section 2.7.2 and the tape test was performed again on the same grid. 

 Boiling water test 
In order to evaluate the adhesion of conversion coating with applied powder coating, the 

powder coated samples were immersed in boiling deionised water for three hours. After the test, 
samples were examined for any kind of blistering with an optical microscope.  
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Lyngby 2800, Denmark 

 

Abstract  

In this study, oxide layers generated on AA6060 aluminium alloy using a steam-based 
process are compared with conventional chromate and chromate-phosphate conversion coat-
ings. Chemical composition and microstructure of the conversion coatings were investigated 
and their corrosion performance was evaluated using potentiodynamic polarization, acetic acid 
salt spray and filiform corrosion testing of powder coated specimens. The steam-based process 
resulted in homogenous growth of oxide layer and superior coverage over intermetallic parti-
cles when compared to chromate-based conversion coatings. The coating formed by steam 
showed improved corrosion resistance, while adhesion to powder coating and filiform corrosion 
was comparable with chromate conversion coatings. 

  

                                                 
1 This chapter has been published as a scientific paper:  
Corrosion. 71 (2015) 839–853. 
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 Introduction 
Aluminium and its alloys are widely used in structural, automotive and aerospace engi-

neering applications due to their characteristic properties, which are for example, a high strength 
to weight ratio, good corrosion resistance, easy recyclability and formability. Aluminium needs 
alloying with other elements in order to improve its mechanical strength. This alloying of alu-
minium with other metallic elements has a significant effect on its corrosion resistance 
properties [1,2]. Reduction in corrosion resistance occurs due to the heterogeneous microstruc-
ture attributed to the second phase intermetallic particles of various sizes and compositions in 
the aluminium alloy matrix. These second phase intermetallic particles have different electro-
chemical nature when compared to the aluminium alloy matrix. The presence of these 
intermetallic particles in the aluminium alloy microstructure is often responsible for localised 
corrosion in the form of pitting, inter-granular corrosion, exfoliation corrosion etc., depending 
on the alloy type [3,4]. Due to these shortcomings of the alloy microstructure in terms of corro-
sion resistance, aluminium alloy surfaces are chemically treated for enhancing their corrosion 
resistance. The protective films formed by chemical treatments (chemical conversion coatings) 
also act as a base for improved adhesion to paint and other organic surface finishes that are 
applied at a later stage [5–7]. Chromate and chromate-phosphate based conversion coatings have 
been used for this purpose for several decades as they are effective in inhibiting the corrosion 
of aluminium alloys. However, the use of chromium containing chemicals has been limited be-
cause of harmful carcinogenic effects and intense research efforts are in progress for finding 
alternatives [8]. 

The performance of chrome conversion coatings (CCCs) relies on (i) barrier type protec-
tion of the aluminium matrix [9] and (ii) a self-healing ability of the conversion coating through 
the release of CrVI which diffuse to the defects on the alloy surface and react with the exposed 
bare aluminium forming CrIII oxide, which inhibits further corrosion in form of pit initiation and 
growth [10,11]. The conversion coating baths containing CrVI are usually acidic in nature with 
a pH in the range of 1.6 - 2.0. In order to improve the rate of coating growth and also to activate 
the aluminium surface, additives like potassium ferricyanide and sodium fluoride are often used 
in the conversion coating baths [12,13]. The growth rate and corrosion performance of chromate 
based conversion coatings is strongly affected by the presence of intermetallic particles in the 
aluminium alloy matrix [12,14]. The intermetallic particles are responsible for heterogeneous 
nucleation and consequent inhomogeneous layer growth of chromate-based conversion coating. 
As a result, these larger number of defects in the conversion coating surface may lead to a sig-
nificant reduction in the corrosion protection ability of the conversion coated aluminium alloy 
surface [14].  

Aluminium is known to readily react with water to generate an aluminium hydroxide sur-
face film. The reaction kinetics and growth mechanism of this reaction with water at elevated 
temperatures have been reported extensively in the literature [15–19]. However, most of the 
reported work is focused on formation of the coatings at elevated temperatures on pure alumin-
ium surfaces only. Rider et al. [20] studied the adhesive properties of aluminium hydroxide 
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layers formed by treatment with water and found that the effectiveness of the coating formation 
is substantially influenced by the water temperature and treatment time. Gorman et al. [21] in-
vestigated the formation of aluminium hydroxide layer on various aluminium alloys including 
the effect of added anions on the growth behaviour. Altenpohl et al. [22] have elucidated in 
detail the growth mechanism of the coating at elevated temperature (98 - 155 ºC) and suggested 
that the coating can be useful for corrosion protection of aluminium alloys. Our previous studies 
[23] showed that the oxide layer generated on aluminium alloys by steam treatment, signifi-
cantly enhances the corrosion resistance and also a good coverage over the intermetallic 
particles was observed.  

The purpose of the present study is to evaluate the effect of alloy microstructure on the 
corrosion resistance of steam-based conversion coatings on AA6060 aluminium alloy, in com-
parison with chromate-based conversion coating. The effect of microstructure and chemical 
composition of the coatings produced by chromate, chromate-phosphate and steam treatment on 
aluminium alloy (AA6060) has been investigated by glow discharge optical emission spectros-
copy (GD-OES), field emission gun scanning electron microscopy (FEG-SEM), energy-
dispersive X-ray spectroscopy (EDS), focused ion beam scanning electron microscopy (FIB-
SEM) and fourier transform infrared spectroscopy (FT-IR). Corrosion performance of the 
coated alloy surfaces was evaluated by means of potentiodynamic polarization, acetic acid salt 
spray test (AASS), filiform corrosion test (FFC), and discussed in terms of the morphology, 
microstructure and composition of the steam generated layer. 

 Experimental methods 

 Material 
The specimens were cut into 150 mm x 50 mm size from a commercial 2 mm thick 

AA6060 (UNS A96060) sheet. The elemental composition of the alloy calculated by GD-OES 
bulk analysis method is given in Table 3.1. 

Table 3.1 Chemical composition of AA6060 in weight %, remainder Aluminium. 

Si Fe Cu Mn Mg Cr Zn Ti 
0.48 0.22 0.007 0.23 0.54 0.0023 0.005 0.013 

 Surface preparation  

 Pre-treatment 

Specimens were subjected to alkaline etching treatment by immersing in an aqueous so-
lution of 10 wt. % NaOH at room temperature for 5 min, followed by rinsing in deionized water 
for 2 min and desmutting in 69 vol.% HNO3 for 2 min. The specimens were then rinsed thor-
oughly with deionized water and dried in warm air. 



Chapter 3 

68 

 Surface treatment 

The surface treatments performed on AA6060 pre-treated specimens is listed below: 

I. Chromate conversion coating treatment was carried out by immersion of the specimens 
for 2 min at 25 °C in a bath containing 7.5 g/l of commercial Alodine® 1200S™ followed 
by rinsing in deionized water and drying in medium hot air stream. 

II. Chromate-phosphate conversion coating treatment was performed by immersion of the 
specimens for 2 min at 35 ºC in a bath containing 25 ml/l of commercial Alfipas731® 
with 4 ml/l of an accelerator. The specimens were then rinsed in deionized water and 
dried in medium hot air stream. 

III. Steam generated oxide layer was developed by exposing the specimens to 1.9 bar vapour 
pressure of pressurised steam at 118 ºC for 2 min. The steam was generated from deion-
ized water in an autoclave. After steam treatment, specimens were rinsed with deionized 
water followed by drying in medium hot air stream.  

 Surface characterization   

 Chemical depth profiling  

Chemical depth profiling of the coatings was carried out using GD-OES having GD-2 
profiler. The instrument is equipped with a radio frequency generator, a standard discharge 
source with an anode of 4 mm internal diameter, a mono-chromator and poly-chromator optical 
spectrometers and Quantum XP software. Calibration of GD-OES profiler was performed by 
sputtering the sample surface for a specific time and then measuring the depth of the resulting 
crater using a surface profilometer. The sputter rate of the conversion coating formed as a result 
of chromate, chromate-phosphate and steam treatment of AA6060 surface at a given pressure 
(850 Pa) and RF power (40 W) was 30 ± 4 nm/s.  

 Surface morphology 

The morphology of AA6060 surfaces after treatment was observed using FEG-SEM with 
an EDS analyser capability. The EDS analysis has been performed at an acceleration voltage of 
10 kV and Cu calibration. 

 FIB-SEM analysis 

Dual beam FIB-SEM was used for cross-section milling of the surface layer. The cross-
section milling was performed at a tilt angle of 52º. A Ga ion beam was operated at 30 kV in a 
current range of 0.5 - 20 nA. Before milling, the areas of interest were deposited by Pt layer 
with a thickness of 3 m, in order to protect the coating from any damage due to the ion beam 
during milling. 
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 FT-IR analysis 

The chemical composition and nature of the generated coatings was analysed using FT-
IR. The transmittance infrared spectra were obtained by an infrared microscope using commer-
cial software. The specimens were analysed using an attenuated total reflection (ATR) method. 
The detector used was a liquid nitrogen cooled MCT detector. The spectra were recorded in 
4000 cm-1 to 675 cm-1 range with a resolution of 4 cm-1. 

 Corrosion measurements 

 Potentiodynamic polarization  

Corrosion performance of the produced coatings was evaluated at the lab scale by poten-
tiodynamic polarization studies and all the experiments were carried out within 2 h after the 
surface treatments were performed. Potentiodynamic polarization measurements were carried 
out using a potentiostat. A flat cell setup was used with an exposed area of 0.95 cm2 for the 
measurements. The open circuit potential (OCP) was monitored for 15 min prior to conducting 
the polarization scans. The polarization scans were conducted in naturally aerated 0.1 M sodium 
chloride (NaCl) solution having pH 5.5 ± 0.3. A saturated Ag/AgCl reference electrode and a Pt 
wire counter electrode were employed. All polarization scans were conducted at a scan rate of 
1 mV/s and experiments were repeated two times for consistency.  

 Accelerated corrosion test  

Acetic acid salt spray (AASS) test was used for evaluating the adhesion of conversion 
coating to a powder coating layer after being subjected to different surface treatments. The 
AA6060 alloy specimens of size 150 mm x 50 mm x 2 mm were powder coated after the surface 
treatments. The specimens were powder coated with Jotun Facade 2487 RAL 9010 and cured 
at 170 ºC for 30 min, having a final dry film thickness within 80 - 90 m. The assessment of 
conversion coating performance under AASS test for an exposure period of 1000 h for powder 
coated specimens was studied according to DIN EN ISO 9227 standard. As stated in the standard 
test method, a cross was scribed on the test specimens which were later corroded by exposure 
to 5 wt.% NaCl acidified with acetic acid to a pH range from 3.1 - 3.3, under controlled condi-
tions. The results are reported in terms of maximum length of delamination of powder coating 
from the scribed cross. The maximum allowed delamination according to the test standard was 
1 mm. 

 Filiform corrosion test  

A separate set of AA6060 alloy specimens of size 150 mm x 50 mm x 2 mm were powder 
coated after the surface treatments. The specimens were powder coated with Jotun Facade 2487 
RAL 9010 and cured at 170 ºC for 30 min, having a final dry film thickness within 80 - 90 m. 
Horizontal and vertical scribe lines were made on each specimen in order to expose the metal 
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underneath for the filiform corrosion test. Scribed samples were placed in a corrosion chamber 
which had been saturated with hydrochloric acid (HCl). After one hour of exposure, samples 
were removed from the acidic atmosphere and placed in an environmental chamber. The tem-
perature and humidity inside the chamber was set according to the standard filiform corrosion 
test as specified in DIN EN 3665, for 1000 h. 

 Results 

 Microstructural analysis  

 Glow discharge optical emission spectroscopy (GD-OES) 

 

Figure 3.1 GD-OES depth profile of AA6060 after surface treatment with (a) chromate, (b) chromate-phos-
phate and (c) steam after 2 min of surface treatment, respectively. 

The GD-OES compositional depth profiles reveal the build-up of an oxide layer on 
AA6060 surface after each surface treatment. The thickness of the oxide layer was different 
depending on the surface treatment applied. The concentration of elements shown by the GD-
OES profile can be relatively compared; hence a decline in the magnitude of oxygen (O) counts 
is related with an increase in the magnitude of aluminium (Al), suggesting the interface between 
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the aluminium oxide conversion coating layers and the substrate. The GD-OES analysis showed 
that the average thickness of the layer generated on AA6060 was dependent on the surface treat-
ment applied to the surface. The average thickness of the oxide layer has been measured from 
three replica specimens of each treatment, by measuring five depth profiles on each specimen. 
The average thickness of the oxide obtained from these measurements is summarized in Table 
3.2. Results showed that the average thickness of oxide coating generated by steam treatment of 
AA6060 is higher than the one obtained by chromate and chromate-phosphate treatment. Use 
of chromate and chromate-phosphate surface treatments resulted in the incorporation of chrome 
and phosphate species in the layers (Figure 3.1(a), (b)); while the steam treated samples showed 
only the presence of oxygen and hydrogen (Figure 3.1(c)). 

Table 3.2 Average thickness of conversion layer after each surface treatment measured by GD-OES. 

Surface treatment Average thickness (nm) 
Chromate 

Chromate-Phosphate 
Steam 

150±20 
125±20 
630±20 

 Surface morphology 

 Effect of pre-treatment 

 

Figure 3.2 Effect of pre-treatment prior to surface treatment in (a) As received condition and (b) after alka-
line etching (10 wt.% NaOH) for 5 min and desmutting (69 vol.% HNO3) for 2 min, in set image shows the 
scalloped surface morphology. 

The aluminium alloy surface contains a number of heterogeneities connected to the mi-
crostructure of the alloy and applied chemical pre-treatment (etching). The chemical pre-
treatment of an alloy may lead to fall out of intermetallic particles from the aluminium alloy 
matrix or generate a void between aluminium matrix and intermetallic phase due to the prefer-
ential dissolution of aluminium.  

Figure 3.2 shows the morphology of AA6060 alloy surface prior to the surface treatment. 
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Figure 3.2 (a) shows a typical extruded surface (as received conditions) in which the ex-
trusion lines and intermetallic phase particles (bright appearing, marked by an arrow) are visible. 
The alloy surface after being subjected to etching (pre-treatment) in sodium hydroxide is shown 
in Figure 3.2 (b).The presence of higher amount of intermetallic phase particles (marked by an 
arrow) of varying sizes is observed along with micro scale surface pits. Enrichment of alloying 
elements was observed at the surface in the case of alkaline etched specimen. The inset image 
in Figure 3.2 (b) shows that the alkaline etching treatment of the alloy surface resulted in a 
typical scalloped surface morphology. These scalloped regions were homogenously distributed 
over the alloy matrix at microscopic scale and have various sizes. The intermetallic phase par-
ticles were analysed using EDS (not shown) and their composition suggests that they are 
Al(Fe,Mn)Si phases. 

 Coating morphology  

The typical surface morphology of AA6060 specimen after 2 min of surface treatment 
with chromate, chromate-phosphate and steam is shown in Figure 3. In general, the chromate-
based surface treatment (Figure 3.3(a)) resulted in the formation of a uniform coating over the 
surface of the alloy and some visible cracks with mud-crack like morphology (as shown in Fig-
ure 3.3(b)) and some porosity (marked by circles in Figure 3.3(a)) was observed. It appears that 
the observed cracks penetrate down to the alloy surface and the pores appear as a result of in-
homogeneous growth of the conversion coating over the intermetallic particles or due to the 
removal of intermetallic particles during the coating formation process. 

 
Figure 3.3 Morphologies of AA6060 surface after (a), (b) chromate, (c), (d) chromate-phosphate and (e), (f) 
steam-based surface treatments for 2 min, subsequently. 

After being subjected to chromate-phosphate treatment, AA6060 alloy showed small 
pores all over the surface. Figure 3.3(c) shows the presence of few micro cracks (marked by an 
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arrow) and some cavities. The presence of these cavities is clearly visible in Figure 3.3(d). These 
cavities appear due to the presence of intermetallic phase particle and resulting inhomogeneous 
coverage by the conversion coating.  

Steam treated specimens showed needle like growth for the coating at the surface (Figure 
3.3(f)) and uniformly covered the whole specimen surface. The surface bumps (marked by an 
arrow in Figure 3.3(e)) in the coating are resulting from the localised growth of oxide over the 
intermetallic phases. However, the coating morphology over the aluminium matrix and inter-
metallic particles was similar with needle like features. Regardless of the pre-treatment and 
surface treatment of the sample, the surface macro-morphology could not be altered to a great 
extent and the extrusion lines were clearly visible on all the treated sample surfaces. 

 Coating morphology over intermetallic phase particles  

 
Figure 3.4 Effect of (a) pre-treatment (etching in 10 wt.% NaOH for 5 min), (b) chromate, (c) chromate-
phosphate and (d) steam-based surface treatment over intermetallic phase particles after 2 min of surface 
treatment. 

The localised growth of coating around the intermetallic phase particles due to surface 
treatment using chromate, chromate-phosphate and steam is shown in Figure 3.4. Figure 3.4(a) 
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shows the presence of an intermetallic particle in the aluminium alloy matrix after alkaline etch-
ing followed by desmutting. The coating growth over the intermetallic phase particles (marked 
by arrows) was different depending on the type of the surface treatment applied, when compared 
to Figure 3.4(a). After chromate and chromate-phosphate surface treatment, the typical mor-
phology of the coating observed over the aluminium matrix does not extend over to the 
intermetallic particles as can be observed in Figure 3.4 (b) and Figure 3.4(c), respectively. The 
morphology of the steam treated surface, however, shows that the structure of the conversion 
coating over the intermetallic phase particles exhibits similar needle like morphology as on the 
surrounding aluminium matrix. The localised growth of conversion coating at the intermetallic 
particles showed a bump (marked by an arrow in Figure 3.4(d)) in the coating structure at the 
surface. Further, the EDS analysis (presented in Figure 3.4(d)) over the intermetallic particles 
exhibited the presence of high amounts of oxygen, indicating the coverage of intermetallic par-
ticle with an oxide layer after the steam treatment. Top view SEM images in Figure 3.4(b) and 
Figure 3.4(c) for chromate and chromate-phosphate treatment did not shows significant oxide 
growth over intermetallic particles.  

 FIB-SEM analysis 

In order to obtain further insight into the inner structure of the oxide layer, the interface 
between the oxide over aluminium alloy matrix and the oxide coverage over intermetallic phase 
particles, FIB milling was performed on samples surfaces after all treatments. Figure 3.5 shows 
the cross sections of the conversion coating obtained from chromate, chromate-phosphate and 
steam treatment of the surface, respectively. It is evident from Figure 3.5(a), that in case of 
chromate treatment, the coating was homogenous and cracks present in the coating extended 
down to the metal substrate. The intermetallic phase particles were covered with an oxide layer; 
which contains porosity (Figure 3.5(b)). Further, the thickness of the oxide layer over aluminium 
matrix and intermetallic particles was similar. The thickness of the coating as measured using 
the GD-OES sputter craters was in agreement with the thickness that was observed from the FIB 
cross section images. 

The cross section of the coating generated from chromate-phosphate surface treatment as 
seen in Figure 3.5(c) reveals that the conversion coating layer contains porosity. Nevertheless, 
none of the pores seem to extend down to the metal substrate interface. The coating does not 
appear to cover the intermetallic phase particles homogenously. It appears that there is a very 
thin or in most cases no oxide build up over the intermetallic phase particles as shown in Figure 
3.5(d). Moreover, the oxide growth over aluminium matrix has ceased near the edge of the in-
termetallic phase particle, resulting in the formation of a gap at the sides of intermetallic particle. 
Thickness measurements carried out using GD-OES analysis are in agreement with the meas-
urements made from the FIB cross section images of the conversion coating layer. 
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Figure 3.5 FIB-SEM images of cross-section of conversion coating on aluminium matrix and over interme-
tallic phase particles obtained by 2 min surface treatment with (a), (b) chromate, (c), (d) chromate-phosphate 
and (e), (f) steam treatment of AA6060 and (g) EDS analysis of area marked in (f), respectively. 

The FIB cross section image of the conversion coating generated by the steam treatment 
showed a continuous layer over the aluminium matrix as observed in Figure 3.5(e). The steam 
generated oxide layer is composed of two sub layers, namely needle structured layer at the top 
region, and a compact layer at the region adjacent to the metal substrate surface. The thickness 
of the needle structured layer was found to be lower than the compact layer, which also extended 
over the intermetallic phase particles. Further, the oxide layer was found to uniformly cover the 
intermetallic phase particles, including a compact layer of oxide underneath the intermetallic 
particle. The EDS analysis (presented in Figure 3.5(g)) performed near the edge of intermetallic 
particles (marked by a “+” in Figure 3.5(f)) showed a presence of high amount of oxygen. The 
presence of oxygen and formation of a thin oxide layer around intermetallic particles (Figure 
3.5(f)) indicated the partial oxidation of these intermetallic phase particles. The level of oxida-
tion of intermetallic phase particles was observed to be dependent on its composition. Moreover 
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this phenomenon was observed over all intermetallic phase particles. The thickness values meas-
ured from the FIB cross-section images were similar to the average values obtained from GD-
OES analysis.  

 FT-IR analysis 

The chemistry of the coating generated by various surface treatments was analysed using 
FT-IR under attenuated total reflectance (ATR) mode and the obtained results are shown in 
Figure 3.6.  

Table 3.3 provides details of features assigned to various peaks in each spectrum. The FT-
IR spectra in Figure 3.6(a) from chromate surface treatment coating shows features associated 
with CrVI and CrIII oxide. The spectra for CrVI treated sample shows C N band at 2082 cm-1 
attributed to the ferricyanide accelerator added to the bath. Although the vibrations related to 
the CrVI are clearly visible in spectra (shown in the Table 3), the fingerprint of the spectra also 
confirms the incorporation of ferricyanide into the coating. The FT-IR spectra obtained from 
the chromate-phosphate coating (Figure 3.6(b)) showed vibrational bands at 1120 cm-1 and 914 
cm-1. The observed bands correspond to the asymmetric stretching vibrations of P-O, which 
indicates the presence of PO4- in the coating. After treatment of aluminium with chromate and 
chromate-phosphate baths, coatings showed the vibrational bands in the range of 600 - 620 cm-

1, which indicates the presence of CrIII in the oxide layer. 

 
Figure 3.6 The FT-IR spectra obtained from AA6060 surface after (a) chromate, (b) chromate-phosphate 
and (c) steam surface treatment for 2 min, respectively. 
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The FT-IR spectra of the coating prepared by the steam treatment (Figure 3.6(c)) showed 
its main bands at 1060 cm-1 and 875 cm-1, which can be assigned to the hydroxyl bending and 
Al-O stretching vibrations, respectively. The vibrational bands at 3270 cm-1 and 3101 cm-1 cor-
respond to the terminal hydroxyls as a set of relatively well resolved sharp bands due to the 
symmetric and asymmetric stretching vibrations of OH-. These bands indicate the presence of 
relatively crystalline aluminium hydroxide film of boehmite at the aluminium alloy surface.  

Table 3.3 Features assigned to peaks in FT-IR spectra, at various wave numbers after each surface treat-
ment.  

Position of Peak (cm-1) Compound/Bond 
Chromate treatment  

3330 H2O (asymmetric and symmetric O-H stretching) 
2082 C N stretching from Fe(CN)6

3- 
1623 H2O, HO- (bending to lattice water) 

923 / 831 Cr(VI)-O vibration 
705 Fe-C vibration in Fe(CN)6

3- 
Chromate-phosphate treat-

ment  

3274 H2O, OH (asymmetric and symmetric O-H stretching) 
1639 H2O 
1120 CrPO4 (asymmetric stretching vibrations of P-O) 
914 CrPO4 nH2O or Al2O3 

617 PO4 (bending vibrations of O-P-O) and stretching vibrations 
of Cr-O 

Steam treatment  
3270 / 3101 (Al)O-H symmetric and asymmetric stretching vibrations 

2102 Combination bands 
1635 Stretching and bending modes of the adsorbed H2O 
1060 Al-O-H bending modes 
875 gamma-OH 

701 / 601 Vibration modes of AlO6 

 Corrosion performance  

 Potentiodynamic polarization 

Figure 3.7 (a) and Figure 3.7(b) show the open circuit potential (OCP) development and 
potentiodynamic polarization curves obtained from the untreated and treated aluminium alloy 
surfaces, respectively. The OCP results in Figure 3.7(a) shows stable potential for all the sur-
faces without significant variation, while the potential was different depending on the surface 
treatment. Chromate-phosphate conversion coating showed negligible shift in OCP compared 
to the base material, while approximately a 100 mV shift toward negative side is observed for 
chromate based conversion coating.  
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The steam treated surface showed a further shift of approx. 100 mV (200 mV compared 
to base material). Potentiodynamic polarization results shown in Figure 3.7(b) reveal a signifi-
cantly higher value of cathodic and anodic current densities for bare AA6060, while all the 
surface treatments reduced both the cathodic and anodic current densities. The steam treated 
surface shows approximately a 100 times decrease in cathodic and anodic current densities, 
while other surface treatment decreased the current densities only by a factor of 10. Also, the 
current densities for chromate and chromate-phosphate coatings were found to be in the similar 
range. However, a slight shift in the corrosion potential towards negative side was observed for 
the chromate and steam treatments compared to the chrome-phosphate surface treated samples. 
Only steam treated sample showed a region similar to that observed for passivating materials, 
which extended up to -100 mV vs Ag/AgCl followed by a sudden increase in current density 
which represents the breakdown of the steam generated oxide layer. In order to differentiate 
between the electrochemical performance of chromate and steam based treatments, anodic cur-
rent densities at -200mV and cathodic current densities at -1000mV for all the specimens are 
plotted in Figure 3.7(c). It is evident that the steam-based conversion coatings showed the lowest 
anodic and cathodic current densities as well as the minimal scatter in comparison to chromate 
surface treatments. 

 
Figure 3.7 (a) OCP measurement and (b) potentiodynamic polarization curves (c) comparison of anodic and 
cathodic current densities of pre-treated AA6060 and after surface treatment for 2 min with chromate, chro-
mate-phosphate and steam in 0.1M NaCl solution having pH 5.5 ± 0.3. 
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Figure 3.8 shows the secondary electron SEM images of the surface pits formed during 
anodic attack on AA6060 in 0.1M NaCl solution of pH 5.5 ± 0.3. Although not shown here, the 
number of pits observed on the surface treated samples was significantly lower in comparison 
with the bare AA6060. Furthermore, the nature of pits on the steam treated surface reveals a 
reminiscence of the oxide layer (arrow 2) and flakes of the coating (arrow 1) rested on corroded 
facets, as shown in Figure 3.8(d).  

 
Figure 3.8 Surface morphologies of pits after potentiodynamic polarization (a) pre-treatment (etching in 10 
wt.% NaOH for 5min), (b) chromate, (c) chromate-phosphate and (d) steam surface treatment for 2 min, 
accordingly. 

 Acetic acid salt spray (AASS) test 

The AASS accelerated corrosion test has been used to study the general corrosion perfor-
mance of the coated surface in terms of adhesion, in the current case to a powder coating. 
Evaluation of the powder coated specimens after chromate, chromate-phosphate and steam sur-
face treatments was performed according to DIN EN ISO 9227, which causes corrosive 
disbonding of the coating from the metal substrates according to ISO 4628-8 standard. Further, 
the evaluation of the test samples in accordance with ISO 4628-2 standard was performed and 
none of them showed blister formation.  
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The disbonded areas of the powder coating and corrosion underneath on the metal sub-
strate are marked on each sample with a black line (on the inset images) in Figure 3.9. The 
optical micrograph showed that the length of the corrosive attack underneath the coating in the 
case of chromate-phosphate (Figure 3.9(c)) was higher when compared to the other surface 
treatments (Figure 3.9(b), (d)). The average lengths of the corrosion attack in terms of powder 
coating delamination from the scribed cross have been summarised in Figure 3.10. Further, the 
highest degree of delamination of the powder coating was observed on alkaline etched AA6060 
sample (Figure 3.9(a)).  

 
Figure 3.9 Optical micrographs of disbonding of powder coating subsequent to (a) pre-treated (alkaline 
etched followed by desmutting) (b) chromate, (c) chromate-phosphate and (d) steam surface treatment for 
2 min, after 1000 h acetic acid salt spray test of AA6060. 

The results revealed that the chromate treated and steam treated specimen showed im-
proved performance over chromate-phosphate treated surfaces. The specimens with corrosion 
attack exceeding 1 mm from the applied cross were considered to have a ‘poor’ adhesion to the 
powder coating. 
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Figure 3.10 Average length of corrosion attack underneath the powder coating layer from the applied cross 
in acetic acid salt spray test for alkaline etched, chromate, chromate-phosphate and steam treated surface 
of AA6060 for 2 min, respectively. 

 Filiform corrosion  

 
Figure 3.11 Coefficient of filiform corrosion from applied scribe after 1000 h test for chromate, chromate-
phosphate and steam treated surface of AA6060 for 2 min, respectively. 
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Figure 3.12 Secondary electron SEM images of filament of filiform corrosion showing tail (a), (c), (e) and 
head (b), (d), (f) of filament generated on AA6060 after surface treatment with chromate, chromate-phos-
phate and steam for 2 min, respectively. 

Filiform corrosion test results obtained from powder coated specimen are plotted in Figure 
3.11 in terms of coefficient of the level of filiform corrosion from the scribe. The coefficient 
denoting the filiform corrosion is assessed by multiplying the mean fibril length (l in mm) and 
fibril frequency (H mm-1) perpendicular to the applied scribe. Results show significant differ-
ence in filiform corrosion resistance after various surface treatments. The specimen subjected 
to steam treatment showed maximum length of filiform corrosion filament up to 1.5 mm from 
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vertical and horizontal scribes. The specimens after chromate and chromate-phosphate showed 
a maximum length of attack of 2 mm. Moreover, the steam treated samples showed a better 
filiform corrosion coefficient value along the extrusion lines, than the chromate and chromate-
phosphate treated samples. Thus the entire set of specimens after chromate, chromate-phosphate 
and steam treatment have passed the filiform corrosion test according to DIN EN 3665 by show-
ing a coefficient of filiform corrosion value less than 0.3. In general, chromate-based treated 
specimens showed superior filiform corrosion resistance when compared to the steam treated 
specimens. 

In order to get an insight into the nature of the corrosion products under the filament, the 
powder coating after the test was removed locally by a scalpel on some of the filaments from 
specimens. Secondary electron SEM images of the corroded areas underneath the powder coat-
ing within the corrosion filament are shown in Figure 3.12. As expected, the amount of 
intermetallic phase particles was higher in the tail region of the filament in comparison to the 
head region (Figure 3.12(a), (c), and (e)). However, the intermetallic phase particles present in 
the corrosion filament show that, due to anodic dissolution of metal, new intermetallic phase 
particles were exposed inside the filament (Figure 3.12(b), (d), and (f)). Inside the corrosion 
filament, no unaffected part was observed, where particles were not exposed. Moreover, the 
density of exposed particles decreases with increasing distance from the scribe towards the head 
of the filament. 

 Discussion 
The present investigation indicates that the formation of the oxide coating by steam treat-

ment provides a good coverage over the heterogeneous microstructure of the aluminium alloy. 
Chromate-based conversion coating processes provide complete coverage of the surface with 
an uneven oxide thickness. Regardless of the non-uniform thickness of the oxide, it is known as 
one of the outstanding conversion coating for aluminium alloys since several decades. This ef-
fect is attributed due to the re-passivation ability of chromium. In this study the uniformity and 
thickness of steam-based conversion coating has been compared with chromate and chromate-
phosphate conversion coatings. Coating coverage over the intermetallic phase particles after 
steam treatment in general was observed to be better than chrome-based surface treatments. 
Among the chromate based conversion coatings, the intermetallic phase particles were covered 
with a thin layer of oxide for chromate treatment as compared to the chromate-phosphate treat-
ment. The difference in the coverage over the intermetallic phase particles in the case of 
chromate and chromate phosphate surface treatment can be expected due to the difference in the 
chemical bath composition. The presence of ferricyanide additive in the chromate bath enhances 
the formation of oxide layer over the intermetallic phase particles, which is a result of redox 
reaction by the adsorption of CrVI and ferricyanide due to cathodic behaviour of intermetallic 
phase particles [24]. In chromate-phosphate coating, oxygen reduction reaction takes place at 
the intermetallic surface and makes the aluminium matrix more suitable for the oxide growth. 
This results in the presence of voids between the coating over intermetallic phase particles and 
surrounding aluminium matrix. In the case of steam generated oxide layer, the coating thickness 
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around the intermetallic particles was higher, which can be attributed to the localised potential 
difference provided by the cathodic nature of the intermetallic particles. This potential differ-
ence results in the formation of micro-galvanic couples that leads to the localised attack near the 
particles promoting fast anodic dissolution of aluminium and formation of a cavity around the 
particles. Acidification of pH inside the cavity due to hydrolysis may lead to the partial disso-
lution or de-alloying of the intermetallic particles due to selective leaching of aluminium or 
other active elements[25,26]. Under present conditions, high temperature of steam produces 
rapid oxidation of the leached elements, ultimately forming mounds around or over the inter-
metallic particles.  

There was a noticeable difference in the morphologies of the coating produced by surface 
treatment of AA6060 with chromate, chromate-phosphate, and steam treatment. The coating 
generated by chromate bath had a typical mud crack morphology often reported in the literature 
[27,28]. It has been reported [29] that the primary cause of mud crack morphology is due to the 
dehydration of chromate conversion coating under vacuum conditions during SEM analysis. 
The morphology of the coating produced by chromate-phosphate treatment in this investigation 
exhibited relatively smooth surface morphology in comparison to the reported results [30–32], 
where morphology of the chromate-phosphate treatment was reported to vary from fibril to mud 
crack, depending on the surface treatment time. Short treatment times (e.g. 2 s) resulted in a 
fibril like morphology, while longer treatment periods (e.g. 10 min) reported a mud crack mor-
phology. Further, the difference in the surface morphology of chromate-phosphate coating 
might be due to the difference in temperature, pH of the bath, alloy composition, and its micro-
structure [14,33,34]. The morphology of the steam generated oxide layer was in agreement with 
our previous studies [23]. The compositional depth profile by GD-OES showed the presence of 
chrome and phosphate in the oxide layers prepared by chromate and chromate-phosphate sur-
face treatment. The FT-IR analysis of the formed oxides revealed that the layers generated by 
chromate and chromate-phosphate surface treatments were mixed CrVI, CrIII oxide/hydroxide 
and chromate- phosphate, which has been already reported in the literature [35,36] extensively. 
On the other hand, the coating formed by steam treatment was characterised as boehmite. The 
assignment of the peaks in each FT-IR spectra was performed using the existing literature [35–
39].  

The comparison of the potentiodynamic polarization curves of the conversion coatings 
showed a distinct behaviour related to the microstructural changes of AA6060 caused by chro-
mate, chromate-phosphate and steam surface treatments. It is reported in the literature [40] that 
presence of Fe containing intermetallic particles increase the cathodic activity of the surface and 
they act as preferential sites for pit initiation in the aluminium alloy matrix. Thus, better cover-
age of intermetallic phase particles improves the corrosion resistance of the alloy. The surface 
treatment of AA6060 with steam showed the lowest cathodic activity due to the higher growth 
of oxide layer over the intermetallic phase particles as compared to the chromate and chromate-
phosphate treatment. The shift in corrosion potential to more negative values for the steam 
treated surface could also be attributed to the same phenomenon. The chromate and chromate-
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phosphate surface treatments also resulted in lowering the cathodic activity, but only to a lesser 
extent  when correlated  with the reported data [9]. This difference can appear due to the differ-
ence in the chemical bath composition, alloy microstructure and treatment time. Steam treated 
surfaces also showed significantly lower anodic activity with a passive region followed by 
breakdown, unlike other surface treatments. This was probably due to the better coverage over 
intermetallic phase particles and uniform growth of the oxide film all over the aluminium matrix.  

The acid salt spray test results show that the specimens after steam and chromate surface 
treatment exhibited good resistance to corrosion, while the chromate-phosphate treated samples 
did not show promising results. The disbonding of the powder coating in the acetic acid salt 
spray test found on chromate-phosphate treated samples was due to the absence of high degree 
of micro roughness in the structure. The needle like structure and cracks present on the steam 
and chromate treated specimen is assumed to provide a good base for mechanical interlocking 
of the applied powder coating with the generated oxide layer as reported in literature [20]. 

The filiform corrosion occurs on AA6060 as a result of micro galvanic coupling between 
the aluminium matrix and second phase cathodic sites [41]. It has been reported that the high 
susceptibility to filiform corrosion of aluminium alloys is primarily due to a fine distribution of 
cathodic intermetallic phase particles in the surface layer and the Al(Fe,Mn)Si particles clearly 
promoted filiform corrosion on AA6060 aluminium alloy [1,42–44]. The filiform corrosion re-
sults showed that the coefficient of filiform corrosion in the case of surface treatment with steam 
was low in the extrusion direction of aluminium as compared to chrome and chromate-phos-
phate surface treatment. The particles (i.e., precipitates, dispersoids and other constituent 
particles) ordinarily align in the direction of manufacturing process, such as extrusion/rolling 
and a higher concentration and/or finer distribution of particles is present in this direction[45]. 
Therefore, the filiform corrosion propagation will be preferentially in the rolling/extrusion di-
rection of aluminium alloys [46–48].The filiform corrosion filaments are composed of an active 
head and a cathodic tail. Filament propagation is dependent on the amount of oxygen which 
diffuses through the filament tail and leads to the separation of anodic and cathodic regions. 
Thus the principal site of cathodic oxygen reduction lies towards the trailing edge, while the 
anodic metal dissolution preferentially occurs at the filament head. The aluminium chloride and 
other hydrolysis products of the aluminium salt solution will maintain the low pH at the head 
for continuous dissolution. When this condition is sufficiently aggressive, it weakens the adhe-
sion of the coating and thus initiates filiform corrosion. Therefore, efficient inhibition of the 
reduction reactions occurring at the cathodic particles should be an important characteristic of 
conversion coatings to prevent filiform corrosion. Steam surface treatment in the present inves-
tigation resulted in the formation of a thick oxide layer over intermetallic particles, which 
inhibited the filiform corrosion propagation efficiently as compared to the chrome and chrome-
phosphate treatment. This is attributed to the homogenous coverage/partial oxidation of inter-
metallic particle with oxide layer, which produce lower cathodic activity resulting in less driving 
force for filiform filament growth.  
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Our previous studies [49,50] showed that the corrosion performance of oxide layers hav-
ing 1-2 m thickness, produced by flash anodising (at room temperature) in H2SO4 and H3PO4 
electrolyte under similar anodising conditions, have comparable corrosion performance to chro-
mate based treatments. It was found that the filiform corrosion resistance of anodised layers 
were dependent on the oxidation of intermetallic particles in a specific electrolyte under similar 
anodising conditions [49,50]. Further, the oxide layer formed in H2SO4 has the lowest filiform 
corrosion coefficient 0.07±0.02 perpendicular to the extrusion/rolling direction and no filiform 
corrosion was observed in the extrusion/rolling direction of AA6060. However, the oxide layer 
formed under the similar anodising conditions in H3PO4 exhibited a filiform corrosion coeffi-
cient of 0.27±0.03 in the extrusion/rolling direction and 0.17±0.06 perpendicular to the 
extrusion/rolling direction of AA6060. The present results show that the steam-based oxide 
layer has better filiform corrosion resistance than that formed using H3PO4. The pore diameter 
of anodised layers produced in H2SO4 (~50 nm) and H3PO4 (~110 nm) electrolyte was directly 
related to the delamination length of powder coating from the applied cross in the AASS test by 
showing 0.6±0.1 mm and 0.3±0.1 mm, respectively. Further, the steam based oxide layer exhib-
ited adhesion performance close to H2SO4 anodised layer.  

The overall filiform corrosion performance of the steam treated surface with applied pow-
der coating did not exhibit better resistance to corrosion attack when compared to the chromate 
based surface treatments. The re-passivation [51] behaviour of chrome in the chrome based 
conversion coatings is well known. The presence of chrome in the coating and its re-passivation 
capability must be the determining factor in this case. The 2 mm threshold is a frequently used 
value for differentiating between good and bad filiform corrosion resistance of conversion coat-
ing. The steam treatment of AA6060 showed that the better coverage over the intermetallic 
phase particles and comparatively thick coating formation without inhibitors resulted in less 
than 2 mm of filiform corrosion attack.  

 Conclusions  
1. The steam treatment of AA6060 resulted in the formation of a thick oxide layer of ap-

prox. 650 nm which was 4 times higher than normal chromate based conversion coating 
thickness used in the industry.  

2. The coverage and thickness of the oxide layer over intermetallic phase particles was 
higher in the case of steam treatment of AA6060 surface.  

3. The films generated with steam and chromate surface treatment showed good corrosion 
resistance and adhesion characteristics in acidic salt spray test and were observed to be 
superior to the chromate-phosphate films. 

4. AA6060 surface treatment with steam exhibited low coefficient of filiform corrosion in 
extrusion direction of the alloy in comparison to chromate based surface treatments. 
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5. The maximum length of filiform corrosion filament on steam treated surface was meas-
ured to be 1.5 mm, which was within the limits for filiform corrosion filament under 
standard testing.  
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Abstract  

Aluminium alloys were treated with steam of varying vapour pressure which resulted in 
the growth of aluminium oxyhydroxide layers of an average thickness of ~ 450-825 nm. The 
microstructure and composition of the generated layers were characterised by GD-OES, FEG-
SEM, GI-XRD and TEM. The thickness of the oxide layer as well as the compactness increased 
with steam vapour pressure. The increase in vapour pressure also resulted in a better coverage 
over the intermetallic particles. Oxide layer showed a layered structure with more compact 
layer at the Al interface and a nano-scale needle like structure at the top. The kinetics of for-
mation of film under steam was rapid; approx. 350 nm thick layers were generated within 5 s 
of steam treatment, however increase in thickness of the oxide retarded further growth. The 
enrichment or depletion of different alloying elements at the surface of aluminium as a result of 
alkaline etching pre-treatment influenced the thickness and growth of the oxide. Moreover the 
steam treatment resulted in the partial oxidation of second phase intermetallic particles present 
in the aluminium alloy microstructure. 

  

                                                 
2 This chapter was published as a scientific paper:  
Surf. Coatings Technol. 276 (2015) 77–88. 
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 Introduction 
Aluminium alloys are becoming increasingly attractive today due to the possibility of 

translating their light weight coupled with high strength into a number of applications, mainly 
in the automotive industry in order to meet the growing demands for more fuel-efficient vehicles 
by reducing energy consumption and environmental pollution challenges [1]. Corrosion re-
sistance is an important aspect in all these applications for aluminium alloys. As the protection 
provided by the native oxide layer on aluminium is not good enough for long term corrosion 
resistance additional surface treatments are needed. Conversion coatings are commonly used to 
protect aluminium against various types of corrosion phenomenon [2] and for good adhesive 
properties [3]. Over the last few decades anticorrosive chromium based conversion coatings 
were extensively used on aluminium alloys [4–6]. However due to the carcinogenic nature of 
hexavalent chromate, alternatives of chromate based conversion coatings are in pursuit. The 
main approach to find the alternatives of chrome conversion coating involves rare earth based 
inhibitors, anodizing and sol gel coatings [5,7]. In aluminium industry Ti/Zr [8], phosphate and 
permanganate [9] based conversion coatings are being used as a substitute for chrome based 
conversion coatings  

The thin native oxide film on aluminium surface is of great interest for corrosion protec-
tion due to its interesting dielectric properties. The native oxide film can be hydrated (to form 
boehmite or pseudo-boehmite) at elevated temperatures by reaction with water [10]. The growth 
of hydrated aluminium oxyhydroxide on aluminium by immersion in boiling water was exten-
sively studied from the 1960s to 1970s [11,12]. Alwitte et al. and Hart et al.[10,13] reported on 
the formation of bayerite in the temperature range of 40-60 °C for long exposure of aluminium 
in water and observed that nucleation of bayerite decreased with increase in temperature. Draley 
et al. reported [14] that only boehmite was present after immersion of aluminium in water after 
30 days above 60 °C. Our earlier studies [15] have shown the formation of more than 500 nm 
thick boehmite film by the use of high temperature and pressurized steam. The formed oxide 
was reported to have a nano-scale needle like structure that is uniformly distributed on the alu-
minium surface and exhibited a high corrosion resistance. Presence of hydroxyl groups on the 
outer surface of the oxide film produced on aluminium under hydrothermal conditions have also 
been reported by researchers [16,17]. The presence of hydroxyl groups is beneficial for increas-
ing the adhesion of polymer coatings and adhesives to the surface treated aluminium alloys 
[18,19]. Therefore, it is expected that a thickened boehmite coating will possess the necessary 
properties for corrosion resistance as well as to provide good adhesion to the top paint layer. 
However, a detailed study of the effect of high temperature steam on oxide growth on aluminium 
and underlying mechanisms has not been reported in the literature. 

In the present work (Part I), effect of pressurized steam at different vapour pressures gen-
erated inside an autoclave on the oxide growth on aluminium alloys AA1090 and Peraluman 
706™ has been investigated in detail. Microstructure, surface morphology, oxide growth mech-
anism, composition of the oxide layer and phase analysis were investigated as a function of 
steam parameters using GD-OES, FEG-SEM, TEM, EDS, and GI-XRD. Part II of this paper 
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describes detailed investigation of the corrosion performance including filiform corrosion per-
formance and adhesion of a powder coating. 

 Experimental  

 Materials  
Aluminium alloys AA1090 and Peraluman 706™ were used as substrates for all the in-

vestigations. The alloys were obtained in the form of cold rolled sheet with thickness of 0.5 mm 
and 1 mm respectively. All the samples were cut from the sheet into 50 mm x 50 mm coupons. 
Table 4.1 shows the composition of the alloys determined by GD-OES analysis. The difference 
in the composition at  near surface of the used aluminium alloys when compared to the standard 
composition can be due to cold rolling process and use of lubricant in the cold rolling process 
[20,21]. 

Table 4.1 Composition at the surface of material (wt. %, balance Al). 

Alloy Fe Si Mn Mg Cu 

AA1090 0.4±0.05 1.2±0.08 2.7±0.1 0.1±0.02 0.08±0.01 
Peraluman 706™ 0.6±0.07 0.4±0.05 0.8±0.09 1.5±0.04 0.13±0.03 

 Surface preparation  

 Treatment 1 

Only degreasing treatment is carried out for individual samples by immersion in 6 wt.% 
commercial Alficlean™ (pH=9) aqueous solution for 2 minutes at 60 °C followed by rinsing in 
deionized  water for 1 minute and air drying at room temperature. 

 Treatment 2 

Samples were subjected to alkaline etching treatment by immersing in an aqueous solution 
of 10 wt.% NaOH at 60 °C for 5 minutes, rinsing in deionized water for 1 minute followed by 
desmutting in 69 vol.% HNO3 for 2 minutes. The samples were then washed with deionized 
water and dried in air at room temperature.  

 Steam treatment 
Specimens that were pre-treated using treatment 1 and treatment 2 were subjected to pres-

surized steam treatment in an autoclave. The surfaces of the specimens were exposed to 5 psi, 
10 psi, and 15 psi (gauge pressure) pressurized steam which was generated from deionized water 
in an autoclave (All American Pressure Canners, USA). The total process time was 25 minutes, 
while the time of exposure after the autoclave reached steady state conditions was 10 minutes. 
The maximum temperature measured by Thermax (TMC,UK) surface indicator strips, at 5 psi, 
10 psi, and 15 psi internal pressure in the autoclave was 107 °C, 113 °C, and 118 °C respectively. 
The vapour pressure of the steam was calculated in bar using Antoine equation. 



Chapter 4 

94 

ln P  = -B/T+C + A  [22]  

Where P is vapour pressure, B, C, and A are the component specific constants for Antoine 
equation and T is the temperature at which the vapours are generated. 

 Surface Characterization 

 Compositional Depth profiling 

Compositional depth profiling across the thickness of the steam treated surface was car-
ried out using glow discharge optical emission spectroscopy (GD-OES) (GD-2 profiler, Horiba 
Jobin YVON). The instrument is equipped with a radio frequency generator, a standard dis-
charge source with an anode of 4 mm internal diameter, a monochromator and polychromator 
optical spectrometers and Quantum XP software. The optimized discharge conditions for this 
work were 850 Pa pressure and RF power 40 W. 

 Surface morphology 

The morphology of the aluminium alloys surfaces before and after the steam treatment 
was investigated using field emission scanning electron microscope (FEG-SEM-Quanta 200 
FEG MKII, FEI) with an Oxford Instrument INCA EDS analyser capability. The EDS analysis 
has been performed with an acceleration voltage of 10 kV and Cu calibration. 

 Transmission Electron Microscopy 

Thin film lamella from the steam treated surfaces were prepared using in-situ focussed 
ion beam (FIB-SEM) lift out (Model Quanta 200 3D DualBeam, FEI) and were further thinned 
for electron transparency in a FIB-SEM (Helios Nanolab DualBeam, FEI). Transmission elec-
tron microscopy was carried out on the prepared lamella using a transmission electron 
microscope (TEM) (Model Tecnai G2 20) operating at 200 keV. The EDS compositional anal-
ysis was performed in S-TEM operational mode.  

 Grazing Incidence X-Ray diffraction (GI-XRD) 

Phase analysis of the oxide layer generated on the aluminium samples were performed 
using diffractometer (D8 Discover, Bruker AXS) equipped with a Cu K  X-ray source. The 
XRD measurements were performed at a grazing incidence angle of 2°, a step time of 40 s, and 
step size of 0.03°. 

 Results 

 Glow discharge optical emission spectroscopy (GD-OES) 
Figure 4.1 shows a typical GD-OES depth profile of Peraluman 706™ sample after steam 

treatment for 10 minutes. The concentration of elements shown by the GD-OES profile can be 
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relatively compared; a decrease in the intensity of oxygen (O) counts is associated with an in-
crease in the intensity of aluminium indicating the interface between the steam generated 
aluminium oxyhydroxide layer and the aluminium substrate. The GD-OES profile shows pres-
ence of hydrogen not only in the oxide film, but also beyond the position where the oxygen and 
aluminium signal overlap, which is the oxide-substrate interface. This indicates some diffusion 
of hydrogen into the aluminium substrate until a depth of 1200 nm where the hydrogen concen-
tration decreases to a negligible level. Moreover, the presence of carbon signal in GD-OES 
profile can be attributed to the contamination at the top few nanometres of the surface, which is 
assumed to be due to adsorbed CO2 from the atmosphere. 

 
Figure 4.1 GD-OES depth sputter profile of Peraluman 706™ after exposure to pressurised steam of vapour 
pressure 1.3 bar for 10 minutes. 

The x-axis shows the sputter time converted into sputter depth using calibrated sputter rate 
vs. depth data for aluminium oxide and aluminium substrate. Calibration was done by making 
sputter craters using GD-OES for a specific time and measuring the depth of the crater using a 
surface profilometer. The average sputter rates for the steam generated oxide and aluminium 
substrate at a given pressure (850 Pa) and RF power (40 W) were 30 nm/s and 65 nm/s respec-
tively. Therefore the thickness of the oxide measured in Figure 1 is approx. 660 nm. Although 
not shown, AA1090 sample showed a similar GD-OES profile except for the slight shift in the 
position of various interfaces, which is summarized for both alloys in Figure 4.2. 

As can be seen from Figure 4.2, the initial growth of the oxide was rapid at a high vapour 
pressure of steam. Moreover, thickness of the generated oxide increased with increase in the 
process time up to a certain limit, above which saturation was observed. Pre-treatment using 
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treatment 2 had a significant effect on the thickness of the oxide layer, while it was also a 
function of the type of alloy. 

In general, pre-treatment 2 of Peraluman 706™ resulted in relatively lower degree of ox-
ide growth while pre-treatment 2 of AA1090 showed opposite behaviour. Moreover, pre-
treatment 1 of AA1090 and Peraluman 706™ showed oxide thickness close to each other at 
higher vapour pressure of steam i.e. 1.6 bar and 1.9 bar. While, AA1090 exhibited relatively 
lower oxide thickness at 1.3 bar vapour pressure of steam. The increase in the vapour pressure 
of steam increased the average thickness of oxide layer on AA1090 in the range of ~600 nm to 
850 nm, while on Peraluman 706™ ~650 nm to 750 nm after 10 min of steam treatment time. 
Furthermore, non-etched surfaces showed the trend of increase in the oxide thickness with in-
crease in treatment time. While in the case of alkaline etched surface the oxide growth increase 
with increase in process time up to 90 s. Moreover, steam treatment at 1.9 bar vapour pressure 
showed the optimum thickness of oxide after 90 s steam treatment. 

 
Figure 4.2 Growth of oxide (averaged over 5 measurements) on AA1090 and Peraluman 706™ after treat-
ment 1, and 2 at different exposure time of pressurised steam with vapour pressure of steam: (a) 1.3 bar (b) 
1.6 bar (c) 1.9 bar respectively. 
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 Surface morphology of pre-treated surfaces 
Figure 4.3 shows the surface morphology of the aluminium alloys after being subjected to 

pre-treatments. The treatment 1 based on Alficlean™ did not produce significant change in the 
surface appearance for both alloys. Peraluman 706™ and AA1090 were only slightly attacked 
as evident from the small voids around the intermetallic particles due to mild etching effect. On 
the other hand, treatment 2 has produced surfaces typical of intense alkaline etching with hem-
ispherical pits and scalloped appearances (Figure 4.3 (c), and (d)). The intermetallic particles on 
both surfaces were analysed using EDS (not presented here) and the results showed that the 
constituents are Al-Fe-Si, Al-Fe-Si-Cu in case of Peraluman 706™ and Al-Fe-Si for AA1090. 
Due to the intense etching process during treatment 2, it is expected that some of the interme-
tallic particles have been removed from the surface and enrichment of alloying elements on the 
surface has taken place due to preferential dissolution of aluminium matrix. The EDS analysis 
(not shown here) showed increase in the Fe, Si, and Mg based intermetallic phases in aluminium 
matrix after etching of Peraluman 706™ and a decrease in the Fe and Si content after the etching 
of AA1090. 

 
Figure 4.3 Comparison of surface morphologies after treatment 1 (a), (b) and treatment 2 (c), (d) of AA1090 
and Peraluman 706™. 
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 Oxide surface morphology after steam treatment 

Figure 4.4 shows the typical surface morphology of the oxide generated after the steam 
treatment on both alloys after 10 min of exposure to steam at 1.6 bar vapour pressure. Both 
samples show a nano-scale needle like oxide structure. The nano-scale features on Peraluman 
706™ (Figure 4.4 (a)) have lower dimensions compared to AA1090 (Figure 4.4 (b)). The sur-
faces of both aluminium alloys were observed to be homogenously covered with needle like 
oxide structure and the oxide layer on Peraluman 706™ and AA1090 appears to have same 
degree of compactness. The aspect ratio of needle structure of Peraluman 706™ was approx. 
5.0, while the corresponding value for AA1090 was approx. 3.0. The average length of the nee-
dle structure on Peraluman 706™ and AA1090 after steam treatment was in the range of 125 ± 
10 nm. 

 
Figure 4.4 Surface morphologies of (a) Peraluman 706™ and (b) AA1090 after treatment 1 followed by 10 
min steam treatment with pressurised steam of 1.6 bar. 

Figure 4.5 shows change in the morphology of steam generated oxide film as a function 
of change in vapour pressure of steam for both alloys. Figure 4.5 (a) and (c) show the morphol-
ogy of the oxide layer on Peraluman 706™ and AA1090 that were subjected to surface treatment 
1 followed by 10 minutes of steam treatment at a vapour pressure of 1.3 bar. In general, the 
nano-scale structure of the steam generated oxide on Peraluman 706™ was finer than that ob-
served on AA1090. Increase in the vapour pressure of steam to 1.9 bar has resulted in a more 
compact oxide compared to that generated at 1.3 bar, while the nano-scale structure appears to 
be similar for both alloys. As shown in Figure 4.4, the treatment at a vapour pressure of 1.6 bar 
for both alloys resulted in an oxide film with similar morphologies; however this film appears 
to be denser than the film formed at 1.3 bar. 
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Figure 4.5 Surface morphologies of aluminium alloys after treatment 1 followed by steam treatment with 
different vapour pressure of pressurised steam for 10 min:(a) Peraluman 706™ 1.3 bar,(b) Peraluman 706™ 
1.9 bar (c) AA1090 1.3 bar (d) AA1090 1.9 bar  respectively. 

Similarly, Figure 4.6 shows the surface morphology of steam generated oxide as a func-
tion of vapour pressure of steam on both alloys after prior surface treatment 2. Irrespective of 
the substrate, significant effect of prior surface treatment on the oxide film morphology can be 
observed from the SEM images. Nano-scale surface features show both needle like structure 
and flat regions, which seems to reduce with increase in vapour pressure of the oxide. Similar 
to the morphology shown for samples subjected to treatment 1, increase in vapour pressure of 
the steam densifies the oxide layer, while the dimension of the nano-scale features has de-
creased. 
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Figure 4.6 Surface morphologies of aluminium alloys after treatment 2 followed by steam treatment with 
different vapour pressure of pressurised steam for 10 min:(a)Peraluman 706™ 1.3 bar,(b) Peraluman 706™ 
1.9 bar (c) AA1090 1.3 bar(d) AA1090 1.9 bar respectively. 

 Nucleation of oxide and coverage of intermetallic particles 

 Coverage of intermetallic particles  

Figure 4.7 shows typical features of the localised oxide growth around the intermetallic 
particles. The images shown in Figure 4.7 correspond to the steam treated surfaces of Peraluman 
706™ for 10 min after prior surface treatment 1, at different steam vapour pressures. The 
AA1090 alloy showed similar features around intermetallic particles, therefore not shown here. 
In general, the oxide growth on the surface is inhomogeneous locally due to the different con-
stituents of the intermetallic particles compared to the aluminium matrix. The difference in the 
rate of oxide layer growth around the intermetallics has caused a “cauliflower” type of growth, 
as shown in the pictures. The average size and coverage over the intermetallic particles of these 
growth structures varied depending on the size of the particles. The growth behaviour shows an 
open structure on bigger particles, while the smaller particles were completely covered by the 
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steam generated oxide. The localised growth around the intermetallic particles with open struc-
ture showed some amount of Fe during EDS analysis (not shown here). 

 
Figure 4.7 SEM images showing intermetallic particles coverage after steam treatment of 10 minutes with 
different vapour pressures of steam. (a) Peraluman 706™ surface after preparation treatment 1; vapour 
pressure 1.3 bar, (b) Peraluman 706™ surface after preparation treatment 1; vapour pressure 1.6 bar (c) 
Peraluman 706™ surface after preparation treatment 1; vapour pressure 1.9 bar. Figure 7-1(b) and Figure 
7-2(b) shows high magnification images of intermetallic particles in Figure 7(b). 

Images in Figure 4.7 also show that the number of open growth structures around inter-
metallics has significantly reduced with increase in the vapour pressure of steam, indicating 
better coverage. Figure 4.7-1 (b) and Figure 4.7-2 (b) represents magnified images of “cauli-
flower” growth with open and closed structure corresponding to the areas shown in Figure 4.7 
(b). It is evident that the “cauliflower” structure showing a void had a needle-type structure 
appearing from the bottom of the defect in aluminium matrix or covering the intermetallic par-
ticle present in the aluminium matrix. The aluminium matrix around the “cauliflower” structures 
consisted of needles, indicating that an oxide formation took place on intermetallic particles and 
the areas of aluminium matrix around intermetallic particles due to steam treatment. The EDS 
analysis of the marked areas from Figure 4.7, Figure 4.7-1 (b) and Figure 4.7-2 (b) shown in 
Table 4.2 indicate that the void region contains significant amounts of Fe as compared to Si. 
The EDS analysis also shows presence of oxygen indicating that the constituting species are 
most probably in the oxidised form. 
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Table 4.3 EDS analysis on cauliflower growth structures shown in Figure 4.7-1(b) (point 1) and Figure 4.7-
2(b) (point 2). 

Detected area 
Element (wt. %) 

O Al Si Fe 
Point 1 47.9±2.2 46.8±0.4 0.6±0.1 4.2±0.6 
Point 2 54.9±1.8 41.2±0.5 - 3.2±0.5 

Figure 4.8 shows the effect on localised growth of an oxide on surfaces after treatment 2 
as a function of steam vapour pressure. Compared to the treatment 1, the intermetallics in this 
case are better covered by the oxide layer. In general only few intermetallic particles have 
showed oxide layer with open structure compared to treatment 1. The scalloped surface with 
hemi spherical pits produced as a result of treatment 2 around intermetallic particles has been 
uniformly covered with the oxide formed by the pressurised steam. 

 
Figure 4.8 SEM images showing intermetallic particles coverage after steam treatment of 10 minutes with 
different vapour pressures of pressurised steam. (a) Peraluman 706™, treatment 2; vapour pressure 1.3 bar, 
(b) Peraluman 706™, treatment 2; vapour pressure 1.6 bar (c) Peraluman 706™, treatment 2; vapour pres-
sure 1.9 bar. 

 Initial growth of oxide 

 
Figure 4.9 SEM images showing stepwise growth of oxide on aluminium alloy surface: (a) formation of an 
oxide (b) transformation of oxide to platelets structure (c) formation of needles like structure. 
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Table 4.4 EDS analysis of Peraluman 706™ after exposure to the pressurised steam of vapour pressure 1.9 
bar for 5 s. 

Detected area Element (wt. %) 
O Al 

Point 1 13.6±1.1 86.3±0.8 

Point 2 13.7±1.3 86.1±0.6 

Point 3 33.6±1.8 66.2±1.1 

In order to understand the mechanism of oxide growth, short term exposure experiments 
have been carried out on both the aluminium alloys. The formation of oxide layer did not take 
place below the steam vapour pressure of 1.3 bar. Figure 4.9 shows the surface of Peraluman 
706™ after exposure to pressurised steam at 1.9 bar vapour pressure for 5 s. The EDS analysis 
were performed on aluminium matrix at different areas on the sample as shown in Figure 4.9 
(a) and the EDS results are given in Table 4.4. The GD-OES analysis showed that most of the 
areas on the sample were already covered with an oxide layer with a thickness of 300 nm - 350 
nm. Surface morphology in Figure 4.9 (a) also shows nano-scale roughening of the surface after 
steam treatment. Once the aluminium matrix was covered with a relatively thin oxide, the nu-
cleation of small features with needle/platelet like morphology is observed (Figure 4.9 (b)). As 
time progresses, these nuclei grow in size and result in formation of the dense structures that are 
observed in Figure 4.5 after steam treatment. The rate for the formation of needle shaped crystals 
was very high as after a steam treatment of 5 s majority of the samples were covered with needle 
type crystals. 

Figure 4.10 shows the cross-sectional morphology of the oxide growth under TEM. Both 
at low and high vapour pressure, oxide layer show a layered morphology. The bottom layer 
close to the substrate was more compact compared to the outermost layer that exhibits fine nee-
dle/feather like structure (similar to the top view image in Figure 4.6). In general, change in the 
vapour pressure of the steam resulted in an overall increase in the thickness of the steam gener-
ated surface oxide layer as well as the relative thickness of the different layers. The oxide layer 
on samples treated at 1.3 bar vapour pressure has lower outer layer thickness compared to the 
one formed at 1.9 bar vapour pressure. Table 4.5 shows the quantified elemental composition 
measured from EDS analysis acquired at two different areas of the oxide layer (marked as ‘1’ 
and ‘2’ in Figure 4.10 (b)). The EDS results indicate presence of Al, and Si which is the main 
alloying element in the Peraluman 706™ substrate used. A significant amount of Cu was de-
tected which was assumed to be from the Cu grid onto which the TEM sample lamella was 
mounted and the TEM sample holder itself. The presence of oxygen in combination with alu-
minium indicated the formation of an oxide layer. The difference in the oxygen and aluminium 
content between the region 1 and region 2 can only be used as a confirmation of the elements 
present. 
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 Transmission Electron Microscopy  

 
Figure 4.10 Bright field TEM images showing cross-section of steam generated oxide on Peraluman 706™ 
aluminium alloy surface after 10 min: (a) steam vapour pressure of 1.3 bar (b) steam vapour pressure of 1.9 
bar. 

Table 4.5 EDS analysis of Peraluman 706™ after exposure to the pressurised steam of vapour pressure 1.9 
bar for 5 s. 

Detected area 
Element (wt. %) 

O Al 

Point 1 13.6±1.1 86.3±0.8 

Point 2 13.7±1.3 86.1±0.6 

Point 3 33.6±1.8 66.2±1.1 
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Figure 4.11 Bright field TEM images showing cross-section of intermetallic particles Al(Fe,Si,Cu)Mg present 
in aluminium alloy Peraluman 706™ surface after 10 min of steam treatment. 

Figure 4.11 shows bright field TEM micrographs of Fe enriched Si, Mg, Cu intermetallic 
particle present at the surface/subsurface after steam treatment of Peraluman 706™ for a period 
of 10 min. The presence of these intermetallic particles in the steam generated oxide layer indi-
cated that these particles were covered with the steam generated oxide layer, regardless of 
change in the vapour pressure of steam. Moreover, the thickness of the oxide layer generated 
around the intermetallic particles was approx. two times higher than the oxide layer on sur-
rounding bare aluminium matrix. A closer look at these intermetallic particles revealed 
morphological differences in the structure of needles/feathers originating from the intermetallic 
particles. The elemental composition measured by EDS analysis at the region 1 and region 2 in 
Figure 4.11 presented in Table 4.6 suggested the presence of the elements from the intermetallic 
particle. The needle mixture near the intermetallic particles, showed presence of Al, Fe and Si 
in association with oxygen indicating partial dissolution by oxidation of these particles. 

Table 4.6 EDS analysis of areas indicated in Figure 4.11. 

Element (wt. %) Region 1 Region 2 

O 50.2±5.3 44.6±3.4 

Mg - 1.0±0.2 

Al 24.7±2.8 42.5±2.3 

Si 11.2±1.6 0.7±0.1 

Fe - 1.8±0.4 

Cu 12.8±2.8 9.0±1.5 
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 Grazing Incidence X-ray diffraction (GI-XRD) 

 
Figure 4.12 GI-X-ray diffraction pattern of steam treated (a) AA1090 after treatment 1 (b) AA1090 after 
treatment 2 with 1.3 bar vapour pressure of steam for 30 s and10 minutes. 

Figure 4.12 shows the GI-XRD patterns recorded from un-treated and steam treated sur-
faces for various time intervals and after prior surface treatment process. For the surfaces that 
were subjected to prior treatments (Treatment 1 and Treatment 2), the major peaks observed 
were indexed to pure aluminium phase (JCPDS No: 04-0787) [23]. Apart from the primary 
aluminium phase, for the sample subjected to treatment 1, there is evidence of Al2O3, (Corun-
dum, JCPDS NO: 83-2081) [24]. Samples subjected to treatment 2 did not shows presence of 
peaks corresponding to corundum phase. After treatment with steam for 30 s and 600 s, a new 
set of peaks corresponding to -AlOOH phase (Boehmite, JCPDS file 76-1871) [15] were ob-
served. The intensity of these peaks from the boehmite phase increases with increasing steam 
treatment time indicating an increase in the content of crystalline boehmite phase. Also, there is 
no evidence of the Al2O3 (corundum phase) for both the steam treated surfaces after 30 s and 
600 s treatment time. The diffraction peak present at 2  = 58.05  (JCPDS No: 38-1397) (Figure 
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4.12 (a)) corresponds to the Fe-Si intermetallic phase which is not observed for aluminium after 
treatment 2 (Figure 4.12 (b)). 

 Discussion 
In general, the results presented in this paper clearly show the accelerated growth of oxide 

on aluminium using steam treatment up to a few hundreds of nanometres. Moreover, the growth 
morphology, coverage, compactness and thickness vary with vapour pressure. Growth of the 
oxide does not take place below 1.3 bar pressure, while the oxide grows rapidly above this 
vapour pressure reaching a plateau on thickness. Increased vapour pressure or time changed the 
thickness only within a narrow margin compared to the initial growth. This is understandable as 
the dissolution of aluminium and diffusion of oxygen species should take place through the 
already formed oxide layer, therefore the rate decreases parabolically with time depending on 
the driving force generated by the steam. This is in agreement with the oxide formation on alu-
minium in boiling water as suggested by researchers [10][11].  

Although the effect of steam vapour pressure on the growth rate is less pronounced com-
pared to initial increase in the oxide thickness at 1.3 bar pressure, increased vapour pressure 
slightly changes the morphology and compactness of the film. This effect is also a function of 
the prior surface finish and alloy chemistry especially the type of intermetallic particles due to 
their possible electrochemical effect on the oxide growth caused by localized galvanic coupling. 
The pre-treatment of substrates resulted in the change of elemental content of Fe, Cu, Mg and 
Si at the surface of aluminium alloys. Thus this change in surface composition during the etching 
process in treatment 2, has resulted in the formation of different oxide thickness for both pre-
treatments.  

Studies by Jariyaboon et al. [15] showed an accelerated growth of oxide layer on AA1050 
and reported significant effect on the corrosion resistance of the alloy, while the growth mech-
anism was not clearly defined including the effect of pre-treatment and alloy composition. 
Alwitt et al. [10] reported that in the range of 100-374 °C the only oxide phase existing is 
boehmite under hydrothermal or steam conditions, which is in agreement with the present find-
ings. The mechanism of oxide film growth from aluminium and water reaction has been 
extensively studied [25–27]. The reaction between aluminium and water/water vapours results 
in the formation of amorphous hydrous oxide film [10]. It has been found that at temperatures 
below 150 oC the oxide film consists of bayerite/boehmite rather than thermodynamically stable 
gibbsite [28]. Boehmite is formed by the transformation of initially produced amorphous oxide.  

The following transformation steps take place to form boehmite. 
+

2 3
Al+3H O Al OH amorphous +3H    (1) 

.
2 3 2 23

2Al OH Al O H O boehmite +2H O    (2) 

During this process, the protons (H+) produced at the amorphous layer from reaction 1 are 
attracted to the metal oxide interface. The protons (H+) penetrate into the oxide film through the 
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defects and dislocations at aluminium/oxide [29]. Diffused protons (H+) accumulate in various 
types of defects in the matrix such as dislocations and grain boundaries [30]. At these sites the 
protons (H+) readily discharge and form molecular hydrogen. The formation of molecular hy-
drogen on aluminium/oxide interface facilitates the formation of hydrogen bulge [29]. Under 
pressure from hydrogen gas, amorphous oxide film ruptures and free dissolution of aluminium 
occurs which accelerates the oxide growth rate and instantly transforming the amorphous oxide 
by resulting in the nucleation of localized needles (boehmite as seen in Figure 9). Further the 
formation of needle structure (boehmite) on the surface of aluminium has been reported by many 
researchers [15,31,32] concluding that the evolution of this structure occurs by the hydration 
reaction and resulting in the formation of hydrogen gas. The above stated mechanism may ex-
plain the accelerated growth of boehmite in pressurised steam as compared to boiling water due 
to the reduced induction time with increase in temperature as reported in the literature [11,33]. 
The accelerated growth under steam conditions is also thought to be due to the diffusion of water 
through the oxide lattice. In that case the activation energy for a nucleation process should be 
substantial, which corresponds to the energy required for the diffusion plus nucleation process 
[34].Thus steam provides higher levels of energy to overcome the diffusion barrier plus provid-
ing the energy needed for the nucleation process, unlike for the treatment in boiling water where 
induction time is an issue. Supporting the above argument, the GD-OES chemical analysis pro-
file showed the presence of hydrogen near the surface of the substrate at the substrate-oxide 
interface, while the X-ray diffraction pattern clearly showed formation of boehmite for samples 
treated with steam for 30 s and 600 s. Increase in the treatment time increased the intensity of 
peaks from boehmite indicating presence of higher crystalline boehmite in the steam treated 
surface.[35]. From the TEM EDS data, combined with the GI-XRD analysis, it is evident that 
the layer formed over the surface of the aluminium samples after steam treatment is boehmite 
(aluminium hydroxide). The GD-OES profile shown in Figure 4.1 and the S-TEM EDS analysis 
shown in Table 4.5 showed the stoichiometric difference in oxygen content present in the inner-
most and outermost layers, which was due to the crystallization of bayerite simultaneously with 
formation of boehmite. The similar kind of layered structure formation was reported in literature 
[14] when aluminium was treated with water at various temperatures. The vapour pressure of 
the steam is high at high temperature, which resulted in the higher thickness of the oxide. The 
initial growth of the oxide was higher due to the diffusion and dissolution mechanism explained 
by many researchers in literature [27,36,37]. However with increase in thickness of the oxide 
layer, rate control shifts to the solid state diffusion of H+ through oxide film which resulted in 
the higher oxide thickness for short time treatment as compared to 10 minutes. Results showed 
the porosity of the generated oxide film was a function of vapour pressure of pressurised steam. 
The porosity of the film depends on the evolution of hydrogen gas on the surface. At high vapour 
pressure of pressurised steam, partial pressure of generated H2 is higher which results in in-
creased evolution of hydrogen on the surface and provides more nucleation sites for the growth 
of boehmite. Further increased surface area for the etched samples due to the rough morphology 
resulted in the more hydrogen evolution at the surface, which might attribute to the formation 
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of a dense oxide layer. Results also show that the thickness of the layer is dependent on inter-
metallic phase present at the surface of aluminium alloys, which was attributed to the difference 
in alloy composition and the resulting surface after the pre-treatment process. The alkaline etch-
ing (treatment 2) of the alloys resulted in selective dissolution of aluminium or other reactive 
elements from the intermetallic phases. It has been reported in the literature that during alkaline 
etching process, Si containing phases dissolved at a slower rate than the matrix [38]. This is due 
to the cathodic behaviour of several intermetallic particles in NaOH solution [39], therefore 
aluminium is preferentially dissolved resulting in the enrichment of Fe, Fe-Si, and Mn respec-
tively [40]. The increase in content of silicon at the surface is reported to inhibit the formation 
of boehmite [41]. The growth of the oxide is less on the etched samples of Peraluman 706™ 
and might be attributed to the Si phase and enrichment due to the dissolution of Mg during 
etching and desmutting process. This phenomenon is impute to a decrease in Mg content at the 
aluminium surface, while higher levels of Mg facilitates increased kinetics of the reaction as 
well as oxide thickness [42].  

For AA1090 alloys, cold rolling process has introduced a difference in the surface com-
position.  The GD-OES analysis showed enrichment of Fe-Si-Mn content and XRD 
measurements verified the presence of Fe-Si intermetallic phases at the surface of AA1090, as 
compared to bulk AA1090 prior to etching. As reported in the literature [38], Si containing 
phases, e.g. -AlFeSi, AlFeCuSi and AlFeMnSi are soluble in NaOH solution but steadily than 
the matrix. The Al3Fe, Al6(Mn,Fe) and Al6(Mn,Cu) phases dissolved at a similar rate to the 
matrix, whereas the Al6Mn phase dissolved at a faster rate. Etching treatment of AA1090 re-
sulted in the reduction of Fe-Si particles at the surface of AA1090. Therefore after etching of 
AA1090 sample, the thickness of oxide film increases due to smaller amount of Fe-Si phases at 
the surface. The compositional difference in the intermetallic phases resulted in heterogeneous 
growth of oxide layer on intermetallic particles as compared to the aluminium matrix. The high 
degree of oxide growth around the intermetallic particles was attributed to the localised potential 
difference provided by the cathodic nature of the intermetallic particles. This potential differ-
ence results in the formation of micro-galvanic couples that leads to the localised attack near the 
particles promoting fast anodic dissolution of aluminium and formation of a cavity around the 
particles. Acidification of pH inside the cavity due to hydrolysis may lead to the partial disso-
lution or de-alloying of the intermetallic particles due to selective leaching of aluminium or 
other active elements [43–45].Under present conditions, high temperature of steam produces 
rapid oxidation of the leached elements, ultimately forming mound around or incorporation of 
intermetallic particles into oxide layer. This phenomenon was confirmed from TEM analysis 
where the edges of the intermetallic particles start to dissolve and resulted in morphological 
difference in the structure of needle features. The EDS analysis confirms the presence of Si and 
O near to the edge of intermetallic particles where morphological difference was observed. The 
main part of intermetallic particle remains un-dissolved due to the low oxidation rate of different 
alloying elements. In case of intermetallic particles dissolution, the elemental constituents of 
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intermetallic phases i.e. Fe, Si and Cu may dissolve and form respective oxides. The chemical 
reactions equations to form these oxides are given below.  

100-125°C
2 2 3 22Fe+3H O F ( G e =O  + -3H 12kcal)( G = -12k  (3) 

100-125°C
2 2 2Si+2H O S ( G = -95kcaliO +2H )( G = -95k             (4) 

100-125°C
2 2CuO ( G = 19kcal)Cu+H O +H ( G = 19kc    (5) 

The thermodynamic calculations of these chemical reactions under the similar steam pres-
sure conditions indicated that in the stated temperature range, most feasible oxide formation is 
SiO2. These calculations are congruent with our findings where Si and oxygen was detected at 
the edge of second phase intermetallic particles suggesting the formation of SiO2. Moreover 
under these conditions Si dissolved rapidly to form an oxide in comparison to Fe. However the 
Cu will not dissolve to form Cu-oxide. 

 Conclusion 
1. Steam treatment of Peraluman 706™ and AA1090 has resulted in the accelerated growth 

of aluminium oxide and the thickness of the steam generated oxide layer was found to 
be a function of microstructure of the alloys, prior surface treatment and steam vapour 
pressure.  

2. Depending on the steam parameters and prior surface treatment, formed oxide thickness 
varied from 450-825 nm, while the compactness of the oxide was high when treated at 
vapour pressure of 1.9 bar. Compactness of the formed oxide layer is found to be a func-
tion of the vapour pressure of the steam. Increase in vapour pressure has resulted in more 
compact oxide layer. 

3. Chemical and phase analysis of the oxide layer shows that the oxide layer consists of 
boehmite and crystalline content increase with steam treatment time. 

4. Intermetallic particles in the aluminium alloy substrates were covered with oxide layer, 
although the growth structure around them is different. Steam treatment at high vapour 
pressure resulted in more homogenous coverage of the intermetallic particles compared 
to the growth features observed at low vapour pressure. 

5. Regardless of the steam vapour pressure, steam treatment of the aluminium alloys re-
sulted in partial dissolution of Al-Fe-Si intermetallic particles.  
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Abstract 

The steam treatment of aluminium alloys with varying steam pressure resulted in the 
growth of aluminium hydroxide films having thickness between 450-825 nm. The surface com-
position, corrosion resistance, and adhesion of the produced films was characterised by XPS, 
potentiodynamic polarization, acetic acid salt spray, filiform corrosion test, and tape test. The 
oxide films formed by steam treatment showed good corrosion resistance in NaCl solution by 
significantly reducing anodic and cathodic activities. The pitting potential of the surface treated 
with steam was a function of the vapour pressure of the steam. The accelerated corrosion and 
adhesion tests of steam generated oxide films with commercial powder coating verified that the 
performance of the oxide coating is highly dependent on the vapour pressure of the steam.  

  

                                                 
3 This chapter was published as a scientific paper:  
Surf. Coatings Technol. 276 (2015) 106–115. 
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 Introduction  
Aluminium and its alloys are widely used in construction, automotive and aerospace in-

dustry because of their distinct properties, for instance light weight, low toxicity and valuable 
corrosion resistance characteristics [1,2]. Heat-treatable 6000 series aluminium alloys are heav-
ily used in automotive and construction industry owing to fuel efficiency, weight reduction, 
formability and strength [3,4]. The native oxide film, about 2-10 nm, on an aluminium alloy is 
stable in natural environments in the absence of chloride which provides natural corrosion re-
sistance properties. Nonetheless the native oxide film has inadequate barrier properties for long 
term corrosion prevention of the underlying metal substrate, even after being further coated by 
organic protective coating [5]. Therefore an intermediate layer of conversion coating is needed. 
Function of conversion coatings is to improve the corrosion resistance and build a base for sub-
sequent application of organic coatings with improved adhesion [6]. An organic coating alone 
is permeable to water and other ions over long periods of time due to the micro-pores and dif-
fusion through the molecular structure [7]. 

Although it is banned today due to carcinogenic issues [8], chromate based conversion 
coating [9] is the most protective conversion coating due to the re-passivation provided by the 
self-healing ability of chrome. A number of alternative conversion coatings are in use, however 
none of them have been proven to be as good as chrome based conversion coatings. Alternative 
surface treatment techniques applied to aluminium alloys include Ti/Zr based conversion coat-
ings, which are commercially available and include polymeric constituents. These coatings are 
applied by dipping or spraying to generate a 10-50 nm thick oxide film [10,11]. However the 
corrosion performance of these coatings has been shown to be inferior when compared to the 
chrome based conversion coating [12]. Other alternatives for chrome based conversion coatings 
include rare earth based inhibitors [13], organic polymer coatings [14], and phosphating process 
[15] with some additives for aluminium alloys [16]. These coating processes have some draw-
backs, like e. g. polymers are difficult to work with unless used with chromates and use of rare 
earth inhibitors add to the cost. Phosphate based coatings individually or with addition of chro-
mates provide good paint adhesion, but corrosion resistance is inferior to that of chrome based 
conversion coatings [17]. Earlier studies [18–20] reported that steam based conversion coatings 
exhibit good corrosion resistance properties by reducing anodic and cathodic activities of alu-
minium. 

The interaction of applied top coat with metal substrate is determined by the chemical and 
physical nature of pre-treated aluminium alloy surface. The adhesion provided by the mechani-
cal interlocking is one aspect, which depends on the surface morphology of the conversion 
coating [21,22]. The adhesion mechanism also depends on the acid/base properties of the surface 
due to the possibility of forming chemical bonds with the top layer [23]. The organic molecules 
in the top layer will form chemical bonds with the conversion layer depending on the surface 
property. The presence of hydroxyl group is an important aspect due to the possibility of forming 
bonds by donating negatively charged oxygen [24]. Rider [25] reported that adhesion and dura-
bility of applied epoxy coating was affected by boiling water treatment of aluminium. Strålin 
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and Hjertberg [26] found that the adhesion of ethylene vinyl acetate polymer with a pseudo-
boehmite aluminium hydroxide layer is stronger than with a de-hydroxylated aluminium oxide.  

In the present investigation aluminium alloy surfaces are treated with steam to generate 
relatively thick oxide layers. Part I of this paper describes in detail microstructure, surface mor-
phology, oxide growth mechanism and phase analysis as a function of steam parameters. This 
paper (Part II) studies surface chemistry and electrochemical behaviour of steam generated ox-
ide films evaluated on Peraluman 706™ and AA1090. The acid salt spray, filiform corrosion 
resistance, and adhesion properties of the oxide films were examined according to relevant 
standards, and therefore using AA6060 alloy [27]. Moreover the adhesion properties of these 
oxide films were judged in dry and wet conditions by tape test. The oxide films were produced 
at different vapour pressures of steam and compared for the surface chemistry and corrosion 
performance. 

 Experimental  

 Materials  
The elemental composition of the aluminium alloys Peraluman 706™ and AA1090 was 

presented in Part I. The alloys were in the form of cold rolled sheets with the thickness of 1 mm 
and 0.5 mm respectively. All samples were cut from the sheet into 50 x 50 mm coupons. The 
commercial AA6060 aluminium alloy was used for industrial scale corrosion performance test-
ing. The alloy specimens were cut from 1 mm thick sheet into 150 x 50 mm coupons. The alloy 
chemical composition obtained from the supplier data sheet is presented in Table 5.1. 

Table 5.1 Chemical composition of AA6060 in weight %, remainder Al. 

Si Fe Cu Mn Mg Cr Zn Ti 
0.3-0.6 0.1-0.3 max. 0.1 max. 0.1 0.3-0.6 0.05 0.1 0.1 

 Surface preparation 

 Treatment 1 

All samples were degreased by dipping in 6 wt. % commercial Alficlean (pH=9) aqueous 
solution for 2 minutes at 60 °C followed by rinsing in deionized water for 1 minute and air 
drying at room temperature. 

 Treatment 2 

Samples were subjected to alkaline etching treatment by immersing in an aqueous solution 
of 10 wt. % NaOH at 60 °C for 5 minutes, rinsing in deionized water for 1 minute followed by 
desmutting in 69 % vol. HNO3 for 2 minutes. The specimens were then washed with deionized 
water and dried in air at room temperature. 
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 Steam Treatment 
Samples from treatment 1 and treatment 2 were exposed to steam treatment in an auto-

clave. The surfaces of the specimens were exposed to 5 psi, 10 psi, and 15 psi (gauge pressure) 
pressurized steam which was generated from deionized water in an autoclave (ALL 
AMERICAN PRESSURE CANNERS, USA). The total process time was 25 minutes, while the 
time of exposure after the autoclave reached steady state conditions was 10 minutes. The max-
imum temperature measured by THERMAX (TMC,UK) surface indicator strips, at 5 psi, 10 psi, 
and 15 psi internal pressure in the autoclave was 107°C, 113°C, and 118°C respectively. The 
vapour pressure of the steam was calculated in bar by using Antoine equation. 

ln P  = -B/T+C + A  [28]  

Where P is vapour pressure, B, C, and A are the component-specific constants for Antoine 
equation and T is the temperature at which vapours are generated.  

 Oxide coating surface analysis  

 X-ray photoelectron spectroscopy (XPS)  

The XPS analysis was performed using a Thermo Scientific K-Alpha X-ray photoelectron 
spectrometer equipped with an Al K  (1486.6 eV) X-ray source. Survey spectra were measured 
in the range from 0 to 1100 eV with pass energy of 200 eV. High-resolution spectra for the Al 
2p and O 1s levels were measured with pass energy of 50 eV; 10 scans were performed in each 
case. Binding energies were measured with a precision of ± 0.1 eV. Surface charge compensa-
tion was performed using a low energy electron flood gun. All binding energies were referenced 
to the C 1s line at 285.0 eV. Photoelectrons were collected at 90° with respect to the sample 
surface. The analysed area had a diameter of 400 m. The base pressure in the analysis chamber 
was approximately 2·10-8 mbar. The deconvolution of the XPS spectra for the Al 2p and O 1s 
levels was made by commercial peak fitting software (XPSPeak 4.1). 

 Corrosion performance  

 Electrochemical behaviour  

Potentiodynamic polarization measurements were carried out using an ACM electrochem-
ical Instrument (GillAC). A flat cell set-up with an exposed area of 0.95 cm2 was used for 
measurements. The open circuit potential (OCP) was monitored for 15 min prior to conducting 
the polarization scans. The anodic and cathodic sweeps were conducted separately in naturally 
aerated 0.1M NaCl solution. An Ag/AgCl reference electrode and a Pt wire counter electrode 
were employed. All polarization scans were conducted at a scan rate of 1 mV/s starting from a 
potential close to OCP. For all the measurements, experiments were repeated two times for con-
sistency on each different sample. 
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 Acetic acid salt spray (AASS) 

The acetic acid salt spray (AASS) DIN EN ISO 9227 standard test was carried out on 
selected samples of AA6060 aluminium alloy treated with various vapour pressure of the steam. 
The AA6060 alloy specimens having size 150 mm x 50 mm x 1 mm were powder coated after 
the surface treatment. The specimens were powder coated with a conventional polyester coating 
type Jotun Facade 2487 RAL 9010 and cured at 170ºC for 30 min by achieving final thickness 
of 80-90 m. For AASS two replica samples of each treatment have been tested. 

 Filiform corrosion (FFC) 

The AA6060 alloy test coupons, 150 mm x 50 mm x 1 mm in size were steam treated at 
various vapour pressure of steam. The specimens after surface treatment were powder coated 
with Jotun Facade 2487 RAL 9010 having final thickness within 80-90 m after curing at 170ºC 
for 30 min. The filiform corrosion (FFC) tests and final evaluation of the tested sample was 
conducted according to DIN EN 3665, corresponding to the standard FFC test conditions. For 
FFC two replica samples of each treatment have been tested. 

 Adhesion testing  
Tape adhesion measurements were carried out on powder coated specimens which involve 

scoring four parallel lines with a diamond knife down to the metal substrate, vertically and hor-
izontally with a separation of approximately 1 mm followed by sticking a tape in that area and 
pulling it up with a steady force at 90º. After the tape test, these areas with lines were exposed 
to AASS for 1000 hours and the tape test measurements were performed again on the same grid. 

 Results  

 Presence of hydroxyl groups at the surface 
The near-surface chemical composition of the steam treated surfaces of AA1090 samples 

was analysed using XPS with an aim of understanding the specific structure of oxide and surface 
functional groups. Figure 5.1(a), (b) shows XPS spectra of the Al 2p level for the samples ob-
tained after 30 s and 10 min of steam treatment, respectively. The binding energy of the Al 2p 
peak after taking the surface charging into account was found to be about 74.1 eV which is a 
characteristic of Al in oxidation state +3 [29]. Since the chemical shifts of the Al 2p level are 
very similar for Al2O3 and boehmite [30,31], it is not possible to distinguish between the two 
species based on the Al 2p spectra. However, it was shown previously [30,32–36] that the indi-
vidual contributions from these species could be obtained by deconvolution of the O 1s line. In 
Figure 5.1(c) and Figure 5.1(d) the XPS spectra of the O 1s level for the samples obtained after 
30 s and 10 min of steam treatment are presented. The spectra were fit by 3 Gaussian-Lorenzian 
peaks, assuming the presence of 3 oxygen-containing species in the analysed films: O2- in the 
structure of boehmite or Al2O3, OH- in boehmite, and adsorbed water H2Oads. With increase in 
the process time, the intensity of the O2- component increases, while the intensities of the OH- 
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and H2Oads components remain almost constant. The full width at half maximum (FWHM) of 
the OH- peak decreases from 2.1 eV for 30 s of steam treatment to 1.8 eV for 10 min. 

 
Figure 5.1 XPS spectra of the Al 2p and O 1s levels for the surface of AA1090 samples treated by steam for 
30 s (a, c) and 10 min. (b, d) at 1.3 bar vapour pressure. 

 Electrochemical behaviour 

 
Figure 5.2 Cathodic (a) and anodic (b) Potentiodynamic polarization curves for Peraluman 706™ (treatment 
process 1) in naturally aerated 0.1M NaCl solution before and after exposure to the steam of different vapour 
pressure for 10 min. 
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The potentiodynamic cathodic and anodic polarization curves of Peraluman 706™ sam-
ples after treatment 1 and treatment 2 followed by steam treatment for 10 min at different vapour 
pressures are shown in Figure 5.2 and Figure 5.3, respectively. The cathodic polarization curves 
presented in Figure 5.2(a) and Figure 5.3(a) show that the steam treatment has significant effect 
on cathodic behaviour by lowering the current densities by 2 orders of magnitude, while the 
change in vapour pressure from 1.3 to 1.9 bar did not generate any additional effect.  

 
Figure 5.3 Cathodic (a) and anodic (b) Potentiodynamic polarization curves for Peraluman 706™ (treatment 
process 2) in naturally aerated 0.1M NaCl solution before and after exposure to the steam of various vapour 
pressure for 10 min. 

The anodic polarization curves presented in Figure 5.2(b) and Figure 5.3(b) shows almost 
a 4 orders of magnitude decrease in current densities for the steam treated surface, while the 
passive current density values remain essentially similar for all vapour pressures. The etched 
(treatment 2) and non-etched (treatment 1) surfaces showed significant difference, exhibiting 
higher breakdown potential for etched sample compared to non-etched samples. The increase in 
the vapour pressure of the steam also resulted in more stable oxide film at higher potential val-
ues, shown by the increased breakdown potential. Polarization curve for 1.3 bar vapour pressure 
showed lowest breakdown potential with sudden increase in current, while increased vapour 
pressure has resisted the breakdown of the oxide film. Table 5.2 shows the breakdown potential 
of oxide film of the steam treated samples at different vapour pressure at which the pitting oc-
curred. 

Table 5.2 Breakdown anodic potential (-950 mV to -100 mV) of steam generated oxide films at different 
vapour pressure of steam. 

Sample 1.3 bar 1.6 bar 1.9 bar 
AA1090-Treatment 1 -405 mV No failure No failure 
AA1090-Treatment 2 -210 mV No failure No failure 

Peraluman 706™ -Treatment 1 -460 mV -290 mV No failure 
Peraluman 706™ -Treatment 2 -380 mV -230 mV No failure 
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For comparison, anodic and cathodic current densities for all polarization curves corre-
sponding to -480 mV and -1100 mV are presented in Figure 5.4. Results indicate that the pre-
treatment of the alloy has an effect on anodic activity. Anodic current densities of steam treated 
samples of AA1090 and Peraluman 706™ increases initially for increase of vapour pressure 
from 1.3 bar to 1.6 bar, while it decreases for 1.9 bar pressure. The scatter plot revealed that the 
pre-treatment of the alloy plays a vital role in anodic activity at lower vapour pressure of steam, 
but samples treated at high vapour pressure of steam did not show a similar effect of pre-treat-
ment. However, the measured anodic current densities for the steam treated samples decreased 
after pre-treatment 2 for both alloys. 

 
Figure 5.4 Measured anodic and cathodic current densities at -480 mV (a) and -1100 mV (b) of AA1090 and 
Peraluman 706™ samples treated with steam having different vapour pressure, for 10 minutes. 

 
Figure 5.5 Surface morphology after anodic polarization: (a) Peraluman 706™ after treatment 1, (c) surface 
of Peraluman 706™ treated with steam having vapour pressure of 1.3 bar, for 10 minutes. (b), (d) are high 
magnification images of pit in (a) and (c), respectively.  
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The steam treatment of Peraluman 706™ leads to higher cathodic activity as compared to 
AA1090. However, the measured cathodic current densities of the steam treated samples (treat-
ment 1, treatment 2) of both alloys at different vapour pressures were very close to each other. 

The SEM images in Figure 5.5 show the morphology of the anodic attack in 0.1M NaCl 
solution of pH 5.3±0.3 during polarization. Very few pits were found at the surface of steam 
treated samples (Figure 5.5(c)) in comparison with the reference aluminium sample (Figure 
5.5(a)). The observed pit morphology inside the pit in all cases was crystallographic in nature. 
Figure 5.5(b) and Figure 5.5(d) show high magnification images of undissolved crystallographic 
planes. This form of attack was similar for all alloys after steam treatment at different vapour 
pressure of steam. 

 Standardised corrosion testing  
The AA6060 contains similar alloying elements as Peraluman 706™ (Mg-Si alloys), how-

ever the amount of these alloying elements varies in both alloys. The microstructural features in 
both alloys are also quite similar, i.e. Al-Fe-Si based constituent intermetallic particles. Further-
more, as AA6060 is extensively used in automotive and building industry, the standardised FFC 
and AASS test on AA6060 provides a clear difference in the performance of steam treatment 
process in relation to other conversion coating processes used commercially. Thus, in order to 
examine the corrosion performance and adhesion properties of the steam generated oxide films 
according to the standards for industrial use, AASS and FFC tests were carried out on commer-
cial AA6060 alloy. On the basis of electrochemical data, the entire test samples were pre-treated 
by treatment 2 followed by steam treatment for 10 min at 1.3, 1.6, and 1.9 bar vapour pressure 
of steam respectively  

 Acetic acid salt spray (AASS) 

Accelerated AASS tests are typically used to determine if the coating on substrate have 
enough field exposure performance. In this test, oxide coatings generated by steam at 1.3, 1.6, 
and 1.9 bar vapour pressure have been compared. According to DIN EN ISO 9227 standards, 
test has been carried out on steam treated powder coated samples for 1000 hours. Figure 5.6 
shows the surface of powder coated samples after exposure to acetic acid salt spray test where 
the corrosion attack has been observed. Majority of the samples showed the area next to the 
scribe was fairly intact, while few places showed under creep corrosion. Further, the penetration 
depth of the corrosion attack was higher for steam treated samples at 1.3 bar of vapour pressure 
in contrast to 1.6 and 1.9 bar steam treated samples. The average maximum length of corrosion 
attack for various vapour pressure is shown in Figure 5.7. It shows that the increase in steam 
pressure resulted in less pronounced corrosion attack. However, steam pressure of 1.6 and 1.9 
bar showed identical performance. Furthermore, the reference sample showed the highest degree 
of delamination. 
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Figure 5.6 The overview of scribed area of sample and local disbanding of powder coating on AA6060 steam 
treated samples with (1), (a) 1.3 bar, (2), (b) 1.6 bar and (3), (c) 1.9 bar steam vapour pressure after 1000 
hours of AASS test. 
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Figure 5.7 Average length of powder coating delamination on reference AA6060 steam treated samples with 
1.3 bar, 1.6 bar and 1.9 bar steam vapour pressure after 1000 hours of AASS test. 

 Filiform corrosion  

The morphology of typical FFC filament growth on steam treated powder coated samples 
after 1000 hours of FFC is shown in Figure 5.8. It is evident that the FFC filaments initiate 
perpendicular to the applied scribe and typical width of the filament was in the range of 300-
500 m in all cases. Further, the direction of the filament was arbitrary after growth of few 
microns. The number of filaments per length of scratch on all the samples exhibited a minor 
variation, although the filament density in case of the sample treated with 1.3 bar vapour pres-
sure of steam was slightly higher in comparison to the sample treated at 1.9 bar. The overall 
corrosion results, assessed by the length of FFC filament perpendicular to the scribe are reported 
in Figure 5.9.  
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Figure 5.8 Growth of filiform corrosion filament after 1000 hrs of FFC test on steam treated and powder 
coated AA6060 surface, with (a) 1.3 bar, (b) 1.6 bar and (c) 1.9 bar steam pressure, while (1), (2), and (3) 
shows the scribed samples after the filiform corrosion test of steam treated AA6060 at 1.3 bar, 1.6 bar and 
1.9 bar, respectively. 
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Figure 5.9 Length of filiform corrosion filament after 1000 hours of FFC test of reference and steam treated 
and powder coated AA6060 surface, with (a) 1.3 bar, (b) 1.6 bar and (c) 1.9 bar steam pressure and total 
number of filaments are present at the top of each bar. 

The maximum corrosion attack on the samples from the applied longitudinal and horizon-
tal scribe is indicated by coloured bars horizontal line pattern, while the minimum length of 
corrosion attack is represented by box pattern coloured bars. The threshold of 2 mm length for 
FFC filament is frequently used to distinguish between good and poor filiform corrosion re-
sistance of the coating. Overall the length of FFC attack on all the test samples was below the 
threshold frequency. However, there was significant difference between the lengths of FFC fil-
aments on the samples. 

As shown in Figure 5.9, the sample treated with 1.9 bar of steam vapour pressure exhib-
ited a relatively high corrosion resistance in comparison to all the samples which were treated 
at lower vapour pressure of steam, i.e. 1.3 bar, 1.6 bar. Further, the sample treated with 1.9 bar 
of steam vapour pressure also displayed lowest values of FFC filament length in the longitudinal 
and horizontal direction. In general, lengths of FFC attack in the extrusion direction of AA6060 
decreased by the increase in the vapour pressure of steam. The entire set of samples did not 
show any blistering of paint at the rest of the areas where no FFC attack was observed. Never-
theless, reference sample showed the intensive delamination of powder coating, i.e. > 8 mm. 
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 Adhesion 

 Adhesion of powder coating prior to AASS and after 

The tape adhesion tests were performed on the samples instantly after the curing of powder 
coating by making a cross cut. During the tape test no failed region was observed in all samples. 

 
Figure 5.10 Optical micrographs of individual squares in powder coated areas of the grid on the specimen 
treated with (a) 1.3 bar,(b) 1.6 bar, and (c) 1.9 bar steam pressure, after exposure to 1000 h of AASS test. 
The intact areas of powder coating have been marked as “P” whereas detached areas of powder coating are 
marked as “C”, respectively. 

The cross cut samples were then exposed to 1000 hours of AASS. After the AASS expo-
sure, the squares inside the grid were investigated with optical microscope and tap test was 
repeated on the same areas. 

Figure 5.10 shows that individual square in the grid after the AASS where “P” represents 
intact powder coating and “C” shows the areas of powder coating that have been detached. The 
detachment of the powder coating on the sample treated at 1.3 bar steam pressure was intensive 
(marked by C). However the samples treated at 1.6 and 1.9 bar of steam pressure showed the 
corrosion attack which was restricted to the edges of square in the grid.   

Figure 5.11 shows the hatch area after the tape test on the samples exposed to AASS for 
1000 hours. It is evident that the delamination of powder coating took place for 1.3 bar steam 
treatment. Further, the samples treated at 1.6 and 1.9 bar of steam vapour pressure showed the 
lift out of powder coating at the edges, while majority of the powder coating was still intact with 
the steam generated oxide films. 

 
Figure 5.11 Cross cut areas of the specimen treated with (a) 1.3 bar, (b) 1.6 bar, and (c) 1.9 bar steam vapour 
pressure, exposed to 1000 hours of AASS and subjected to tape test. 
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 Discussion 
In general, the present study showed that the steam generated oxide films produced on 

aluminium alloys were corrosion resistant and providing adequate qualities for adhesion be-
tween the powder coating and metal substrate. Further, the performance of the coating was 
improved by the use of high vapour pressure of steam together with an industrially applied pow-
der coating system. The effect of steam treatment on the microstructure of the alloys used in the 
present study and chemical composition of formed oxide films have been reported in our previ-
ous studies [18,37]. It has been described that the increase in the vapour pressure of steam 
resulted in the formation of oxide films of distinct surface morphologies, compactness, thick-
ness, and coverage of intermetallic particles. The reported results clearly show that the oxide 
formed on aluminium alloys under the steam conditions were boehmite. However, the crystal-
linity of the oxide was dependent on the time of the steam treatment. Shorter steam treatment 
time for aluminium alloys resulted in poorly crystalline boehmite films. The formation of 
boehmite is also confirmed by XPS results (O 1s peak fit). The width (FWHM) of the OH- peak 
decreases from 2.1 eV for 30 s of steam treatment to 1.8 eV for 10 min. Thus XPS results are in 
an agreement with the GI-XRD data [37] for the same samples and indicate an increased degree 
of crystallinity in the films obtained after a longer time of steam treatment. Notably, XPS anal-
ysis indicates presence of hydroxyl groups at the oxide surface which plays a vital role in the 
adhesion of polymer to the hydrated aluminium oxide surface [38,39]. Moreover, the XPS meas-
urements were accompanied by strong surface charging, which resulted in a significant shift of 
the spectra towards the higher binding energies. This effect is typical for XPS measurements on 
poorly conductive samples and it makes any quantitative comparison of the obtained data rather 
problematic. Therefore the amounts of hydroxyl groups on the surface for different samples 
were only qualitatively compared. 

Potentiodynamic polarization shows that the steam generated oxide film increases the cor-
rosion resistance of the alloy. The iron containing constitute intermetallic particles act as noble 
sites in aluminium matrix [40]. The corrosion potential of aluminium substrate after steam treat-
ment shifted towards negative values, in comparison to non-treated surface. As iron containing 
constituent intermetallic particles shifts the corrosion potential of aluminium alloys to more no-
ble side, the coverage of these cathodic intermetallic particles by the formed oxide film may 
shift the corrosion potential to negative side. Pitting potential is significantly affected by the 
increased vapour pressure of the treatment, and it is assumed to be due to the compactness of 
the oxide film at high vapour pressure [37]. Pre-treatment 1 followed by pressurised steam treat-
ment showed inferior corrosion resistance as compared to pre-treatment 2, which can be related 
to the removal of some intermetallic phases and the better coverage of intermetallic particles at 
high vapour pressure of steam [37]. The presences of different intermetallic phases in aluminium 
matrix are prone to localised corrosion and play an important role in the corrosion resistance of 
the alloy [41–43]. Hence the coverage of intermetallic particles with the oxide film resulted in 
the enhancement of corrosion resistance of the alloys.  
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For coated aluminium, FFC takes place where defects is present [44]. The FFC testing of 
steam generated oxide films with increased vapour pressure exhibited behaviour similar to the 
polarization measurements. The length and density of FFC filaments were decreased by the 
increase in the vapour pressure of the steam. This phenomenon can be directly attributed to the 
change in the microstructure of the alloy after steam treatment. It was observed that the steam 
treatment of AA1090 and Peraluman 706™ at lower vapour pressure of steam resulted in poor 
coverage of intermetallic particles and lower thickness of oxide film over aluminium matrix 
[37]. Potentiodynamic polarization data obtained on AA1090 and Peraluman 706™ showed that 
the pitting potential was shifted towards more noble side after steam treatment with high vapour 
pressure of steam (1.9 bar), was in good agreement with the industrial standardised FFC test 
results of AA6060.  

Standardised AASS is used to study the detachment of powder coating with the steam 
generated oxide films at various vapour pressure of steam. In general, a high degree of detach-
ment of the powder coating was observed on the samples treated with lower vapour pressure of 
steam. The steam treatment of AA1090 and Peraluman 706™ at lower vapour pressure of steam 
resulted in less compact morphology of the oxide film [37]. This explains that the oxide film 
generated at lower vapour pressure of steam provides permeable membrane which yields in high 
degree of migration of chloride ions/electrolyte at the interface resulting in the high degree of 
disbanding of powder coating. The tape test on AA6060 after 1000 hours of AASS exposure 
confirmed intensive corrosion attack beneath the organic coating. The presence of corrosive 
species in combination with moisture leads to the chemical degradation of bonds at the interface, 
which resulted in the delamination of powder coating [45]. However, all oxide films generated 
at various vapour pressures of steam manifested that the steam generated oxide films provide 
good base for powder coating under various exposure conditions.  

 Conclusion  
1. Surface chemical composition analysis of the oxide film shows that notable amount of 

hydroxyl groups are present at the surface of oxide and verifies that the oxide film con-
sists of boehmite, which becomes more crystalline with steam treatment time. 

2. Electrochemical polarization measurements showed a reduction of anodic and cathodic 
activities up to 4 and 2 orders of magnitude respectively, while the treatment, while the 
treatment at high vapour pressure shifted the pitting potential to more noble values (+120 
mV). 

3. Acetic acid salt spray and filiform corrosion results showed that corrosion resistance of 
steam generated oxide films in an industrial powder coating system was a function of 
steam vapour pressure.  

4. The steam treatment of AA6060 with steam at vapour pressure of 1.9 bar resulted in 
superior powder coating adhesion in AASS and lowest length of filiform corrosion at-
tack.  
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5. Tape adhesion measurements showed that in wet environment steam generated oxide 
films at high vapour pressure showed improved adhesion properties. Although in dry 
condition the adhesion performance of these films was the same regardless of change in 
vapour pressure of steam. 
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Abstract 

The surface treatment of aluminium alloys under steam containing KMnO4 and HNO3 
resulted in the formation of an oxide layer having a thickness of up to 825 nm. The use of KMnO4 
and HNO3 in the steam resulted in incorporation of the respective chemical species into the 
oxide layer. Steam treatment with solution containing HNO3 caused dissolution of Cu and Si 
from the intermetallic particles in the aluminium substrate. The growth rate of oxide layer was 
observed to be a function of MnO4- and NO3- ions present in the aqueous solution. The NO3- 
ions exhibit higher affinity towards the intermetallic particles resulting in poor coverage by the 
steam generated oxide layer compared to the coating formed using MnO4- ions. Further, in-
crease in the concentration of NO3- ions in the solution retards precipitation of the steam 
generated aluminium hydroxide layer. 

  

                                                 
4 This chapter was published as a scientific paper:  
Appl. Surf. Sci. 355 (2015) 820–831. 
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 Introduction 

In the last few decades chromate based conversion coatings have been extensively applied 
to aluminium alloys as an anti-corrosive treatment [1,2]. However, due to the toxicity of Cr (VI), 
the search for alternative, environment friendly conversion coatings is under progress [3]. Direct 
replacement of chromate conversion coatings is a challenge due to the difficulty in replicating 
the re-passivation behaviour of chromate conversion coatings [4]. However, thicker anodic ox-
ide films (e.g. boehmite) have shown promising results when tested for corrosion protection of 
aluminium alloys in chloride environment [5,6]. Corrosion resistance of such an oxide conver-
sion coating might be further enhanced by the incorporation of various inhibiting species in its 
structure similar to that provided by Cr species in chromate conversion coatings. 

Manganese (Mn) has several properties that are similar to Cr and therefore Mn based con-
version coatings are of great interest for applications requiring corrosion resistance based on 
passivation mechanism and have been found to be very effective in the corrosion protection of 
aluminium alloys [7,8]. However, one practical disadvantage of applying manganese conversion 
coatings (based on permanganate) is the multiple process steps that are involved [9]. There has 
been progress in reducing the process steps to some extent by combining several reactive species 
into one solution as reported by Bibber [10]. Danilidis et al. [11] reported that freshly prepared 
“no-rinse” manganese conversion coatings that were subjected to rinsing with water did not 
show presence of Mn (VII) in the structure. Further, Danilidis et al. [12] reported that the incor-
poration of aluminium based sulphates and nitrates into the bath further reduced the anodic and 
cathodic current densities. However, information available on manganese conversion coatings 
is sparse and limited mainly to patent claims [9,10,13]. 

The reaction kinetics of water with aluminium surfaces can be modified by addition of 
different anions [14,15]. Vermilyea et al., McCune et al., and Takahashi et al. [14–17] have 
studied the effect of addition of different anions to water and their role in hydration of alumin-
ium surfaces as well as the resulting corrosion protection. Nitric acid is a well-known reagent 
used for passivating aluminium, and nitrate ions are usually considered as being among the most 
effective inhibitors for preventing pitting corrosion of aluminium under chloride conditions 
[18]. However, it has been reported that [19] the corrosion inhibition ability of nitrates is a 
function of the concentration and the specific electrolyte mixture in a NaCl solution. 

Our earlier studies have shown that the use of high temperature pressurised steam treat-
ment on aluminium surfaces results in the formation of nano-scale needle structured boehmite, 
which exhibited good barrier properties against corrosion in NaCl solution [5,20,21]. Further 
enhancement in performance is possible by the use of various chemical agents together with 
high pressure steam treatment. The present study deals with the effect of using oxidative agents 
with steam namely nitric acid and potassium permanganate, and detailed investigation of the 
oxide layer formed on the surface of aluminium alloys. Microstructure, surface morphology, 
and composition of the oxide layers were investigated as a function of additive concentration 
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using glow discharge optical emission spectroscopy (GD-OES), scanning electron microscopy 
(SEM), energy dispersive X-ray spectroscopy (EDS), and focused ion beam scanning electron 
microscopy (FIB-SEM) analysis. Chemical composition analysis was carried out using Fourier 
transform infrared spectroscopy (FT-IR) and the surface composition of the coating was ana-
lysed using X-ray photoelectron spectroscopy (XPS). Part II of this paper will describe the 
detailed investigation of corrosion performance of the coatings developed using similar addi-
tives. 

 Experimental 

 Alloys 

The test material was AA1090, Peraluman 706™ (Al-Mg-Si alloy) and AA6060. The 
as-received chemical composition of the alloys from the supplier’s data sheet is presented in 
Table 6.1. The specimens were cut into 50 mm x 50 mm pieces and were degreased in an ultra-
sonic bath for 5 min using acetone as a solvent prior to the surface treatment. 

Table 6.1 Chemical composition of the alloys in wt% (balance percentage is Aluminium). 

Material Si Fe Cu Mn Mg Cr Zn Ti 

Peraluman 706™ 0.2 0.2 0.1 0.05 0.8 0.02 0.05 0.03 

AA1090 0.06 0.05 0.01 0.01 0.01 0.01 0.04 0.03 

AA6060 0.3-0.6 0.1-0.3 0.1 0.1 0.3-0.6 0.05 0.1 0.1 

 Surface treatment 

All samples were degreased with acetone and three types of surface treatments were car-
ried out for the investigations namely: 

I. The degreased specimens were treated with KMnO4 by dipping in a 4 g/l aqueous 
KMnO4 solution at 85 ºC for 10 min followed by rinsing in deionized water and air 
drying. 

II. Another set of specimens after degreasing were subjected to steam treatment in an auto-
clave (All American Pressure Canners, USA). The surface of the specimen was exposed 
to steam at 1.3 bar vapour pressure generated from an aqueous solution of 4 g/l KMnO4. 
The total process time was 20 min, while the time of exposure after the autoclave reached 
set internal pressure was 10 min. The maximum temperature measured by the Thermax 
(TMC, UK) surface indicator strip was 107 °C. The samples after steam treatment were 
rinsed with deionized water and dried in air. 
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III. A separate set of specimens were steam treated in an autoclave generated from an aque-
ous solution of HNO3 having a pH of 3.0 or 2.0, using a similar process as described in 
treatment II.  

 Surface Characterization  

 Elemental depth profiling 

The thickness and chemical composition of the surface layers were analysed using glow 
discharge optical emission spectroscopy (GD-OES) (GD-2 profiler, Horiba Jobin YVON). The 
instrument is equipped with a radio frequency generator, a standard discharge source with an 
anode of 4 mm internal diameter, a monochromator and polychromator optical spectrometers, 
and Quantum XP software. Calibration of the GD-OES profiler was carried out at optimized 
discharge condition of 850 Pa pressure and RF power 40 W by sputtering the sample surface for 
a specific time and then measuring depth of the resulting crater using a surface profilometer. 
The sputter rate of the conversion coating formed as a result of steam treatment on aluminium 
alloys surfaces under optimised discharged conditions was 30± 4nm/s. Hence, the thickness of 
oxide layer was calculated by multiplying sputter time at which oxide metal interface was 
reached, with the calculated oxide sputter rate.  

 Surface morphology 

Surface morphology of the oxide layer formed on surface of the specimens after the steam 
treatment was observed using a field emission gun scanning electron microscope (FEG-SEM-
Quanta 200FEG, FEI) with an Oxford Instrument Inca EDS analyser capability. The EDS anal-
ysis has been performed with an acceleration voltage of 10 kV and Cu calibration. 

 Focused ion beam (FIB) analysis 

Dual beam FIB-SEM was used for cross-section milling of the coating locally on the 
alloy matrix and above the intermetallic particles. The cross-section milling was performed at a 
tilt angle of 52º. A Ga ion beam was operated at 30 kV with current in the range of 0.5 - 20 nA. 
Before milling, areas of interest were covered by depositing Pt with a thickness of 2 m in order 
to protect it from the damage caused during the milling process. 

 Fourier transform infrared spectroscopy (FT-IR) 

The composition of the developed coatings were analysed by FT-IR. The transmittance 
IR spectra were obtained on a Nicolet™iN™10 infrared microscope using OMNIC software. 
The samples were analysed using an attenuated total reflection (ATR) method. The detector 
used for measurements was a liquid nitrogen cooled MCT detector. The spectra were recorded 
in the range of 4000 cm-1 

- 675 cm-1with a resolution of 4 cm-1. 
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 X-ray photoelectron spectroscopy (XPS) 

The XPS analysis was performed using a Thermo Scientific K-Alpha X-ray photoelectron 
spectrometer equipped with an Al K  (1486.6 eV) X-ray source. Survey spectra were measured 
in the range from 0 to 1100 eV with pass energy of 200 eV. A high-resolution spectrum for Mn 
2p was measured with pass energy of 50 eV. For each case, 10 scans were performed. Binding 
energies were measured with a precision of ± 0.1 eV. Surface charge compensation was per-
formed using a low energy electron flood gun. All binding energies were referenced to the C 1s 
line at 285.0 eV. Photoelectrons were collected at 90° with respect to the sample surface. The 
analysed area had a diameter of 400 m. The base pressure in the analysis chamber was approx-
imately 2x10-8 mbar. The deconvolution of the XPS spectra for the Mn 2p and O 1s levels was 
made by commercial peak fitting software (XPSPeak 4.1). 

 Results  

 Glow discharge optical emission spectroscopy (GD-OES) 

Figure 6.1 presents the GD-OES elemental depth profiles of Peraluman 706™ surfaces 
after KMnO4 treatment at 85 ºC (Figure 6.1 (a)), steam treatment with KMnO4 (Figure 6.1 (b)), 
and steam treatment with HNO3 (Figure 6.1 (c)). All the profiles showed formation of an oxide 
layer with compositions based on the specific involved chemistries. The thickness of the oxide 
layer depended on the type of chemistry and its concentration in the solution.  

The GD-OES elemental profile of the surface treated by dipping in KMnO4 showed lower 
oxide layer thickness and the chemical profile exhibits uniform distribution of manganese 
throughout the oxide layer. The manganese concentration showed a decrease with depth towards 
the metal oxide interface. However in the case of steam treatment using KMnO4 solution, thick-
ness of the produced oxide layer was high, while the manganese content in the coating was 
significantly lower in the top (~200nm) of the surface layer as shown in Figure 6.1 (e) . The 
steam treatment of Peraluman 706™ surface with steam generated from aqueous solution of 
HNO3 did not indicate the incorporation of any other chemical species, neither at the surface 
nor in the bulk of the oxide layer (Figure 6.1 (f). The GD-OES profiling of the AA1090 and 
AA6060 alloys surfaces (not shown) also exhibited similar results as for Peraluman 706™, 
therefore only the summary of the results for AA1090 and AA6060 is presented.  
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Figure 6.1 GD-OES compositional profiles from the surface of Peraluman 706™ after: (a) dipping in 4 g/l 
KMnO4, (b),(e) steam treatment using aqueous solution of 4 g/l KMnO4 and (c),(f) steam treatment using 
aqueous solution of HNO3 of pH 3.0, and (d) Average thickness of the layers on AA1090, Peraluman 706™ 
and AA6060. 

Average thickness of the oxide layer calculated from the GD-OES depth profiles on 
AA1090, AA6060 and Peraluman 706™ are presented in Figure 6.1 (d). In general, thickness 
of the oxide layer was a function of the substrate type and chemistries. The highest thickness of 
the oxide layer resulted from steam treatment using KMnO4 on AA1090, AA6060 and Peralu-
man 706™. Steam generated from the aqueous solution with low concentration of HNO3 
resulted in the formation of relatively thick oxide on Peraluman 706™ and AA6060 in compar-
ison to AA1090. The increase in the concentration of HNO3 reduced the average thickness of 
the oxide layer on Peraluman 706™ and AA6060. AA1090 alloy exhibited reduction in thick-
ness of oxide layer by the addition of HNO3 regardless of the variation in concentration of HNO3 
in aqueous solution. 
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 Microstructural characterization  

 Microstructure of the alloy  

 
Figure 6.2 As received microstructure of alloys after acetone degreasing: (a) Peraluman 706™ (b) AA1090 
(c) AA6060. 

The as-received microstructure of Peraluman 706™ (Figure 6.2 (a)), AA1090 (Figure 6.2 
(b)), and AA6060 (Figure 6.2 (c)) surfaces after surface cleaning in acetone is shown in Figure 
6.2. Presence of high degree of roughness on the alloy surfaces is due to the rolling/extrusion 
process of the aluminium alloy. In general, all the alloys surfaces were relatively smooth and 
contained intermetallic particles, which appeared bright due to elemental contrast in the 
backscatter-imaging mode of SEM. The EDS analysis (not presented) of the intermetallic parti-
cles showed that they consist of Al, Fe, Si and Cu depending on the alloy system. The identified 
phases of constituent intermetallic particles were Al-Fe, Al-Fe-Si and Al-Fe-Si-Cu in AA1090, 
AA6060 and Peraluman 706™ surface. 

 Effect of KMnO4 on coating formation 

 Surface Morphology of KMnO4 treated surface  

Figure 6.3 shows Peraluman 706™, AA1090 and AA6060 surfaces after surface treat-
ment using KMnO4 solution at 85 °C for 10 min. Surface of the alloys after treatment (Figure 
6.3 (a), Figure 6.3 (c) and Figure 6.3 (e)) showed bright particles within the size range of 0.2 - 
10 m. The high magnification image (Figure 6.3 (b), Figure 6.3 (d),and Figure 6.3 (f)) of the 
surfaces show the presence of small bright particles homogenously distributed all over the coat-
ing. The large bright particles appearing as hillocks were enriched in K and Mn. The bright 
particles also showed the presence of Al, Fe, Si together with K, Mn and O. Overall composition 
of the coating showed presence of Al, Mn, and O suggesting the formation of a mix oxide layer. 
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Figure 6.3 Alloy surfaces after treatment in 4 g/l KMnO4 at 85 ºC for 10 min: (a), (b) Peraluman 706™;(c), 
(d) AA1090 and (e), (f) AA6060 aluminium alloys surfaces. EDS analysis of respective areases are prsented 
inside the images. 

 Surface morphology of steam treated surface using aqueous KMnO4 solution 

Typical surface morphologies of Peraluman 706™, AA6060 and AA1090 after 10 min 
steam treatment with KMnO4 are shown in Figure 6.4. In general, the surface after steam treat-
ment showed uniform coverage except for the localised overgrowth (marked by arrows) 
distributed uniformly all over the surface (Figure 6.4 (a), Figure 6.4 (c)and Figure 6.4 (e)). The 
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EDS analysis (not presented) indicated that the overgrown regions are the locations of the inter-
metallic particles in the alloy microstructure. The high magnification secondary electron SEM 
micrographs of the areas marked by rectangles in Figure 6.4 (a) and Figure 6.4 (c)and Figure 
6.4 (e), revealed the presence of nano-scale needle structure (Figure 6.4 (b), Figure 6.4 (d) and 
Figure 6.4 (f)), evenly distributed all over the surface. Further, some bright flower like structures 
(marked by circles in Figure 6.4 (b) and Figure 6.4 (d) and Figure 6.4 (f)) having various sizes 
in the range of 0.1 - 0.5 m were present all over the coating matrix. The EDS analysis (not 
presented) showed that the chemical composition of these flower like structures was related to 
Al, Mn and O. 

 

Figure 6.4 Alloy surfaces after steam treatment with aqueous solution containing 4 g/l of KMnO4 at 1.3 bar 
vapour pressure of steam for 10 min: (a), (b) Peraluman 706™; (c), (d) AA1090 and (e), (f) AA6060. 
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 Coverage of intermetallic phases  

Figure 6.5 (a), Figure 6.5 (b) and Figure 6.5 (c) show the morphology of intermetallic 
particles in Peraluman 706™, AA6060 and AA1090 after surface treatment with 4 g/l KMnO4 

at 85 °C for 10 min. The oxide layer formed on the intermetallic particles was non-uniform and 
thicker compared to the coating on the matrix. Cracks were observed over the intermetallic par-
ticles, but not in the aluminium matrix, where the coating was relatively homogenous. The EDS 
analysis (not presented here) of intermetallic particles showed the presence of K, Mn, O, and 
other elemental constituents of intermetallic phases (i.e. Al, Fe, Cu and Si). 

 

Figure 6.5 Surface topography of intermetallic particles after surface treatments: (a) Peraluman 706™, (b) 
AA1090 and (c) AA6060, after treatment with 4 g/l of KMnO4 at 85 ºC for 10 min, (d) Peraluman 706™, (e) 
AA1090 and (f) AA6060, after steam treatment with aqueous solution of KMnO4. 

The surface morphology of intermetallic particles present in Peraluman 706™, AA6060 
and AA1090 after steam treatment with the steam generated from 4 g/l KMnO4 is shown in 
Figure 6.5 (c), Figure 6.5 (d) and Figure 6.5 (f). The steam treatment resulted in the formation 
of needle like structure over the intermetallic particle and extended over to the aluminium ma-
trix. Further, aluminium matrix around the intermetallic particles also showed the presence of 
flower like structures having size within 0.1 - 0.5 m. The amount of K in wt. % detected by 
EDS analysis over intermetallic particles after steam treatment with aqueous solution of KMnO4 
was much less when compared to KMnO4 sample treated by dipping at 85 ºC. 
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 Effect of HNO3 on coating formation 

 Surface morphology of steam treated surface using aqueous HNO3 solution 

 

Figure 6.6 Surface morphology of Peraluman 706™ alloy after steam treatment with aqueous solution of 
HNO3 at (a), (b) pH 3.0; (c), (d) pH 2.0. EDS analysis of respective areases are prsented in image (a). 

Figure 6.6 (a) and Figure 6.6 (c), show the typical surface morphology of Peraluman 
706™ surface after 10 min steam treatment with steam generated from an aqueous solution of 
HNO3 having pH 3.0 and pH 2.0. In general, steam generated from HNO3 solution formed a needle 
like structure, however the cell size of the needle like structure was more close packed at high 
pH conditions (low concentrations) as shown in Figure 6.6 (b) and Figure 6.6 (d). The EDS 
analysis revealed the presence of N at the intermetallic particles, although no nitrogen signal 
was observed from the oxide layer over the matrix. 
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Figure 6.7 Surface morphology of AA1090 alloy after steam treatment with aqueous solution of HNO3 at (a), 
(b) pH 3.0; (c), (d) pH 2.0. EDS analysis of respective areases are prsented in image (a). 

In general, steam treatment of AA1090 and AA6060 with aqueous HNO3 solution of pH 
3.0 (Figure 6.7 (b), Figure 6.8 (b)) and pH 2.0 (Figure 6.7 (b), Figure 6.8 (b)) produced oxide 
layer with needle like morphology similar to Peraluman 706™. Further, under steam conditions 
(pH 3.0), cell size on AA1090 and AA6060 was similar to that on Peraluman 706™, while under 
steam conditions (pH 2.0) AA6060 showed distinct cell structure. Nevertheless, in all cases N 
signal was detected at the intermetallic particles present in AA1090 and AA6060 irrespective 
of the difference in pH of HNO3 as shown in Figure 6.7 (a) and Figure 6.8 (a).  
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Figure 6.8 Surface morphology of AA6060 alloy after steam treatment with aqueous solution of HNO3 at (a), 
(b) pH 3.0; (c), (d) pH 2.0. EDS analysis of respective areases are prsented in image (a). 

 Coverage of intermetallic particles 

Figure 6.9 shows the coverage of Al-Fe (Figure 6.9 (e) and Figure 6.9 (g)), Al-Fe-Si-Cu 
(Figure 6.9 (a) and Figure 6.9 (c)) and Al-Fe-Si (Figure 6.9 (b), Figure 6.9 (d), Figure 6.9 (f), 
and Figure 6.9 (h)) intermetallic particles in Peraluman 706™ and AA1090 surface. In general, 
the coatings formed over the intermetallic particles are non-uniform, while the nature of the 
layer was determined by the composition of the intermetallic particles. Localised growth of ox-
ide over the intermetallic particles generated open and partially closed structures. It is evident 
that the increase in the concentration of aqueous solution of HNO3 (at lower pH values) led to 
relative poor coverage of Al-Fe-Si and retards the localised growth of oxide around the Al-Fe 
intermetallic particles. The steam treatment using aqueous solution of HNO3 resulted in the dis-
solution of Cu and Si from Al-Fe-Si-Cu and Al-Fe-Si intermetallic particles. Additionally, the 
increase in concentration of aqueous solution of HNO3 did not result in the dissolution of Fe as 
shown in EDS analysis in Table 6.2. The existence of needle and smooth features, and presence 
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of high amount of oxygen over intermetallic particles indicated the coverage of intermetallic 
particles with an oxide film. 

 
Figure 6.9 SEM micrographs showing coverage of intermetallic particles after steam treatment using aque-
ous solution of HNO3: (a) and (b) Peraluman 706™ (e) and (f) AA1090 at pH 3.0 and (c) and (d) Peraluman 
706™ (g) and (h) AA1090 at pH 2.0, respectively. 

Table 6.2 EDS analysis (in wt%) of intermetallic particles areas marked in Figure 6.9. 

Area N O Al Fe Si Cu 

1 1.9 40 16.2 42.0 - - 

2 2.9 36.5 52.8 7.8 - - 

3 2.4 40.1 46.0 11.5 - - 

 FIB-SEM analysis 

Figure 6.10 presents the cross-sectional microstructure over aluminium matrix and in-
termetallic particles after steam treatment of the alloys. The FIB-SEM cross section on AA1090 
alloy showed similar morphology as shown for Peraluman 706™ alloy; therefore the results 
from AA1090 are not shown. Treatment of Peraluman 706™ in KMnO4 bath at 85 ºC resulted 
in the formation of compact oxide layer over the aluminium matrix (Figure 6.10 (a)), but the 
thickness of oxide layer over the intermetallic particles was significantly higher as shown in 
Figure 6.10 (b). 
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Figure 6.10 FIB cross sections of aluminium matrix and intermetallic regions (i.e. Al-Fe-Si) of surface treated 
Peraluman 706™ alloy: (a), (b) 4 g/l KMnO4 at 85 ºC, (c), (d) steam treatment using aqueous solution of 
KMnO4, and (e), (f) steam treatment using aqueous solution of HNO3 (pH 3.0). 

Cross sectional images in Figure 6.10 (c) and Figure 6.10 (e) after steam treatment of 
Peraluman 706™ using aqueous solution of KMnO4 and HNO3 showed an adherent oxide metal 
interface composed of layered structure. The top layer shows a needle like structure, while the 
layer beneath was more dense. Thickness of the layer beneath the surface was dependent on the 
chemicals used in steam. Overall, the steam treatment with KMnO4 showed oxide layer with 
high thickness (needle + dense oxide) compared to the treatment using HNO3. Further, the thick-
ness comparison between KMnO4 and HNO3 dense oxide layer over aluminium matrix revealed 
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that KMnO4 treatment produced higher thickness of dense oxide layer, even though it consists 
of mainly the part with needle like structure. 

The cross section of oxide layer produced over the intermetallic particles i.e. Al-Fe-Si 
(Figure 6.10 (d) and Figure 6.10 (f)) after steam treatment showed double layer structure similar 
to that observed over the aluminium matrix. The thickness of the oxide layer over intermetallic 
particles was three times higher than the oxide layer on aluminium matrix Overall, the steam 
treatment using KMnO4 and HNO3 resulted in partially transformed intermetallic particles, 
namely partially oxidised or partially dissolved (affected areas) and vice versa (unaffected ar-
eas). The unaffected parts of the intermetallic particles after steam treatment were clearly visible 
in the SEM micrographs in Figure 6.10 (d) and Figure 6.10 (f), whereas steam treatment with 
KMnO4 resulted in complete incorporation of the intermetallic particle into the underside layer. 
The oxide layer formed after HNO3 steam treatment showed that the oxide present over the 
intermetallic particles was composed of needle like features and also contains some porosity 
around the oxide covering the intermetallic particles. 

 FT-IR analysis 

Figure 6.11 shows the spectra of the oxide films formed on AA1090 surface after treat-
ment with KMnO4 at 85 °C for 10 min and after steam treatment using aqueous solutions of 
KMnO4 and HNO3. The spectrum was recorded as percentage of transmittance of the infrared 
radiation as a function of wavelength of the light beam.  

Table 6.3 Species assigned to peaks in FT-IR spectra from various surfaces treatments. 

 

Positions of the peaks (cm-1) Possible compound/bond 

3401 / 3300, 3095/3308, 3102 O-H symmetric and asymmetric stretching 
vibrations 

1641 / 1632/1636, 1540 stretching and bending modes of the ad-
sorbed H2O 

1560, 1463, 1416 / 1541, 1463, 
1410/1465, 1408 Al2O3 vibrations 

947 / 1062/1064 (Al)O-H bending modes 

888/870 stretching vibrations of Al-O 

744-675/730-681 stretching and bending vibrations of Mn-O/ 
out-of-plane NO2 bending 
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Figure 6.11 FTIR spectra of AA1090 after various surface treatments. 

Table 6.3 shows the species assigned to various peaks in Figure 6.11(a), Figure 6.11(b) 
and Figure 6.11(c). All the spectra after various surface treatments showed peaks near the finger print 
region (around 725 - 675 cm-1). For KMnO4 and HNO3 steam treated samples, peaks in this 
region may correspond to MnOx and NO2 modes in the coating, while they overlap with peaks 
arising from aluminium hydroxide in the region above 800 cm-1. For samples dipped in KMnO4, 
spectra did not show any peaks in the fingerprint region, which convincingly could indicate the 
presence of manganese in the oxide. All the spectra showed stretching vibrations of hydroxyl 
bonds (from both water and aluminium hydroxide) which result in quite intense signals in the 
region above 3095 cm-1. The stretching and bending modes of the adsorbed water together with 
vibrations arising from the alloy occur at around 1400 - 1640 cm-1. 
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 XPS 

Near surface analysis for the presence of manganese oxide in the coating was carried out 
using XPS. The full survey spectrum of both KMnO4 treatments is shown in Figure 6.12 (a). It 
was evident that the major elements present on the surface after the treatment of AA1090 in 
KMnO4 bath at 85 °C for 10 min were O, Mn, K, and Al. In contrast, no signal from K was 
observed in the spectra after steam treatment using KMnO4. 

 

Figure 6.12 (a) The XPS Survey spectra of AA1090 surface after surface treatment with dipping in KMnO4 
and steam from KMnO4. The high resolution Mn spectra: (b) after dipping treatment in 4 g/l KMnO4 at 85 
ºC and (c) steam treatment using aqueous solution of KMnO4. 

In order to determine the oxidation state of Mn in the obtained coatings, the fine structure 
of the Mn 2p level was analysed. The peak fitting was made using commercial software (XPS 
Peak 4.1). As shown in Figure 6.12 (b) and Figure 6.12 (c). The spectrum of the Mn 2p level is 
a doublet with peaks at around 642.9 eV (2p3/2) and 654.5 eV (2p1/2). The high width (around 3 
eV) of the peaks suggests that the Mn exists in multivalent oxygen state in the form of oxides/hy-
droxides. The strongest Mn2p3/2 peak at 642.9 eV is most likely due to manganese (IV) oxide, a 
major component of the coatings, but the presence of manganese (III) oxide also cannot be ruled 
out. This is due to the fact that the binding energies of Mn (III) (642.4 eV) and Mn (IV) (643.0 
eV) are very close. The shoulder at the high-energy end of the dominant peak can indicate the 
presence of small amounts of Mn (VII), i.e. KMnO4, on the surface of the sample. 

 Discussion 

Overall, the results presented in this paper showed that the layers generated on aluminium 
alloys by steam treatment using KMnO4 and HNO3 as additives results in accelerated growth of 
oxides with distinct surface morphology, chemical composition, thickness, and coverage over 
the intermetallic particles compared to the simple steam treatment reported in the literature [20]. 
The oxide layer generated by steam with KMnO4 and HNO3 resulted in relatively dense cell 
structure consisting of fine needles in comparison to the morphologies reported for steam [5,22]. 
Further, the apparent surface morphology of the oxide was also altered by the use of KMnO4 
and HNO3 into steam in terms of the size and shape of needle structure [20]. The coverage over 
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intermetallics was better with the use of KMnO4, while the use of HNO3 resulted in poor cov-
erage. 

 

Figure 6.13 Pourbaix diagrams of (a) Al-H2O system, (b) Al-Mn-H2O system and (c) Al-N-H2O system. The 
Pourbaix diagrams of the systems were constructed by HSC 7.1 and considering the solubility of MnO4- and 
NO3- per litre at 125 ºC from the prepared concentrations of KMnO4 and HNO3 used in this study. Moreover 
the highlighted areas represent the pH range used in these investigations. 

In order to understand the behaviour of aluminium in diluted concentrations of KMnO4, and 
HNO3 in a specific pH range, Al-H2O, Al-Mn-H2O, and Al-N-H2O systems have been thermo-
dynamically modelled (shown in Figure 6.13). The Pourbaix diagrams of the systems were 
constructed by HSC 7.1 and considering the solubility of MnO4

- and NO3
- per litre at 125 ºC 

from the prepared concentrations of KMnO4 and HNO3 used in this study. 

The Pourbaix diagram for aluminium in Figure 6.13 (a) show the stability regions at room 
temperature and shift in boundaries due to increased temperature to 125 ºC. Increase in temper-
ature shows similar regions of stability except for the shift in boundaries for Al3+, AlO(OH), 
and AlO2

–equilibrium to lower pH values. The shift of these boundaries results due to high cor-
rosion rate of aluminium at elevated temperatures under aqueous environment [23]. However, 
the Pourbaix diagram at 125 ºC showed the possibility of formation and stability of AlO(OH) at 
lower pH values on the acidic side compared to that at room temperature.  
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 Effect of KMnO4  

Considering the Al-Mn-H2O system at 125 ºC in Figure 6.13 (b), stability region of 
AlO(OH) is expanded further and mixed oxides of Mn and Al are stable at higher pH values (~ 
above 6.0) and lower potentials. This expansion of the stability region in comparison to the Al-
H2O system has resulted due to thermodynamic probability of formation AlO(OH) and 
MnO*Al2O3 phases which may result in the passivation of aluminium in these pH ranges. In-
crease in concentration of MnO4

- species expanded the mixed oxide boundaries as shown in 
Figure 6.13 (b) using dotted lines. Grey vertical line in the middle of Figure 6.13 (b) show the 
pH range used in the present investigation, which clearly indicate the possibility of mixed oxide 
formation. The electron transfer reactions (equation 6-1 and equation (6-2)) occurring in the 
presence of MnO4

- ions in Al-KMnO4-H2O system leading to the precipitation of mixed oxide 
can be summarised as in equation 6-3. 

Al + 2H2O  AlOOH + 3H+ + 3e    6-1 

MnO4  + 4H+ + 3e   MnO2 + 2H2O  6-2 

Al + MnO4  + H+  AlOOH + MnO2  6-3 

The GD-OES chemical profile of steam treated sample with KMnO4 showed different 
amount of Mn incorporated in the whole aluminium oxide layer. The amount of Mn increases 
from the surface to interior and the highest amount were found close to the middle of the layer. 
Further, the XPS analysis confirmed the presence of MnOx at the top layer. The broadness and 
higher width of Mn spectra indicates the presence of multivalent manganese oxide, which may 
be due to anodic oxidation of aluminium and cathodic reduction of MnO4

- at the same time 
which results in the formation of aluminium oxide and manganese oxide layer at the surface. 
Presence of manganese in the oxide film with various oxidation states is in agreement with 
literature [11], while thermodynamically the formation of various manganese oxides i.e. Mn2O3, 
Mn2O4, MnO and MnO2  are feasible [24].  

The results showed that steam treatment using KMnO4 resulted in faster oxide growth 
compared to the dipping in KMnO4 and simple steam treatment [20]. This is assumed to be due 
to the oxidation capacity of KMnO4 at high temperature, which results in higher degree of dis-
solution of aluminium and oxide formation. Further, it resulted in full incorporation of the 
intermetallic particles into the dense oxide layer by the localised dissolution of aluminium 
around the intermetallic particles due to their cathodic nature [25,26].  
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 Effect of HNO3 

The Pourbaix diagram corresponding to Al-N-H2O system in Figure 6.13 shows com-
plete passivation due to the formation of AlO(OH). Under normal acidic conditions, change in 
pH dominates the dissolution rate of aluminium. However, the pH value is not the single param-
eter to be considered when predicting the stability and formation of oxide film in a media like 
nitric acid [27]. The passivating nature of the HNO3 acid on aluminium is very well known [28]. 
Further, the passivating nature of HNO3 depends on the concentration of nitric acid due to the 
influence of NO3

- ions in aluminium dissolution, where NO3
- is reduced and formation of ionic 

aluminium takes place instead of hydrogen formation [29] by reaction presented in equation 6-
4. 

Al + NO3
- + 4H+  Al3+ + NO + 2H2O  6-4 

Therefore, use of HNO3 results in oxidation of aluminium by NO3
- ions. In HNO3 aqueous 

solution H+ and NO3
- ions play contrary role leading to competing process of oxide growth and 

dissolution of aluminium. The increase in the concentration of HNO3 helps to develop a passive 
film more rapidly than the dissolution of aluminium as reported in literature [28]. Literature 
shows that [30,31] aluminium dissolution increases with decrease in the concentration of NO3

- 
indicating that an optimal inhibition of metal occurs when the concentration of passive agents 
exceeds a certain value. Below this concentration it behaves as an active depolariser which in-
creases the rate of dissolution. The chemical reaction can be summarised as follows in equation 
6-5. 

3Al + HNO3 + 4H2O  3AlO(OH) + NO + 3H2 ( Gº(100-130ºC) = -398 kcal)  6-5 

Moreover, precipitation of aluminium hydroxide layer is the function of the dissolution 
and precipitation mechanism on aluminium alloys [14,15,32,33], thus change in the dissolution 
rate effects the aluminium hydroxide layer precipitation at the surface. The oxide growth behav-
iour observed in this work under HNO3 conditions is in agreement with the above observations. 
Decrease in the pH of the aqueous solution of HNO3 reduced the thickness of oxide layer, which 
might be attributed to the increased concentration of NO3

- ions. Therefore, poor coverage of 
intermetallic particles using HNO3 at pH 2.0 also could be due to the deposition of NO3

- at the 
intermetallic particles, which inhibit further growth of the oxide by reducing the aluminium 
dissolution. 

Dissolution of Cu and Si from Al-Fe-Si and Al-Fe-Si-Cu containing intermetallic particles 
is due to their high solubility in HNO3 and acidic conditions [34,35]. The presence of NO3

- ions 
in the coating over the intermetallic particles might be due to the formation of iron nitrate as 
shown in equation (6-6), presence of which in the coating depends on the relative solubility.  
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Fe + 3HNO3  Fe(NO3)3 + 1.5H2 ( Gº(100-130ºC) = -19 kcal)  6-6 

 Conclusion  
1. Steam treatment with KMnO4 resulted in the formation of ~825 nm thick oxide layers 

and complete coverage of intermetallic particles in comparison to simple dipping in 
KMnO4 solution. Surface morphology of the oxide showed a fine needle like morphol-
ogy. 

2. Steam generated oxide layer using KMnO4 exhibited a layered structure where the dense 
oxide layer was 5 times thicker than dipping in KMnO4 treatment. Chemical analysis 
showed mixed oxide based on aluminium and manganese. 

3. The steam treatment with HNO3 generated ~550 nm thick oxide layer. The increase in 
the concentration of NO3

- resulted in significant reduction in the overall thickness of the 
oxide layer and poor coverage of intermetallic particles. 

4. The low concentration of NO3
- ions in the solution resulted in the formation of a layered 

structure with dense layer and layer with needle like morphology on the top. Thickness 
of dense oxide layer was lower than the top layer with needle like morphology. 
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using oxidative chemistries: Part II Corrosion per-
formance5 
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Abstract 

Surface treatment of aluminium alloys using steam with oxidative chemistries, namely 
KMnO4 and HNO3 resulted in accelerated growth of oxide on aluminium alloys. Detailed in-
vestigation of the corrosion performance of the treated surfaces was carried out using 
potentiodynamic polarization and standard industrial test methods such as acetic acid salt spray 
(AASS) and filiform corrosion on commercial AA6060 alloy. Barrier properties of the film in-
cluding adhesion were evaluated using tape test under wet and dry conditions. Electrochemical 
results showed reduced cathodic and anodic activity, while the protection provided by steam 
treatment with HNO3 was a function of the concentration of NO3- ions. The coating generated 
by inclusion of KMnO4 showed highest resistance to filiform corrosion. Overall, the perfor-
mance of the steam treated surfaces under filiform corrosion and AASS test was a result of the 
local coverage of the alloy microstructure resulting from steam containing with KMnO4 and 
HNO3. 

                                                 
5 This chapter was published as a scientific paper:  
Appl. Surf. Sci. 355 (2015) 716–725. 
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 Introduction 

Corrosion protection of aluminium alloys in various industrial applications involves pas-
sivation of the metal surface by a conversion coating process. Conversion coatings are applied 
to the alloy substrate in order to enhance the adhesion of the polymer coating and thus ensure 
corrosion protection in case of failure. Conversion coatings based on chromate compounds have 
been used over last many decades [1,2]. However due to the toxic nature [3] of Cr (VI) com-
pounds, alternatives for chromate conversion coatings are being developed [4]. Some of the 
presently used alternatives for chromate based coatings are Ti/Zr [5] and phosphate [6] conver-
sion coatings, but their performance is not as good as that achieved by chromate conversion 
coating.  

Elements such as Molybdenum (Mo), Tungsten (W) and Manganese (Mn) have similar 
properties and characteristics in terms of their oxidative power and stability of their oxides as 
Cr [7,8]. Due to this reason, they are considered to be useful for replacing chromate conversion 
coatings [8–11]. It is known that Mo and W undergo redox reactions with Al and provide barrier 
effect to protect the underlying substrate by forming compounds which are less soluble in acid 
or act as a cathodic corrosion inhibitor [12,13]. However, the compounds formed by Mo and W 
differ from chromate in terms of reaction chemistry and their ability to form mix oxides 
[12,14,15]. Further, Mo and W oxides are stable only over a narrow range of pH. Compared to 
chromate conversion coatings, Mo and W based conversion coatings are proven to be inferior 
in corrosion protection of aluminium alloys [16,17]. On the other hand, Mn and Cr form oxides 
which are stable over a wide pH range [18]. Mn based conversion coatings are reported to show 
promising results as a potential replacement of chromate based conversion coatings [7,19–21]. 

In general, microstructural non-homogeneities present on the Al alloy surface contribute 
to varying electrochemical characteristics of different phases and hence the non-homogenous 
nature of overlying conversion coating. Therefore, alteration of local microstructure and cover-
age resulting from a particular conversion coating process plays an important role in its 
corrosion protection performance [22–27]. Literature [22,28,29] shows that irrespective of the 
applied polymer top coat, formation of a conversion coating with appropriate adhesion and cor-
rosion performance on Al alloys leads to an overall corrosion protection of the underlying 
substrate.  

The work presented in this paper is in continuation to the previous studies reported in Part 
I, where the investigation was focused on the microstructural modifications caused by steam 
treatment with potassium permanganate and nitric acid as additives. This part of the paper re-
ports investigation of corrosion performance using potentiodynamic polarization measurements 
of the coatings formed on AA1090, AA6060, Peraluman 706™, and acetic acid salt spray 
(AASS) testing, filiform corrosion testing, and adhesion testing using the conversion coating 
formed on standard AA6060 alloy. The results from various tests are compared and the tested 
surfaces were examined by microscopic techniques. 
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 Experimental methods 

 Aluminium Alloys 

The alloys investigated were AA1090, Peraluman 706™ (Al-Mg-Si alloy), and AA6060. 
The as received chemical composition of the alloys from supplier’s data sheet is presented in 
Table 7.1.The samples were degreased in an ultrasonic bath for 5 min using acetone. The com-
mercial AA6060 alloy was used for the standard tests such as acetic acid salt spray and filiform 
corrosion in order to benchmark the performance of the present treatments with that of chromate 
conversion coating. 

Table 7.1 Chemical composition of the alloys in wt% (balance Aluminium). 

Material Si Fe Cu Mn Mg Cr Zn Ti 
Peraluman 706™ 0.2 0.2 0.1 0.05 0.8 0.02 0.05 0.03 

AA1090 0.06 0.05 0.01 0.01 0.01 0.01 0.04 0.03 
AA6060 0.3-0.6 0.1-0.3 0.1 0.1 0.3-0.6 0.05 0.1 0.1 

 Surface treatment 

All the samples were degreased with acetone prior to the surface treatment. Three types 
of surface treatments were carried out for the investigations namely: 

I. Dipping in KMnO4 solution with a concentration of 4 g/l at 85 ºC for 10 min followed 
by rinsing in deionized water and air drying. 

II. Steam treatment in an autoclave using aqueous solution of 4 g/l KMnO4. The surface of 
the samples was exposed to steam at 1.3 bar vapour pressure generated from the solution. 
The total process time was 20 min, while the time of exposure after the autoclave reached 
set internal pressure was 10 min. The maximum temperature measured by Thermax 
(TMC, UK) surface indicator strip was 107 °C. The samples after steam treatment were 
rinsed with deionized water and dried in air. 

III. Steam treatment of another set of samples using aqueous solution of HNO3 having pH 
of 3.0 and 2.0, was performed. The procedure of steam treatment was similar to the 
method used in treatment II with KMnO4.  

 Corrosion Performance  

 Electrochemical behaviour 

Potentiodynamic polarization measurements were carried out using an ACM electrochem-
ical Instrument (GillAC). A flat cell set-up with an exposed area of 0.95 cm2 was used for the 
measurements. The open circuit potential (OCP) was monitored for 45 min prior to conducting 
each polarization scan. The polarization scans were conducted in naturally aerated 0.1 M NaCl 
solution of pH 5.2±0.3 at a scan rate of 1 mV/s. An Ag/AgCl reference electrode and a Pt wire 
counter electrode were employed. All polarization scans were conducted twice for consistency. 
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  Acetic acid salt spray and Filiform corrosion tests 

For both tests, AA6060 alloy samples of size 150 x 50 x 2 mm were used. Samples were 
powder coated after all the three surface treatments mentioned above. Powder coating was car-
ried out using a Jotun Facade 2487 RAL 9010 and cured at 170 ºC for 30 min. Final thickness 
of the dry film after curing was ~80-90 m.  

For acetic acid salt spray test, Andreas cross of 110 mm length and 1 mm width was made 
on samples prior to AASS exposure on the powder coated samples. The AASS test for 1000 h 
on powder coated samples was performed according to DIN EN ISO 9227 standard.  

For filiform testing, horizontal (40 mm in length) and vertical (80 mm in length) scribe 
lines of 1 mm width were made on the powder coated samples to expose the metal underneath. 
The filiform corrosion test was conducted for 1000 h, corresponding to standard filiform corro-
sion test conditions according to DIN EN 3665. 

 Adhesion  

Tape adhesion test was carried out at three regions on the surface of the powder coated 
AA6060 samples. Tape test involves scoring four parallel lines with a diamond knife down to 
the metal base, vertically and horizontally with a separation of approximately 1 mm followed 
by sticking a tape to the area, which is subsequently pulled with a steady force at 90º. Adhesion 
of the coating was assessed from the number of squares in which the coating was delaminated. 
After the tape test, the areas with scoring lines were exposed to AASS for 1000 h and the tape 
test was performed again on the same grid. 

 Results  

 Electrochemistry 

Figure 7.1 shows the anodic behaviour of Peraluman 706™ (Figure 7.1 (a)), AA1090 
(Figure 7.1 (b)) and AA6060 (Figure 7.1 (c)) in 0.1 M NaCl after various surface treatments. In 
general, both alloys showed a shift in corrosion potential to negative side after steam treatment 
with KMnO4. For AA 1090 alloy, steam treatment using HNO3 at pH 3.0, also shifted the cor-
rosion potential towards negative side. However, surface treatment by dipping in KMnO4 
solution at 85 °C showed a positive shift in corrosion potential for both alloys. All the surface 
treatments showed a decrease in the anodic current densities on Peraluman 706™ and AA1090, 
although the magnitude of reduction was higher for the steam treated surfaces with additives. A 
notable amount of decrease in the anodic current densities of AA6060 was observed for only 
steam treated samples with KMnO4 and HNO3 at pH 3.0.  
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Figure 7.1 Anodic potentiodynamic polarization curves after various surface treatments: (a) Peraluman 
706™, (b) AA1090 alloy and (c) AA6060. 

Figure 7.2 shows the cathodic polarization behaviour of Peraluman 706™ (Figure 7.2 (a)), 
AA1090 (Figure 7.2 (b)) and AA6060 (Figure 7.2 (c)) after various surface treatments. Samples 
treated using KMnO4 showed lowest cathodic current densities for all the alloys, while those 
dipped in KMnO4 did not show any improvement. Cathodic current densities for samples steam 
treated using HNO3 in general decreased with increase in pH, however the decrease was more 
pronounced for AA1090 and AA6060.  

 

Figure 7.2 Cathodic potentiodynamic polarization curves after various surface treatments: (a) Peraluman 
706™, (b) AA1090 alloy and (c) AA6060. 

Figure 7.3 shows a comparison of the anodic (Figure 7.3 (a)) and cathodic (Figure 7.3 (b)) 
current densities of Peraluman 706™, AA1090 and AA6060 deduced from the polarization 
curves for all surface treatments. Steam treatment using KMnO4 has reduced the anodic current 
density by 5 decades, while the cathodic current was decreased by approximately 2 decades. 
Steam treatment with HNO3 also showed a trend similar to steam treatment using KMnO4, while 
the decrease was more pronounced for HNO3 at pH 3.0. Dipping in KMnO4 caused only 1-2 
decades decrease in anodic current density, while no significant effect was found on the cathodic 
current density.  
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Figure 7.3 Anodic and cathodic current densities corresponding to various surface treatments deduced from 
polarization curves: (a) anodic current -400 mV and (b) cathodic current at -1100 mV. 

Figure 7.4 shows the pitting potentials of Peraluman 706™, AA1090 and AA6060 after 
various surface treatments deduced from the polarization curves. Steam treatment using KMnO4 
on all the alloys resulted in significant shift in pitting potentials to noble values. For Peraluman 
706™, the shift was approximately +550 mV, while AA1090 and AA6060 showed a shift of 
+700 mV. The shift in pitting potential for treatments using HNO3 was pH dependant and high 
pH conditions have favoured nobler shift in potential. Dipping in KMnO4 has resulted in only a 
marginal shift in pitting potential (~100 mV).  

 

Figure 7.4 Effect of various surface treatments on pitting potential of Peraluman 706™, AA1090 and (c) 
AA6060. 
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 Corrosion performance evaluation 

The purpose of using AA6060 for filiform corrosion and acetic acid salt spray testing was 
to compare the quality standard of permanganate steam based and nitric acid steam based con-
version coatings to that of chromate based and other standardised chrome free conversion 
coatings. Certain standards are in used across different industries according to the demand and 
usage of different aluminium alloys [30,31]. Hence, according to standard [30], acetic acid salt 
spray test and filiform corrosion test have been performed on AA6060 which is an Al-Mg-Si 
alloy. 

  Acetic acid salt spray (AASS) test 

Figure 7.5 shows the optical micrographs of samples after AASS test for 1000 h. All im-
ages show bright and dark areas, where the dark area represents disbanding of the powder 
coating. In general the disbanding of the powder coating on samples treated just by dipping in 
KMnO4 solution was very intensive as shown in Figure 7.5 (a). The width of the disbanded area 
from the Andreas cross was in the range of 1-1.5 mm. However, the samples steam treated using 
KMnO4 or HNO3 (pH 3.0) exhibited a filament type of disbanding of the powder coating (Figure 
7.5 (b) and Figure 7.5 (c). The width of the disbanded areas from the Andreas cross was in the 
range of 200-600 m. 

 

Figure 7.5 Morphology of disbanded areas of powder coating on AA6060 after 1000 h AASS test on surfaces 
treated with: (a) dipping in KMnO4 at 85 ºC, (b) steam treatment using aqueous solution of KMnO4, and 
(c) steam treatment using aqueous solution of HNO3 of pH 3.0. 

Overall, the steam treated samples showed lowest disbanding of powder coating as shown 
in Figure 7.6. Average infiltration length of corrosion from the Andreas cross increased with 
various surface treatments in the following order: Dip KMnO4 > Steam with HNO3 (pH 3.0) > 
Steam with KMnO4, respectively. 
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Figure 7.6 Average length of disbanding of powder coating after 1000 h of AASS test on AA6060 alloy. 

Figure 7.7 shows the SEM pictures of the disbanded areas before and after removal of the 
powder coating. Samples dipped in KMnO4 (Figure 7.7 (a)) showed high degree of corrosion 
products in the Andreas cross area close to the area where disbanding of the powder coating 
took place. The EDS analysis (not shown) of the corrosion product displayed high amounts of 
Cl, Al and O. Grain boundary corrosion was observed over some areas of the delaminated region 
(Figure 7.7 (b)). The steam treated samples with KMnO4 and HNO3 (pH 3.0) also showed the 
presence of corrosion product in the disbanded areas (Figure 7.7 (c) and Figure 7.7 (e)), how-
ever, to a lesser degree. Further, the corrosion attack did not propagate beyond the disbanded 
region as shown in Figure 7.7 (d) and Figure 7.7 (f). Furthermore micrographs show that the 
corrosion has penetrated into the metal substrate rather than lateral below the coating.  
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Figure 7.7 SEM images of AA6060 surface after 1000 h AASS where disbanding of powder coating occurred 
and powder coating from the disbanded area was locally removed from sample: (a, b) dipping in KMnO4 at 
85 ºC , (c, d) steam treated using aqueous solution of KMnO4, and (e, f) steam treated using aqueous solution 
of HNO3 of pH 3.0. 



Chapter 7 

168 

 Filiform corrosion 

 Filiform corrosion test results  

 

Figure 7.8 Average length of filiform corrosion filament after 1000 h of filiform corrosion test on AA6060 
alloy. 

Figure 7.8 shows the filiform corrosion test results evaluated by means of four maximum 
and minimum length of the filament perpendicular to the horizontal scribe (across the extrusion 
lines) and vertical scribe (along the extrusion lines). A clear difference between various surface 
treatments is evident. The samples treated with KMnO4 at 85 °C showed significant corrosion 
attack along and across the extrusion lines. Further, the highest length of corrosion attack was 
observed perpendicular to the horizontal scribe suggesting that the extensive corrosion attack is 
in the extrusion direction of AA6060. The values of corrosion filament maxima and minima 
were significantly lower for samples treated with steam using KMnO4 and HNO3 (pH 3.0) con-
ditions. The samples treated with steam containing KMnO4 exhibited smallest amount of 
filiform corrosion attack. The filiform coefficient of all the tested samples has been calculated 
by maximum length (I) of filament multiplying with fibril frequency/scratch (H) and presented 
in Figure 7.9. 
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Figure 7.9 Filiform coefficient of AA6060 after KMnO4 and HNO3 based surface treatments. 

It is evident that the sample treated with steam containing KMnO4 exhibited the lowest 
filiform coefficient values in comparison to dipping in KMnO4 at 85 ºC and HNO3 (pH 3.0). 
These values are directly related to the maximum length of filiform corrosion filament and its 
density, which was associated to the surface treatment process and nature of chemical additives. 
Further, surface treatment by dipping in KMnO4 at 85 ºC showed highest filament growth due 
to the delamination of the powder coating.  

  Filiform filament appearance  

Figure 7.10 shows the optical micrograph of filiform corrosion filament formed on 
AA6060 alloy after filiform corrosion testing. The filiform corrosion attack on sample dipped 
in KMnO4 did not show a typical sharp thread like morphology (Figure 7.10 (a)). The tail of the 
filament was similar to a blister, while at the end of the blister some kind of filament was ob-
served, which appeared to have significant growth in the extrusion direction. The sample treated 
with steam under KMnO4 and HNO3 showed typical filament growth after 1000 h filiform cor-
rosion test as shown in Figure 7.10 (b) and Figure 7.10 (c), respectively. Further, filament 
growth was perpendicular to the applied scribe up to few hundreds of micron; however beyond 
this filaments have grown in various directions. 
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Figure 7.10 Filiform corrosion filament morphology on AA6060 after 1000 h of filiform corrosion test of 
sample treated with: (a) dipping in KMnO4 at 85 ºC, (b) steam treatment using aqueous solution of KMnO4, 
and (c) steam treatment using aqueous solution of HNO3 of pH 3.0. 

 Filiform filament morphology  

In order to evaluate the aggressiveness of the filiform attack, filaments interior was ob-
served using SEM and EDS after removing the powder coating locally with the help of a scalpel. 
Figure 7.11 shows the SEM micrographs together with X-ray mapping of the region for all sur-
face treatments. The surface treated by dipping in KMNO4 and steam with HNO3 (pH 3.0) 
showed some cracks and high amount of corrosion product inside the filiform corrosion filament 
(Figure 7.11 (a) and Figure 7.11 (c)). Therefore, corrosion attack was more severe in this case 
when compared to the surface treated with steam using KMnO4 solution as presented in Figure 
7.11 (b). The EDS analysis revealed relatively high amounts of Al-Fe-Si-Mn intermetallic par-
ticles in the tail of filiform filament on the sample treated by dipping in KMnO4 solution 
compared to the steam treated samples. All surfaces after removal of the coating showed the 
presence of chlorides. During the removal of powder coating from the samples dipped in 
KMnO4 showed corrosion attack extending away from the filiform filament. However, the cor-
rosion attack was mostly constrained to the interior of the filiform corrosion filament for steam 
treated surfaces.  

In general filiform testing showed that the dipping in KMnO4 treatment has high suscep-
tibility to filiform corrosion attack with respect to steam treatment using KMnO4 and HNO3. 
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Figure 7.11 Surface morphologies and EDS mapping of filiform corrosion filament after removal of powder 
coating from AA6060 sample treated with: (a) dipping in KMnO4 at 85 ºC, (b) steam treatment using aque-
ous solution of KMnO4, and (c) steam treatment using aqueous solution of HNO3 of pH 3.0. 
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 Adhesion 

 Adhesion of powder coating before and after AASS 

Adhesion of the powder coating as a function of surface treatments was investigated using 
tape adhesion test immediately after the curing of the powder coating. Test did not show any 
delamination in the scribe area irrespective of the surface treatments. 

 

Figure 7.12 Optical micrographs of cross cut areas of powder coated samples treated with: (a) dipping in 
KMnO4 at 85 ºC, (b) steam treatment using aqueous solution of KMnO4, and (c) steam treatment using 
aqueous solution of HNO3 of pH 3.0. All samples were subjected to AASS for 1000 h. 

Areas of the tape test were subsequently exposed to AASS for 1000 h. After the AASS 
test, the respective areas were examined by optical microscope and tape test has been repeated 
on the same area as shown in Figure 7.12.  

Optical micrographs showed that the sample treated by dipping in 4 g/l KMnO4 bath at 85 
ºC (Figure 7.12 (a)) had extensive corrosion attack (corrosion attacked areas are marked by “C”) 
in comparison to steam treated samples using KMnO4 (Figure 7.12 (b)) and HNO3 (Figure 7.12 
(c)). Further, the sample treated with steam generated from HNO3 showed corrosion at the 
edges; while most of the powder coating was intact (areas are marked by “P”).  

 

Figure 7.13 Tape tested areas of the AA 6060 sample with various surface treatment and powder coating 
after exposure for 1000 h of AASS and subsequently repeating the tape test: (a) dipping in KMnO4 at 85 ºC, 
(b) steam treatment using aqueous solution of KMnO4, and (c) steam treatment using aqueous solution of 
HNO3 of pH 3.0. 
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Figure 7.13 shows the tape test area after exposing to AASS and tape test. Coating was 
removed from more squares in the case of dipping treatment in KMnO4 (Figure 7.13 (a)). Steam 
treated samples using KMnO4 (Figure 7.13 (b)) or HNO3 (Figure 7.13 (c)) did not show any 
failed region.  

 Discussion 

Results show clear benefit of steam treatment with oxidative additives such as KMnO4 
and HNO3 acid in producing corrosion resistant conversion coating with good barrier properties. 
Steam treatment with KMnO4 also provided coating with better corrosion performance com-
pared to the usual KMnO4 treatment by dipping at high temperature. The results clearly showed 
that the coatings formed under steam treated conditions provided adequate corrosion protection 
and adhesion needed for the industrially applied powder coating. Further, the level of corrosion 
protection provided by the steam treatment with additives in the present study was higher than 
the reported simple steam treatment (1.3 bar vapour pressure of steam) [32,33]. Similar effect 
was observed for filiform corrosion and AASS performance when comparing with the simple 
steam treatment [32]. This is attributed closely to the effect of additives in providing local cov-
erage of the alloy microstructure during steam treatment with additives [32,34]. Simple dipping 
in KMnO4 at 85 ºC resulted in slight decrease in anodic current density for both alloys, while no 
effect was found on cathodic activity indicating lack of coverage over the cathodic intermetallic 
particles. The steam generated oxide layer from aqueous solution of KMnO4 exhibited much 
superior corrosion resistance by lowering the anodic and cathodic current densities, and increase 
(nobler shift) in the pitting potential values. Previous studies have reported that [34,35] the 
steam generated oxide film from aqueous solution of KMnO4 resulted in the formation of rela-
tively thick and mix oxide layer i.e. a combination of manganese oxide and aluminium 
hydroxide. The electrochemical results obtained are in agreement with the literature [36,37], 
where permanganate based surface treatments for aluminium have shown good corrosion per-
formance. This is reported to be due to the formation of manganese based lower valence 
insoluble compounds as well as mixed oxides by the reduction of manganese at the aluminium 
surface. In the present case, use of steam enhanced the formation of similar mixed oxide chem-
istries. Studies also suggest that the permanganate based films provide more anodic inhibition 
to the aluminium surface compared to the cathodic protection. 

The potentiodynamic polarization data for samples treated with steam generated from 
aqueous solution of KMnO4 showed a shift in the corrosion potential towards more negative 
side in comparison to sample dipped in KMnO4 at 85 ºC. The intermetallic particles were ho-
mogenously covered with the oxide layer after surface treatment with steam generated from 
KMnO4. As intermetallic particles act as cathodic sites in aluminium alloy matrix [38], the cov-
erage of the intermetallic particles with a thick oxide layer resulted in the shift of corrosion 
potential to more negative side. The potentiodynamic data on the surfaces treated with steam 
using aqueous solution of HNO3 also showed a similar behaviour. For samples steam treated 
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using HNO3, shift in the pitting potential towards nobler side might be attributed to the presence 
of nitrates over the intermetallic particles in addition to the homogenous coverage [34]. Nitrate 
ions are considered as being the most effective inhibitors for pitting corrosion on aluminium 
under chloride conditions [39]. The ratio of Cl-/NO3

- is critical as defined in the literature [40] 
in order to effectively inhibit pitting. However, the high solubility of NO3

- ions could influence 
the precipitation of aluminium hydroxide [41]. Therefore if present in excess, it might result in 
poor coverage of the intermetallic particles [34] as observed with increase in concentration of 
HNO3. The oxide formed in higher concentration of HNO3 also showed lower (less noble) pit-
ting potential values. The samples treated by dipping in KMnO4 exhibited an unacceptable level 
of performance in all corrosion tests and adhesion in comparison to steam treated sample using 
aqueous solution of KMnO4 or HNO3. It has been reported [42] earlier that the manganese oxide 
may be present in a high valence state, most likely as mixed oxide with some MnO2 during this 
process. Kulinich et al [43] reported enhanced growth of permanganate conversion coating on 
intermetallic particles compared to the formation on aluminium matrix together with the pres-
ence of K as an impurity. However, significant amount of MnO4

- was not detected, which is 
essential for superior corrosion protection due to the possibility of reducing MnO4

- into lower 
valence state to inhibit corrosion. Moreover, if MnO4

- is present in the coating in ionic form it 
may reduce to lower valence compounds and act as additional cathodic reactants [44]. Bibber 
[45,46] reported high filiform (on powder coated samples) and salt spray corrosion resistance 
for permanganate conversion coated AA6061 at ~66 ºC followed by a sealing step unlike the 
results obtained in the present investigation. However, the disagreements in the results might be 
due to the post treatment of the coating carried out by Bibber [45,46].  

Steam generated oxide coating from KMnO4 exhibited the best performance in AASS, 
filiform corrosion, and tape adhesion test. In general, filiform corrosion occurs on AA6060 as a 
result of micro galvanic coupling between the aluminium matrix and second phases that act as 
cathodic sites [47,48]. It has been described, that the high susceptibility to filiform corrosion of 
aluminium alloys is mainly due to a fine distribution of cathodic intermetallic particles in the 
surface layer, where Al(Fe,Mn)Si particles clearly promoted filiform corrosion on AA6060 al-
uminium alloy [49–52]. The filiform corrosion results showed that the coefficient of filiform 
corrosion in the case of surface treatment with steam from KMnO4 was low as compared to 
HNO3 steam treated surface. The filiform corrosion filaments can be sub divide into an active 
head and a cathodic tail. Filament propagation is dependent on the amount of oxygen which 
diffuses through the filament tail and leads to the separation of anodic and cathodic regions. 
Thus the principal site of cathodic oxygen reduction lies towards the trailing edge, while the 
anodic metal dissolution preferentially occurs at the filament head. The aluminium chloride and 
other hydrolysis products of the aluminium salt solution will maintain the low pH at the head 
for continuous dissolution. When this condition is sufficiently aggressive, it weakens the adhe-
sion of the coating and thus initiates filiform corrosion. Therefore, efficient inhibition of the 
reduction reactions occurring at the cathodic particles should be an important characteristic of 
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conversion coatings to prevent filiform corrosion. Steam surface treatment in the present inves-
tigation resulted in the formation of a thick oxide layer over intermetallic particles, which 
inhibited the filiform corrosion propagation efficiently. Moreover, under KMnO4 steam condi-
tions the formation of thick mix oxide film and homogenous coverage of intermetallic particle 
with oxide layer in comparison to HNO3 steam treated surface produce lower cathodic activity 
resulting in less driving force for filiform filament growth. Further, the difference in barrier 
properties of the coating formed using steam with KMnO4 is also reflected in the less severity 
of the corrosion attack in the filiform filament compared to the samples steam treated with 
HNO3.  

The intermetallic particles (i.e. precipitates, dispersoids and other constituent intermetallic 
particles) typically align in the direction of extrusion or rolling, and a higher concentration 
and/or finer distribution of particles is present in this direction [53]. Therefore, the filiform cor-
rosion propagation will be preferentially in the rolling/extrusion direction of aluminium alloys 
[22,54,55]. In the present investigation, the coverage of the intermetallic particle by the oxide 
was poor after HNO3 steam treatment in comparison to steam from KMnO4, which was also 
confirmed by the high cathodic current density values of HNO3 steam treated samples. There-
fore, the filiform corrosion filament has propagated further in the extrusion direction due to the 
alignment of the intermetallic particles during the extrusion process. Overall the role of NO3- 
ions as an inhibitor at intermetallic particles is less pronounced in comparison to microstructural 
effect of the alloy i.e. coverage of the particles with oxide layer. Generally, as a result of steam 
treatment the better coverage of the intermetallic particles and formation of thick oxide layer 
over aluminium matrix [34] plays a vital role in filiform corrosion resistance of the aluminium 
alloy [48].  

The filiform corrosion results are in agreement with the AASS results where, the disband-
ing of the powder coating in the acetic acid salt spray test found on dipped KMnO4 sample was 
the highest, when compared to steam treated samples. This effect was due to the absence of high 
degree of micro roughness in the oxide structure. Whereas the formation of needle like structure 
as result of steam treatment is assumed to provide a good base for mechanical interlocking of 
the applied powder coating with the generated oxide layers, as reported in literature [56]. 

The standard value of filiform corrosion coefficient according to chromate based pre-
treatment applications was set to 0.3. However, a filiform corrosion coefficient value for chrome 
free pre-treatment below 0.5 is acceptable depending on its applications in the industry. The 
tape adhesion test indicated similar behaviour for all steam treated surfaces, which was directly 
related to the micro roughness and interface bonding. The microscopic roughness provided by 
the needle structure is an important factor to provide mechanical adhesion [32]. 
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 Conclusion  

1. The steam treated surface with KMnO4 and HNO3 additives reduced the corrosion 
attack on the aluminium alloys, however the protection provided by steam treatment 
using KMnO4 was superior. 

2. The conversion coating generated by steam containing KMnO4 and HNO3 resulted 
in the shift of pitting potential towards more noble side in the range of approx. +550 
mV. The increase in concentration of HNO3 for coating resulted in more active (less 
noble) pitting potential.  

3. The steam treatment with steam containing KMnO4 and HNO3 reduced the cathodic 
activity up to 1-2 decades, depending on the alloy type. However, increased concen-
tration of HNO3 reduced the beneficial effect on cathodic activity. 

4.  The AASS and filiform corrosion performance of AA6060 steam treated with 
KMnO4 was comparable to chromate conversion coating and HNO3 showed slightly 
higher filiform corrosion values. Dipping in KMnO4 treatment exhibited sub-stand-
ard performance. 

5. Steam treated samples of AA6060 using KMnO4 and HNO3 showed good adhesion 
properties to the powder coating by showing no failure region after tape test under 
wet and dry conditions. 
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Abstract 

The effect of acidic chemistry on the accelerated growth of oxide on aluminium alloys 
Peraluman 706™ and AA6060 under exposure to high temperature steam was investigated. 
Studied chemistries were based on citrates and phosphates. Results showed that the presence of 
citrate and phosphate anions initiated oxide growth at the intermetallic particles while growth 
and corrosion performance of oxide was found to be a function of anions type and their concen-
tration. Further, steam treatment with phosphates exhibited better performance under acetic 
acid salt spray and filiform corrosion test whereas delay in powder coating resulted in 1.5 - 3 
times inferior performance. 

  

                                                 
6 This chapter was published as a scientific paper:  
Corros. Sci. 99 (2015) 258–271. 
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 Introduction 

Anti-corrosive pre-treatments for aluminium alloys are commonly used as a protective 
measure against corrosion in various applications. Pre-treatments such as conversion coatings 
are used as standalone coatings for corrosion protection or as intermediate layer for paints. Hex-
avalent chrome based conversion coatings are well known for their best performance, however 
due to the inherent carcinogenic effects the search for alternative conversion coatings is in pur-
suit [1]. 

A number of chromate-free conversion coatings based on various processes have been 
proposed, for example based on phosphate solutions [2] and Ti/Zr oxide [3], which sometime 
also contain a polymer to promote adhesion [4–6]. Permanganate, molybdate, and vanadate 
based conversion coatings have also been investigated intensively and proven to be potential 
replacement for chromate conversion coatings as they are strong oxidizers and passivate the 
surface with reaction products [7–10]. However it has also been reported that the permanganate, 
vanadate, and molybdate based oxides have narrow pH stability [11–14]. The Ti/Zr based con-
version coatings are widely used on aluminium alloys as they provide better adhesion and 
corrosion performance than other chrome free conversion coatings [15,16]. 

Aluminium reacts with water to form a hydroxide film; therefore a simple approach can 
be applied to form a corrosion resistant hydroxide layer by the use of hydrothermal treatment. 
Our previous studies [17,18] indicated that the use of high temperature steam is suitable for 
aluminium alloys in order to produce a corrosion resistance hydroxide film. Further, Pourbaix 
diagram of aluminium [19] shows its oxide stability region spans from pH 4.0 - 7.5 at room 
temperature, however below pH 4.0 aluminium actively dissolves and form Al3+. Therefore, the 
use of slightly acidic chemistry with anions serving as chelates into the steam can be beneficial 
to increase the thickness of hydroxide by increasing the dissolution of aluminium. The pH of 
the solution should be close to the lowest boundary for stability (pH 4.0) so that the increased 
dissolution of aluminium locally at the surface leads to shift in the phase stability boundary to 
lower pH values causing precipitation of hydroxide. The growth of aluminium hydroxide layer 
at temperatures close to 100 °C or below has been studied extensively [20–24]. Vermilyea et al. 
[25] and Gorman et al. [26] reported the effect of cation and anion addition in boiling water with 
respect to forming an aluminium hydroxide layer. Vermilyea [25] reported that between pH 3.0 
and 11.0, a porous hydroxide layer forms by nucleation and growth from soluble aluminium 
species, and is composed of pseudo-boehmite. Furthermore it was stated that the presence of 
phosphate, silicate, arsenate, and tungstate inhibits the formation of aluminium hydroxide film 
which correlates with the strength as well as the acidity and structure of the ions. Chelates are 
considered to be corrosion accelerators (disregarding any protection by precipitation of corro-
sion products) and can as such be used to increase the dissolution of aluminium as well as 
providing inhibition by forming complexes at the surface [27,28]. Citric acid is a tetradentate 
chelating agent and has shown to provide good corrosion resistance properties for aluminium 
pigments in aqueous alkaline media [29]. 
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Our earlier studies [17,18,30,31] report the formation of boehmite layer under steam con-
ditions which exhibit adequate corrosion and adhesion properties. Therefore, the focus of this 
paper is to study the growth of aluminium hydroxide layer under exposure to steam conditions 
containing acidic chemistries based on citric acid and phosphoric acid. The effect of microstruc-
ture and chemical composition of the produced oxide layers on Peraluman 706™ and AA6060 
aluminium alloys have been investigated by glow discharge optical emission spectroscopy (GD-
OES), field emission gun scanning electron microscopy (FEG-SEM), energy-dispersive X-ray 
spectroscopy (EDS), focused ion beam scanning electron microscopy (FIB-SEM), and grazing 
incidence X-ray diffraction (GI-XRD). Corrosion performance of the alloy surfaces after steam 
treatment and powder coating was evaluated by means of potentiodynamic polarization, acetic 
acid salt spray test (AASS), and filiform corrosion test (FFC). The effect of delay in powder 
coating due to ageing of the oxide layer in air was also investigated using filiform corrosion and 
AASS adhesion test. 

 Materials and Methods 

 Material 
The test materials used in this study was Al-Si-Mg alloy Peraluman 706™ and AA6060. 

The as received chemical composition of the alloys is presented in Table 8.1. The samples were 
cut into 50 x 50 mm size from Peraluman 706™ sheet having a thickness 1 mm. For acetic acid 
salt spray and filiform corrosion tests, AA6060 alloy was used to directly compare the perfor-
mance with industrial quality standards. Therefore, AA6060 samples for standardised corrosion 
testing were cut into 150 x 50 mm size from 2 mm thick alloy sheet. 

Table 8.1 Chemical composition of aluminium alloys (Rest percentage is aluminium) used in this study  

Material Si Fe Cu Mn Mg Cr Zn Ti 

Peraluman 706™ 0.2 0.2 0.1 0.05 0.8 0.02 0.05 0.03 

AA6060 0.48 0.22 0.007 0.23 0.54 0.002 0.005 0.01 

  Surface preparation  

  Surface cleaning  

The samples were degreased in ultrasonic heater for 5 minutes using acetone as a solvent, 
followed by rinsing in deionized water and air drying at room temperature.  

 Alkaline etching  

The samples were alkaline etched by immersing in an aqueous solution of 10 wt. % NaOH 
at 60 °C for 5 minutes and rinsing in deionized water for 1 minute followed by desmutting in 
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69 vol.% HNO3 for 2 minutes. The samples were then washed with deionized water and dried 
in air at room temperature.  

 Steam treatment 

The samples after surface cleaning were exposed to 1.3 bar vapour pressure steam which 
was generated from an aqueous solution of citric acid and phosphoric acid of pH 3.0, 2.0, and 
1.5 inside an autoclave (All American Pressure Canners, USA) at 107°C. The total process time 
was 20 min, while the time of exposure after the autoclave reached 1.3 bar internal vapour pres-
sure was 10 min. Some of the samples were taken out for analysis just before the autoclave 
reaches the maximum internal pressure. All the samples were rinsed in deionized water after 
steam treatment and dried in air at room temperature. 

 Microstructural characterization  

 Glow discharge optical emission spectroscopy (GD-OES)  

The thickness of the oxide layer on steam treated surfaces were measured using glow 
discharge optical emission spectroscopy (GD-OES) (GD-2 profiler, Horiba Jobin YVON). The 
instrument is equipped with a radio frequency generator, a standard discharge source with an 
anode of 4 mm internal diameter, a monochromator and polychromator optical spectrometers, 
and Quantum XP software. The optimized discharge conditions for this work were 850 Pa pres-
sure and RF power 40 W. 

 Surface morphology 

The morphology of steam generated layer was examined using field emission scanning 
electron microscope (FEG-SEM-Quanta 200FEG MKII, FEI) with an Oxford Instrument INCA 
energy dispersive X-ray (EDS) analyser capability. The EDS analysis has been performed at an 
acceleration voltage of 10kV and Cu calibration using Oxford Instruments 80 mm2X-Max sili-
con drift EDS detector. 

 Focused ion beam (FIB) analysis 

The dual focused ion beam scanning electron microscope (FIB-SEM) was used for cross-
section milling of the surface layer and intermetallic particles. The cross-section milling was 
performed at a tilting angle of 52º. A Ga ion beam was operated at 30 kV with current in a range 
of 0.5-20 nA. Before milling, respective areas were covered by Pt with a layer thickness of 2 m. 
Further the EDS analyses at the cross sections were performed using EDAX SD Apollo 10 Peg-
asus System at an acceleration voltage of 10 kV. 



Chapter 8 

186 

 Grazing incidence X-ray diffraction (GI-XRD) 

Phase analysis of the oxide layer generated on the aluminium samples were performed 
using diffractometer (D8 Discover, Bruker AXS) equipped with a Cu K  X-ray source. The 
XRD measurements were performed at a grazing incidence angle of 2°, a step time of 40 s, and 
step size of 0.03°. 

 Corrosion performance 

 Potentiodynamic data 

Electrochemical behaviour of the aluminium alloy surface after the steam treatments were 
evaluated by potentiodynamic polarization. An ACM electrochemical Instrument (GillAC) was 
used for measurements with a flat cell set-up having an exposed area of 0.95 cm2. The open 
circuit potential (OCP) was monitored for 15 min prior to conducting each polarization scan. 
The polarization scans were performed in naturally aerated 0.1M NaCl solution of pH 5.2±0.3. 
An Ag/AgCl reference electrode and a Pt wire counter electrode were employed. All polariza-
tion scans were conducted at a scan rate of 1 mV/s and repeated twice for consistency.  

 Acetic acid salt spray (AASS) 

For AASS testing, the samples of AA6060 were powder coated after steam treatment with 
citric acid and phosphoric acid. Powder coating was done using a Jotun Facade 2487 RAL 9010 
and thickness of the dry coat was 80-90 m, after curing at 170ºC for 30 min. A cross of 110 
mm long and 1mm wide was scribed on the specimens prior to the AASS exposure. The AASS 
test for 1000 h on powder coated samples was performed according to DIN EN ISO 9227 stand-
ard.  

 Filiform corrosion  

The powder coated samples similar to AASS test were used for the filiform corrosion 
testing. After curing, a horizontal (40 mm in length) and vertical (80 mm in length) scribe lines 
of 1 mm width were made on each sample to expose the metal underneath. The filiform corro-
sion test was conducted for 1000 h, corresponding to standard filiform corrosion test conditions 
according to DIN EN 3665. 

 Results 

 Microstructural analysis  

 Thickness measurements 

Figure 8.1 shows the thickness of oxide layers measured by GD-OES on steam treated 
samples with aqueous solution of citric and phosphoric acid. In general, the thickness of the 
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oxide film was the synergetic effect of pre-treatment, electrolyte type, and its pH. The acetone 
cleaned surface showed increase in the thickness of oxide layers in citric acid with the increase 
in pH. However, alkaline etched samples showed the opposite behaviour. Further, irrespective 
of the pre-treatment type, the steam treatment using phosphoric acid reduced thickness of the 
oxide with increase in the pH. Overall the thickness of oxide film formed in citric acid steam 
treatment varied between 680-1150 nm while the corresponding values for phosphoric was ap-
proximately 680-960 nm. 

 

Figure 8.1 Average thickness of oxide layer on Peraluman 706™ after steam treatment for 10 min using 
aqueous solution of: (a) citric acid (b) phosphoric acid. 

 Surface morphology  

 Effect of pre-treatment  

Figure 8.2 shows the surface morphology of Peraluman 706™ used for steam treatment. 
The as received surface after simple cleaning with acetone shows rolling lines and intermetallic 
particles (marked by circles) (Figure 8.2 (a)). The alkaline etching of the surface resulted in the 
formation of typical scalloped structure morphology with intermetallic particles (marked by cir-
cles) as presented in Figure 8.2 (b). The EDS analysis (not presented here) showed that these 
phases are Al-Fe, Al-Fe-Si, and Al-Fe-Si-Cu type intermetallic particles. 
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Figure 8.2 Surface morphology of Peraluman 706™: (a) as received (after cleaning the surface with acetone) 
and (b) after alkaline etching. 

 Effect of steam treatment with citric and phosphoric acid chemistry  

 

Figure 8.3 Peraluman 706™ alloy surfaces after steam treatment for 10min with steam generated from 
aqueous solution of citric acid: (i) acetone cleaned (a) pH 3.0, (b) pH 2.0 and (c) pH 1.5, and (ii) alkaline 
etched (d) pH 3.0, (e) pH 2.0, and (f) pH 1.5. 

Figure 8.3 shows the morphology of the Peraluman 706™ alloy surface after 10 min steam 
treatment using aqueous solution of citric acid having pH 3.0, 2.0, and 1.5. Both surfaces (ace-
tone cleaned and alkaline etched) showed a nano-scale needle like morphology, while the 
difference was found only when comparing the pH conditions. The cell size and compactness 
of the needle structure is less for lower pH conditions irrespective of the pre-treatment. (Figure 
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8.3 (a), (b), (c) and Figure 8.3 (d), (e), (f)). However, the phosphoric acid based steam treatment 
did not show similar effects as shown in Figure 8.4 irrespective of the pH conditions. 

 

Figure 8.4 Peraluman 706™ alloy surfaces after steam treatment for 10min with steam generated from 
aqueous solution of phosphoric acid: (i) acetone cleaned (a) pH 3.0, (b) pH 2.0 and (c) pH 1.5 and (ii) alkaline 
etched (d) pH 3.0, (e) pH 2.0, and (f) pH 1.5. 

 Coverage of intermetallic particles 

 

Figure 8.5 Typical view of the coverage of intermetallics on Peraluman 706™ alloy surfaces after steam 
treatment for 10min with steam generated from aqueous solution of citric acid: (a) acetone cleaned, pH 3.0 
(b) alkaline etched, pH 3.0. 
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The low magnification images of the steam treated Peraluman 706™ surface with citric 
acid Figure 8.5 (a) and Figure 8.5 (b) and phosphoric acid (Figure 8.6 (a) and Figure 8.6 (b)) 
show localized overgrowth of oxide at random areas. The EDS analysis of these areas (presented 
in Table 8.2)) reveals that the oxide overgrowth took place at the intermetallic particles (Al-Fe 
and Al-Fe-Si type). Moreover the alkaline etched surfaces after both steam treatments showed 
similar overgrowth of oxide at the intermetallic particles. Although not shown here, the change 
in the pH of citric and phosphoric acid steam exhibited identical behaviour in terms of over-
growth of oxide around intermetallic particles. 

Furthermore, regardless of surface preparation method, the EDS analysis (presented in 
Table 8.2) on phosphoric acid treated surfaces at the aluminium matrix as well as the interme-
tallic particles showed the presence of phosphorus in the oxide layer. However, the amount of 
phosphorus indicated slight variation, when analysing the formed oxide layer covering the in-
termetallic particles with oxide present at aluminium matrix. 

Table 8.2 EDS analysis (in wt. %) from various regions marked in Figure 8.5,  

 and Figure 8.9 respectively. 

Location Elements 

 C Al O P Fe Si 

Figure 5(a) region R-1  39.5±2.6 51.9±2.2  7.4±1.1 1.1±0.2 

Figure 5(a) region R-2  41.0±2.9 58.9±5.4    

Figure 6(a) region R-1 6.5±0.6 35.8±1.8 46.7±0.9 2.8±0.3 6.2±1.3 1.9±0.3 

Figure 6(a) region R-2 4.2±0.4 50.1.±2.1 44.1±3.2 1.4±0.2   

Figure 9(a) region R-1  44.2±1.5 40.6±1.9  11.3±1.4 3.7±0.3 

Figure 9(b) region R-2  37.3±2.5 41.5±1.2 3.1±0.2 15.1±2.1 3.2±0.4 

Figure 9(c) region R-3  58.2±3.5 30.9±2  10.8±2.9  

Figure 9(d) region R-4  57.4±2.9 25.5±4.1 4.9±0.8 12.1±1.7  
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Figure 8.6 Typical view of the coverage of intermetallics with an oxide on Peraluman 706™ alloy surfaces 
after steam treatment for 10 min with steam generated from aqueous solution of phosphoric acid: (a) acetone 
cleaned, pH 3.0 and (b) alkaline etched, pH 3.0. 

 Focused ion beam SEM (FIB-SEM) 

The cross section of the coating on aluminium matrix and intermetallic particles after 
steam treatment for 10 min with citric acid and phosphoric acid of pH 3.0 was analysed by FIB-
SEM. As shown in Figure 8.7, the growth of oxide layer over the aluminium matrix under phos-
phoric and citric acid steam treatment showed a layered structure with needle shaped oxide at 
the top and a compact oxide beneath. Further, the thickness of the compact oxide layer was 
appeared to be slightly higher for the citric acid treated sample (Figure 8.7 (a)) compared to the 
phosphoric acid (Figure 8.7 (c)) one. Additionally the needle structure present at the top of the 
compact oxide generated by citric acid steam treatment exhibited sharper and thicker needle 
formation in comparison to phosphoric acid steam as shown in set Figure 8.7 (a) and Figure 8.7 
(c). 
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Figure 8.7 Cross section of steam generated oxide layer on Peraluman 706™ alloy using different acid chem-
istries at pH 3.0 for 10min: over aluminium matrix (a) citric acid (c) phosphoric acid and on intermetallic 
particles: (b) citric acid (d) phosphoric acid aqueous solution having pH 3.0 for 10min, respectively. The (e) 
and (f) present the EDS profiles of areas marked on intermetallic particles by rectangles in Figure 8.7 (b) 
and Figure 8.7 (d) after steam treatment with (e) citric acid (f) phosphoric acid aqueous solution having pH 
3.0 for 10 min. 
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The cross sectional images in Figure 8.7 (b) and Figure 8.7 (d) represents the overgrowth 
of oxide over the intermetallic particles (Al-Fe-Si). The oxide present at the intermetallics also 
showed double layer oxide similar to what is seen for the aluminium matrix. However, the com-
pact oxide below the needle structure showed porosities (marked by circles in Figure 8.7 (b) and 
Figure 8.7 (d)) for both treatments. Further the EDS profiles (Figure 8.7 (e) and Figure 8.7 (f)) 
from the near centre region (marked by rectangles in Figure 8.7 (b) and Figure 8.7 (d)) of the 
intermetallic particles showed the presence of notable amount of oxygen which indicates the 
oxidation of intermetallic particles, being trapped in the steam generated oxide layer. Further, 
the EDS point analysis from the various areas of intermetallic particles is presented in Table 
8.3, showed the presence of O in combination with Fe, Si and Al confirming the oxidation of 
intermetallic particles. 

Table 8.3 EDS analysis (in wt. %) from different areas i.e. R-1 and R-2 at the cross section of intermetallic 
particles, in Figure 8.7 and Figure 8.9 after steam treatment with citric and phosphoric acid. 

Location Elements 

 C Al O Pt Ga Fe Si 

Figure 7(b)  1.7±1.2 15.5±3.2 28.3±5.4 10.4±4.8 13.7±1.4 27.6±5.0 2.8±0.8 

Figure 7(d)  - 20.2.±4.3 32.9±4.7 8.3±2.3 10.2±2.8 25.2±3.8 3.2±0.6 

Figure 9(e) 2.4±1.6 23.5±2.5 19.8±3.3 10.8±6.2 3.9±1.2 30.2±6.3 9.4±1.4 

Figure 9(f) 1.7±0.7 35.4±6.4 15.6±4.4 8.6±5.6 9.7±3.4 22.8±3.9 6.2±1.9 

 

 Initial growth of oxide 

The initial growth of the oxide was studied under acidic steam condition with steam gen-
erated from aqueous solution of citric and phosphoric acid of pH 3.0 on Peraluman 706™ 
surface. In this case, the samples were treated just before the autoclave reaches its steady state 
conditions (1.3 bar internal vapour pressure). Figure 8.8 shows the surface morphology of the 
coating under this condition at low and high magnification. 
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Figure 8.8 Peraluman 706™ surface with coating formed just prior to reaching 1.3 bar pressure: (a) citric 
acid steam and (b) phosphoric acid steam at pH 3.0 Image (c) shows the high magnification image of area 
marked in Figure 8(a), and (d), (e) show high magnification images of areas marked in Figure 8(b). 

It is clear from the pictures that the growth of oxide starts at localised areas (Figure 8.8  
(a), Figure 8.8 (b). The high magnification image shows that the localized area correspond to 
the sites of Al-Fe, Al-Fe-Si, and Al-Fe-Si-Cu intermetallic particles present in the microstruc-
ture of the alloy ((Figure 8.8 (c), Figure 8.8 (d)).  

 Short time treatment  

Figure 8.9 show the coverage of intermetallic particles (Al-Fe and Al-Fe-Si type) with an 
oxide layer (based on EDS analysis presented in Table 8.2) for short time (30 s) treatment using 
citric and phosphoric acid chemistries at pH 3.0. The oxide overgrowth Al-Fe-Si (Figure 8.9 (a) 
and Figure 8.9 (c)) type intermetallic particles is higher for citric acid treatment compared to 
phosphoric acid. However, oxide over Al-Fe intermetallic particle (Figure 8.9 (b) and Figure 
8.9 (d)) exhibited similar growth under both condition. The FIB cross section of Al-Fe-Si inter-
metallic particle showed that the citric acid treatment resulted in higher degree of needle and 
compact layer growth over the particle in comparison to the phosphoric acid treatment (Figure 
8.9 (e) and Figure 8.9 (f)) while EDS analysis at the cross section (presented in Table 8.3) also 
showed the presence of oxygen. 
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Figure 8.9 Coverage of intermetallic particles with an oxide layer after 30 s steam treatment: Al-Fe-Si inter-
metallic (a) citric acid steam and (c) phosphoric acid steam and Al-Fe intermetallic (b) citric and (d) 
phosphoric acid steam of pH 3.0, respectively. The FIB cross section of Al-Fe-Si intermetallic after 30 s steam 
treatment: (e) citric acid and (f) phosphoric acid steam. 
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 GI-XRD 

Figure 8.10 shows the GI-XRD patterns obtained from steam treated surfaces with acid 
chemistries for 10 min. In general four main peaks are identified at 2  of 14.4 , 28.2 , 48.9 , and 
55.2  which correspond to -AlOOH phase (JCPDS file 76-1871). Further, the steam treated 
sample with phosphoric acid showed broader peaks at 2  of 14.4 , 48.9 (JCPDS file 78-0598) 
relative to citric acid, which can be resulted as a combined peak of AlOOH and AlPO4(H2O)1.5. 
However the use of the smallest slit size (0.1 mm) did not result in the separation of these peaks. 
The small peak at 2  of 64.12  showed the characteristic phase of AlPO4(H2O)1.5. Overall no 
clear peak of AlPO4 was observed, but uses of phosphoric acid into steam give rise to intense 
peaks of boehmite. 

 

Figure 8.10 X-ray diffraction pattern of steam treated Peraluman 706™ surface with steam using citric and 
phosphoric acid chemistries of pH 3.0 for 10 min.  
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 Corrosion performance  

 Potentiodynamic data 

 Coating made using Citric acid chemistry 

Figure 8.11 shows the anodic and cathodic polarization curves of Peraluman 706™ steam 
treated surface for 10 min using citric acid chemistry. Overall the results showed that the in-
creased concentration of citrate ions (or reduction in pH) reduced the corrosion performance of 
the coating.  However, difference in current densities is very small. All coating showed a plateau 
region in the anodic curve followed by break down except for sample 1 and 2. Further the coat-
ing formed under higher concentration of citrate ions (low pH) showed a shift in pitting potential 
to negative side (more active) for both the acetone cleaned and alkaline etched surfaces. The 
cathodic current densities (Figure 8.11 (b)) showed a slight increase for coatings prepared using 
higher concentration of citric acid.  

 

Figure 8.11 Polarization curves for steam treated samples of Peraluman 706™ using citric acid chemistry: 
(a) Anodic and (b) cathodic (WE – Acetone cleaned and E – alkaline etched prior to steam treatment).  
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 Coating made using Phosphoric acid chemistry 

 

Figure 8.12 Polarization curves for steam treated samples of Peraluman 706™ using phosphoric acid chem-
istry: (a) Anodic and (b) cathodic (WE – Acetone cleaned and E – alkaline etched prior to steam treatment). 

Figure 8.12 show the anodic and cathodic polarization curves for steam treated Peraluman 
706™ (Figure 8.12 (a) and Figure 8.12 (b)) using phosphoric acid chemistry. Anodic part of the 
curves shows a plateau region followed by break down except for samples 2, 3, and 6. Plateau 
current density remained same for all pH conditions, while the pitting potentials were different. 
Increase in the concentration of phosphoric acid (low pH) shifted the pitting potential towards 
more noble side for acetone cleaned samples, while the alkaline etched samples showed an op-
posite behaviour. In general, the cathodic current densities also showed a decrease with increase 
in concentration of phosphoric acid. The cathodic and anodic corrosion potentials of alkaline 
etched surfaces with phosphoric acid steam treatment showed shift to negative side relative to 
the acetone cleaned and steam treated surfaces.  

 Industrial level corrosion performance testing 

The AA6060 contains similar alloying elements as in Peraluman 706™ (Mg-Si alloys), 
thus the purpose of using AA6060 for filiform corrosion and acetic acid salt spray testing was 
to compare the quality standard of acidic steam based conversion coatings to that of chromate 
based and other standardised chrome free conversion coatings. Certain standards are used across 
different industries according to the demand and usage of different aluminium alloys [32,33]. 
Hence, according to standard [32], acetic acid salt spray test and filiform corrosion test have 
been performed on AA6060 which is an Al-Mg-Si alloy. In order to study the effect of change 
in the microstructure on corrosion performance of steam generated coating after ageing, the two 
replica samples after citric and phosphoric acid steam treatment were stored in ambient air for 
48 hrs and tested for AASS and FFC. All the samples were alkaline etched as mentioned in 
section 8.2.2.2 before the citric and phosphoric acid steam treatment. 
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 Acetic Acid Salt Spray (AASS) 

 

Figure 8.13 Optical micrographs of disbanding of powder coating after 1000 h acetic acid salt spray test of 
AA6060: Sample non-aged (a) citric acid chemistry and (b) phosphoric acid chemistry, and samples aged (c) 
citric acid chemistry and (d) phosphoric acid chemistry. 

Figure 8.13 shows the optical micrographs of steam treated AA6060 samples using acid 
chemistries with subsequent powder coating and subjected to AASS test for 1000 h. Overall the 
aged samples showed relatively higher degree of disbanding along the vertical and horizontal 
direction from the applied scribe compared to non-aged samples. The average of maximum dis-
banding of powder coating of aged and non-aged samples after citric and phosphoric acid steam 
treatment is in shown Figure 8.14. For citric acid treatment, fresh and aged samples did not show 
any difference in disbanding length; however the aged sample of phosphoric acid treatment 
showed a high degree of disbanding. The values for aged phosphoric acid treated sample is 
above the maximum allowed value by the standard, while both citric and phosphoric acid treated 
non-aged samples showed the values within in the limits of the standards.  
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Figure 8.14 Average length of corrosion attack underneath the powder coating layer from scribed cross in 
acetic acid salt spray test for aged and non-aged citric and phosphoric acid steam treated surface of AA6060. 

 Filiform Corrosion (FFC) 

 

Figure 8.15 Optical micrographs of filiform corrosion filament formation on steam treated and power coated 
samples: non-aged (a) citric acid chemistry and (b) phosphoric acid chemistry, and aged (b) citric acid chem-
istry and (d) phosphoric acid chemistry after 1000 hrs filiform corrosion test of AA6060. 
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Figure 8.15 shows the optical micrographs of steam treated AA6060 samples using acid 
chemistries followed by aging (Figure 8.15 (b), (d)) and non-ageing (Figure 8.15 (a), (c)) after 
filiform corrosion test for 1000 h. In all the cases (aged or non-aged samples), the formation of 
typical thread like filiform corrosion filaments initiating from the applied scribe was observed. 
However, the aged samples exhibited higher frequency of filiform corrosion filaments. Moreo-
ver, the length of filiform corrosion filaments on aged samples was twice than that of non-aged 
samples. The coefficient representing the FFC of these samples is indicated in Figure 8.16, 
which was obtained by multiplying the mean fibril length (l) and fibril frequency (H) perpen-
dicular to the applied scribe. 

 
Figure 8.16 Coefficient of filiform corrosion from applied scribe after 1000 hrs test for aged and non-aged 
steam treated surfaces with citric and phosphoric acid steam on AA6060. 

Overall the ageing of the acid steam treated samples results in higher filiform corrosion 
coefficient. Furthermore, samples treated with phosphoric acid chemistry showed superior fili-
form corrosion resistance in extrusion direction of the alloy, particularly presenting filiform 
coefficient values close to 0.3, for both horizontal and vertical scribe in relation to citric acid 
steam treated samples. However, the lowest value of filiform coefficient  0.2 was observed for 
citric acid steam treated samples along the vertical scribe. Further, the maximum length of fili-
form filament for non-aged samples was observed in the range of 2-2.7 mm.  
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 Discussion  

The use of steam treatment for the development of an oxide layer over aluminium alloy 
has been reported in literature [17,18,30,31]. Further, the reaction of aluminium with boiling 
water to produce double layer (amorphous oxide at bottom and needle structure at the top) of 
oxide film was fundamentally governed by the formation of amorphous oxide followed by dis-
solution of the amorphous oxide by subsequent precipitation of dissolved species as hydrous 
oxide [20,34–36]. The presence of needle oxide in the outer layer was due to evolution of hy-
drogen gas on the surface [26,37]. However, use of steam accelerates the reaction kinetics by 
enhancing the dissolution of aluminium followed by precipitation of oxide/hydroxide at elevated 
temperatures [17,30]. The Pourbaix diagram of aluminium presented in Figure 8.17 show the 
stability regions at room temperature and shift in boundaries due to increased temperatures up 
to 125 ºC. Increase in temperature shows similar regions of stability except for the shift in 
boundaries for Al3+, AlO(OH), and AlO2

– equilibrium to lower pH values. Diagram also shows 
that the reduced pH conditions will increase the dissolution of aluminium. For coating formation 
point view, interesting pH level will be close to the Al3+ - AlO(OH) boundary so that the in-
creased dissolution of aluminium increases the local surface concentration of Al3+ ions leading 
to precipitation and coating formation. An additional effect will be the use of acids with chelat-
ing ions such as citrate and phosphates for complexing with aluminium ions.  

 

Figure 8.17 Pourbaix diagram of Al-H2O system constructed by using HSC chemistry 7.1 software (Ou-
tokompou Research, Finland) at 25 ºC (pressure = 1 bar) and 125 ºC (pressure = 2.3 bar) considering Al 
concentration 10-6 mol/kgH2O, and potential scale was presented by using the standard  hydrogen electrode 
at 25 ºC. Red lines correspond to hydrogen and oxygen reduction. The species taken into account include: 
Al, Al(+3a), AlO2(-a), Al2O3 (aluminium oxide), Al2O3 (corundum), Al2O3 (delta), Al2O3 (gamma), Al2O3 
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(kappa), Al(OH)3 (amorphous aluminium hydroxide), Al(OH)3 (gibbsite), Al2O3*H2O (diaspore), AlO(OH) 
(boehmite), Al2O3*3H2O (bayerite), Al2O3*3H2O (gibbsite). 

Results presented in this study showed that the rate of oxide growth was dependant on the 
alloy microstructure and acid chemistry used for steam treatment. The coverage of intermetallic 
particles with an oxide layer seemed to be uniform when examined in plain view images, how-
ever the cross section of intermetallic particles showed the presence of porosities when 
compared to earlier studies on steam treated surfaces [38]. The growth rate of oxide layer was 
higher in the case on aluminium alloy treated with acidic steam due to higher degree of disso-
lution of aluminium, in contrast to only steam treated samples where a maximum thickness of 
the oxide obtained under same steam pressure condition was 2 times less [17,30]. The cell den-
sity of the needle structure was depended on the pH of the solution. The corrosion of aluminium 
is the critical factor in presence of various ions in the solution [19]. The Pourbaix diagram of 
aluminium and aqueous solution of citric acid [39] indicates that aluminium will be corroded by 
citrate ion at nearly all pH values, except the narrow range of pH = 9.5-10.5, where Al(OH)3 is 
stable. The corrosion rate of aluminium in citrate ion solution was reported to be a function of 
the concentration of citrate ions. Trouner et al. [40] studied the effect of citrate and phosphate 
ions at a certain pH range in boiling water, and found that an increase in citrate ion concentration 
enhances the dissolution of aluminium due to formation of aluminium citrate complex [40,41]. 
While the increase in phosphate ions concentration exhibited adverse effect, which believed to 
form aluminium phosphate in the film rather than the usual aluminium hydroxide 
[42].Therefore, the increase in the thickness of oxide in citric acid solution in comparison to 
only steam treated surface was higher [38], however, the increase in the degree of oxide thick-
ness was lower on alkaline etched surfaces. This might be due to the presence of higher number 
of intermetallic particles in the deformed layer in the non-etched sample [43,44], which provide 
more nucleation sites for the oxide growth in acetone cleaned sample. Moreover the presence 
of phosphates in the solution may cause the formation of a thin aluminium phosphate layer. 
Takhahashi et al. [42] elucidated that at high concentrations of phosphate anions, the formation 
of complexes takes place, which is more stable and retards the hydration of surface, which ex-
plain the lower oxide growth rate with the increase in phosphoric acid concentration (lower pH).  

Under the present conditions the growth of oxide at the aluminium matrix and the over-
growth of oxide at the intermetallic particles can be explained as follows.  

1. In the acidic steam treatment the formation of water layer takes place at the aluminium sur-
face due to the condensation of steam as shown in Figure 8.18 (a) and Figure 8.18 (b). 

2. As a result of water layer formation, the hydration reaction (forming a hydroxide film) occurs 
at the metal interface, resulting in the leaching of aluminium and forming ion complexes 
which may result in the incorporation of chemical species into the oxide layer i.e. 
H2PO4 .Due to the anodic dissolution of the aluminium, the produced electrons are con-
sumed at the cathodic sites (Al-Fe and Al-Fe-Si intermetallic particles) resulting in local 
breakdown of the formed hydroxide film as presented in Figure 8.18 (c). 
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3.  This local breakdown of the hydroxide film leads to the formation of a pit, where the local 
acidification of pH inside the cavity due to hydrolysis results in selective leaching of alumin-
ium or other active elements from the intermetallic particles. Under present conditions, high 
temperature of steam produces rapid oxidation of the leached elements, ultimately forming 
thick oxide around or over the intermetallic particles along with their oxidation as shown in 
Figure 8.18 (e) and Figure 8.18 (f). 

 

 

Figure 8.18 Schematic of oxide growth over aluminium alloys under present conditions, where IM’s term 
represents intermetallic particles. (a) Aluminium surface prior to the steam condensation at the surface, (b) 
water layer formation by steam, (c) anodic and cathodic reactions occurring at the aluminium surface, and 
(d), (e) formation of oxide and coverage of intermetallic particles with the oxide layer. 

The above stated mechanism is in agreement with the literature where the oxide over-
growth on intermetallic particles was due to micro-galvanic coupling [45–47], which enhances 
the oxide growth rate under steam conditions [18]. Further, cathodic nature [48,49] of Al-Fe and 
Al-Fe-Si intermetallic particles  may results in high consumption of H+ causing the deposi-
tion/incorporation of phosphate complexes in the oxide layer which is in agreement with 
literature [50]. The presence of phosphates complexes at the intermetallic particles reduces the 
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hydration reaction. This might be the reason for the low growth rate of oxide for short steam 
treatment when compared to citric acid steam treatment. 

The corrosion performance of the conversion coating layers largely depends upon the 
morphology, composition, and coverage of the deposited oxide coating over the intermetallic 
particles and aluminium matrix [51]. Thus the decrease in the corrosion performance of alloys 
due to increase in the concentration of citric ions can be directly related to its higher cell density 
and relatively lower oxide growth over intermetallic particles. The increase in the concentration 
of phosphate ions results in improved corrosion protection of the alloy which was in agreement 
with reported data in literature [52].  

Brand et al. [53] prepared aluminium hydroxide films by treating aluminium with boiling 
water and in alkaline and acidic environment. Further, the ageing of the layers in ambient air 
resulted in the hydroxylation of the aluminium oxide and contamination of the surface due to 
air-borne organic contaminants. Particularly, the adsorbed water on the oxide surface was re-
sponsible for the growth and hydroxylation of the oxide layer [54]. Therefore, it strongly reduces 
the initial bonding capacity of oxide surface after ageing. Thus, aged samples resulted in a higher 
degree of disbanding of powder coating during AASS, higher filiform corrosion filament fre-
quency and 2.5 times high degree of filiform coefficient values. 

The AASS testing of non-aged citric and phosphoric acid steam treated samples showed 
improved adhesion of powder coating when correlated to only steam treated samples [55]. This 
higher degree of adhesion may be complimented due to formation of needle structure having 
high degree of depth and chemical composition difference in terms of surface energies and hy-
droxyl fraction [56]. 

The slight increase in the maximum length of filiform corrosion filament in this study can 
be caused by the presence of porosities in the oxide layer around the intermetallic particles when 
compared to only steam treated surfaces [55]. Thus overall microstructural variations in terms 
of porosities resulted in higher filiform corrosion coefficient values in comparison to only steam 
treated surfaces [18].  

 Conclusions  

1. The addition of citric and phosphoric acid into steam increases the overall thickness of 
oxide layer beyond 1 m, which was a function of concentration of citrate and phosphate 
ions. 

2. Intermetallic particles are the preferential sites for initiation of oxide growth under citric 
and phosphoric acid steam. Higher growth rate of oxide was observed over Al-Fe-Si 
intermetallic particles using citric acid steam for short time. 

3. Use of phosphoric acid in the steam resulted in the incorporation of phosphate into the 
oxide layer as well as on the intermetallic particles. 
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4. The use of different concentration of citrates and phosphates in the steam increased the 
pitting potential in the range of +200 mV to +800 mV. 

5. The ageing of oxide coating after steam treatment using acid chemistries before powder 
coating resulted in poor adhesion and filiform corrosion resistance of the coating. 

6. The presence of porosities in the oxide around intermetallic particles resulted in rela-
tively poor filiform corrosion coefficient in rolling/extrusion direction of the aluminium 
alloy. 
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Abstract 
The steam-based conversion coatings containing TiO2 particles were prepared using a 

two-step process comprising of spin coating of particles onto an aluminium substrate followed 
by a high-pressure steam treatment. Process has resulted in the formation of aluminium oxide 
layer (~1.3 m thick) embedded with TiO2 particles. The electrochemical measurements show 
the beneficial effect of TiO2 particles in the oxide layer by exhibiting lowest anodic and cathodic 
activities, and reduced pit depth. The presence of TiO2 particles shifts the corrosion potential 
values to positive side (noble side) when compared to the coatings without TiO2 particles, while 
the shift in the pitting potential was a function of the steam treatment time and degree of particle 
incorporation into the oxide. 

  

                                                 

7 This chapter was published as a scientific paper:  

Surf. Coatings Technol. 296 (2016) 1–12 
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 Introduction 

Conversion coatings are applied to aluminium and its alloys to provide corrosion protec-
tion as a standalone coating, or as an intermediate layer for painting. Chromate based conversion 
coatings have been used for many years; however, due to the carcinogenic nature of chromate, 
the focus today is to find environmentally friendly alternatives [1]. The aim is to match the 
performance of the newly developed coatings with that of the chromate conversion coating, 
which currently out-performs most of the recently developed alternative conversion coatings 
due to its inherent re-passivation effect. Further, the use of recycled aluminium alloys that con-
tain higher amount of intermetallic particles and impurity elements demands better conversion 
coatings to reduce corrosion and related failures [2]. The new surface modification techniques 
presently available as substitutes for chrome conversion coatings include sol-gel coatings [3–5] 
and a number of other chemical conversion coatings [6].  

Anodising of aluminium alloys by electrochemical oxidation is one electrochemical con-
version coating process used for corrosion protection. The growth behaviour, composition and 
morphology of anodic films on aluminium, together with its performance have been studied in 
detail and are widely available in the literature [7–11]. Kamada et al. [12,13] studied the incor-
poration of oxide nanoparticles into the alumina films using anodic oxidation of the aluminium 
surface and electrophoretic deposition of nanoparticles proceeding in a single step. Gudla et 
al.[14,15] anodised TiO2 containing aluminium based metal matrix composites and studied the 
anodising behaviour and phase evolution of TiO2 particles incorporated in the anodic alumina 
matrix as a function of the anodising potential under both DC and high frequency pulse condi-
tions. The presence of oxygen deficient TiO2 phases was observed in the anodic alumina layers 
formed under low DC anodising potentials. Alumina films containing SiO2 nanoparticles 
showed an improvement in the corrosion protection of the substrate [13]. Furthermore, in recent 
years, incorporation of nanoparticles into the coatings has been investigated with the aim of 
improving properties such as corrosion, flame retardation, and for electrical/electronic and 
membrane properties for various applications [16]. Specifically on aluminium alloys, various 
studies have been reported to form nanocomposite films by different routes, such as sol-gel type 
films [17–19] or by co-deposition of metal and nanoparticle powders onto the aluminium alloy 
surface [20–22] in order to improve the corrosion resistance. The application of TiO2 as a surface 
layer to reduce the corrosion of metallic substrates has been investigated in detail  [5,23–26]. It 
has been reported [27] that the TiO2 as a chemically stable compound increases the corrosion 
resistance of the metallic substrates in two ways, namely: (i) as a protective ceramic barrier on 
surface and (ii) by means of cathodic protection occurring due to photo-generated current under 
UV irradiation. On metal surfaces, the TiO2 acts as a photo-anode providing the metallic elec-
trode with photo-generated electrons promoting the cathodic protection 31. Further, the TiO2 
coating, especially in the form of nano-sized TiO2, is reported to enhance the corrosion re-
sistance of the aluminium alloys in seawater [28,29]. Zubillaga et al. [30,31] synthesised 
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alumina films on an AA3105 alloy in oxalic acid by simultaneous anodising and electro-
polymerisation of aniline in the presence of TiO2 nanoparticles. Results showed improved cor-
rosion protection provided by the coatings containing TiO2 nanoparticles. Furthermore, the 
improved corrosion protection was attributed to the presence of the nanoparticle-rich layer 
formed at the outer surface of the anodic coating, which blocks the pores of the anodic alumina 
film to provide improved barrier properties [32]. 

Our earlier studies [33–36] have shown that the simple steam treatment process of alu-
minium alloys generates surface oxide layers up to a thickness of ~650 nm, which showed good 
corrosion resistance properties. Moreover, the use of various oxidative and acidic chemicals into 
the steam was also studied in order to enhance the reaction kinetics and corrosion resistance 
properties of steam-based oxide layers [37–39]. However, the incorporation of oxide particles, 
such as TiO2, into the steam conversion coating has not been attempted yet. This paper focuses 
on the synthesis of steam-generated conversation coating layer with embedded TiO2 particles. 
Steam based coatings with and without TiO2 particles were investigated for their structure, mor-
phology, and corrosion performance. Microstructure, surface morphology, composition, and 
phase analysis were investigated using glow discharge optical emission spectroscopy (GD-
OES), field emission gun scanning electron microscopy (FEG-SEM), transmission electron mi-
croscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), and grazing incidence X-ray 
diffraction (GI-XRD). The corrosion performance of the coatings was evaluated by the poten-
tiodynamic polarization and exposure to a neutral salt spray test. 

 Materials and Methods  

 Material  

An aluminium alloy, Peraluman 706™ (Al-Mg-Si), rolled sheet in H1 temper condition 
was used as a substrate for the tests. Chemical composition of the as-received material is shown 
in Table 9.1. Specimens were cut into 50 mm x 50 mm test coupons and cleaned in an ultrasonic 
bath for 5 min using analytical grade acetone as a solvent prior to the surface treatment. 

Table 9.1 Chemical composition of Peraluman 706™ in wt % (Remaining percentage Al). 

Material Si Fe Cu Mn Mg Cr Zn Ti 
Peraluman 706™ 0.2 0.2 0.1 0.05 0.8 0.02 0.05 0.03 

 Sample preparation 

The TiO2 particles (rutile phase, average diameter 200 nm, Ti-Pure R900, Dupont Tita-
nium Technologies, Belgium) were dispersed in isopropanol (analytical grade) with a volume 
ratio of 0.6 % in a spray bottle. This suspension of TiO2, in a quantity of 5 mL was sprayed over 
an ultrasonically cleaned (in acetone for 5 min) sample surface. The sprayed samples were then 
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spin coated at 350 rpm for 7 s in order to get a homogenous coverage of the particles over the 
aluminium alloy surface. The samples were then dried in ambient air. 

 Steam treatment 

The spin coated samples were exposed to high temperature steam, generated from deion-
ised water in an autoclave (All American Pressure Canners, USA) at 107 ºC and 1.3 bar vapour 
pressure, for a period of 2 min or 5 min, respectively. After the steam treatment, the samples 
were rinsed with deionised water and dried in ambient air. 

 Microstructural characterization 

 Glow discharge optical emission spectroscopy (GD-OES) 

The thickness and relative chemical composition of the surface layers were analysed using 
GD-OES (GD-2 profiler, Horiba Jobin YVON). The instrument is equipped with a radio fre-
quency generator, a standard discharge source with an anode of 4 mm internal diameter, a 
monochromator and polychromator optical spectrometers, and Quantum XP software. Calibra-
tion of the GD-OES profiler was carried out at optimised discharge condition of 850 Pa pressure 
and RF power of 40 W by sputtering the sample surface for a specific time and then measuring 
the depth of the resulting sputtered crater using a surface profilometer. 

 Surface morphology 

The morphology of the spin coated and ultrasonically cleaned aluminium alloy surfaces 
before and after the steam treatment, was investigated using FEG-SEM (Quanta 200 FEG MKII, 
FEI) with an Oxford Instrument INCA EDS analyser capability. The EDS analysis has been 
performed with an acceleration voltage of 10 keV and Cu calibration. 

 Transmission electron microscopy (TEM) 

Thin film lamella from the steam treated surfaces were prepared using in-situ lift out tech-
nique using a dual beam focused ion beam scanning electron microscope (FIB-SEM) (Model 
Quanta 200 3D DualBeam, FEI) and were further thinned (to approximately  120 nm thickness) 
for electron transparency in a FIB-SEM (Helios Nanolab DualBeam, FEI). TEM (Model Tecnai 
G2 20) was carried out on the prepared lamella  at 200 keV. 

 Grazing incidence x-ray diffraction (GI-XRD) 

Phase analysis of the layers generated on the aluminium alloy surface was performed us-
ing a diffractometer (D8 Discover, Bruker AXS) equipped with a Cu K  X-ray source. The 
measurements were performed at a grazing incidence angle of 2°, a step time of 25 s, and step 
size of 0.03°. 
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 Corrosion performance  

 Potentiodynamic polarization 

Potentiodynamic polarization measurements were performed using an ACM electrochem-
ical Instrument (GillAC). A flat cell set-up with an exposed area of 0.95 cm2 was employed for 
the measurements. The open circuit potential (OCP) measurements were carried out for 300 min 
prior to the polarization scans, which were performed in naturally aerated 0.1 M NaCl solution 
of pH 5.2 ± 0.3. An Ag/AgCl reference electrode and a Pt wire counter electrode were used. All 
polarization scans were conducted at a scan rate of 1 mV/s. Each polarization measurement was 
repeated four times for consistency.  

Cross section of the pitted areas on the samples was prepared by metallographic prepara-
tion methods. The metallographic cross sections were taken perpendicular to the surface near 
the pitted areas, and mounted in cold-setting epoxy and allowed to cure. The epoxy-mounted 
samples were then subjected to mechanical grinding using SiC papers up to 4000 grit followed 
by polishing using a 3 m and a 1 m diamond suspension. 

 Neutral salt spray 

The corrosion performance of the samples was characterized by means of a neutral salt 
spray test for 360 h according to ASTM standard B117-11. The salt atmosphere was generated 
from a 5 wt. % NaCl solution with a pH range of 6.5-7.2. The temperature of the salt spray 
cabinet was maintained at 35 ± 1.8 °C. The reverse side of the samples was protected with an 
adhesive tape prior to the start of the test. The samples were subjected to visual examination 
every 24 h. After 360 h of testing, the samples were washed with deionised water and examined 
under an optical microscope. 

 Results 

 Microstructural characterization  

 Glow discharge optical emission spectroscopy (GD-OES) analysis 

Figure 9.1 shows a typical GD-OES depth profile and an average oxide thickness on sam-
ples after steam treatment for 2 min and 5 min. The concentration of elements shown by the 
GD-OES profile can be relatively compared. A decrease in the intensity of oxygen (O) counts 
is related with an increase in the intensity of aluminium indicating the interface between the 
steam generated oxide layer and the aluminium substrate. 

In general, the average thickness of the oxide film generated by steam treatment on spec-
imen surface containing TiO2 particles was higher (by about 400 nm) when compared to only 
steam treated specimen surface after 2 min and 5 min. Further, the relative chemical composi-
tional profiles of the oxide coatings showed a clear difference between the surface containing 
TiO2 particles and only the steam treated samples. Surfaces containing TiO2 particles showed 
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the presence of Ti, which indicated the incorporation of TiO2 particles into the steam generated 
oxide layer. However, the relative quantification of Ti in the outermost oxide layer i.e. the top 
200 nm was approximately 4 times higher (due to poor coverage of the particles into the hy-
droxide film) for 2 min steam treated samples in comparison to 5 min treatment. 

 

Figure 9.1 Relative chemical compositional profiles of steam treated aluminium alloy surfaces obtained using 
RF-GDOES: (a) only steam for 5 min; (b), (c) spin coated with TiO2 and steam treated for 2 min and 5 min 
respectively; and  (d) the average thickness of the conversion layer produced by steam treatment. 

 Surface morphology after spin coating of the alloy 

Figure 9.2 shows the Peraluman 706™ surface before and after the spin coating of TiO2 
particles. The surface of the alloy prior to the coating with TiO2 particles showed the presence 
of rolling streaks and bright intermetallic particles as presented in Figure 9.2 (a). The EDS anal-
ysis (not shown here) of these intermetallic particles showed the presence Al, Fe, and Si 
corresponding to an Al-Fe-Si type intermetallic particle. The surface morphology after the ap-
plication of TiO2 particles on the sample surface showed wave like surface morphology, and the 
presence of TiO2 particles was detected over the entire surface as shown in Figure 9.2 (b). 
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Figure 9.2 Aluminium alloy surface after: (a) ultrasonic cleaning and (b) spin coating with 200 nm TiO2. 

 Steam treatment of spin coated surfaces  

 

Figure 9.3 Steam treatment of aluminium alloy surfaces: (a), (b) ultrasonic cleaned, and (c), (d) spin coated 
with 200 nm TiO2 particles, for 2 min and 5 min, respectively. 
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Figure 9.3 shows the representative surface morphology of the specimen surfaces with 
and without TiO2 particles after 2 min and 5 min of steam treatment at 1.3 bar vapour pressure 
of steam. In general, both surfaces after the steam treatment showed the presence of some cir-
cular regions (marked by arrows in Figure 9.3), while the other areas were relatively smoother. 
The EDS analysis (presented in Figure 9.3 (a) and Figure 9.3 (c)) of the circular regions revealed 
that these regions correspond to the presence of intermetallic particles in the alloy, which ap-
pears to have a higher degree of oxide growth around them. The high magnification images of 
the aluminium matrix areas on the samples irrespective of the difference in the steam treatment 
time showed needle like structure as presented in Figure 9.4. Additionally, the surfaces contain-
ing TiO2 particles displayed the formation of flower like structures (marked an arrow in Figure 
9.4 (c)) over the aluminium matrix (Figure 9.4 (a) and Figure 9.4 (c)). The EDS analysis of the 
areas (Figure 9.4 (b) and Figure 9.4 (d)) confirmed that the flower like structures resulted due 
to the incorporation of TiO2 particles into the oxide layer. Further, the increase in the steam 
treatment time did not show any noticeable differences (Figure 9.4 (a) and Figure 9.4 (b)) for 
the steam treated specimen surfaces, while for surfaces with TiO2 particles showed better incor-
poration (Figure 9.4 (c) and Figure 9.4 (d)). 

 

Figure 9.4 Surface morphology of aluminium matrix area after steam treatment: (a), (b) ultrasonic cleaned, 
and (c), (d) spin coated with 200 nm TiO2 particles, for 2 min and 5 min, respectively.  
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The high magnification SEM images of the intermetallic particles (Al-Fe-Si) on specimen 
surfaces after the steam treatment for 2 min and 5 min with and without TiO2 are shown in 
Figure 9.5. Overall, regardless of the steam treatment time and surface condition, the steam 
treatment resulted in the formation of an oxide layer over the intermetallic particles. Further, in 
the case of surfaces containing TiO2 particles, the presence of a flower like structure was evident 
around the intermetallic particles. However, increase in the steam treatment time resulted in 
better incorporation of the TiO2 particles (marked by circles in Figure 9.5 (c) and Figure 9.5 (d)) 
into the needle-structured oxide present above and around the intermetallics. Further, an in-
crease in the steam treatment time of specimen surfaces without TiO2 particles did not show 
any additional effect on the coverage of intermetallic particles with an oxide layer (Figure 9.5 
(a) and Figure 9.5 (b)). 
 

 
Figure 9.5 Coverage of intermetallic particles present in aluminium alloy after steam treatment: (a), (b) 
ultrasonic cleaned, and (c), (d) spin coated with 200 nm TiO2 particles, for 2 min and 5 min, respectively.  
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 Transmission electron microscopy 

Figure 9.6 shows the bright field transmission electron micrographs of the cross–section 
of the steam treated specimen surfaces with and without embedded particles of TiO2 in the oxide 
layer. In general, the cross sections showed clearly distinguishable layers; namely a layer with 
needle structure, a compact layer (Figure 9.6 (a)), and a layer with incorporated TiO2 particles 
(Figure 9.6 (b)). The compact layer was close to the aluminium substrate interface and contained 
little or no porosity. Furthermore, in the case of steam generated oxide layer on surface contain-
ing TiO2 particles, (Figure 9.6 (b)) the inner region of the compact oxide showed the presence 
of TiO2 particles that were also partially modified in terms of the observed morphology. Higher 
magnification image of these particles (see Figure 9.6 (c)) revealed that there was no distinct 
interface between the TiO2 particle and the needle like steam-generated oxide.   

 

Figure 9.6 Bright field TEM images showing cross-section of steam generated oxide layer after 5 min treat-
ment on aluminium alloy: (a) ultrasonically cleaned surface, (b) (c) spin coated surface with 200 nm TiO2 
particles. 

Figure 9.7 shows the bright field TEM micrographs of Al-Fe-Si based intermetallic parti-
cles present at the surface/subsurface after steam treatment of specimen surfaces (5 min 
treatment time) without TiO2 (Figure 9.7 (a)) and with TiO2 particles ((Figure 9.7 (b)) . In gen-
eral, the steam treatment showed the coverage of intermetallic particles with an oxide layer 
which consists of a compact oxide, and a needle structured oxide irrespective of the prior surface 
condition. Furthermore, the thickness of the oxide layer generated around the intermetallic par-
ticles is greater than the oxide layer present at the aluminium matrix, and some incorporation of 
the TiO2 particles around these regions was also found.  The presence of TiO2 particles at the 
compact oxide layer present next to the base of intermetallic particle was also observed. 
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Figure 9.7 Bright field TEM images showing cross-section of intermetallic particles after 5 min steam treat-
ment of aluminium alloy: (a) ultrasonically cleaned surface, and (b) spin coated surface with 200 nm TiO2 
particles. 

 Grazing incidence X-ray diffraction (GI-XRD)  

 

Figure 9.8 GI-XRD pattern of steam-generated coating on aluminium alloy for 5 min: (a) ultrasonically 
cleaned surface, and (b) spin coated with 200 nm TiO2 particles. 

Figure 9.8 shows the GI-XRD diffraction patterns recorded from the steam treated sur-
faces of specimens with and without TiO2 particles for 5 min. All the recorded diffraction 
patterns show peaks corresponding to aluminium oxide and hydroxide phase namely Al2O3 

(JCPDS file 86-1410) and AlOOH (JCPDS files 76-1871, 03-0066) phases. The steam generated 
coatings with embedded TiO2 particles showed characteristic peaks indexed to TiO2 (rutile, 
JCPDS files 21-1276, 21-1272) and Al2TiO5 (JCPDS files 26-0040, 41-0258) phase. In general, 
steam treatment of surface containing TiO2 particles resulted in the formation of an aluminium 
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oxide/hydroxide phase, and also a Al2TiO5 phase. Although not shown here, both surfaces 
showed formation of similar structural features after 2 min of the steam treatment. 

 Electrochemical characterization 

 Potentiodynamic Polarization 

Figure 9.9 shows the open circuit potential (OCP) and potentiodynamic polarization meas-
urements of specimen surfaces with and without TiO2 particles after steam treatment for 2 min 
and 5 min. The OCP results in Figure 9.9 (a) show a stable potential without significant variation 
for the sample without TiO2, However, the sample with TiO2 after treatment for 2 min showed 
an increase in the potential with time. In general, the potential was different depending on the 
surface condition and steam treatment time. The TiO2 steam treated sample for 2 min showed a 
shift towards the positive side ~100 mV (compared to base material), while sample with longer 
steam treatment time exhibited negligible shift in OCP. On the other hand, the steam treated 
samples without TiO2 particles showed ~130 mV lower potential than the untreated sample and 
samples with TiO2, whereas change in steam treatment time did not show any additional effect, 
which was consistent and reproducible in number of measurements. 

 
Figure 9.9 (a) Open circuit potential, and (b) potentiodynamic polarization scans of steam-generated coat-
ings on ultrasonically cleaned and spin coated TiO2 surfaces of aluminium alloy in naturally aerated 0.1 M 
NaCl solution of pH 5.2 ± 0.3. 

The potentiodynamic polarization scans of all the steam treated surfaces showed lower 
anodic and cathodic currents compared to the untreated surface as presented in Figure 9.9 (b). 
The surfaces containing TiO2 particles further reduced the cathodic and anodic activities with 
increase in the steam treatment time, while the surface without TiO2 particles showed only minor 
difference. Further, the lowest passive current densities were observed for the steam treated 
surfaces with TiO2 particles and the increase in the steam treatment time shifted the pitting po-
tential to more noble side i.e. a shift of 250 mV, whereas the steam treated sample did not show 
a clear breakdown potential, however, a relative change in the current density was observed 
after an increase of +200 mV in the potential. Therefore, these potential values were taken into 
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account as breakdown potentials, as shown in Figure 9.10. Generally, the steam treated surfaces 
for 5 min with TiO2 particles further reduced the anodic and cathodic currents up to an order of 
magnitude when compared to the surfaces without TiO2 particles. 

 

Figure 9.10 Comparison of pitting potentials and passive current densities of steam-generated coatings on 
ultrasonically cleaned and spin coated TiO2 surfaces of aluminium alloy in naturally aerated 0.1 M NaCl 
solution of pH 5.2 ± 0.3. 

 Pit depth and morphology 

The pit density and its morphology on the surface after potentiodynamic polarization is 
shown in Figure 9.11. Furthermore, the polarization resulted in the crystallographic dissolution 
of aluminium on the untreated specimen (Figure 9.11 (a)) and steam treated surface (Figure 9.11 
(b)). However, the number and size of the pits on the steam treated surface was lower compared 
to the untreated specimen. Further, the steam treated surfaces containing TiO2 particles did not 
show any dissolution of the metal substrate in plain view SEM micrographs (Figure 9.11 (c)). 
However, the high magnification images of the polarized surface showed the enrichment of TiO2 
particles at the surface (Figure 9.11 (d)). In order to further analyse the areas after the polariza-
tion, metallographic cross section of these areas were studied under SEM as presented in Figure 
9.12.  
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Figure 9.11 Pit morphology of: (a) untreated aluminium alloy surface, and (b) steam generated coatings on 
ultrasonically cleaned surface, and (c), (d) spin coated aluminium alloy surface with 200 nm TiO2  followed 
by steam for 5 min measured in naturally aerated 0.1 M NaCl solution of pH 5.2 ± 0.3. Further, the optical 
images of the surfaces after polarization are presented as inset images in the respective treatment type. 

 

Figure 9.12 Backscatter SEM micrographs of cross section of the pits on: (a) untreated aluminium alloy 
surface, steam treated surface of (b) aluminium alloy and (c) spin coated aluminium alloy surface with 200 
nm TiO2 followed by steam treatment for 5 min. 
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It was evident that the steam treatment of specimen surface with and without TiO2 parti-
cles resulted in shallow pitting which progressed in the lateral direction to the metal surface, 
whereas the untreated surface showed elliptical pitting. The pit depths were calculated from the 
metallographic cross sections and summarised in Figure 9.13. The steam treatment reduced the 
pit depth and the lowest pit depth was observed for the surface with TiO2 and steam treatment.  
Further, no significant difference in the pitting depth was observed with the change in the steam 
treatment time. 

 

Figure 9.13 Average pit depth on aluminium alloy after steam treatment on different surface conditions. 

 Neutral Salt Spray (NSS) test 

Figure 9.14 shows the coated surfaces after 360 h of NSS test. Similar to the observations 
from the polarization test, untreated the specimen surface shows heavy corrosion attack as seen 
in Figure 9.14  (a) and Figure 9.14 (b). Overall, the steam treatment reduced the corrosion attack 
on the surfaces without TiO2 particles, however, a number of lines (marked by arrows in Figure 
9.14 (c) and Figure 9.14  (e)) were present on the surface. Furthermore, the increase in the steam 
treatment time did not show any major difference. The steam treated surfaces with TiO2 reduced 
the corrosion attack considerably, but dark spots (marked by circles in Figure 9.14 (d) and Figure 
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9.14 (f)) were observed on the samples at random locations and their amount was substantially 
lower on 5 min steam treated samples.  

 

Figure 9.14 Optical micrographs after 360 h of NSS test: (a), (b) clean aluminium alloy surface, (c), (d) steam 
generated coating on ultrasonically cleaned aluminium alloy surface and (e), (f) spin coated aluminium alloy 
surface with 200 nm TiO2, followed by steam treatment for 2 min and 5 min, respectively. 

To understand the presence of lines and dark features at the sample surfaces, SEM analysis 
of these areas were carried out as shown in Figure 9.15. The EDS mapping revealed that the 
lines were surface corrosion deposits, which were enriched in chloride. Further, the dark areas 



Chapter 9 

228 

observed in Figure 9.14 after NSS were related to the regions where steam generated oxide film 
was relatively diminished. In addition, the dark areas retained the needle like structure and the 
incorporated TiO2 particles. In general, longer exposure of the samples to NSS showed that the 
steam generated oxide films containing TiO2 particles were immune to corrosion. 

 

Figure 9.15 SEM images of NSS tested surfaces: (a) Lines marked in Figure 14 (c) and (e) its EDS mapping, 
(b) steam treated surface (c) dark regions present in figure 14 (d), (f), respectively. 

 Discussion 

The steam treatment of the aluminium alloy with and without TiO2 particles resulted in 
the formation of an aluminium oxide/hydroxide layer. Spin coating of TiO2 particles followed 
by steam treatment resulted in the incorporation of TiO2 particles into the steam-generated ox-
ide, while the degree of their incorporation was a function of the steam treatment time. The use 
of TiO2 particles resulted in an approximately 50 % increase in the layer thickness of the steam-
generated oxide. In general, the corrosion resistance of the aluminium alloy was improved after 
the steam treatment, whereas the incorporation of the TiO2 particles further enhanced the corro-
sion performance including the pitting corrosion behaviour.   
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It has been reported [40,41]that the aluminium reacts with water/water vapour to form 
aluminium hydroxide. The formation of the hydroxide layer is dependent on the process tem-
perature, where lower temperature favours the formation of Al(OH)3, while high temperature 
favours formation of boehmite phase [40]. The underlying mechanism in the reaction of alu-
minium with water below 150 ºC follows a series of transformations in order to form the 
aluminium hydroxide where the initial reaction product is the least stable. The reactions shown 
below describe various transformation steps involved in the formation of the oxide layer. The 
kinetics of formation of the reaction products from reaction (9-1) and their transformation to the 
products in reaction (9-2) are fast. However, the transformation of products from reaction (9-2) 
to the reaction (9-3) is very sluggish, but is thermodynamically feasible [42]. Earlier studies [34] 
showed that under high temperature steam conditions, the kinetics of the chemical reaction 
(from reaction (9-1)) to produce boehmite films (reaction 9-2) was enhanced and resulted in the 
formation of a needle structured oxide film. Several other authors [43–45], have reported the 
formation of similar needle structure oxide under comparable conditions. 

Al+3H2O   Al(OH)3+3H++3e       9-1 

2Al(OH)3   Al2O3.H2O (boehmite)+2H2O    9-2 

Al2O3.H2O (boehmite)+2H2O   Al2O3.3H2O (bayerite/gibbsite)  9-3 

3H2O + 3e     1.5H2+ 3OH       9-4 

The interaction of TiO2, both stoichiometric and non-stoichiometric, with ultrathin alu-
minium films was studied by many researchers [46,47]. It has been observed that during growth 
of metallic or single-crystalline TiO2 surfaces, the reactivity of the metal towards oxygen is a 
very important parameter in order to predict the nature of the metal/TiO2 interface [48]. Studies 
[49,50] show that, generally, if a metal (M) is deposited onto TiO2, then metal should reduce 
the TiO2 and become oxidised if the reaction is thermodynamically possible, as shown in reac-
tion (9-5). 

   9-5 

Studies [51,52] carried out for monolayer aluminium doses showed that the aluminium 
was oxidised and Ti ions in TiO2 were reduced. The interfacial oxidation/reduction reaction 
occurs also on pre-reduced TiO2 surfaces. However, no evidence of Al-Ti based phases at the 
interface was found. Further, the aluminium oxide film continues to grow by extracting anions 
from the TiO2 substrate and at faster kinetics at elevated temperatures.  

2 x (2-x)M+TiO MO +TiO
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The above mentioned redox process and also the thermodynamic feasibility of the reaction 
between TiO2 and aluminium [53–56] can be used to explain the presence of Al-Ti-O phases in 
the current steam generated oxide surface that were observed using GI-XRD (Figure 9.8). Based 
on the results in the present investigation, the following mechanism for the coating formation 
during steam treatment in the presence of TiO2 particle is proposed and the stepwise details are 
shown in Figure 9.16. At the initial stage of the reaction, the formation of Al(OH)3 phase takes 
place which increases the pH due to the cathodic reaction (9-4) and enhances the dissolution of 
aluminium from the substrate under high temperature steam conditions. Furthermore, the TiO2 
particles, which are in direct contact with the aluminium substrate, may form Al-Ti-O based 
phases due to the redox process between aluminium and TiO2 producing Al3+ and the reduced 
Ti-O phases. The rate of this reaction and the extent of formation of the Al-Ti-O species may 
depend on the activity of the TiO2 surface.  

 

Figure 9.16 Schematic of incorporation of TiO2 into steam-based oxide film, (a) aluminium alloy surface 
after spin coating, (b) interaction of the steam with the surface, (c) condensation of steam leads to the disso-
lution of Al and suspension of TiO2 particles (d) precipitation of aluminium hydroxide layer and (e), (f) 
incorporation of TiO2 into oxide and its transformation into needle structure oxide. The schematic repre-
sents the actual geometry of the steam treatment and arrangement of the specimens during the process. 

During the steam treatment process, majority of the TiO2 particles on the aluminium sur-
face will be suspended in the condensed water droplets resulting from the steam treatment. It is 
assumed that due to the semi conducting nature of TiO2 particles the water reduction reaction 
(9-4) increases the pH locally, and enhances the leaching of aluminium. The cathodic reaction 
occurs at the intermetallic particles, in the case of the steam generated oxide layer, the localized 
potential difference provided by the cathodic nature of the intermetallic particles resulted in the 
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formation of micro-galvanic couples that led to the localised attack near the particles promoting 
fast anodic dissolution of aluminium and formation of a cavity around the particles. Under the 
present conditions, the high temperature steam created rapid oxidation of the leached alumin-
ium, ultimately forming dunes around or over the intermetallic particles. Furthermore, the 
presence of aluminium ions close to the suspended TiO2 particles results in the formation of the 
steam generated oxide needle structure by similar transformation steps as mentioned in chemical 
reaction (1) to (2) into boehmite, thus encapsulating the TiO2 particles as observed in the SEM 
and TEM images (Figure 9.4 and Figure 9.6).  

The increase in steam treatment time (~5 min) resulted in better coverage of TiO2 particles 
by the oxide, which was in agreement with the GD-OES results. The relatively higher amount 
of Ti that was detected at the outermost region of the oxide is due to poor coverage of the TiO2 
particles. Further, the potentiodynamic polarization data after steam treatment of specimen sur-
faces without TiO2 showed the shift in the corrosion potential towards the negative side, which 
is assumed to be due to the coverage of the intermetallic particles within the steam generated 
oxide layer. It has been reported [57,58] that the iron containing intermetallic particles act as 
cathodic sites on the aluminium surface, therefore the coverage of such intermetallic particles 
(Al-Fe-Si) with an oxide layer shifts the corrosion potential towards negative side. The enhanced 
corrosion performance of steam generated oxide films containing TiO2 particles could be at-
tributed to the improved barrier layer properties as well as the presence of TiO2 particle-rich 
layer, which is in agreement with the reported data [30,31] for porous anodic aluminium oxide 
films. In the present study, short time (2 min) steam treatment led to the poor coverage of TiO2 
particles in the oxide film as shown in Figure 5 when compared to 5 min steam treatment time. 
Moreover, the relative negative shift in OCP values for 5 min steam treated samples may be 
related to the better coverage of TiO2 particles with an oxide layer when compared to 2 min 
steam treatment.  Further, both 2 min and 5 min steam generated films containing TiO2 particles, 
showed good corrosion performance under salt spray conditions. However, when considering 
the steam treated sample containing TiO2 particles, the break down potential value was lower 
(more active) for the 2 min sample when compared to the 5 min sample. Furthermore, it is 
presumed that the semi-conducting [59,60] behaviour of TiO2 might have caused local cathodic 
reactions leading to high alkalinity and dissolution of the surrounding aluminium oxide. The 
TiO2 enriched areas found on samples after polarization and salt spray test could support this 
argument, however the exact mechanism on the effect of TiO2 is not clear. Therefore, to clarify 
the exact role of TiO2 particles leading to the local dissolution of aluminium hydroxide needs 
more detailed investigations. Pure steam treated samples did not show a clear breakdown po-
tential, while a change current density was evident at 200 mV. This behaviour can be due to 
some crevice like corrosion beneath the thick oxide that was evident in the cross section analysis 
(Figure 9.12).  

Overall, the results presented in this paper showed the beneficial effect of steam generated 
oxide film whereas the incorporation of TiO2 in the steam-generated oxide film further enhances 
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the corrosion protection of the alloy. Further, the incorporation of TiO2 also resulted in the for-
mation of Al-Ti-O phases at some local areas, which showed the possibility of formation of a 
composite corrosion resistant film.  

 Conclusion 
1. The steam treatment of aluminium surface containing TiO2 particles resulted in the for-

mation of a ~1.3 m thick conversion coating, while the coating without the TiO2 

particles was lower in thickness. 
2. The aluminium hydroxide layer showed needle structure at the top, an intermediate TiO2 

incorporated layer, and a compact oxide close to the metal substrate interface.  
3. The increase in the steam treatment time resulted in higher degree of incorporation of 

the TiO2 particles into oxide/hydroxide layer and showed Al-Ti-O phase formation.  
4. Presence of TiO2 particles in the conversion layer reduced the anodic activity by an order 

of magnitude and increased the pitting potential by ~ 400 mV compared to the coating 
without TiO2 particles. 

5. Presence of TiO2 particles in the conversion layer reduced the pit depth, and showed 
better corrosion performance during the NSS test compared to the steam generated oxide 
layers without TiO2 particles. 
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Abstract 

In this study, the adhesion of commercially applied powder coating on a steam treated 
AA6060 surface with pure steam and steam with citric and phosphoric acid chemistries has 
been investigated. The contact angle, roughness, and nanoscale pull off forces were determined 
as a function of the steam treatment prior to application of powder coating. Focused ion beam 
technique was used to examine the cross section of the powder coating, interface adhesion, and 
fracture morphology after the boiling test and interface indentation method. Further transmis-
sion electron microscopy was used to study the fracture after indentation. Regardless of steam 
treatment method, the wettability of AA6060 surface was increased after the steam treatment. 
Addition of citric and phosphoric acid resulted in a low degree of hydrophobicity for the oxide 
layer compared to use of pure steam. Steam generated oxide with citric and phosphoric acid 
had poor penetration of the adhesive over the intermetallic particles, and the interface showed 
mixed (cohesive/adhesive) fracture during interface indentation, while the pure steam treated 
surface showed dominant cohesive fracture. 
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 Introduction 

Aluminium – polymer interface adhesion is an important aspect for painted aluminium, 
adhesive bonding, and aluminium – polymer laminate composite structures. The surface treat-
ment of aluminium can effectively improve the adhesion and corrosion resistance of the 
aluminium polymer interface [1,2]. In terms of adhesion, surface treatments can be divided into 
two main categories such as physical and chemical treatments. The physical treatments involve 
the use of  grinding and grit blasting to remove the contaminated surface layers and the intro-
duction of surface roughness for mechanical interlocking with an applied adhesive [1]. Further, 
chemical treatments such as chemical conversion coatings and electrochemical treatments can 
modify the surface by depositing a new coating layer designed to improve the coupling with a 
given adhesive system [3–5]. Compared with physical methods, chemical conversion treatments 
are more effective and concise for achieving effective adhesion between the metal and polymer. 

The adhesion of polymer on aluminium is an important aspect when it is used in combi-
nation with conversion coating, where lateral variations in the chemical composition of the 
conversion coating is possible over the intermetallic particles [6]. The microstructural variation 
(electrochemically cathodic or anodic) present at the interface acting through the conversion 
coated layer may initiate localized corrosion resulting in de-adhesion at the conversion coating-
polymer interface. The bonding across the interface itself depends on the chemistry of both the 
metal/metal oxide and polymer. In order to understand the influence of such variation, the ad-
hesion measurements are most important to determine the long-term service life of aluminium 
painted structures. 

The primary objective of the surface pre-treatment is to increase the surface energy of the 
pre-treated surface. The influence of surface pre-treatment and aging conditions on the short- 
and long-term strength of the adhesive bonds should be taken into account for durability design. 
Some form of substrate pre-treatment is always necessary to achieve a satisfactory level of long-
term bond strength. The bonding interaction of aluminium hydroxide with polymer has been 
subjected to many studies [7–9]. A clear correlation has been reported between the influence of 
pre-treatments on the oxide film properties (e.g., hydroxyl fraction, oxide thickness, and mor-
phology) of high purity aluminium [10,11]. However, a much higher adhesion was found for 
aluminium alloys pre-treated with boiling water and in this case the increase in specific surface 
area due to the formation of nano-structured pseudo-boehmite dominates the chemistry [12]. 
Özkanat et al. [13,14] reported that the adhesion performance of the pseudo-boehmite surface, 
despite having highest surface energy values, was found to be lower than the other pre-treated 
surfaces (under acidic or alkaline pre-treatment conditions) which arise due to cohesive failure 
of the relatively thick and brittle pseudo-boehmite. However, all the above studies are focussed 
on generating oxide layer by boiling water treatment of aluminium alloys. 

Whity et al. [15] reported that the pre-treatment of AA5005 in boiling water produces the 
chemically stable pseudo-boehmite surface, which is quit pours and increase the adhesion both 
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through modification of the surface chemistry and by the mechanical keying. Further, a detailed 
studies of warm/boiling water pre-treatment were performed by Rider et al. [16] on clad 7075 
and unclad 2024 commercial alloys. The study showed that the films formed at 50 C are much 
thicker than those formed at 40 C and contain significantly more pseudo-boehmite; however, 
the porosity of the films appears to be comparable at both temperatures. Further investigations 
by Rider et al. [17,18], disclosed that the chemistry of the film produced on 2024 T3 clad alu-
minium by immersion in boiling water, does not change significantly as a function of treatment 
time while porosity or surface area reduces rapidly and reaches a plateau between 4 and 60 min 
of treatment time. However, shortest treatment time exhibited poor bond durability, whereas 
extended pre-treatment times resulted in improved bond durability. This recommends that the 
film topography and porosity contribute to the bond durability performance between the epoxy 
adhesive and the boiling water-formed film. 

The earlier studies [19–22] have shown that the aluminium alloy treatment with pressur-
ised steam with or without added chemistries (acidic or oxidative) results in the distinct coverage 
of aluminium alloys with the formation of boehmite layer, which exhibited substantial layer 
thickness and corrosion resistance properties. The aim of this study is to evaluate the adhesion 
properties of steam generated oxide films by treatment with pure steam and steam with acidic 
chemistries followed by commercial powder coating. Morphology, surface roughness, and sur-
face chemistry of the steam treated surfaces prior to application of powder coating was evaluated 
using atomic force microscope (AFM) and contact angle measurements. Focussed ion beam 
secondary electron microscope (FIB-SEM) was used for cross-section analysis of the layers. 
De-bonding of the interface and nature of interface fracture were investigated using standardised 
boiling tests and hardness indentation at the polymer oxide interface followed by analysing the 
fracture morphology with transmission electron microscopy (TEM). 

 Experimental procedure  

 Material 

The test material was aluminium alloy AA6060. The chemical composition of the alloy 
has been measured using glow discharge optical emission spectroscopy GD-OES bulk analysis 
and presented in Table 10.1. The samples were cut into 50 mm x 50 mm pieces and degreased 
in an ultrasonic bath for 5 min using acetone prior to the surface treatment. 

Table 10.1 Chemical composition of AA6060 in weight %, remainder Aluminium. 

Si Fe Cu Mn Mg Cr Zn Ti 

0.48 0.22 0.007 0.23 0.54 0.0023 0.005 0.013 
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 Surface treatment  

All samples were degreased with acetone and three types of surface treatments were car-
ried out for the investigations namely: 

I. The degreased specimens were subjected to the steam treatment in an autoclave (All 
American Pressure Canners, USA). The surface of the specimen was exposed to 
steam at 130 kPa (1.3 bar) vapour pressure generated from deionized water. The total 
process time was 20 min, while the time of exposure after the autoclave reached set 
internal pressure was 10 min. The maximum temperature measured by the Thermax 
(TMC, UK) surface indicator strip was 107 °C. The samples after steam treatment 
were rinsed with deionized water and dried in air. 

II. A separate set of specimens were steam treated in an autoclave generated from an 
aqueous solution of citric acid having a pH of 3.0 or 2.0 (concentration 0.005 M and 
0.1 M), using a similar process as described in treatment I.  

III. Another set of specimens were steam treated in an autoclave generated from an aque-
ous solution of H3PO4 acid having a pH of 3.0 or 2.0 (concentration 0.005 M and 
0.05 M), using a similar process as described in treatment I. 

 Polymer coating 

For boiling test and indentation tests, AA6060 alloy samples of size 150 x 50 x 2 mm were 
used. Samples were powder coated after all the three surface treatments mentioned above. Pow-
der coating was carried out using a Jotun Facade 2487 RAL 9010. The samples were cured at 
170 ºC for 30 min. Final thickness of the dry film after curing was ~80-90 m, which was 
measured using a capacitance probe (Omniprobe, Fischer). Moreover, for FIB-SEM cross sec-
tions, the thickness of the dry film after curing was kept in the range of 25 - 30 m. 

 Characterization  

 Contact angle 

Liquid contact angles were measured at room temperature using a Rame-Hart Contact 
Angle Goniometer Model 200. The total dosing volume of the droplet was 3 l and it was meas-
ured for two different liquids. For each sample, the contact angle was measured 5 times. A total 
of 3 samples were used for measurements and the average results are presented in the paper. 
Further, a set of samples were left at ambient air for 48 h and the contact angle was measured. 
The 48 h delayed sample is referred to as aged and the freshly prepared samples as non-aged, 
respectively. 
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 Atomic force microscopy (AFM) 

 Surface roughness 

All AFM experiments were performed using a Bruker Multimode V with a Nanoscope V 
controller. Tapping mode AFM images were recorded in air with a rectangular silicon cantilever 
(model FMV, Bruker, nominal spring constant 2.8 N/m). Images were recorded at different lo-
cations on each sample and the roughness parameters Rq, Ra were extracted and averaged from 
at least four images. 

 Adhesive forces measurement 

Adhesive force measurements were carried out using both rectangular silicon (model 
FMV, Bruker) and V-shaped silicon nitride AFM cantilevers (model NP, Bruker) with nominal 
spring constants of 2.8 and 0.06 N/m, respectively. The normal spring constant of the cantilevers 
was obtained with the generalized Sader method [23,24]. The normal photodetector sensitivity 
(nm·V-1) was acquired from the slope of the linear part of a force curve at the repulsive regime, 
obtained on the flat regions of a silica specimen. The tip radius of curvature was determined by 
imaging the TGG01 (Mikromash, Eesti, Tallinn, Estonia) calibration grating at 0o and 90o scan-
ning angles. The geometric mean radius of the tip (R) was calculated by fitting a parabola at the 
top of each image profile and applying the Zenhausern model of deconvolution [25]. Pull-off 
forces were recorded in air as well as in distilled water using a liquid cell (Bruker). At least four 
different locations (separated by about 5 m) on each sample were examined. In each location 
25 force-curves were obtained within an area of 500x500 nm2 with the scanner set to translate 
between each force-curve by steps of 100 nm at 0o and 90o with respect to the long cantilever 
axis. The samples were examined sequentially with the same cantilever and at the end pull-off 
forces were recorded on the first sample of the sequence to ensure that the tip contamination did 
not affect the observed forces. For each environment, at least two different cantilevers were used 
and two rounds of freshly prepared samples. The pull-off forces were analysed using Carpick's 
toolbox. All bare probes were cleaned using Piranha solution prior to use. The probes were 
subsequently rinsed with copious amounts of ultrapure water, dried in a flow of nitrogen, and 
used immediately. Silanized probes were prepared using Octadecyltrichlorosilane (> 90%, 
OTS). After the probes had been piranha cleaned, water rinsed, and thoroughly dried, they were 
immersed in a solution of 20 ml cis, trans-decahydronaphthalene 10 mM in chloroform and OTS 
for 30 minutes. They were subsequently rinsed with cyclohexane, then ethanol and dried with 
nitrogen and the probes were used immediately for measurements.  

 Boiling test 

A set of powder coated samples (150 mm x 50 mm) were immersed in boiling deionised 
water for three hours and subsequently various investigations were carried out to assess the 
interfacial bonding. 
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 FIB-SEM 

The dual focused ion beam (FIB) scanning electron microscope (FIB-SEM) (Helios 
Nanolab DualBeam, FEI) was used for cross-section milling of the powder coated surface lay-
ers. The cross-section milling was performed at a tilting angle of 52º. A Ga ion beam was 
operated at 30 kV with a current range of 0.5-20 nA. 

 Indentation  

Cross-sectioned samples were prepared by metallographic preparation methods. The 
metallographic samples were taken perpendicular to the powder coated surface and mounted in 
cold-setting epoxy and allowed to cure. The epoxy mounted samples were subjected to mechan-
ical grinding using silicon carbide papers down to 4000 grit followed by polishing using 3 m 
and 1 m diamond paste. 

In order to test the powder coating and oxide adhesion, an interface crack was generated 
by making an indent on the metallographic cross section using a Vickers microhardness indentor 
(FutureTech FM 700 microhardness tester) with a load of 500 g and 1000 g. The experiments 
were repeated 4 times for consistency.  

 Transmission electron microscopy (TEM) 

Transmission electron microscopy analysis was carried out on the selected cross sections 
of the cracked (cracks generated by indentation) region using a transmission electron micro-
scope (TEM) (Model Tecnai G2 20) operating at 200 kV. The lamellas for TEM were prepared 
using in situ-focussed ion beam (FIB) lift out (Model Quanta 200 3D DualBeam, FEI) and were 
further thinned in a FIB-SEM (Helios Nanolab DualBeam, FEI). 
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 Results  

 Contact angle 

 

Figure 10.1 Contact angles of water and ethylene glycol on differently steam treated AA6060 surface of non-
aged and aged samples.  

Figure 10.1 shows the contact angles of water and ethylene glycol on steam treated surface 
with pure steam and steam with citric and phosphoric acid chemistries. One set of sample has 
been tested immediately after the preparation (non-aged) and another set of sample (Aged) was 
tested after 48 h. The samples treated with pure steam showed lowest contact angle for both 
liquids. For steam treated non-aged samples, contact angle decreased as a function of pre-treat-
ment in the following order: reference > phosphoric pH 3 > citric pH 3 > phosphoric pH 2 > 
citric pH 2 > steam. Although not shown here, the contact angle of octane was  5º for all steam 
treated sample. For aged sample no significant trend was observed, however samples treated 
with steam under phosphoric acid and citric acid at pH 2 showed the lowest contact angles. 
Further, a general trend of increased contact angle was observed after 48 h aging. 
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 Surface morphology and roughness 

 Roughness measurement using AFM 

Figure 10.2 shows typical surface morphology of AA6060 before and after the steam sur-
face treatments. The non-steam treated surface (Figure 10.2 (a)) showed relatively smooth 
morphology. However, the steam treatment resulted in more nano-scale roughness and mor-
phology at the surface as shown in Figure 10.2 (b). The steam treated samples using citric and 
phosphoric acid chemistry (Figure 10.2 (c) and Figure 10.2 (d)) showed the formation of similar 
nano structures. However, the smaller size of the nano-scale morphology was clearly visible on 
steam treated surface with using phosphoric acid chemistry at pH 3.  

 

Figure 10.2 AFM images of the steam treated surface: (a) AA6060, (b) pure steam treatment, (c) steam with 
citric acid pH 3.0, and (d) steam with phosphoric acid pH 3.0. Whereas the inset AFM images show the 
relative change in the roughness caused by respective steam treatment. 
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Figure 10.3 Roughness of the coating formed on AA6060 after steam treatment with and without various 
chemistries.   

The average roughness values of Ra and Rq are plotted in Figure 10.3. In general, the 
result showed large increase in roughness at nano-scale after the steam treatment. Slight differ-
ence in roughness between samples treated with the various chemistries have been observed, 
however citric acid based treatment produced highest roughness. The roughness values after the 
steam treatment was increased in the following order: reference sample < steam < phosphoric 
pH 3 < citric pH 3. 

 Adhesive forces 

Figure 10.4 shows the adhesive forces of the oxide layer produced using steam with and 
without various chemistries.  The plotted data shows the pre-treated surface interaction with a 
bare tip (outermost layer consisting of SiO2) (Figure 10.4 (a)) and an Octadecyltrichlorosilane 
(OTS) coated tip (Figure 10.4 (b)), as obtained by AFM analysis in distilled water. The adhesive 
force (F) has been normalized with respect to the tip radius (R) to minimize comparability un-
certainties due to tip radius variation, thus it is in units of surface energy (mN/m). In general, 
pre-treated samples after steam treatment exhibited rather weak forces in all cases, although, 
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only steam treated sample exhibits an adhesion force 50 to 65 % higher than rest of the steam 
treated samples e.g. citric pH 3 and phosphoric pH 3. The interaction between the OTS tip and 
other steam treated surfaces exhibited a similar behaviour.  

 

Figure 10.4 Pull-off forces (F) data obtained using AFM analysis in distilled water for the steam treated 
samples (values are normalized with respect to the tip radius (R)): (a) bare tip, (b) OTS coated tip. 

 

Figure 10.5 Pull-off forces (F) data obtained using AFM analysis in air for steam treated samples( values 
were normalized with respect to the tip radius (R)) (a) obtained with a bare tip in ambient (b) Fcap/R for each 
sample obtained by subtraction of the values obtained with a bare tip in water from those in air. 

To further understand the adhesion behaviour, the adhesive forces were determined for all 
samples under ambient conditions (relative humidity ca. 60 %) with a bare tip (Figure 10.5 (a)). 
In order to calculate the capillary forces, the value of forces obtained from the bare tip in water 
was subtracted from the values obtained by bare tip in air (Figure 10.5 (a)) and plotted in Figure 
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10.5 (b). The adhesive forces showed slight difference between the different pre-treated sam-
ples. However, the difference between the citric and phosphoric acid steam treated samples was 
minimal.  

 Boiling water test with power coating  

In order to judge the adhesion between the conversion coatings and applied commercial 
powder coating, a standardised boiling test was carried out. Comparing with the test standard, 
after 2 h of immersion in boiling water all coated samples with steam treated layer with different 
chemistries did not show any delamination in terms of blistering of powder coating except the 
reference sample AA6060. The long-term boiling water test (  3 h) resulted in the formation of 
two types of blisters, namely large blisters (size 3mm) in Figure 10.6 (a) and small blisters 
(size  0.5mm) shown in Figure 10.6 (b), respectively. 

 

Figure 10.6 Optical micrographs of blisters formed after the boiling test of powder coated samples: (a) a 
typical large blister (b) small blister. 

The average number of blisters counted on various samples has been presented in Figure 
10.7. Only AA6060 exhibited both large and small blisters, however the count of small blisters 
is significantly higher. No blistering was observed on pure steam treated samples, while steam 
treated samples with various chemistries showed some level of small blisters with highest value 
for phosphoric acid treated samples at pH 3.0. Overall the blistering was dependent on the pre-
treatment type and increased in following order: steam< citric pH 2< phosphoric/citric pH 3 < 
phosphoric pH 2, respectively.  
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Figure 10.7 Number of blisters on various samples steam treated and powder coated after boiling test for 3 

h. 

 FIB-SEM cross-sectional analysis 

The interface structure of the applied powder coating on steam conversion coated layers 
investigated using FIB is shown Figure 10.8. The FIB cross section clearly shows the three 
layers namely the top layer of powder coating (marked as 1 in Figure 10.8 (a)), conversion 
coated layer (marked as 2 in Figure 10.8 (a)), and metal substrate (marked as 3 in Figure 10.8 
(a)) at the bottom. It is clear from Figure 10.8 (a), Figure 10.8 (b) and Figure 10.8 (c) that the 
applied powder coating has penetrated through the needle structure (marked by rectangles in 
Figure 10.8) of the conversion coating. However, over the intermetallic region the penetration 
of the power coating was less with some features resembling pores under the power coating 
(Figure 10.8 (d)). 
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Figure 10.8 FIB cross section of powder coated samples after steam treatment: (a) steam (b) steam from 
citric acid pH 3.0 (c) steam from phosphoric acid pH 3.0, and (d) The presence of powder coating over 
intermetallic particle after pre-treatment with citric acid pH 3.0.  

 Analysis of interface using indentation  

The adhesive or cohesive failure of the conversion coated samples has been studied by 
applying a hardness indent at the powder coating/oxide interface as shown in Figure 10.9, where 
“P” represents the powder coating and “M” represents the metal substrate. The applied stress by 
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indentation resulted in the formation of a crack as shown in Figure 10.9 (b). Image shows a wide 
crack (marked by circle 1 in Figure 10.9 (b)) and a hair line crack (marked by circle 2 in Figure 
10.9 (b)). Close examination of the wide crack and hair line crack showed the presence of some 
powder coating attached with the metal substrate as shown in Figure 10.9 (c) and Figure 10.9 
(d). Although not shown here, citric and phosphoric acid steam treated surfaces showed the 
similar cracks, but attachment of the powder coating with the metal substrate was not consistent 
as shown in Figure 10.9 (e), Figure 10.9 (f) and the inset images.  

 

Figure 10.9 Interface of the power coated samples after indentation at the cross-section: (a) steam pre-
treated showing the whole indentation, (b) formation of crack as a result of indentation on steam pre-treated 
surface with power coating, (c) magnified images of wide crack region in image (b), (d) magnified images of 
hairline crack region in image (b), (e) crack formation on steam treatment with citric acid pH 3 (inset images 
show the wide crack and hair line crack region), and (f) crack formation on phosphoric acid pH 3 steam 
treated surface (inset images show the wide crack and hairline crack region). 
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Figure 10.10 Measured crack length after indentation on the coated samples: (a) 500 g load (b) 1000 g load  

The interface crack length values presented in Figure 10.10 (a) and Figure 10.10 (b) shows 
that the interfacial cracking was lowest for pure steam treatment followed by citric acid treat-
ment, although some variation was found between the results using 500 g and 1000 g load. 
Irrespective of the load value, pure steam treated surface showed the lowest crack length.  

 

Figure 10.11 Bright field TEM images showing cross-section of wide crack on pure steam treated powder 
coated AA6060 alloy surface: (a) overview of the near area of the edge of indent and (b) high magnification 
image showing the crack propagation. 

The cross section of the area close to the indent edge (where wide crack appears) has been 
examined by TEM analysis and presented in Figure 10.11. In TEM images, the notations repre-
sent as follows: “P” for the powder coating, “O” for steam oxide layer, “M” for the metal 
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substrate and “C” for the crack, respectively. The TEM image clearly showed the cohesive fail-
ure between the powder coating and metallic substrate Figure 10.11 (a). The high magnification 
image in Figure 10.11 (b) shows that part of the powder coating is still attached with the steam 
conversion coated layer. 

 

Figure 10.12 Bright field TEM images showing cross-section of the hairline crack on pure steam treated and 
powder coated AA6060 alloy surface: (a) overview of the area far away from the edge of indent and (b) high 
magnification image metal oxide interface marked by an arrow in Figure 11 (a). 

A similar effect was observed away from the indented edge (hairline crack area) where 
the penetration of powder coating into the needle structure (marked by an arrow in Figure 10.12 
(a)) was observed. However, the metal oxide interface marked by an arrow in (Figure 10.12 (a)) 
near to the edge of the wide crack showed partial delamination of the conversion coating from 
the metal substrate (adhesive failure) at high magnification as presented in Figure 10.12 (b). 
Further, adhesive failure of the steam oxide was not observed in the area of hairline crack. 

 Discussion 

The results show clear differences on the effect of steam based conversion coated layer 
on improving adhesion. The pure steam treatment showed improved properties compared to the 
steam treatment with acidic chemistries. Further, the localised difference in the conversion coat-
ing morphology due to the presence of intermetallic particles in the AA6060 aluminium alloy 
leads to poor adhesion to the commercially applied powder coating. The decrease in the contact 
angle after steam treatment showed that the oxide layer formed has high wettability, however, 
the degree of wettability was lowered by the use of citric and phosphoric acid. It has been re-
ported [7] that the boiling water treatment of aluminium resulted in the formation of oxide which 
has more basic O, OH, and Al sites in comparison to the aluminium treated in acidic and alkaline 
bath.  
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The oxide film generated by steam treatment showed needle like morphology, which was 
similar to the oxide reported under boiling water treatment by many researchers [16,18,26–28]. 
However, the steam generated oxide films appears to exhibit smaller amount of porosity as well 
as well defined needle structure formation, when compared to only boiling water treated sur-
faces [17,18]. Further, However, a short time steam treatment resulted in the formation of  
thicker durable boehmite layer [29,30], which exhibited superior adhesion and corrosion per-
formance in comparison to boiling water treatment[29,31,32]. The observations are in 
agreement with work of Hjertberg et al. [33], which showed increased surface area and hydroxyl 
fraction at the surface increasing the mechanical adhesion.  Further, the oxides produced by 
boiling water and under acidic and alkaline condition showed differences in the level of surface 
hydroxyl groups [34]. Thus, the difference in the amount of hydroxyl groups at the surface may 
be responsible for the variation in the wettability of the surface for acidic steam treated samples 
as roughness of the surfaces showed small variations with the use of acidic chemicals. However, 
the difference in the roughness in comparison to the reference AA6060 and steam was signifi-
cant. Ageing of the steam treated surface reduced the wettability of the surface, which can be 
attributed to the adsorption of air born organic contaminants and water at the oxide surface. The 
results are in agreement with the literature [35] where ageing of the aluminium oxide resulted 
in 60% decrease of bonding capacity of the surface by the adsorption of organic contaminants 
in ambient air.  

The roughness of the surface varied according to the steam treatment chemistry at the 
micron scale. However, in the present investigation, roughness values of the surfaces calculated 
by AFM cannot be directly related to the AFM adhesion forces because the roughness parame-
ters are extracted from images of 3 x 3 m2 areas. This is significantly larger than the area of 
nanoscale adhesion measurements with AFM. Further, AFM adhesion measurements provide 
relative comparison between the adhesion behaviour of the aluminium matrix after different 
surface treatment at the nanoscale. Overall, the adhesion force of an AFM tip with a surface can 
be described as the sum of the forces due to Van der Waals (FW), electrostatic (Fel), and chemical 
bonding (Fchem) interactions, plus the capillary force due to meniscus formation (Fchem) as shown 
in equation (10-1) [36–38]: 

F=FW + Fel + Fchem + Fcap      10-1 
 

Since the experiments in this study were performed in water, the water meniscus is elim-
inated, and the capillary force is essentially zero. For the bare tip, the outermost layer of the tip 
that actually interacts with the sample is a silicon oxide layer, which is negatively charged in 
distilled water (isoelectric point at pH ca. 2-3) [39,40]. Hence, the interaction in this case arises 
from the water-mediated Van der Waals force between the sample and the silicon oxide layer 
plus the electrostatic repulsion between them. As expected the forces in all cases are rather weak, 
although, only steam treated sample exhibits an adhesion force of 50 to 65 % higher than that 
of the rest of the samples. It cannot be concluded whether this difference is due to stronger Van 
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der Waals interactions or lower electrostatic repulsion. However, considering the high hydro-
philicity of the tip, an increase of its water-mediated adhesion with a certain surface implies a 
lower hydrophilicity of that surface [41]. For the tip coated with OTS, a lack of electrostatic or 
chemical interaction of OTS with the surfaces under investigation was observed. It can be as-
sumed that the observed adhesion forces are due to the water-mediated Van der Waals 
interactions. As expected for a polar surface in a polar environment, the interaction with a non-
polar tip is weak [39,41]. However, two extremes can be observed. Again, only the steam treated 
surface exhibits the highest adhesion, which is 3 times higher for the OTS tip compared to the 
value for citric acid pH 3. This indicates that from all treatments, the sample only treated with 
pure steam leads to the least hydrophilic surface, while that of citric/phosphoric acid steam 
treated sample to the most hydrophilic one. Further, the adhesive forces were determined under 
ambient conditions (relative humidity ca. 60 %) with a bare tip. By subtracting the values ob-
tained with the bare tip in water from those in air for each sample, the capillary force can be 
determined using equation (10-2) [37]. 

Fcap/R= Fair/R – Fwater/R     10-2 

Due to the small tip radius in our experiments (< 20 nm), an explicit relation between the 
water contact angle of the sample and the observed capillary force cannot be easily derived [42]. 
However, since the tip chemistry and radius did not change between the measurements on the 
different steam treated samples, the magnitude of the capillary force is still a measure of the 
hydrophobicity of each sample surface [42–45]. In agreement with the indications from the ex-
periments in water, the data showed that indeed the sample treated with only steam and citric 
acid exhibit the least and most hydrophilic surfaces, and the phosphoric acid steam treated sam-
ple showed intermediate hydrophobicity. The AFM adhesion measurements showed the 
contradiction with the contact angle measurements, as the contact angle was measured over a 
larger area where the oxide present over intermetallic particle also contributed to this measure-
ment. Tanem et al. [46] reported that the application of a chromate-free Ti–Zr-based treatment 
increased the pull-off adhesion force, but the adhesion force varied significantly due to the pres-
ence of -Al(Fe,Mn)Si particles in AA6082. This is due to the non-uniform deposition of the 
conversion coating.   

Large area effects can be visualized in the FIB cross section images where the powder 
coated samples shows good interface in the aluminium region, while the coating over the inter-
metallic particle locations where exhibited a boundary layer, indicating poor penetration of the 
powder coating into needle structure oxide. The results are in agreement with Vellinga et al. 
[12] where the chemical inhomogeneity caused by the presence of intermetallic particles led to 
locally different adhesion characteristics of the metal substrate coved by the aluminium hydrox-
ide film. Thus, such differences lead to the initiation points of delamination for the organic 
polymer. In the present investigation, the differences between the adhesion of the powder coat-
ing at localised areas (intermetallic particles) may be attributed to the formation of mixed oxides 
or voids in the coating. Our previous studies [19–21,29] show that steam treatment (with or 
without chemicals) of aluminium alloys result in the partial dissolution of intermetallic particles 
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which results in the formation of mixed oxides. Further, the rate of dissolution of intermetallic 
particles depends on the nature of the chemical used in the steam and the elemental composition 
of the intermetallic particles.  

The boiling test showed the formation of blisters; however, the adhesion of the coating 
after steam treatment was very good in comparison to the pre-treatment quality standard [47]. 
As stated in the quality standard, the coated samples should be tested for 60 min, but in the 
present study the samples were tested for 180 min. Further, the FIB cross sectional interface 
analysis showed the weak areas of adhesion such as voids or intermetallic particles. Therefore, 
the formation of blisters in the boiling test of acid steam treated samples might be due to the 
presence of local weak adhesion zones. The indentation results are in agreement with the boiling 
water test where the steam treated samples showed the cohesive fracture in the powder coating 
above the steam generated oxide layer, which was consistent with all the measurements. Further, 
the steam treated samples only showed a slight adhesive fracture near the indent edge, which 
may be caused by the high level of stress in this area. In contrast, the acid steam treated samples 
showed both cohesive and adhesive fracture. The crack length studies also confirmed the supe-
rior adhesion of the only steam treated surface by presenting a lower degree of crack propagation 
in comparison to acid steam treated samples. The negligible difference in fracture length at 1000 
g might be due to the high load level, which is beyond the interfacial bond strength for all inter-
faces compared to the 500 g loag.  However, the crack length measurements cannot explain the 
cohesive/adhesive fracture of oxide generated from acid steam treatment. The adhesive fracture 
in particular of acid steam samples might be attributed to the weak adhesion zones, whereas at 
the nanoscale, AFM adhesion measurements showed a high degree of hydrophobicity over the 
aluminium matrix. Bickerman [48] proposed that the adhesion was due to the inherent roughness 
of the surfaces while the molecular forces of attraction caused an adhesive to wet and spread on 
the surface. Once this was achieved the mechanical coupling between the adhesive and the in-
herently rough adherend surface was sufficient to account for the final bond strength. 

 Conclusion 

The lowest contact angle (  5º) was observed for steam treated AA6060 surfaces when 
compared to surfaces treated with steam containing various chemistries. However, ageing of the 
steam treated samples (with or without chemistries) increased the contact angle. The AFM pull 
up force measurements at nano scale showed relatively high hydrophilic surface after steam 
treatment with chemistries. Although, surfaces treated with steam containing chemistries 
showed relatively poor penetration of powder coating into the needle structure over the voids 
and over the intermetallic particles. Further, the boiling test results also showed some blister 
formation for steam with chemistries compaed to only steam treated surfaces. The indentation 
test for steam treated surfaces after applying powder coating exhibited interfacial adhesive and 
cohesive fracture for citric or phosphoric acid steam treated samples, while cohesive fracture 
for only steam treated surfaces.   
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Abstract  

The steam treatment using a steam jet process was employed to produce a conversion 
coating on aluminium alloy AA6060. The changes in microstructure and its effect on corrosion 
protection were investigated. Various concentrations of KMnO4 and KMnO4 containing 
Ce(NO3)3 were injected into the steam and its effect on the formation of steam-based conversion 
coating was evaluated. The use of Mn-Ce into the steam resulted in the incorporation of these 
species into the conversion coating, which resulted in improved corrosion resistance of the alloy 
substrate. 

  

                                                 
9 This chapter was published as a scientific paper in slightly different form:  
Mater. Today Proc. 2 (2015) 5063–5070. 
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 Introduction 
In order to have long term durability of painted aluminium alloys structures, the chemical 

pre-treatment of aluminium alloys has been carried out, prior to the application of paint. Over 
the last several decades chrome based pre-treatment of aluminium alloys had been successfully 
employed in various industries, however today this is allowed to use only in aerospace due to 
its carcinogenic properties. Chrome based chemical pre-treatment provides excellent corrosion 
resistance and adhesion properties over aluminium alloys, and its re-passivation effect makes it 
better than available substitutes. Consequently in the recent years most of the researchers have 
focused to find an alternative to the chrome based conversion coating processes [1]. Among 
them, the use of Ce or Mn to promote a redox reaction with the aluminium substrate is tried to 
generate corrosion resistant mixed oxides. The conversion coating (oxide layer) based on 
permanganate (MnCC) has been reported [2–4] to perform similar to CrCCs concerning the 
corrosion protection and adhesion properties. Formation of MnCC on aluminium alloys involves 
several immersion steps in various chemical baths at specific temperature and pH [3,5,6]. 
Further, treatments using rare earth elements were found to be promising alternative to CrCCs. 
The cerium based coatings exhibited good corrosion performance which was dependent on pH, 
aeration, presence of additives such as H2O2 and salt pigments, and post sealing processes. 
Further, attempts have been made to form Ce-Mn based conversion coating on AA6xxx using 
Ce(NO3)3, KMnO4 and Mo as inhibitors [7,8]. The coatings based on above additives showed 
improvement corrosion performance on AA6xxx. However, the coating was developed by 
prolonged immersion of aluminium in hot aqueous solution of rare earth ions such as Ce and 
Mo.  

Our earlier studies showed that the use of high temperature steam resulted in the formation 
of aluminium hydroxide layer which exhibited adequate corrosion resistance and adhesion 
properties [9–12], while the addition of permanganates into the steam further enhanced the 
corrosion performance [13]. The process condition used for these investigations is based on an 
autoclave process; however the present investigation focus on using a steam jet system with a 
steam spray dossed with desired chemistry. Steam within a temperature range of 110-150ºC was 
sprayed over AA6060 using a pilot steam jet system to develop conversion coating. Effect of 
addition of various chemicals (KMnO4 and Ce(NO3)3 ) was investigated by dossing the steam 
with desired concentration of chemicals. The detailed microstructural characterization of the 
produced coatings has been carried out using FEG, FIB-SEM, and EDS analysis. The corrosion 
protection of the coatings was evaluated by potentiodynamic polarisation and neutral salt spray 
test. 

 Materials and methods 

 Material and sample preparation  
All test samples were cut from 2 mm thick AA6060 (wt.% Si 0.6, Fe 0.3, Cu 0.1, Mn 0.1, 

Mg 0.5, Zn 0.1, Ti 0.1, reminder Al) sheet into 50mm ×150mm coupons. Prior to the surface 
treatment, samples were subjected to alkaline etching treatment by immersing in an aqueous 
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solution of 10 wt. % NaOH at room temperature for 5 minutes followed by rinsing in distilled 
water for 1 minute, and desmutting in 69 % vol. HNO3 for 2 minutes, respectively. In the last 
step, the samples were washed with deionized water and dried in ambient air. 

 Steam treatment process 
Pre-treated AA6060 samples were subjected to the steam spray with and without various 

chemistries for 6 min at 150ºC steam temperature using a pilot steam jet system. The distance 
between the steam nozzle and sample was kept constant at 5cm, and injection of respective 
chemicals was carried out into steam with the constant flow rate of 1ml/min. The temperature 
at the sample surface was constantly monitored by the use of a thermocouple. 

 Microstructural characterization  

 FEG-SEM 

The surface morphology of AA6060 aluminium before and after the steam treatment was 
investigated using field emission scanning electron microscope (FEG-SEM-Quanta 200 FEG 
MKII, FEI) with an Oxford Instrument INCA EDS analyser capability. The EDS analysis has 
been performed with an acceleration voltage of 10 kV and Cu calibration. 

 FIB-SEM 

The dual beam FIB SEM was used for cross section milling of the steam treated surfaces. 
The cross section milling was performed at a tilting angle of 52°. A Ga ion beam was operated 
at 30 kV with a current in a range of 0.2 20 nA. Before milling, the intermetallic particles and 
aluminium matrix were deposited by Pt with a thickness of 1 m in order to protect the areas of 
interest from damage caused during the milling process. 

 Corrosion performance  

 Potentiodynamic polarization  

Anodic and cathodic potentiodynamic polarization measurements were performed using 
an ACM electrochemical Instrument (GillAC). A flat cell set-up with an exposed area of 0.95 
cm2 was employed for these measurements. The open circuit potential (OCP) was monitored for 
5 min prior to conducting each polarization scan. The polarization scans were conducted in 
naturally aerated 0.1M NaCl solution of pH 5.2±0.3. An Ag/AgCl reference electrode and a Pt 
wire counter electrode were used. All polarization scans were conducted at a scan rate of 1 mV/s. 

 Neutral salt spray (NSS) 

The corrosion performance of the steam treated samples was evaluated using neutral salt 
spray test for 360 h. The saline atmosphere was 5 wt. % NaCl solution with a pH range of 6.5–
7.2. The temperature of the salt spray cabinet was 35±1.8 °C. The back side of the samples was 
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covered with an adhesive tape prior to start of the test. Visual examination of the samples was 
carried out every day. After 360hrs of testing, the samples were washed and examined under 
optical microscope. 

 Results 

 Surface morphology  

 Pre-treatment  

Figure 11.1 presents typical surface morphology of AA6060 in the as received conditions 
(Figure 11.1(a)) and after alkaline etching pre-treatment (Figure 11.1(b)). It is evident that the 
extrusion lines and intermetallic particles were present at the surface before and after etching, 
and etching has generated some micro pits. The etching process has also resulted in dislodging 
of fine intermetallic particles. The EDS analysis (not presented here) reveals that the interme-
tallic particles were similar to the commonly found intermetallics with constituents of Al-Fe-Si-
Mn. 

 
Figure 11.1 Surface of AA6060 (a) As received (b) after alkaline etching in NaOH 

 Coverage of the surface after steam treatment  

Figure 11.2 shows the surface morphology of pre-treated AA6060 after steam treatment. 
It is noticeable that steam surface treatment resulted in the homogenous coverage of AA6060 at 
microscopic scale. The visual inspection of the sample (not presented here) showed the presence 
of some areas where the coating formation did not take place when chemicals were injected into 
the steam. The steam treatment without injection of any chemical resulted in the most uniform 
surface coverage (Figure 11.2(a)). It is clear that the injection of KMnO4 into the steam did not 
result in high degree of oxide growth over the grain boundaries as presented in Figure 11.2(b). 
Further, increase in the concentration of Ce(NO3)3 in the steam treatment resulted in fine cover-
age of the surface as presented in Figure 11.2(c), Figure 11.2(d) and Figure 11.2(e), respectively. 
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Figure 11.2 AA6060 after steam treatment with (a) steam, (b) steam carrying 0.1M KMnO4, (c) steam carry-
ing 0.1M KMnO4 +0.005MCe(NO3)3, (d) steam carrying 0.1M KMnO4 +0.01M Ce(NO3)3, and (e) steam 
carrying 0.1M KMnO4 +0.015M Ce(NO3)3. 

The magnified SEM micrographs in Figure 11.3 show clear difference in the morphology 
of aluminium alloy matrix after steam treatment with steam and steam carrying chemicals. The 
steam treatment of the AA6060 surface resulted in the formation of needle like structure, which 
was consistent all over the surface, as shown in Figure 11.3(a). Addition of KMnO4 also resulted 
in the formation of needle like structure, but the morphology of the needles was different as 
shown in Figure 11.3(b). The injection of KMnO4 into the steam resulted in the formation of 
small particles of size 200-250 nm. The EDS analysis (not presented here) showed the presence 
of Mn, Al, and O suggesting the formation of aluminium and manganese oxide mixture. The 
injection of KMnO4+Ce(NO3)3 into the steam resulted in the formation of coating with entirely 
distinct morphology, which was uniformly covering the aluminium matrix at microscopic level. 
The EDS analysis (not presented here) of the surface revealed the presence of Mn, Ce, O, and 
Al, indicating the formation of a mix oxide (manganese oxide, cerium oxide, and aluminium 
hydroxide) film. 
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Figure 11.3 Matrix of AA6060 after steam treatment with: (a) steam, (b) steam carrying 0.1M KMnO4, and 

(c) steam carrying 0.1M KMnO4 +0.015M Ce(NO3)3. 

 Coverage of intermetallic particles after steam treatment  

 
Figure 11.4 Coverage of intermetallic particles after steam treatment with: (a) steam, (b) steam carrying 
0.1M KMnO4, and (c) steam carrying 0.1M KMnO4 +0.015M Ce(NO3)3. 

Figure 11.4 shows the coverage of intermetallic particles after treatment with steam 
(Figure 11.4(a)), steam carrying of KMnO4 (Figure 11.4(b)), and steam dossed with 
KMnO4+Ce(NO3)3 Figure 11.4(c). In general, steam treatments showed the homogenous cov-
erage over the intermetallic particles. Steam treated sample without injection of any chemicals 
resulted in the formation of needle like structure over the intermetallic particles. The formation 
of needle structure over smaller intermetallic particles (size up to 2.5 m) was more uniform 
when compared to the bigger intermetallic particles. In contrast, the coverage of intermetallic 
particles after injection of KMnO4 did not show the extension of needle structure over the inter-
metallic particles. However, the coverage of the intermetallic particles seemed to be uniform 
regardless of the intermetallic particle size. The coverage of intermetallic particles after steam 
treatment with steam containing KMnO4+Ce(NO3)3 also produced consistent coverage of inter-
metallic particles with oxide. Although not shown here, increase in concentration of Ce(NO3)3 
resulted in better coverage of the intermetallic particles. 

 Focused ion beam analysis (FIB-SEM)  

 
Figure 11.5 Cross section of aluminium matrix after steam treatment with: (a) steam, (b) steam carrying 
0.1M KMnO4, and (c) steam carrying 0.1M KMnO4 +0.015M  Ce (NO3)3. 
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Focused ion beam analysis was carried out to understand the cross-sectional morphology 
of the coating. It was found that the steam treatments (with and without chemicals) of AA6060 
resulted in the formation of a double layer structure, namely a layer with needle like morphology 
on the top and a compact layer adjacent to the metal substrate. Further, the thickness of the 
compact oxide was dependent on the chemicals used in the steam as shown in Figure 11.5(a), 
Figure 11.5(b), and Figure 11.5(c), respectively. However, the injection of KMnO4 into the 
steam resulted in lowest thickness when compared to steam or steam containing 
KMnO4+Ce(NO3)3 surfaces. The interaction of steam and steam carrying various chemicals 
with the intermetallic particles in AA6060 is shown in figure 6. It is evident that the steam and 
steam containing KMnO4 resulted in higher degree of oxide growth over the intermetallic par-
ticles. Further, partial dissolution and oxidation of intermetallic particles was observed after 
steam treatment of AA6060 surface with only steam (Figure 11.6(a)) and steam containing 
KMnO4 (Figure 11.6(b)). The injection of KMnO4+Ce(NO3)3 into the steam resulted in the 
cleavage of intermetallic particles in addition to the coverage with oxide layer. The cleavage of 
intermetallic particle resulted in the formation of porosities as shown in Figure 11.6(c). 

 
Figure 11.6 Cross section of intermetallic particle after steam treatment with: (a) steam, (b) steam carrying 
0.1M KMnO4, and (c) steam carrying 0.1M KMnO4 +0.015M Ce(NO3)3. 

 Corrosion performance  

 Potentiodynamic data  

The corrosion performance of the produced coatings was evaluated by cathodic and anodic 
potentiodynamic polarization curves as shown in Figure 11.7(a) and Figure 11.7(b), respec-
tively. Overall, the steam treatment of AA6060 caused reduction in the cathodic and anodic 
activities. Further, the steam treatment of AA6060 with only steam resulted in the lowest ca-
thodic and anodic current densities, along with shift in the corrosion potential towards negative 
side. The injection of KMnO4 into the steam did not show any noticeable change in the current 
densities or any shift in the corrosion potential. However, injection and increase in the concen-
tration of Ce(NO3)3 into steam resulted in lowering the cathodic activity as well as shifting the 
potential towards more negative side. Altogether, steam treatment of AA6060 with only steam 
and steam containing KMnO4+0.015M Ce(NO3)3 displayed the passivation of substrate during 
anodic polarization measurements. In order to understand the effect of addition of various chem-
istries, the anodic and cathodic current densities were plotted in Figure 11.7(c) at -550mV and 
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-950mV, respectively. Figure 11.7(c) shows that the steam treatment of AA6060 resulted in 
similar trend i.e. reduction of both anodic and cathodic current densities, starting from the lowest 
activity: steam < KMnO4+0.015M Ce(NO3)3< KMnO4+0.01M Ce(NO3)3< KMnO4+0.005M 
Ce(NO3)3< KMnO4< AA6060, respectively. 

 
Figure 11.7 Potentiodynamic polarisation curves: (a) cathodic, (b) anodic of AA6060 steam treated surfaces, 
and (c) Plot of current densities at selected cathodic and anodic polarisation potential. 

 Neutral salt spray (NSS) 

 
Figure 11.8 Optical micrographs of AA6060 (a) alkaline etched and steam treated with: (b) only steam, (c) 
steam carrying 0.1M KMnO4, and (d) steam carrying 0.1M KMnO4 +0.015M Ce(NO3)3., after 360hours of 
NSS test 

Figure 11.8 shows the AA6060 surface after 360hours of neutral salt spray test of etched 
surface, steam treated, steam containing KMnO4, and steam with KMnO4+0.015M Ce(NO3)3 

treated samples. Results show that the steam treatment has improved the corrosion resistance of 
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the alloy significantly. All surfaces show evidence of pitting, however at some places (marked 
by an arrow) the localized corrosion seems to penetrate deep into the substrate. The sample 
treated with steam containing KMnO4+0.015M Ce(NO3)3 exhibited lowest level of corrosion.  
Steam treated sample showed only pitting corrosion, which was uniformly spread all over the 
surface. 

 Discussion  
Overall the results presented in this study showed that the steam treatment of AA6060 

with steam and steam dossed with chemicals resulted in the formation of oxide layers of varying 
chemical composition and structure. The oxide film formation was homogeneous all over the 
surface when treated with steam, however addition of chemicals have reduced surface coverage. 
The morphology and chemical composition of the steam generated conversion coatings was in 
agreement with the ones reported in the literature [14,15]. The non-uniform coverage of the 
AA6060 under conditions of steam with chemicals might be attributed to the fluctuation of the 
steam temperature when chemicals are injected into the steam. Fluctuation in temperature will 
results in change in the steam vapour pressure and localised variation of pH when steam strikes 
the sample. Our previous studies [9,12] showed that the vapour pressure of steam is an important 
parameter; the increase in the vapour pressure of steam produced more corrosion resistant and 
compact oxide films. The needle like mix oxide film obtained by the use of KMnO4 on AA6060 
surface was in agreement with previous studies [13], where the use of KMnO4 produced a dense 
mix oxide (manganese oxide and aluminium oxide). However, present results showed that the 
difference in the process parameters, localised change in the pH, and temperature alteration de-
veloped thinner oxide. The use of various concentrations of KMnO4+Ce(NO3)3 showed that the 
decrease in the pH resulted in the formation of a uniform oxide layer. Further, the use of KMnO4 
activates the surface, which resulted in the formation of homogenous coating at microscopic 
scale, consisting of chemical composition related to Al, Mn, Ce, and O over AA6060. These 
results are in agreement with those reported in the literature [8,16–18], where Ce-Mn based 
conversion coatings act as inhibitor for AA6063 with uneven formation of the coating and hav-
ing chemical composition consisting mainly of Al, Mn, Ce, and O. Present results shows that 
the increase in the concentration of Ce(NO3)3 plays a vital role due to increase in the concentra-
tion of NO3

-. It has been reported that the NO3
- ions have more affinity towards the intermetallic 

particles [13]. Presence of NO3
- beyond a certain concentration may enhance the corrosion pro-

cess [19]. Lowering the pH of KMnO4+ Ce(NO3)3 solution resulted in the cleavage of 
intermetallic particles. This might be also attributed to the high concentration of NO3

- ions in 
combination with steam, thus leading to localised enhanced corrosion attack at intermetallic 
particles as reported in the literature [20]. Steam treatment with only steam and steam containing 
KMnO4 resulted in the partial dissolution and oxidation of intermetallic particles which is in 
agreement with the studies reported in literature [21–23]. The higher degree of localised growth 
of oxide over the intermetallic particles was resulted due to the difference in the electrochemical 
nature of intermetallic particles and aluminium matrix. It leads to localised dissolution of alu-
minium, which results in the formation of thick oxide layer. The corrosion performance of steam 
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based conversions coating showed improved anticorrosive properties for AA6060.The shift in 
potential to more negative side after the steam treatment was resulted due to the coverage of 
intermetallic particles, which was acting as cathodes on the bare surface [24]. The lowest ca-
thodic and anodic activities for steam treated sample with steam and steam containing KMnO4+ 
Ce(NO3)3 was attributed to various factors such as uniform coverage of the surface, partial oxi-
dation of intermetallic particles, and Mn-Ce inhibiting effect. The NSS testing of these coatings 
has shown inhibiting effect of Mn-Ce where the corrosion attack was significantly less. Samples 
treated with only steam showed homogenous pitting all over the surface, however this can be 
due to pin holes in the coating as well. Coating formed using steam with KMnO4 did not show 
good corrosion performance due to the inhomogeneous coverage and lower oxide thickness at 
the surface. Overall, the corrosion results obtained from potentiodynamic polarization was in 
agreement with the NSS test. 

 Conclusion 
1. The steam treatment with and without addition of chemicals resulted in the formation of 

conversion coating on AA6060 surface. 

2. Steam treatment resulted in the partial dissolution and oxidation of intermetallic particles 
and formation of a dense oxide over intermetallic particles. 

3. Injection Ce(NO3)3 with KMnO4 into the steam resulted in the incorporation of Mn-Ce 
into oxide layer. 

4. Steam generated coating showed improved corrosion resistance properties which were 
further enhanced by the use of KMnO4+ Ce(NO3)3 into the steam. 

5. Neutral salt spray test showed that the presence of Mn-Ce in oxide film provide inhibit-
ing effect in comparison to only steam generated oxide film. 
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Abstract.  

In this study detailed microstructural investigation of the reason for unexpected corrosion 
of powder coated aluminium alloy AA6060 windows profiles has been performed. The results 
from this study reveals that the failure of the window profiles was originated from the surface 
defects present on the extruded AA6060 aluminium profile after metallurgical process prior to 
powder coating. Surface defects are produced due to intermetallic particles in the alloy, which 
disturb the flow during the extrusion process. The corrosion mechanism leading to the failure 
of the powder coated AA6060 aluminium profiles in service is explained. 

  

                                                 
10 This chapter was published as a scientific paper:  
Engineering Failure Analysis 47 (2015) 16–24. 
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 Introduction 
This paper summarizes the detailed analysis of quality issues found on powder coated 

window and door profiles at random locations during service, which are attributed to localize 
corrosion issues resulting from the micron scale defects found on extruded profiles. The powder 
coated aluminium profile frames were installed in the years 2006-2007 in Denmark and Iceland, 
and have been exposed to marine environmental conditions for 5-6 years due to the proximity 
of the installed locations to the sea. Localized corrosion, appeared as blistering of the paint, was 
found at random locations on the profiles, which was attributed to the surface features present 
on the extruded profiles prior to powder coating. Aluminium alloy used for the profile was 
AA6060, and the studies presented in this paper elaborate the analysis of the failed part, reasons 
for corrosion and mechanisms. 

 Experimental and Methods 

 Materials 
A series of samples (2.5x2.5 cm) were prepared by cutting 1 meter long AA6060 extruded 

and powder coated profile which showed corrosion attacks. The samples were cleaned individ-
ually with ethanol in ultrasonic bath for 5minutes. All samples were dried in air at room 
temperature for 15 minutes after the cleaning. 

 Visual observation and photography 
The preliminary examination of the failed profiles was carried out with unaided visual 

inspection. The next step of preliminary examination was a general photography of the entire 
part and damaged or failed regions which showed localized corrosion and blistering of paint. In 
order to investigate the relation between localized corrosion and blistering to the powder coat-
ing, visual inspection and photography has been performed on the fresh profiles after extrusion 
and powder coating. 

 Metallographic preparation 
Cross-sectioned samples were prepared by metallographic preparation methods. The 

metallographic samples were taken perpendicular to the corrosion defects and mounted in cold-
setting epoxy and allowed to cure. The epoxy mounted samples were subjected to mechanical 
grinding using silicon carbide papers down to 4000 grit followed by polishing using 3 m and 
1 m diamond paste. 

 Scanning electron microscopy 
Scanning electron microscopy was used primarily to investigate topographic and morpho-

logical characteristics of extruded profile on fresh and corroded profiles. Energy-dispersive X-
ray analysis was used for the elemental analysis. 

 Focused ion beam sectioning  
Cross-section milling of areas of interest after extrusion process of profile was performed 

with dual beam FIB-SEM for detailed characterization of the areas of interest. 
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 Results 

 Visual inspection 

 
Figure 12.1 Window frame corroded in service. (The picture is taken using a digital camera). 

Figure 12.1 shows the visual appearance of the painted profile photographed using a dig-
ital camera. Features marked with red circles indicate the randomly corroded areas where the 
powder coating was blistered or flaked off. The photograph in Figure 12.1 clearly shows visible 
damage to the paint and features of localized corrosion under the coating. The average size of 
the damaged/corroded areas was within the range of 0.2 mm-2 mm, while rest of the profile was 
essentially intact without any sign of corrosion. Initial investigation showed no significant de-
fects on paint layer to attribute it as reason for the observed corrosion failure. Therefore, the 
attention was focussed on the extruded profile itself. 

Visual inspection of some of the unused extruded AA6060 profiles from the same batch 
where corrosion had occurred and powder painted ones showed a number of defective areas as 
shown in Figure 12.2. The close up image shown in Figure 12.2b reveals that the size and shape 
of the defects varies considerably and they appear as bumps on the extruded profiles. In order 
to compare, the extruded profile was also powder coated. Depending on the size of the original 
defect, some of the defects appear as bumps on the powder paint as shown in Figure 12.2c. It is 
expected that at higher magnifications additional defects could be observed. Overall analysis 
revealed that the surface defects on the extruded profile was carried over to the painted profile 
as bumps, which where corroded by localized attack during exposure to external environment. 
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Figure 12.2 Picture of an AA6060 extruded profile prior to powder coating: (a) photo of the profile after 
extrusion process and (b) Close up view of one of the defect regions marked in (a), and (c) for comparison a 
defect on a Powder coated AA6060 extruded profile(The pictures are taken using a digital camera). 

 Microstructure analysis 
In order to understand the macro and microstructure of the original defect and its connec-

tion to the localized corrosion, Scanning electron microscopic (SEM) analysis was carried out 
on the defects present at the extruded profile, painted profile, and after corrosion. 

 Microstructural analysis of extruded profile 

 Surface morphology 

A typical surface defect present on AA6060 after extrusion process is shown in Figure 
12.3. The surface defect consists of a lump of material which is followed by a torn flaky line as 
shown in Figure 12.3a. The lump does not have a uniform height and size. The size of the lump 
was in the range of 50 m-200 m. The torn flaky line is flat and represents the extrusion direc-
tion of the profile. The EDS analysis at point A and B (presented in Table 12.1 on areas in Figure 
12.3b) on the torn flaky line revealed that the composition on those two location was almost 
identical and contained Al(Fe,Mn)Si intermetallic particles which appears as bright areas in the 
Figure 12.3b. 
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Figure 12.3 (a), (b) AA6060 secondary electron images of the defects present at the surface after extrusion 
process. 

Table 12.1 EDS analysis of reference areas defined in figure 3b 

Detected Area 
Element (wt.%) 

Al Si Mn Fe 
A 67.8 7.1 2.2 23.0 
B 77.6 5.0 1.4 15.9 
C 82.3 4.6 - 13.1 

 

 Metallographic cross-section 

In order to have a better understanding of the problem cross cuts of the samples have been 
prepared and examined with high resolution scanning electron microscopy (SEM). Figure 12.4a 
and Figure 12.4b show backscattered images of the lump defect where the iron containing in-
termetallic particles appear as bright spots inside the lump as well as in the bulk. Magnified 
cross section image (Figure 12.4b) reveals a big bright particle in the defect. The EDS analysis 
identified presence of high amount of iron, but no silicon was detected. It cannot be excluded 
that it is an AlFeSi particle which could be a part of bigger intermetallic particle. The overall 
size and shape of the particle in the bulk is in good agreement with transformed iron particles 
(Al(FeMn)Si). Inside the lump defect, the average size of these particles was smaller and they 
were not evenly distributed as compared to the bulk of the material. The cross-section also 
showed that the base of lump is well attached with aluminium substrate. 
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Figure 12.4 Backscattered electron images of cross section of defect present at the surface of AA6060 profile 
after extrusion process. 

 Microstructural analysis of extruded profile after pre-treatment 

 Surface morphology 

 
Figure 12.5 Effect of etching process on surface morphology: (a) Surface of AA6060 profile before etching. 
(b) Surface of AA6060 profile after etching (c) lump defect before etching process. (d) Lump defect after 
etching process. 
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To assess the effect of etching process prior to the powder coating process, the surface 
morphology and microstructure of the defect has been investigated after etching. Figure 12.5b 
shows the surface overall morphology defect after the etching process, which in comparison 
with Figure 12.5a reveals the effect of etching process. The etching process has resulted in the 
formation of surface with hemi-spherical pits. The effect of etching process on a defect can be 
seen in Figure 12.5c and Figure 12.5d, before and after etching process. It reveals that the etch-
ing process has etched away the edges of the defect (caption image of FIB cross section in Figure 
12.5d), but the main body of the lump remains adherent to the aluminium matrix even after the 
etching process. However, the etching process does not show a significant change in the micro-
structure of the lump defect. 

 Focused ion beam (FIB-SEM) analysis 

Microstructure of the defect and the effect of etching process were further investigated 
using FIB-SEM analysis. 

The FIB cross section of a defect along the rolling direction of the extruded profile is 
shown in Figure 12.6. It shows a gap between the bulk and the edges of the lump. However the 
gap between lump and bulk material decreases as we move towards the centre of the lump. There 
are few cracks present in the middle of the lump as compared to the edges which indicates the 
strong adhesion of the lump to aluminium matrix in the middle. The backscatter image (Figure 
12.6b) of the lump shows that the number of intermetallic particles (appear as bright spots) is 
higher in the lump compared to the aluminium matrix. The magnified image in Figure 12.6c of 
the interface between lump and aluminium matrix also revealed the presence of intermetallic 
particles at the interface. The EDS analysis of the intermetallic particles indicates that the com-
positions of the particles present in the lump (Spectrum 1, 2, 3) and aluminium matrix (spectrum 
4, 5) has similar elemental composition as shown in Table 12.2. The presence of significant 
amount of oxygen indicates the oxidation of aluminium surface layer. 

 
Figure 12.6 FIB-SEM cross section images of lump defect: (a) Secondary electron image of lump defect cross 
section (b) Back-scattered electron image of lump defect cross section (c) Magnified image of lump defect 
and aluminium matrix interface. 
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Table 12.2 EDX analysis of intermetallic particles present in the lump defect and aluminium matrix. 

Spectrum Element (wt.%) 
O Al Si Fe 

1 23.9 73.55 2.56 - 
2 24.8 66.13 3.50 - 
3 24.9 69.23 5.80 6.23 
4 1.62 38.2 4.2 56.2 
5 19.1 70.75 - 10.23 

 Microstructural analysis of powder coated profile  

After the etching process one of the AA6060 profile with defects has been powder coated. 
The microstructural change of the defect due to power coating has been studied using SEM and 
cross cut analysis. 

 Surface morphology 

Figure 12.7 shows that the profile is not homogenously covered with the powder coating 
layer due to the defect. Some regions appear as bright after the powder coating process, while 
size of the bright spots varied. The average size of the bright areas was in the range on 50-300 

m. The EDS (Presented in Table 12.3) analysis revealed that the bright areas after powder 
coating process correspond to uncovered/thinly covered aluminium profile areas. The presence 
of sulphur and titanium indicates that apart from the bright areas the profile is covered with 
powder coating. 

 
Figure 12.7 Backscatter electron images showing coverage of defects after powder coating. 

Table 12.3 EDS analysis of bright spots present in Figure 12.7(b). 

Detected area Element (wt. %) 
Al S Ti 

A 100 - - 
B 100 - - 
C - 29.2 70.8 
D 16.6 31.9 51.4 



Chapter 12 

282 

 Metallographic cross-section analysis 

 

Figure 12.8 Backscattered electron images, cross section made on uncovered area of profile after powder 
coating. 

The cross-section of an AA6060 extruded profile which contains surface defects after 
powder coating process in shown in Figure 12.8. It shows that the uncovered part of the profile 
was a lump defect (indicated by an arrow in Figure 12.8) which was present on the profile even 
after the etching process. The top of the uncovered area of the lump reveals that the powder 
paint did not cover the top of lump defect. 

Figure 12.8 also unveil the presence of some iron containing intermetallic particles at the 
edge of the uncoated area which are marked by circles. 

 Microstructural analysis of corroded windows profile 

 Surface morphology 

Surface morphology of a localized corroded region from the corroded AA6060 window 
profile is shown in Figure 12.9. The overall size of the corroded area was approximately 1.6 
mm, which consists of a number of pits and cracks at the surface. The EDS analysis (not shown 
here) of the corroded pits showed the presence of chloride ions.  
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Figure 12.9 AA6060 secondary electron image of localised corrosion attack on window profile. 

 Metallographic cross-section analysis 

 
Figure 12.10 Cross section backscattered electron image of corroded area of powder coated AA 6060 profile. 
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The metallographic cross section of a localized corrosion attack is shown in Figure 12.10. 
Cross section of the corroded pit shows that the penetration depth of the corrosion attack is not 
uniform. Moreover inter-granular corrosion attack was observed at the bottom of the pit. Inter-
granular corrosion is penetrated vertically down ward up to a depth of approximately 250 m. 

 Discussion 
The failure case study presented in this paper reveals the connection between the defects 

originated on the extruded profiles carried over to the powder painted frames causing localized 
corrosion during use. Similar defects has been reported in the literature [1], and are referred to 
as pick-ups, however no prior information was found on the  relationship between the pick-up 
defect on subsequent painted profile, microstructure, and corrosion aspects. In particular, the 
presence of pick-ups is considered as undesirable. Pick-ups which are observed as score lines 
of varying length and for severe cases end up as a lump seen in the present study. However there 
are several different mechanisms reported in the literature as being responsible for the formation 
of pick-up defects. The reported mechanisms shows two influencing factors namely the material 
flow affected by the die and other is the microstructure of material itself due to the presence of 
intermetallic phases.  

During the metallurgical process, cast aluminium is homogenised in the furnace for few 
hours in the temperature range 530-600ºC [1]. Eventually the billets are cooled down and trans-
ported to the extrusion press; the billets are re-heated and extruded in an extrusion press. During 
the extrusion process aluminium billets are pressed through a die with a shaped opening.  

The pick-up defects appeared due to flow pattern of the material during hot extrusion in 
contact with the extrusion die, are produced by the difference in the material flow behaviour. 
This difference of the material flow behaviour can result in local flow difference, which leads 
to pick-ups such as lumps of material folded over in a direction against the extrusion direction. 
Such defects are usually classified as die lines and die pick-ups [2]. However, many researchers 
have reported different mechanisms for the pick-up formation [3,4]. Merk et al. reports that 
during the extrusion process, an aluminium coating is developed on the die bearing surface 
which may cause die pickup formation. As the profile passes through a die on which the alu-
minium coating has already formed, the frictional forces between the die deposit and profile 
may displace the position of the deposit and some time lead to attachment of part of it to the 
exiting profile from the die.   

As a result of the homogenization process some important microstructural transformation 
is also reported in which the plate-like intermetallic -AlFeSi particles will be changed to mul-
tiple rounded -AlFeMnSi type of intermetallic particles [5]. However, insufficiently 
homogenised material still contains  particles and has a lower eutectic melting temperature 
(612°C) which might lead to pick-up at the surface of the matrix. Lassance [6] reported that pick 
up defect is temperature sensitive and usually enhanced by inclusions, inadequate homogenisa-
tion. In his studies it was reported that in case of AlMgSi alloys, the surface defects have 
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different microstructural origins. One is due to the cracking of brittle -AlFeSi and pure Si sec-
ond phase particles and/or due to the incipient melting caused by the reaction of aluminium, -
AlFeSi and silicon liquid at 578°C. The other one is due to a probable melting of the Mg2Si 
phase at 585ºC. Mionda et al. [4] has reported in their studies on AA6063 that pick-up defects 
occurred due to the peritectic reaction of Al, Mg2Si and -AlFeSi at 576 °C. As described, there 
are number of postulates exists in literature regarding pick up formation mechanism. However 
none of them clearly explains the mechanism of pick-up formation during the extrusion process.  

Results of the microstructural analysis presented in this paper clearly indicate the connec-
tion between higher levels of intermetallics to the pick-up formation. The increase in use of 
more recycled aluminium leads to an increase in the impurity level, e.g. iron. Silicon combined 
with iron forming -AlFeSi-phases instead of forming Mg2Si with magnesium due to its high 
affinity towards iron. Increased formation of -AlFeSi results in increased homogenization time 
for transformation of the iron intermetallic into more favourable -Al(FeMn)Si. Therefore, the 
hard -AlFeSi particles in a soft aluminium matrix results in local flow differences and stick to 
the die bearing where it accumulates as the material transfer continues. The -AlFeSi particles 
would have a bigger contribution to the pick-up due to their size and shape, while -Al(FeMn)Si 
particles are also hard compared to the matrix, and therefore in higher number could introduce 
pick-ups depending on the processing parameters. 

It has been seen in this study that pick up defects contains large amount of intermetallic 
particles as compare to bulk aluminium. The etching process followed by the powder coating 
and curing of the AA6060 aluminium powder coated profiles, the pick-up defects were not fully 
covered with the applied top coat of powder coating. The uncovered parts of pick-up defects 
contains high amount of intermetallic particles and therefore those areas are vulnerable to cor-
rosion attack during out door exposure. At the initial stage, reduction of oxygen under neutral 
conditions takes place at the intermetallic particle which is present in the pick-up. The anode 
reaction leads to an enrichment of positive charges in the anodic dissolution zone, which impose 
the migration of anions such as OH  for charge balance and Cl- if available. Among the anions, 
mobility of Cl  is claimed to be much greater than that of OH  and an enrichment of Cl  within 
the dissolution zone will be established. As a result of this corrosion attack dislodging/ disinte-
gration of the pick-up lump occurs and expose the intermetallic particles at the pick-up metal 
interface. The localized corrosion attack in this case is due to the cathodic nature of the inter-
metallics present at the bottom of pick-up with aluminium interface. The local alkalinity resulted 
from the cathodic reaction on the intermetallics leads to undermining of the particles. This 
causes a local decrease in the pH followed by an active dissolution of aluminium matrix which 
results in local galvanic coupling with grain boundary precipitation leading to inter-granular 
corrosion penetrating downward [7–10]. 

Overall the observed corrosion mechanism graphically presented in Figure 12.11, can be 
summarised as follows:  
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1. Extruded profile of aluminium containing a pick-up surface defect, which contains a 
large number of intermetallic particles as compared to matrix aluminium. 

2. After extrusion and pre-treatment of the profile, polymer powder coating has been ap-
plied to the profile with a pick-up defect.  

3. The curing step (at 170 ºC for 30 min) of powder coating resulted in the shrinkage of the 
paint which leads to bare edge of the pick-up exposed to environment.  

4. Corrosion starts on the pick-up regions where the paint thickness is lower and penetrated 
downward trough the pickup lump.  

5. This results in the complete dissolution or dislodging of the pickup and exposes the in-
termetallic particles present at the pickup metal interface. 

6. The local change in pH causes the galvanic coupling with the gain boundary precipitates 
causing inter-granular corrosion. 

 
Figure 12.11 Schematic of corrosion mechanism in powder coated windows profiles. 

The ratio of Mg and Si in 6xxx series alloys plays an important role in inter-granular 
corrosion (IGC). Excess amount of Si content may introduce susceptibility to of IGC, which 
could be due to pure Si or Mg2Si grain boundary precipitation which act as a cathode[10].  

Cross section analysis of the corroded profile reveals that the depth of ICG is not even. 
Seguin[11] reported that rate of IGC penetration in the case of AA6005 is limited by the diffu-
sion of Al3+ away from the tip of the IGC path. At small corrosion path lengths, there is a large 
gradient in Al3+ between the tip of the IGC path and the external environment resulting in rapid 
diffusion of Al3+ away from the tip of the IGC path, and rapid IGC penetration. As the corrosion 
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path length increases, the gradient in Al3+ becomes less, slowing diffusion of Al3+ away from 
the tip of the IGC path, therefore slowing the rate of IGC penetration.  

 Conclusions 
This case study reveals that the formation of surface defects resulting from metallurgical 

process were the root cause of randomly occurring corrosion of aluminium windows profile. 
The presence of intermetallic particles in the pickup head, at the interface of aluminium matrix, 
and pickup resulted in severe corrosion attack in the presence of chloride. The corrosion mech-
anisms revealed initial pitting corrosion attack around intermetallics followed deeper 
penetration by IGC attack. 
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Since thesis is structured as a compilation of separate papers intended for individual pub-
lications, discussion in the individual papers is focussed on the respective results. Aim of this 
chapter is to provide an overall discussion based on the understanding from all the work includ-
ing the overall application and commercial feasibility of the coating process. 

 Steam-based surface treatment as a conversion coating 
Overall the results presented in the papers showed that the steam treatment process on 

aluminium alloys is beneficial unlike hot water treatment and form corrosion resistant conver-
sion coating including fast kinetics to be applicable commercially. For the boiling water 
treatment, long process time and cohesive failure of epoxy-metal joint was an issue [1]. Further, 
the acetic acid salt spray and filiform corrosion testing of boiling water treated surface showed 
extensive delamination and inferior corrosion resistance properties when compared to steam 
treated surfaces [2]. On the other hand steam generated coating in the present study showed 
corrosion performance equivalent to chromating with or without additional chemistries. Mainly 
two process types were used namely autoclave process and steam spray. Autoclave process is 
useful as a batch process for a number of applications, which includes small size heat exchangers 
and a number of aluminium products with complicated structures. Spray process is meant to be 
an in-line coating systems, which could be combined with the secondary production process for 
aluminium such as extrusion and rolling.  

 Autoclave process 

 Coating using pure steam 

Results showed that the steam pressure is an important parameter for the accelerated 
growth of oxide layer. The limit of steam vapour pressure was found to be 1.3 bar below which 
no oxide was formed. It was assumed to be due to the low activation energy for the nucleation 
process within a short span of time, which corresponds to the energy required for the diffusion 
of water through the already present oxide lattice plus the nucleation process. In such a case the 
activation energy for a nucleation process should be substantial [3–5]. Thus pressurised steam 
provides higher levels of energy to overcome the diffusion barrier plus providing the energy 
needed for the nucleation process, unlike for the treatment in boiling water where the induction 
time is an issue. Further increase in the steam pressure beyond 1.3 bar resulted in the formation 
of thicker oxide layers and superior coverage of intermetallic particles during the treatment time. 
Moreover, the growth of oxide layer takes place within few seconds 5 s which reaches at its 
maximum saturation point after 90 s. 

Under pressurised steam conditions the intermetallic particles exhibited an overgrowth over 
or around, which was attributed to the localised potential difference provided by the cathodic 
nature of the intermetallic particles. This potential difference results in the formation of micro-
galvanic couples that lead to the localised attack near the particles promoting faster anodic dis-
solution of aluminium and formation of a cavity around the particles [6,7]. Acidification of pH 
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inside the cavity due to hydrolysis lead to the partial dissolution or de-alloying of the interme-
tallic particles due to the selective leaching of aluminium or other active elements. Further high 
temperature steam caused rapid oxidation of the leached elements, ultimately forming an over-
growth around with incorporation of intermetallic particles into the oxide layer. Further increase 
in the steam pressures accelerated the process which resulted in better coverage of the interme-
tallic particles. In order to correlate the effect of intermetallic particles partial oxidation with 
atmospheric exposure conditions, filiform corrosion test has been carried out. The results clearly 
indicated that the partial oxidation of intermetallic particles significantly reduce the filiform 
corrosion susceptibility of steam treated surfaces, which further decrease with the increase in 
the pressure of steam. 

 Steam treatment using various chemistries 

Use of various chemistries resulted in increase in oxide growth, change in morphology of 
the coating, incorporation of various species, and subsequent influence on corrosion perfor-
mance.  Use of acidic chemistry such as citric acid and nitric acid at similar pH levels resulted 
in similar oxide layer thickness, while use of phosphoric acid provides slightly higher growth. 
Further, reduction in pH in the case of nitric and phosphoric acid reduced the thickness of the 
oxide, whereas citric acid with citrate acting as chelating ions increased the thickness of the 
oxide layer. Therefore the result showed the effect of various anions as part of the acid molecules 
with decrease in pH of aqueous solution used for steam treatment [8].  

More diverse effect was seen in the case of coverage of intermetallic particles and its dis-
solution. The use of acidic chemicals resulted in preferential oxide growth initiating at the 
intermetallic particles, however the coating covering the intermetallic particles exhibited some 
porosities in comparison to pure steam treatment or using KMnO4 chemistry. While the disso-
lution of various elements from the intermetallic particles i.e. Cu, Si was in a certain type of 
electrolyte was due to its chemical interaction with the respective element, such as dissolution 
of Cu in nitric acid and Si stability in acidic conditions [9,10]. The synergetic effect of the pres-
ence of porosities and enrichment various alloying elements have reduced the filiform corrosion 
resistance of the alloy in comparison to pure steam treated surfaces. Similarly the use of acidic 
chemistry into steam caused relatively poor adhesion properties after power coating. 

Preparation of nano-composite coatings were tried in the present work using TiO2 and 
CeO2 particles of various sizes. Among the coatings produced, TiO2 incorporation showed 
promising results in terms of coating formation and performance. In this case the coating thick-
ness was higher (3 m) and with incorporated TiO2 particles. Nano-composite coatings with 
nano TiO2 particles showed improved corrosion performance, which also might be attributed to 
the formation of mixed oxide Al-Ti-O phase. 
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 Treatment using pilot steam jet system 
Steam treatment parameters and knowledge from the autoclave process has been used for 

implementing a spray process using steam jet system. Similar to autoclave process, steam gen-
erated above 1.3 bar and the temperature at the sample surface in between 110-120ºC, 
successfully showed the formation of an oxide layer having similar surface morphology as gen-
erated in case of autoclave process. Preliminary work carried out using the steam jet system 
presented in Chapter 11 shows the possibility of forming conversion coating layer using a num-
ber of parameters similar to the autoclave process. In general the pilot team jet system showed 
the possibility of implementing the steam treatment as an in-line process for producing oxide 
coatings. However, the optimization of various parameters such as velocity of the sample, steam 
flow rate, heat transfer rate, and use of suitable electrolyte and its concentration etc. needs to 
evaluate further. 
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 Conclusions 
This section provides some overall conclusions based on all the investigations presented 

in the appended papers.  

1. The use of steam resulted in the formation of boehmite layer on aluminium alloys where 
the thickness, compactness, coverage of intermetallic particles, and ability for corrosion 
protection was a function of the steam vapour pressure.  

2. The steam treatment resulted in the higher degree of oxide growth around the interme-
tallic particles resulting in their partial dissolution by oxidation. The partial oxidation of 
intermetallic particles significantly improve the filiform corrosion resistance of the al-
loy, in some cases showing the level of filiform corrosion resistance close to chromate-
based treatments. 

3. The addition of various chemicals such as KMnO4, HNO3, H3PO4, and C6H8O7 showed 
their characteristic behaviour on the chemical composition of the oxide, its growth mech-
anism, corrosion resistance, and partial dissolution or coverage of intermetallic particles, 
which was dependent on the solution concentration and electrolyte nature.  

4. The microstructural variations caused by the use of chemicals into steam resulted in the 
overall increase e.g. Use of KMnO4 or decrease e.g. use of C6H8O7 of filiform corrosion 
resistance of the aluminium alloy in comparison to only steam. 

5. The use of acidic chemistry into the steam caused relatively poor adhesion properties by 
presenting cohesive/adhesive failure and relative poor penetration of adhesive over the 
intermetallic particles, when compared to only steam treated surfaces. 

6. The use of steam-based treatment with nano-scale oxide particles resulted in the for-
mation of composite coating. Incorporation of TiO2 nano-particles in the coating 
improved the corrosion performance of composite coating. While oating with CeO2 par-
ticles did not show any significant difference in the improvement of corrosion resistance 
properties.  

7. The failure analysis of extruded aluminium window profile showed the presence of in-
termetallic particles in the surface defects (pick-up) which was produced during the 
metallurgical processing of aluminium. Moreover, the surface defects on the extruded 
profile due to intermetallics were found to be root cause for corrosion and delamination 
of the applied powder coating on the extruded aluminium profile. 
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 Future work 
 Our work indicated that steam-based process can be useful using pure steam or with 

chemistries as a conversion coating on aluminium alloys. However, the use of different chem-
istries needs to be further optimized for better performance. 
 The use of steam coating chemicals and its interaction with the dissolution/oxidation of 

intermetallic particles in specific alloys e.g. AA2XXX and AA7XXX in combination with the 
kinetics of the oxide growth in necessary to be investigated in detail. 

 Present study shows that the synthesis of composite coatings is possible with steam; 
however the industrial performance, fundamental growth mechanism and corrosion protection 
ability of such coating is needed to be fully understood. 

 Preliminary investigations using the steam jet system is carried out in this work. How-
ever, further work is needed to optimize this method in terms of steam spray pattern such as 
nozzle, effect of flow rate, heat transfer, and kinetics of coating formation.  
 The pilot steam jet method will have significant commercial potential if it can be used 

an in-line process, especially in combination with aluminium secondary processing.  
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