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ABSTRACT

Many applications requiring light weight, good strength and corrosion resistance use
5xxx and 6xxx series of aluminium alloys. One such application is for cooling chan-
nels in ASML cooling systems where AA5083 and AA6082 Cu-free alloys are employed to
carry the flow of semiconductor-grade ultra-pure water. Due to several reasons, even in
ultra-pure water condition, corrosion of aluminium channels is unavoidable. Localised
corrosion due to the galvanic coupling formed between the intermetallic phase and the
aluminium matrix is known to be the reason behind the corrosion initiation and prop-
agation. However, the behaviour and role of different types of intermetallic phases are
not completely understood. This study attempts to understand better the role of inter-
metallic phases on the corrosion initiation of A5083 and AA6082 alloys. For this purpose,
this study employs localised techniques to evaluate the electrochemical property of in-
termetallic phases and to study the activity of the sample surface through SKPFM and
in-situ SECM experiments, respectively. The study also performs potentiodynamic po-
larisation tests to understand the overall corrosion performance of the alloys in ultra-
pure water, an artificial mix of impure water and 0.1 M NaCl solution. In addition, the
electrochemical behaviour of the intermetallic phases, it is found that the alloy compo-
sition and the surface distribution of the intermetallic phases also contributes and have
significant effect on the localised corrosion initiation. The results of localised techniques
carried out using 0.1 M NaCl solution agree with the observations obtained for ultra-pure
water and the artificial mixture conditions.
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1
INTRODUCTION

1.1. CORROSION AND ITS IMPACTS
Corrosion of metals is a very common phenomenon where the metal reacts with the en-
vironment to form metal oxides. R. Winston Revie and Herbert H. Uhlig in their book
Corrosion and Corrosion Control [1] defines corrosion as a chemical or electrochemical
attack on metals by its environment. Although there are several ways to define corrosion,
I see this phenomenon as nature’s play where nature gets back what it had initially in the
form that it likes i.e. converting back to metal-oxides from where humans extracted the
metals from.

As the utilization of metals and metallic structures are the sole need for industrial and
infrastructural developments, corrosion is inevitably one of the most expensive prob-
lems to deal with [1, 2]. Apart from impacting economically, unmonitored corrosion
leads to severe safety issues. The unfortunate yet famous incidents like the recent col-
lapse of Morandi Bridge in Genoa, Italy, the disaster of a chemical plant in Bhopal, India
in 1984 and many more act as an alarming reminder on how deathly the effects of corro-
sion can be [3, 4].

Knowing that corrosion is an inevitable phenomenon, several industries and research
organisations are investing to gain knowledge on the reason behind corrosion and find-
ing ways to minimize the effect of corrosion, to improve the lifetime of the material and
in turn reducing the costs associated with it. This project is one such attempt to under-
stand the reason behind the corrosion initiation of aluminium (Al) alloys.

1.2. PROJECT MOTIVATION
ASML Holding N.V. is a company situated in Veldhoven, the Netherlands which man-
ufactures lithography machines for printing Integrated Circuit (IC) chips. Their DUV
(Deep Ultra-Violet) systems and EUV (Extreme Ultra-Violet) systems with the use of ul-
traviolet beams helps to print complex transistors and chip architectures. The EUV sys-

1
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tems are very unique to ASML and it helps push the Moore’s law [5] forward by enabling
chip manufacturers to fit more number of transistors per unit area.

Water cooling system of these lithography machines consist of complex channel ar-
chitecture throughout and around the necessary parts of the machine. The metal chan-
nels are mostly made of Stainless Steel and Al alloys of type AA5083 and AA6082. These
cooling system in ASML lithography machines runs Ultra Pure Water (UPW) specified by
the ASTM D5127-13 [6] standard as the coolant. Due to its ease of access in electronic
industry and low conductivity causing low corrosion damage to the channels [7, 8], UPW
are very much preferred for this purpose.

Even by utilising UPW as coolant, the company found that the channels, especially
those made of Al alloys, face severe localised corrosion after certain period of usage. The
contamination of UPW by few ion types caused due to material dissolution from the
channels as a result of corrosion after 4 years in use is tabulated in table 1.1. From this
data, it can be proved that the corrosion is happening in the channels and at some point
in future, corrosion is expected to cause bigger damages.

Table 1.1: Range of contamination of various ion types in UPW in parts per million (ppm)

Ion Type Mg Cu Al Si Na Cl
UPW - - - - - -

Contaminated UPW 0.01 - 0.5 0.02 - 7 0.003 - 155 0.2 - 6 0.03 - 5 0.05 - 5

As an high-tech industry, ASML cannot afford to damage critical parts of the lithog-
raphy system due to external corrosion damage in cooling channels. Further, damages
occurred while production at customer site would lead to a sever increase in lead time
due to repair and in turn the associated costs. Hence, ASML is trying to find the right
solution by understanding the corrosion mechanism and also in finding methods to in-
hibit corrosion. This Master’s thesis project is one of the contributions in understanding
the corrosion mechanism of Al AA5083 and AA6082 alloys happened as a result of col-
laboration with Technische Universiteit Delft (TU Delft) and ASML.

This master’s thesis aims to understand the role of intermetallic particles in corro-
sion initiation of AA5083 and AA6082 Al alloys. The unique feature of this project is the
utilisation of wide variety of corrosion analysis methods starting from accelerated elec-
trochemical corrosion analysis, Kelvin probe microscopy to Scanning Electrochemical
Microscopy techniques, to understand and analyse the factors that influence the corro-
sion initiation in these alloys.

The following chapter 2 summarises the literature knowledge related to the topic
which is already available. Chapter 3 explains the materials and methodology used in
this study followed by results and discussions in chapters 4. Following this, conclusions
and future recommendations are summarised in the final chapter - chapter 5.



2
LITERATURE SURVEY

2.1. ALUMINIUM ALLOYS AND ITS INTERMETALLIC PHASES
Aluminium (Al) alloys are most preferred alloys for engineering applications requiring
high strength to weight ratio [9]. Transport industries gains a tremendous advantage
from utilising Al alloys as its low density and high strength to weight ratio helps in reduc-
ing the vehicle weight and in turn the associated emissions [10–12].

Al alloys are classified into various series starting from 1XXX until 9XXX based on
its alloying elements. The table 2.1 lists the various Al alloy series and its main alloying
elements. The quantity and type of alloying elements plays an important role in deter-
mining the end properties of the alloy. Depending on the requirements for a specific
application, the alloy constituents and composition is modified to fit the application.

Table 2.1: Aluminium Alloy series and its corresponding alloying element(s). (Adapted from [13])

Aluminium Alloy Series Main Alloying element(s)
1XXX Predominantly Pure Aluminium
2XXX Copper
3XXX Manganese
4XXX Silicon
5XXX Magnesium
6XXX Magnesium and Silicon
7XXX Zinc
8XXX Other elements like Lithium
9XXX Unassigned

These series of Al alloys are further grouped into heat treatable and non-heat treat-
able alloys. Having said that the end properties are mainly dependent on the alloying
elements, the end properties can be further tuned by different hardening processes. The

3
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heat treatable alloys are susceptible to micro-structure and property change during age
hardening process whereas for non-heat treatable alloys, age hardening would not have
any significant effect. Hence, non-heat treatable alloys are hardened by plastic deforma-
tion know as strain hardening. 2XXX, 3XXX and 7XXX series of Al alloys generally cat-
egorised under heat treatable category and 1XXX, 4XXX and 8XXX are under non-heat
treatable category.

Intermetallic Phases (IMPs) are secondary phases which are formed due to the pres-
ence of alloying elements and other impurities in the alloy matrix. The composition of
the alloying elements also determine the type, size and shape of IMPs that can form in
the alloy matrix. Depending on the type and morphology of the IMPs, the end properties
of the alloy could turn out to be either beneficial or detrimental. The table 2.2 lists the
common IMPs formed in each Al alloy series.

S. Ji et. al [14] studies the effect of Iron (Fe) content on Al-Mg-Si-Mn and Al-Mg-
Si alloys acts as a good example how the alloy content affects the IMP formation and
hence affecting the mechanical properties. The study shows an increasing and decreas-
ing trend for strength and ductility respectively as the Fe content is increased up to 0.5
w t% whereas further increase in Fe content resulted in significant lowering of ultimate
strength. Formation of needle like morphology of β−AlFe when Fe content is increased
is reported to be the reason behind this behaviour.

Table 2.2: Aluminium Alloy series and IMC formed in it. (Adapted from [13])

Aluminium Alloy Series Main Alloying Elements Typical IMCs formed
1XXX Predominantly Pure Alu-

minium
Al3Fe, Al6Fe, AlFeSi

2XXX Copper Al2Cu, Al2CuM g ,
Al7Cu2Fe, Al6(CuFeMn)

3XXX Manganese Al6Mn, Al6(MnFe),
Al (MnFe)Si

4XXX Silicon Al6(Fe, Mn), Al3M g2,
Al8M g5

5XXX Magnesium Al6(Fe, Mn), Al3M g2,
Al8M g5

6XXX Magnesium and Silicon M g2Si , Al2Cu, AlSi MnFe,
Al M g Si , Al3Fe

7XXX Zinc M g Z n2, Al12Cr Mn,
(Fe,Cr )3Si Al12,
Al23CuFe4,
M g (Z n AlCu2), Al7Cu2Fe,
Al3Fe

8XXX Other elements like
Lithium

Al2CuLi , Al7Cu2Fe,
Al2CuFe, Al3Fe
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Knowing that the right IMPs are necessary to improve the mechanical properties of
the alloy, they are equally know to cause localised corrosion in the alloy matrix. Localised
corrosion occurs due to the difference in electrochemical potential between the IMP and
the alloy matrix. The difference in electrochemical potential creates local galvanic cou-
pling leading to localised material dissolution from the anodic site. Depending on the
type and the constitution, IMPs can be anodic or cathodic with respect to the alloy ma-
trix [15]. Refer to the table 2.3 that lists the electrochemical potential of different IMPs
found in Al alloys.

Table 2.3: Intermetallic phases and its corresponding corrosion potential (mV Vs. SCE)(mVSC E ) in 0.01M
NaCl solution (Adapted from [15])

Stoichiometry Corrosion Potential (mVSC E )
Al3Fe -493
Al2Cu -592
Al3Z r -752
Al6Mn -839
Al3T i -620

M g2 Al3 -1124
M g2Si -1355

Al7Cu2Fe -549
M g (AlCu) -898
Al2CuM g -956

Al20Cu2Mn3 -550
Al12Mn3Si -890
Al (99.9999) -679

Cu (99.9) -177
Si (99.9995) -450

M g (99.9) -1601
Mn (99.9) -1315
Cr (99.0) -495
Z n (99.9) -985

The IMPs that are anodic with respect to the alloy matrix tend to dissolve themselves
or selectively dissolve the most anodic substance within themselves creating localised
corrosion whereas the IMPs that are cathodic will dissolve the anodic alloy matrix form-
ing a trench around the IMP along with selectively dissolving the most anodic element
within them. More information on de-alloying and trenching due to IMP activity can be
found from the studies of A. Kosari et. al [16, 17]. Figure 2.1 shows the Scanning Tun-
neling Electron Microscopy (STEM) image of formation of trench around the θ− Al2Cu
phase, know to be cathodic to the base Al matrix (refer to table 2.3), found in aerospace
aluminium alloys (2XXX series). Further, bright spots on the IMP can be found in figure
2.1(a) which is associated with the de-alloying of the phase where aluminium being the
most anoic substance in θ− Al2Cu phase, is selectively dissolved from it.
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Figure 2.1: (a) STEM image of θ− Al2Cu phase showing contrast change indicating material dissolution
around the IMP with respect to time. (b) Line profile of across the IMP indicating trenching at 58 min of

immersion in 0.01M NaCl solution. The scale bar length corresponds to 500 nm. [16])

2.2. PITTING CORROSION IN ALUMINIUM ALLOYS

2.2.1. ALUMINIUM PASSIVE LAYER
Pure aluminium is regarded as one of the most active metals having a reduction potential
of -1.66 V (vs. SHE), due to which, at neutral pH conditions Al readily forms a passive film
on its exposed surface to protect it from corrosion damages [18, 19]. The effectiveness of
the passive layer protection against corrosion depends on factors like the exposed envi-
ronment and pH.

Figure 2.2 shows the Pourbaix diagram of pure Al in water at 298K where it can be
clearly seen that the stability of oxide layer (Al2O3) is restricted to pH values between 4
and 9. At lower end of pH (below 4) the aluminium dissolves as aluminium ions (Al 3+)
and at very high end of pH (above 9), the aluminium dissolves as AlO2− ions denoting
that no protective oxide layer is formed and hence, the base metal undergoes a severe
corrosion.

Even within the stable pH range for oxide layer formation, the thin layer is not formed
uniformly over the surface. The presence of IMPs, defects and many other surface factors
tend to weaken the passive layer locally around the specific spot [18]. This provides a
easy pass way for corrosive ions like C l− to break open the layer at its weak point and
initiate localised corrosion [13].
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Figure 2.2: Pourbaix diagram for Pure Aluminium in water at 298 K. [20]

2.2.2. PITTING CORROSION
Pitting corrosion is a very common phenomenon occurring in stainless steels, nickel and
aluminium alloys [21–23]. These alloys are susceptible to pitting type corrosion when
there is a presence of very corrosive ions like chlorides (C l−) [24]. C l− ions can be very
aggressive in penetrating through the metal due to its small radius of 18.1 nm [25]. The
penetration through the metal and formation of pits follows three major steps:

• Pitting Initiation

• Passive Layer Breakdown

• Pitting Propagation

Pitting is initiated by the chloride ions which gets attracted towards the surface due
the positive charge of Al surface. The C l− ions eventually penetrates through the oxide
layer by break opening the weaker or thin sections of oxide layer which are formed on
top of surface attributes like impurities, IMPs, surface scratches and many more. As the
penetration of C l− ions breaking the passive layer begins, the surrounding electrolyte
also flows into the initiated pit and constantly supplies water and oxygen to keep the pit
growing.

After the pit gets initiated, it either gets passivated, becomes meta-stable or propa-
gates into a stable pit. Occurrence of pitting can be characterised by sudden increase of
current (density) in a typical potentiodynamic polarisation test and the potential where
it happens is denoted as pitting potential (Epi t ). Meta-stable pitting is activation and
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passivation of pits in a very short period of time and it occurs just below the pitting po-
tential (Epi t ) [26].

Figure 2.3: Representation of Potentiodynamic polarisation plot showing pitting and pitting potential in the
anodic branch (Adapted from [13])

Some of the meta-stable pits grows and propogates into a stable pit at pitting po-
tential where the corrosion follows the mechanism of anodic dissolution of Al matrix
[26, 27]. Figure 2.3 shows a schematic representation of the anodic branch of poten-
tiodynamic polarisation curve where a sudden increase in current is observed at Epi t

denoting stable pitting. The resistance of an material to pitting is denoted by the differ-
ence in corrosion potential (Ecor ) and the pitting potential (Epi t ) where if the difference
is higher, higher the resistance to pitting.

Figure 2.4: Schematic representation of pitting corrosion in Aluminium alloys (Adapted from [13])

Figure 2.4 shows a schematic of the anodic and cathodic reactions happening while
pitting process. In localised corrosion scenario, aluminium ions attract chloride ions
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in the presence of water to form aluminium hydroxide and hydrochloric acid. The for-
mation of acid reduces the pH inside the pit which further increases the dissolution of
aluminium. The hydroxides of aluminium formed will settle on top of the surface acting
as a cover to the pit. Although the pit is covered by hydroxides (see figure 2.4), the corro-
sion will still happens underneath the cover and material degradation happens leading
to mechanical failures. Further, the hydroxide cover is porous in nature due to which the
chloride ions can easily enter the pit fueling the pitting process [13].

2.3. MICROSTRUCTURE OF AA5083 AND AA6082 ALLOYS

2.3.1. MICROSTRUCTURE AND INTERMETALLIC PHASES OF AA5083
Al-Mg alloys are non-heat treatable and are strengthened through solid solution strength-
ening by adding magnesium (Mg) and through cold working processes [28, 29]. The
general composition of AA5083 alloy consist of alloying elements like magnesium (Mg),
silicon (Si), manganese (Mn) and iron (Fe). Apart from these major constituents traces of
titanium (Ti), zinc (Zn) and other elements are also found. Mn, Ti and chromium (Cr) are
added to Al-Mg alloys to further increase their strength by preventing grain growth. The
table 2.4 gives the chemical composition in weight percentage of commercially available
AA5082 alloys.

Table 2.4: Elemental composition of AA5083 Alloy in wt% where Al being the major constituent (Adapted from
[30]).

Al Alloy Mg Si Mn Fe Cr Ti Cu Zn Others
5083 4.0-4.9 0.4 0.4-1.0 0.4 0.05-0.25 0.15 0.1 0.25 0.15

Figure 2.5: SEM image of Al − (Si , Mn,Fe,Cr ) (bright feature) and M g2Si (dark spots) intermetallic phases
present in AA5083 alloy (Adapted from [31])

K.A. Yasakau et al. [31] mentioned four major types of IMPs found in Al-Mg alloys,
which are, Al6MnFe, Al − (Si , Mn,Fe,Cr ), M g2Si and Al3M g2 phases. Through mi-
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crostructure examination via Scanning Electron Microscopy (SEM), the areas of dark
fields usually correspond to M g2Si IMP whereas the bright areas correspond to Fe-rich
IMPs such as Al6MnFe and Al − (Si , Mn,Fe,Cr ) [31, 32]. The figure 2.5 shows a SEM
image of AA5083 alloy after immersion in 5 mM NaCl solution for 2 hours. The mark-
ings 1, 2 and 3 corresponds to Fe-rich IMPs where 1 and 2 has composition similar to
Al − (Si , Mn,Fe,Cr ) IMP whereas 3 has the composition of Al6MnFe. The dark spots
appearing in figure 2.5 denoted by 4 and 5 were examined to correspond to M g2Si IMPs.
The marking 6 corresponds to the aluminium alloy matrix. U. Donatus et al. [33] men-
tioned that the abundance and the size of the IMPs in the matrix decreases as: Fe-Rich
IMPs > M g2Si > β phases.

Although the study by K.A. Yasakau et al. ([31]) analysed the corrosion influence of
various IMPs in detail, it failed to mention about the presence of β phase. There might
be two reasons for not studying the β phase; one, the β phase might not be detected by
the type of characterisation carried out due to its existence in nm size range and two,
there might not be any β phase existed in the alloy examined as the β phase segregation
happens after sensitization treatment as mentioned in [33].

Figure 2.6: TEM images of IMPs present in AA5083 alloy. (a)Al13Fe4, (b) M g2Si , (c) Al6Mn and β and (d)
High resolution of Al6Mn (Adapted from [34])

L. Tan and T.R. Alle [34] reported four major IMPs and additionally the presence of
βAl3M g2 after sensitization treatment using SEM and Transmission Electron Microscopy
(TEM) techniques. The four major IMPsare mentioned to be Al6MnFe, Al−(Si , Mn,Fe,Cr ),
M g2Si and Al13Fe4 which are detectable easily due to its large size unike β phase. The
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figure 2.6 shows the TEM images of these IMPs. Figure 2.6(a) and 2.6(b) shows the Al13Fe4

intermetallic phase which was found to have additional Cu and Fe preciptates, and the
amorphous M g2Si phase respectively.

Two sizes of Al6Mn IMPs were mentioned to be present in AA5083 alloy. One of
which have 1:2 width to length ratio and the other is elongated in one direction which is
mentioned to contain Fe in it. The β phase being very small in size, it is difficult to cap-
ture through SEM technique. According to Mary et. al [30] and [35] the preference of β
phase nucleation follows the order of first in grain boundaries, at second phase particles,
dislocations and then through bulk matrix. In addition to this claim, β phase can also be
seen precipitating between the Al6Mn intermetallic phase and the Al matrix apart from
the grain boundaries. Figure 2.6(c) shows the Al6Mn intermetallic with an attached β

phase formed between the Al6Mn intermetallic phase and the Al matrix. Figure 2.6(d)
shows a high resolution image of Al6Mn intermetallic phase.

2.3.2. MICROSTRUCTURE AND INTERMETALLIC PHASES OF AA6082
Al-Mg-Si alloys are heat-treatable aluminium alloys that are used for high strength appli-
cations requiring good corrosion resistance. In comparison with 5XXX alloys, the forma-
tion of βAl3M g2 is suppressed in the 6XXX alloy series due to the addition of excess sili-
con. The excess silicon addition combines with magnesium and is favourable of forming
M g2Si particle than precipitating as βAl3M g2 phase [36, 37]. By this addition, it is also
said to reduce the severity of intergranular corrosion (IGC) and intergranular corrosion
cracking (IGCC) that occurs in 5XXX alloys [13, 38]. These series of alloys are strength-
ened via heat treatments like ageing process to precipitate M g2Si particles. The com-
mon constituents of commercially available Al-Mg-Si alloys are Mg, Si, Cu, Mn and Fe
with some additions of Cr, Zn and Ti. This literature study is carried out focusing on the
Cu-free Al-Mg-Si series alloy - AA6082. The chemical composition in weight percentage
of commercially available AA6082 alloy is given in the table 2.5.

Table 2.5: Elemental composition of AA6082 Alloy in wt% (Adapted from [39])

Al Alloy Si Fe Cu Mn Mg Cr Zn Ti Others
6082 0.7-1.3 0.5 0.1 0.4-1.0 0.6-1.2 0.25 0.20 0.10 0.15

The most common types of IMPs present in AA6082 alloys are to be Al (Fe, Mn,Si )
and M g2Si phases [33, 40, 41]. U. Donatus et al. [33] in their TEM study on AA6082 rich
side of dissimilar friction stir weld of AA5083 and AA6082 alloy revealed various mor-
phology of the Al (Fe, Mn,Si ) and M g2Si phases (see figure 2.7). Figure 2.7(a) and (c)
shows the presence densely and less densely precipitation of M g −Si phase respectively.
Figure 2.7(d) also represents the less densely precipitation of M g −Si phase.

In the presence of less dense M g − Si phase, widened precipitate free zones (PFZ)
were found which helped in revealing the mechanism of intergranular corrosion. Figure
2.7(b) shows a rod like precipitate of Al (Fe, Mn,Si ) phase and figure 2.7(e) and (f) shows
globular forms of M g −Si phase. The Al (Fe, Mn,Si ) phase was found to be more abun-
dant and large in size compared to M g −Si phase. Due to the large size of Al (Fe, Mn,Si )
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Figure 2.7: TEM images of IMPs present in AA6082 alloy. (a) densely formed M g −Si , (b) Al (Fe, Mn,Si ) (c)
and (d) Less densely formed M g −Si , (e) and (f) globular M g −Si (Adapted from [33])

phase, large cavities are formed on the alloy matrix after corrosion.

Chen et. al. [41] mentioned the presence of two different morphology of iron rich
AlFeSi phase - α and β types. The αAlFeSi IMP exhibits spherical shape whereas
the βAlFeSi phase exhibits needle-like morphology. The presence of β phase is said
to promote severe pitting when exposed to chloride containing environment whereas
the α phase has lower tendency to promote pitting. Al-Mg-Si alloys are subjected to
homogenisation treatments before any practical use in order to transform the exist-
ing β phases in as-cast alloy to α phase. However, complete transformation cannot be
achieved by homogenisation treatments.
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2.4. EFFECT OF INTERMETALLIC PHASES ON CORROSION INI-
TIATION

The IMPs present in a metal matrix act cathodic or anodic with respect to the matrix. The
intermetallic phases which are nobler (i.e. cathodic) with respect to the matrix, will pro-
mote the corrosion or dissolution of the base matrix. Whereas, the ones that are anodic
will corrode itself. Figure 2.8 represents the reduction potential (mV vs SCE) of IMPs
present in AA5XXX alloy with the dotted line denoting the potential of the aluminium
matrix.

Figure 2.8: Reduction potential of intermetallic phases present in AA5083 alloy. The red markings belongs to
the work of L. Tan and T.R. Allen [34]) and the square markings are from the work of C. Vargel [39]

From the figure 2.8, one can observe that the intermetallic phases containing Fe tend
to be nobler whereas the ones with Mg tends to be more negative than the base metal.
This correlates with the fact that Fe being more nobler than Al and Al being more nobler
than Mg.Due to the scope of this project, in this section, only the relevant Fe-rich IMPs
and M g −Si IMPs are considered, analysed and reported.

2.4.1. LOCALISED CORROSION IN AA5083
Several studies have supported that the formation of pit occurred around the Fe-rich (ca-
thodic) IMPs (see figure 2.5 around marking 1) by the dissolution of Al-matrix due to the
difference in electrochemical potential between them [31, 33, 42–45]. However, L. Tan
and T.R. Allen [34] mentioned that Al (Si ,Fe, Mn,Cr ) is responsible in prompting pitting
but Al6(Fe, Mn) and Al6Mn do not contribute in pitting in the thermo-mechanically
treated alloy due to its similar electrochemical potential to Al-matrix. The authors fur-
ther mentioned a case where Al6(Fe, Mn) arrests the corrosion attack in grain boundary
after nitric acid mass loss test. The figure 2.9 shows Al6(Fe, Mn) formed in the grain
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boundary arresting the corrosion along the grain boundary.

Figure 2.9: TEM images of intermetallic phases present in AA5083 alloy. (a)Al13Fe4, (b) M g2Si , (c) Al6Mn
and β and (d) High resolution of Al6Mn (Adapted from [34])

K.A. Yasakau et al. [31] mentioned that the preferential dissolution of Al near the IMP
is also due to the presence of comparatively weaker native oxide film on and around
the phase. The Scanning Kelvin Probe Force Microscopy (SKPFM) analysis of immersion
test carried out by the author revealed an increase in potential difference between matrix
and the Fe-rich phase after immersion. It is mentioned that the most active metal (Al)
in the intermetallic phase gets selectively dissolved leading to further enrichment of the
phase with nobler metals like Fe and Mn causing an increase in the potential difference.
The study also mentioned that both Al (Fe, Mn,Cr,Si ) and Al6(Fe, Mn) have a similar
mechanism in formation of pits.

The electrochemical potential of M g2Si particle is more negative compared to the
alloy matrix which denotes that the intermetallic phase have an anodic character. Even
though the difference in potential is as prominent in anodic side as for Al (Si ,Fe, Mn,Cr )
in cathodic side (see figure 2.8), the activity of M g2Si is comparatively lower than the Fe-
rich intermetallic phases due to the passivation of M gS i intermetallic phases by the for-
mation of hydroxides. Due to its anodic character, selective dissolution of Mg from the
intermetallic was observed leading to an enrichment in Si content in the intermetallic.
Due to the Si enrichment, the intermetallic phase transits to a cathodic character after
the immersion into NaCl solution [31, 46].

The figure 2.10 shows Atomic Force Microscopy (AFM) images of in-situ experiments
carried out in immersion test in 0.005 M NaCl solution. From the figure 2.5, one can
note the crater like formation ofM g2Si phase (markings #4 and #5) which was explained
to be due to selective dissolution of M g from M g2Si particle leaving behind a shallow
hole. The depth of the crater have been reported to be in the range of few hundred nano-
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Figure 2.10: AFM images of AA5083 alloy in (a) as-polished (b)in-situ measurment after 25 minutes
immersion, (c) after removal from in-situ electrolyte and cleaning condition and (d) the line profile at

different immersion times. (Adapted from [31])

meters and not grow beyond that as shown in figures 2.10(c) and (d) . This restriction
to dissolution of M g2Si particle beyond certain depth is explained by the formation of
hydroxide layer on top of the intermetallic phases as shown as a white coloured hill in
the figure 2.10(b). [31]

2.4.2. LOCALISED CORROSION IN AA6082
Chen et. al. [41] investigated the influence of Fe-rich intermetallic phases on the cor-
rosion of Al-Mg-Si weld joints. It was found that the morphology and the size of the
intermetallic phases has a significant impact on the pitting of the alloy matrix. Figure
2.11 shows the pitting damage caused by α (spherical) and β (needle-like) after immer-
sion test in 3.5 wt% NaCl solution for 24 hrs. It can be observed that the needle-like β
phase cause more severe pitting compared with the spherical α phase. AlFeSi inter-
metallic phase exhibits more cathodic potential when compared with the alloy matrix
which leads to anodic dissolution of metal matrix forming pits along the intermetallic
and matrix interface. Further, most intermetallic particles that participated in pitting
was observed to be be detached from the alloy matrix. However, the author has not
mentioned about the corrosion progression after the intermetallic phase gets detached
from the matrix.

The pitting was observed to be severe around β phase due to the increased area of
contact when compared with the α phase. Due to the increase in contact area, higher
dissolution of alloy matrix is promoted. Figure 2.12 represents a schematic of the inten-
sity of pitting around α and β phase. Further, the β phase was observed to have Fe:Si
ratio near to 1:1 whereas α phase was observed to have Fe:Si ratio of 2:1. The author
have not mentioned anything explicitly about the relevance between the Fe:Si ratio and
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Figure 2.11: Pitting corrosion occurred in four different regions of the weld zones (Adapted from [33])

pitting susceptibility of the alloy.

But, knowing that the Si and Fe exhibits nobler potential than the alloy matrix and
Si being further nobler than Fe, the higher amount of Fe present in α phase (2:1 Fe:Si
ratio) narrows down the potential difference with respect to the alloy matrix leading to
have lower pitting corrosion effect on the alloy matrix. Whereas with higher Si content
the potential difference is enlarged leading to severe corrosion as like in β phase.

Figure 2.12: Schematic representation of pitting corrosion in α and β phases (Adapted from [33])

ZENG Feng-li et. al. [46] studied the mechanism of corrosion of M g2Si and Si phase
in Al-Mg-Si alloy. The author differentiates two kinds of alloys with respect to M g −Si
IMP formation and susceptibility to intergranular corrosion based on ratio of Mg and
Si content in the alloy. When the Mg:Si content ratio is greater than 1.73, all the silicon
combines and precipitates as M g2Si phase in the grain boundaries whereas when the
Mg:Si ratio is less than 1.73, the excess silicon content precipitates as pure silicon parti-
cle in addition to M gS i phase along the grain boundaries.
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The corrosion mechanisms of these two cases are completely different where inter-
granular corrosion is more prominent in the alloys with Mg:Si content less than 1.73
compared with the other. As explained previously the M g2Si phase initially acts as an-
odic inclusion and when the alloy comes in contact with corrosive environment, selec-
tive leaching of Mg from M g2Si phase occurs leaving behind a nobler phase rich in sil-
icon. This silicon enrichment leads to a transformation from anodic to cathodic char-
acter of M g2Si phase. Since silicon is much nobler than the alloy matrix, the corrosion
activity of pure silicon along the grain boundary follows anodic dissolution of the alloy
matrix forming pits.

Figure 2.13: Schematic representation of corrosion when (x) only M g2Si particle is present and (y) both
pure-Si and M g2Si are present (Adapted from [46])

M g2Si phase exhibits a discontinuous array of precipitation along the grain bound-
aries with areas of precipitate free zones (PFZs) in between the precipitates. The disso-
lution of aluminium from this PFZs determines whether the alloy is susceptible to IGC
or not. When both pure-Si and M g2Si phases are present, the synergy of cathodic char-
acters of both the intermetallic phases comes into play promoting IGC along the grain
boundaries via dissolving aluminium from PFZs. Whereas in the presence of only M g2Si
particles, there is no synergy but a general corrosion along and near the intermetallic
phase. Figure 2.13(x) and 2.13(y) represents a schematic illustration of alloy having Mg:Si
ratio more than 1.73 showing no IGC and alloy having Mg:Si ratio less than 1.73 showing
susceptibility to IGC due to PFZ dissolution respectively.

2.5. CONCLUSION AND RESEARCH OBJECTIVES
Following conclusions can be made based on the literature survey -

• Localised corrosion is initiated due to the difference in electrochemical properties
between the IMPs and the alloy matrix

• If the IMP is cathodic with respect to the alloy matrix trenching around the IMP
due to material dissolution of the base alloy will occur
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• If the IMP is anodic, selective dissolution of the most anodic phase inside the IMP
will occur

• AA5083 and AA6082 has almost the same elements present in it but Si content is
excess in AA6082

• Both AA5083 and AA6082 has two major group of IMPs - Fe-rich IMPs and M g −Si
IMP.

• AA5083 - common IMPs are Al6MnFe, Al−(Si , Mn,Fe,Cr ), M g2Si andβAl3M g2.
The formation of β phase happens after sensitization treatment of the alloy.

• AA6082 - common IMPs are Al (Fe, Mn,Si ) and M g2Si . Pure Si particles precipi-
tate in alloys having Mg:Si content less than 1.73 w t%.

• The Fe-rich phases act cathodic whereas M g −Si phase acts anodic with respect
to the alloy matrix.

• Fe-rich phases are mostly cathodic with respect to the alloy matrix. The localised
corrosion activity of these phases are such that it dissolves the Al around the phase
forming a trench. The formed trench might get inactive due to particle fall-out
from the trenched area where there is no drive for further localised corrosion.

• M g −Si phase can vary from being anodic to cathodic due to selective dissolution
of Mg leading to enhancement of Si content. The M g −Si phase can become less
active along the time due to formation of Mg oxides covering the IMP.

Following Research objectives are made considering the project motivation and the
literature survey to better understand the localised corrosion activity due to the inter-
metallic phases present in AA5083 and AA6082 alloys -

• To understand the macroscopic corrosion behaviour of AA5083 and AA6082 al-
loys in different conditions which include UPW, Artificial Cooling Mixture/Water
(ACW) and in C l− environment.

• To understand the electrochemical behaviour of IMPs present in these alloys and
to correlate the effect of composition of the IMPs with its electrochemical be-
haviour

• To utilize localised techniques for corrosion and electrochemical behaviour mon-
itoring of IMPs and to understand the general surface activity of both AA5083 and
AA6082 alloy.

• To understand how the localised corrosion attach develops and the role of alloy
composition and IMPs in pit initiation and propagation.
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MATERIALS AND METHODOLOGY

3.1. MATERIALS
AA5083-O alloy and AA6082-T6 alloy having cylindrical shape of thickness of 5 mm and
circular diameter of 12 mm are utilised. Samples of both the alloys are provided by ASML.
The table 3.1 and 3.2 shows the result of X-Ray Fluorescent Spectroscopy (XRF) elemental
composition measurements carried out in Panalytical Axios Max WD-XRF spectrometer.

Table 3.1: Elemental composition of AA5083 Alloy in wt% obtained by XRF measurements.

Al Alloy Al Mg Mn Si Cr Fe Ti Zn Cu
5083 93.43 5.24 0.80 0.18 0.13 0.11 0.04 0.04 0.03

Table 3.2: Elemental composition of AA6082 Alloy in wt% obtained by XRF measurements.

Al Alloy Al Si Mg Mn Fe Zn Cu
6082 97.25 1.06 0.80 0.50 0.22 0.14 0.04

Comparing both the alloys it can be observed that -

• In AA5083, as expected the major alloying content is Mg.

• In AA6082, the major alloying content is both Si and Mg.

• AA5083 has additional Cr and Ti content in it whereas these elements are absent
or undetected by the XRF spectrometer for AA6082 alloy

3.2. COMPOSITION AND MICROSTRUCTURE EVALUATION

3.2.1. SAMPLE PREPARATION
All the experiments are conducted on a mirror polished surface of the samples. SiC pa-
pers of grid size from 320 to 2000 were used to grind the sample surface and then it is

19
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polished using diamond slurry of size 3 µm and then with 1 µm to obtain the mirror-like
polished surface.

For the tests that required mounting, the samples were attached with copper tape at
the back end and then cold mounted to fit the sample in the electrochemical cell. The
figure 3.1 shows a schematic of the sample mounted in a non-conductive resin having a
copper tape attached for connection to the potentiostat. Cold mounting was preferred
to avoid any effect of temperature change on the sample and non-conductive resin was
used for mounting to avoid the influence of resin on the electrochemical data.

Figure 3.1: Picture of AFM-SKPFM setup showing different aspects.

3.2.2. SEM AND EDS
To view the intermetallic phases and the microstructure, Jeol JSM IT-100 scanning elec-
tron microscope (SEM) was used. The SEM is embedded with energy dispersive spec-
troscopy (EDS) which was used to determine the elemental composition of the alloy sur-
face and the intermetallic phases.

3.3. MACRO-SCALE ELECTROCHEMICAL STUDIES

3.3.1. TEST SETUP AND CONDITIONS
The macroscopic electrochemical tests helps in studying the overall corrosion perfor-
mance of the material in an accelerated test condition as the results obtained corre-
sponds to a relatively large area of the sample. The electrochemical tests were carried
out in 3-electrode cell setup with the help of Biologic VSP-300 potentiostat and the EC-
Lab V11.43 software was used for data collection and analysis. The setup used for the
experiments is shown in the figure 3.2.
The 3-electrode cell setup consist of -

• Reference Electrode - Ag/AgCl in saturated KCl solution

• Counter electrode - Stainless Steel mesh

• Working electrode - the test sample
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Figure 3.2: Schematic representation of 3-electrode cell setup used.

The samples were tested in three different conditions -

• Ultra Pure Water (UPW)

• Artificial Cooling Water (ACW)

• 0.1 M NaCl in UPW

Testing in UPW condition closely mimics the scenario in ASML cooling water circuits
at initial stages where the inner walls of the cooling channels are exposed to UPW. The
Artificial Cooling Water (ACW) as the name states, is artificially created by ASML by mix-
ing different types of ions to closely relate to the state of UPW’s condition after several
years of contamination. The table 3.3 lists the ions that are added to the UPW to create
the ACW recipe. Testing in ACW condition is necessary to understand the materials be-
haviour at some point in time where the UPW gets contaminated.

Since the UPW and ACW conditions are generally very low in ion concentration, cor-
rosion monitoring through immersion testings will consume huge amount of time, ex-
ceeding the project timeline, to get to useful conclusions. Further, UPW and ACW condi-
tions are of two extremes where the former has no ions and the latter has large variety of
ions where each one of them will have a different mechanism of corrosion or inhibition
depending on the type of ions.
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Table 3.3: Ion composition and concentration added in UPW to create the ACW.

Ion Type Concentration (mg/l)
Al 0.40
Si 1.48
Ca 0.19
K 0.05

Na 1.54
Mg 0.07
Cu 0.5
Ni 0.80

C l− 2.14
NO3

− 0.025
PO4

3− 0.11
P 0.02

SO4
2− 2.13

S 0.79

Considering these limitations, an additional testing condition in 0.1 M NaCl solu-
tion is included to specifically target and accelerate the localised corrosion testings in
immersive conditions. 0.1 M concentration will help in accelerating the tests and since
the solution has a single varient of ion i.e. the C l− ions, the variables are in control and
hence conclusions can be made simpler.

In addition, the pH of the solutions were kept in close range and near to the neutral
pH of 7 to eliminate the extra variable of the effect of pH on the corrosion behaviour of
the two alloys.

3.3.2. TESTING SEQUENCE

The testing sequence of the macro-scale electrochemical tests followed the order -

Open Circuit Potential (OCP): The samples are first exposed to the electrolyte for 30
minutes and the open circuit potential is measured.

Potentiodynamic Polarisation (PDP): Until now the sample is under non-destructive
measurement condition. After EIS measurements, the sample is subject to a destructive
polarisation test where the sample is biased from a potential lower to the OCP to a poten-
tial higher the the OCP and the respective cathodic and anodic currents are measured.
In this setup the potential is varied from OC P −0.250 to OC P +1.0 V with a scan rate of
+1 mV /s for all the samples and conditions.

Microscopic Examination: After performing the corrosion experiment on the sam-
ple, the sample surface is examined and analysed using SEM-EDS technique.
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3.4. LOCALISED CORROSION EVALUATION

3.4.1. SURFACE MORPHOLOGY AND VOLTA POTENTIAL MEASUREMENT

BACKGROUND

Scanning Kelvin Probe Force Microscopy (SKPFM) is a technique based on Atomic Force
Microscopy (AFM) technique to determine the contact potential difference between the
conductive cantilever tip and the sample surface. This contact potential difference is
called the Volta potential or the volta potential difference. As the tip scans an area con-
taining intermetallic phases, due to the change in composition of the intermetllic phase
and the alloy, there will be a change in there work function too. This changes in the work
function will be reflected in the volta potential measurement [47].

AFM-SKPFM is a very useful technique where the volta measured can be directly cor-
related with the electrochemical activity of the intermetallic phases and the alloy [48,
49]. Many studies have took advantage of AFM-SKPFM technique to understand the lo-
calised corrosion activity of the material studies [50–55].

Tapping Mode or intermitted contact mode in AFM has the tip positioned close to
the surface and oscillated at the resonance frequency of the cantilever tip. In this mode,
the tip taps the surface and depending on the electrostatic attraction or repulsion force
imparted on the tip due to van der Wall’s forces between the tip and sample, there will
be a change in the frequency and amplitude of oscillation of the tip. Usually, the AFM
is operated in Frequency Modulation (FM) mode where the feedback system analyses
the changes in the frequency to have high resolution imaging compared with Amplitude
Modulation (AM) mode [56, 57]. As depicted in figure 3.3, the feedback frequency and
the amplitude signal in tapping mode are shown.

Figure 3.3: Schematic representation of (a) AM and (b) FM feedback modes in tapping mode of AFM tip.
(Adapted from [57])

Volta Potential (VP) or Contact Potential Difference (CPD) given by VV P between the
sample and the tip is defined as in the equation 3.1 whereΦt i p andΦSample are the work
function of the tip and sample respectively and e is the electronic charge.

−eVV P =Φt i p −ΦSample (3.1)

Figure 3.4 shows the schematic of changes in the fermi levels (E f s and E f t ) of sam-
ple and tip when separated by a large distance (d) (figure 3.4(a)) and when the sample
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Figure 3.4: Schematic representation of changes in fermi energy when sample and tip are (a) far apart, (b)
close to each other and (c) when an external bias equal to the difference in work function is applied. (Adapted

from [57])

and tip are brought closer where current flow (i ) is established due to flow of electrons
from higher fermi energy state to the lower fermi energy state (figure 3.4(b)) equating the
fermi levels of the sample and tip. At this stage surface charges comes to play to estab-
lished CPD and in return the electrical force between the tip and the sample. An external
Direct Current (DC) bias is applied either to the tip or sample where the amount of the
DC bias that cancels out the electric force generated by the CPD equals to the CPD itself.

To calculate the CPD, an a combination of Alternating Current (AC) voltage (VAc ) and
DC voltage (VDC ) is supplied to the SKPFM tip where AC voltage generates establishes an
oscillating electrical force. The total electrostatic force (Fe ) generated is given by equa-
tion 3.2 where dCz

d z is the capacitance gradient between sample and tip, and ∆V is the
total potential difference between sample and tip given by equation 3.3.

Fe =−1

2

dCz

d z
∆V 2 (3.2)

∆Vt i p =Vexter nal ±VV P = (VDC ±VV P )+VAC si n(ωt ) (3.3)

By applying the external AC and DC bias, the tip is superimposed with electrical force
oscillation in addition to the mechanical oscillation. A lock in amplifier is used to extract
the electrical force component which can be obtained from solving the equations 3.2 and
3.3. This electrical force component is used to measure the CPD i.e. the volta potential.
The changes in AFM-SKPFM tip position and hence the calculation of force components
and volta potential is carried out with the help of laser which is incident on the AFM-
SKPFM tip and reflected into a photo-diode in the feedback system shown in figure 3.5.

TESTING CONDITION AND SEQUENCE

Bruker Dimension Edge with Scan Asyst AFM equipment placed on a vibration isolated
surface was used. The measurements were carried out in air and in a closed environ-
ment. Bias potential of 6 V was applied on the tip and two-pass scan technique was
used; where the first pass measures the topology by the AFM tapping mode and the tip
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is lifted 0.1µm for the second pass which measures the volta potential.

To evaluate the localised corrosion activity around the intermetallic phases based
on the surface morphology and volta potential measurements the following steps are
followed:

Step 1: Area of 100 µm × 100 µm are marked on the polished sample surface through
indentation to identify the location of the intermetallic phases throughout the
experimental sequence.

Step 2: Intermetallic phases inside the marked region are selected and AFM-SKPFM mea-
surements were carried out on it.

Step 3: SEM images of the scanned intermetallic phases are captured and elemental
composition of the same were also performed with the help of EDS.

Step 4: The sample is then immersed in 0.1 M NaCl solution for 4hrs duration and the
steps 1 and 2 are repeated after immersion.

Step 5: Finally, the sample is again immersed in 0.1 M NaCl solution for additional 4 hrs
and step 3 is followed.

Figure 3.5: Picture of AFM-SKPFM setup showing different aspects.
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3.4.2. IN-SITU SURFACE ACTIVITY MONITORING

BACKGROUND

Scanning Electro-Chemical Microscopy (SECM) is a technique utilised to image the re-
dox activity happening on the metal surface using an Ultra Micro Eleectrode (UME) -
SECM probe as the working electrode and a redox mediator [58–60]. Several studies have
used this technique for in-situ monitoring of localised corrosion and pitting behaviour
[59–67].

The UME is a platinum (Pt) wire enclosed in a glass casing which detect the activ-
ity on the surface of the metal. In SECM measurements when sample is unbiased, the
activity on the surface is monitored with the help of three electrode system where the
UME acts as working electrode, Ag/AgCl as reference electrode and a platinum strip as
counter electrode. The sample is immersed in the electrolyte which is mixed with typi-
cally a milli molar concentration of the redox mediator. Figure 3.6(x) shows a schematic
of SECM setup with the sample also being connected to the potentiostat. The sample
is fixed in a position and the probe is moved over the surface with the help of position
controller to scan the required area.

Figure 3.6: (a) Schematic representation of the setup used for in-situ SECM monitoring when sample is also
connected to potentiostat (adapted from [68]). (b) Schematic representation of imaging mechanism for the
mediator (dimethylamino methylferrocene - DMAFc) when showing positive feedback (left) and blocking

effect (right) (adapted from [59]).

Figure 3.7(b) shows the CV curve measured for FcMeOH mediator in 0.1 M NaCl so-
lution when the tip is held far away from the surface. At a large distance of separation of
tip and sample, for a mediator with N number of electrons involving in redox reaction,
bulk concentration C and diffusion coefficient D , the steady state current (Iss ) is given
by equation 3.4 where F is the Faraday’s constant and a is the Pt tip radius. The probe is
biased at a potential to have the oxidation of the mediator controlled by diffusion.

Iss = 4N F DC a (3.4)

The feedback current signal is affected by distance of separation between the sample
and probe, and whether the probe is above a conductive/active region or non-conductive/in-
active region. The probe is always positioned at a constant distance of separation with
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Figure 3.7: (a) Approach curve and a schematic representation of probe approaching the sample surface. (b)
Cyclic voltammetery (CV) curve showing the redox reaction involved and the output steady state current (Iss ).

respect to the sample when performing experiments to eliminate the effect of distance
on the output signal.

At a short and constant distance of separation, when the scanning spot on the sam-
ple surface is conductive/active, which usually corresponds to the intermetallic phases
in this case, the oxidised mediator at the tip gets readily reduced by the active spots due
to its cathodic nature. This rapid cyclic oxidisation and reduction happening on top of
active spots of the sample increases the overall current output in the system (refer to fig-
ure 3.6(y)). The current output will be typically higher than the Iss resulting in positive
feedback at active spots.

At inactive/insulated spots, which usually corresponds to the alloy matrix away from
the intermetallic phases, at the same distance of separation, the current output is lower
than the Iss due to blocking effect (refer to figure 3.6(y)). The blocking effect occurs
due to the lowered concentration of mediator between the separated distance and also
due to the hindered diffusion at this close range. This effect can also be seen in the ap-
proach curve (figure 3.7(a)) where the current output is suddenly drops when the probe
approaches closer to the non-conductive surface. In this case, the non-conductive sur-
face is the mold resin where the sample is mounted.

TESTING SEQUENCE

The SECM tests performed using Uniscan Instruments PG580R potentiostat and SCV370
control unit having the following elements in operation -

1. Reference Electrode: Ag/AgCl

2. Counter Electrode: Pt strip

3. Working Electrode: UME of Pt wire diameter of 10µm (see picture 3.8)

4. Redox Mediator: Ferrocenemethanol (FcMeOH)
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5. Electrolyte: 0.1 M NaCl solution mixed with 2 mM FcMeOH

Figure 3.8: (a) Picture of SECM probe and (b) optical microscopy image of SECM tip showing Pt wire enclosed
inside glass rod

The procedures that are followed to setup the experiment are as follows -

Step 1: Probe Cleaning is first carried out to ensure the probe is clean before every ex-
periment. The cleaning is carried out in 0.5 M H2SO4 solution where the probe
is applied with a a voltage sweep from -1 V to 1 V for 10 cycles.

Step 2: The Sample is mounted and mirror polished for SECM measurements. The sam-
ple surface is covered by a tape and the outer walls of the sample mold is at-
tached with a strong tape around it and protruded on one side to hold the elec-
trolyte without any leakage (see the green tape in figure 3.9). The sample is then
fixed on the stage and rough leveling through bubble level is carried out.

Step 3: 3 Point Leveling through Probe Approach is carried out where the probe is slowly
lowered closer to the covering tape attached on top of the surface at 3 locations
in triangular fashion having 1 mm lateral distance with respect to each location.
The approach curve (see figure 3.7(a)) is current (I ) vs distance curve where the
sudden drop in output current denotes that the blocking effect is way too high
and hence the probe almost touches the sample’s surface at that approach dis-
tance. The sample is levelled until the approach distance is equal in all the three
locations. Precise levelling is carried out to eliminate the effect of sample tilt on
the output SECM maps and also to avoid the probe touching the sample surface
when scanning.

Step 4: Probe Approach on Mold is carried out by removing the covering tap on the sam-
ple surface where the same approach curve is used to position the probe tip at
a constant distance of separation from the sample surface. Since the approach
curve works with the blocking effect, the approach is carried out on the mold as
it is non-conductive hence, avoiding any active spots from the sample surface.
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Step 5: Finally, the the probe is positioned on top of the sample surface and the scanning
is initiated after providing the necessary parameters to the software.

Figure 3.9: Picture of the setup used for in-situ SECM monitoring of the sample surface activity.

There are two different kinds of scanning are carried out to extract useful data for the
materials and they are -

1. FcMeOH Scan: In this scan, the probe is biased at a potential of 0.5 V (vs Ag/AgCl)
where the oxidisation of the mediator (FcMeOH) happens at the probe tip and the
output signal depends on how fast the redox reaction (F cMeOH ↔ F cMeOH+ +
e−) is happening depending on whether the probe approaches on a active spot or
inactive spot.

2. Oxygen Scan: The purpose of this scan is to map differentiate between cathodic
and anodic intermetllic phases by its variation in consumption of oxygen. It is well
know that on top of cathodic intermetallic phases, oxygen and water is reduced as
a counter cathodic reaction for anodic dissolution of Al around the phase where
the same mechanism is not followed for anodic intermetallic phases. Here, the
SECM probe is used in redox competition mode where the probe is biased at -
0.7 V (vs Ag/AgCl) to initiate the diffusion controlled oxygen reduction reaction at
the probe tip [69, 70]. The probe detects a constant current output unless it is on
top of a cathodic particle where the output current is lowered due to decrease in
available oxygen content between the tip and cathodic particle. The decrease in
output current in specific regions denotes the presence of cathodic intermetallic
particles [71].





4
RESULTS AND DISCUSSION

4.1. MICROSTRUCTURE AND INTERMETALLIC PHASES
The SEM images of polished AA5083 and AA6082 alloys (see figure 4.1) shows the pres-
ence of two major kind of intermetallic phases having brighter and darker shades. The
phases showing bright shade corresponds to Fe-rich intermetallic phases whereas the
darker ones corresponds to Mg-Si based intermetallic phases.

In AA5083 alloy the Fe-rich intermetallic phases are of type Al (Fe,Si , Mn,Cr ) and
Mg-Si based phases follows the stochiometery of M g2Si whereas in AA6082 alloy, the
Fe-rich phases are of type Al (Fe, Mn,Si ) and the Mg-Si phases follows the similar sto-
chiometery of M g2Si as in AA5083. Figure 4.2 shows the EDX spectrum of Fe-rich and
Mg-Si intermetallic phases of AA5083 and AA6082 alloys respectively.

Figure 4.1: SEM micrographs showing Fe-rich IMPs and Mg-Si IMPs of (a) AA5083 and (b) AA6082 alloys.
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4.2. MACRO-SCALE ELECTROCHEMICAL BEHAVIOUR

4.2.1. OPEN CIRCUIT POTENTIAL (OCP)
For both AA5083 and AA6082 alloys in UPW condition, the OCP values (refer to figure 4.3)
can be observed to be very quite stable whereas in ACW and NaCl conditions, the OCP
values exhibit a noisy behaviour. These noises can be a result of an increased activity on
the metal surface due to the presence of corrosive ions in the electrolyte when compared
with the case of UPW.

Further, it can be observed that both the alloys in ACW condition shows nobler po-
tential compared with UPW and NaCl condition. This behaviour can be a result of the
presence of phosphate (PO4

3−), sulphate (SO4
2−) and nitrate (NO3

−) ions (refer to table
3.3) which are known to exhibit an inhibiting nature in neutral solution for aluminium
alloys [72–74].

Figure 4.3: Open circuit potential (OCP) monitored for 30 minutes for AA5083 (left) and AA6082 (right) alloys
in different conditions.

4.2.2. POTENTIODYNAMIC POLARISATION (PDP)
Figure 4.4 shows the potentiodynamic polarisation curves for AA5083 and AA6082 al-
loys in various conditions. Similar trends can be observed in the variation of corrosion
potential (Ecor r ) across different conditions for both the alloys whereas the trend for cor-
rosion current (Icor r ) is different for these alloys (refer to figure 4.5). AA5083 shows a very
similar Icor r value in all the conditions whereas AA6082 shows an increase in Icor r value
where the lowest is observed in UPW followed by ACW and then 0.1 M NaCl environ-
ment.

The corrosion rate (r ) for a pure metal is determined by the equation 4.1 where, a is
the atomic weight of the metal, n is the number of electrons participating in the reaction,
F is the Faraday’s constant, D is the density of the metal and i is the current density. To
determine the corrosion rate Icor r is used in the equation.

r = ai

nF D
(4.1)
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Since the corrosion rate is directly proportional to Icor r and every other variables in
equation 4.1 is almost the same for AA5083 and AA6082 alloys, the corrosion rate follows
the same trend as Icor r .

Figure 4.4: Potentiodynamic polarisation curves for AA5083 (left) and AA6082 (right) alloys in different
conditions.

Figure 4.5: Potentiodynamic polarisation curves for AA5083 (left) and AA6082 (right) alloys in different
conditions.

For AA5083 alloy, from figure 4.5 it can be observed that the corrosion rate is min-
imum for 0.1 M NaCl solution when compared with other two conditions. This is not
something to be expected as the increase in corrosive C l− ions in the environment should
increase the corrosion in general. However, it should be understood that the method
(equation 4.1) used to determine the corrosion rate is only limited to estimating uni-
form corrosion type but it is know that the corrosion mechanism followed generally by
aluminium alloys are by localised corrosion and pitting. Hence, this corrosion rate esti-
mation through Icor r value do not cover the entire picture. This is very evident from the
polarisation curves from figure 4.4 where even though the Icor r for AA5083 is similar in
all the environments, the alloy encounters comparatively very large increase in current
in the anodic region at potential above the respective Ecor r value only in 0.1 M NaCl en-
vironment denoting that the alloy undergoes severe pitting. The severe pitting can also
be observed for AA6082 alloy (see figure 4.4).

Further, from the polarisation curves (figure 4.4) it is interesting to note two other
features; firstly, the clear occurance of metastable pitting in AA5083 in all the environ-
ments compared with AA6082 alloy and secondly, the negligible resistance to pitting
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(difference between pitting potential Epi t and Ecor r ) observed in 0.1 M NaCl environ-
ment for AA6082 alloy. The reason behind this occurrence will be discussed later in this
chapter.

4.2.3. MICROSTRUCTURE ANALYSIS AFTER POLARISATION

AA5083 - UPW
Figure 4.6 (a) shows the SEM image of AA5083 sample after polarisation in UPW. The
markings #1 and #2 shows dark contrast around the edges of the bright Fe-rich IMPs
denoting the trench formation. The trench is formed due to the cathodic nature of the
Fe-rich IMPs which lead to dissolution of Al matrix around the IMP. These trenching be-
haviour were found in most of the Fe-rich IMPs all over the surface.

The marking #3 reveals pit formation in branched manner and looking closer in it,
the IMPs which was initially responsible for the pit formation can also be found in the
branches. It can be understood here that the formation of larger pits starts by occur-
rence of small trenching around the IMPs. As the trenches formed around the IMPs in
close range grows, they get connected to each other leading to a larger spread of ma-
terial dissolution in branched fashion. These large pit formation is found rarely on the
surface in UPW condition as there is no corrosive ions to increase the chance of pitting
and propagating it deeper into the material.

Figure 4.6: SEM images of AA5083 samples after polarisation in (a) UPW and (b) ACW environment.

Further, it is interesting to note the markings #4 and #5 where a small bright spot is
visible at the middle of the trenched region. This bright spots are found to be titanium
(Ti) particles revealed through EDX spectroscopy. These Ti particles behave cathodic
with respect to the Al matrix and are found having a short needle like shape of length less
than 1µm. These particles were undetectable due to its size and/or indistinguishable
from Fe-rich intermetallic phases due to its bright appearance in as-polished surface.
They were easy to detect only after corrosion due to the circular trench around them.

AA5083 - ACW
Figure 4.6 (b) shows the SEM image of AA5083 sample after polarisation in ACW. The
Fe-rich intermetallic phases after polarisation in ACW were found to reveal a patch like
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deposition on top of it. These patches are detected to contain a mixture of Cu and S de-
posits but a clear definition was unable to be understood from EDX spectroscopy. These
kind of depositions could originate from the environment (ACW in this case) containing
the substance, as reported elsewhere [75–77].

AA5083 - 0.1 M NACL

Figure 4.7 shows two different magnification of AA5083 surface after polarising in 0.1 M
NaCl solution. Due to the presence of comparatively larger amount of highly corrosive
C l− ions, as expected, the amount of pitting occurred on the surface was found to be
very high and the same is evident from the figure 4.7 (a).

Similar to the case of AA5083 surface exposed to UPW, figure 4.7 (b) shows trench-
ing around the intermetallic phases. Here, the marking #1 shows the trench happened
around Ti particle and marking #2 shows trenching around the Fe-rich intermetallic
phase. Further by looking the pit in figure 4.7(b), it can be observed that the trench-
ing around the Fe-rich IMP (marking #3) has contributed in the development of pitting
in that region. From this it can be understood here that, the trench around the IMPs
acts as a reservoir for the C l− contained solution where the C l− ions can further fuel the
pitting process leading to deeper propagation of pits.

Figure 4.7: (a) Lower and (b) higher magnification SEM images of AA5083 samples after polarisation in 0.1 M
NaCl solution.

AA6082 - UPW
Trenching around the Fe-rich intermetallic phases and rare pitting similar to the case of
AA5083 alloy was observed in AA6082. Figure 4.8 (a) shows the SEM image of AA6082
sample surface after polarising in UPW environment. Similar pitting mechanism as
AA5083 can also be observed in AA6082 where the presence of Fe-rich intermetallic phase
can be found in the pit.

AA6082 - ACW
Figure 4.8 (b) shows the SEM image of AA6082 sample after polarisation in ACW envi-
ronment. Similar Cu deposits on top of Fe-rich intermetallic phases can be observed as
in the case of AA5083 samples. Interestingly, unlike A5083 a dome of oxide deposites can
also be found on the pit.
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Figure 4.8: SEM images of AA6082 samples after polarisation in (a) UPW and (b) ACW environment.

AA6082 - 0.1 M NACL

Figure 4.9 shows the SEM images of AA6082 sample surface subjected to potentiody-
namic polarisation in 0.1 M NaCl solution. The amount of pitting occurrence on the
surface is very similar to the case of AA5083 but the pit opening on the surface shows a
dome like accumulation of oxides. They are characterised EDX spectroscopy to be oxides
of aluminium which would have accumulated outside the pit due aluminium dissolution
from deep inside the pit.

Figure 4.9 (b) also reveals the trenching happening around the intermetallic phases
leading to pit initiation and propagation.

Figure 4.9: (a) Lower and (b) higher magnification SEM images of AA6082 samples after polarisation in 0.1 M
NaCl solution.

In all these cases, based on the SEM images, no inferences can be obtained for M g −Si
intermetallic phases due to its dark contrast.
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4.3. ELECTROCHEMICAL ACTIVITY OF INTERMETALLIC PHASES
As discussed earlier in chapter 3, to study the electrochemical activity of intermetallic
phases, immersion studies were carried out. The changes in topology and vota potential
of a selected region containing the specific intermetallic phase before and after immer-
sion for 4 hrs in 0.1 M NaCl solution were analysed with the support of respective SEM
images.

4.3.1. INTERMETALLIC PHASES OF AA5083
FE-RICH INTERMETALLIC PHASES

Fe-rich intermetallic phases of AA5083 are known to exhibit cathodic behaviour and
from the AFM-SKPFM Volta potential map shown in figure 4.10 (a2) and (b2) the same
can be observed from the lowered of Volta potential with respect to the Al matrix at the
intermetallic phase. Further, from the Volta potential profiles in figure 4.10 (c), the fol-
lowing observations can be made;

1. Slight reduction of cathodic peak after immersion

2. Increase in cathodic character of the surrounding Al matrix after immersion and
hence a slight broadening of the peak

K.A. Yasakau et al. [31] reported that the effect of increase in cathodic character of
the Al matrix decreases as the distance from the inermetallic phase increases. This effect
is attributed to the anodic polarisation of the near-by surrounding Al matrix by the ca-
thodic intermetallic phase due to the cathodic process. This anodic polarisation lead to
an increase in native-oxide film thickness and consequently a change in Volta potential.

From the analysis of topology maps before and after immersion (refer to figure 4.10
(a1) and (b1) respectively), no note-worthy changes are observed except in figure 4.10
(b1) (reflected also in (b2)) where contamination like particles can be seen floating. By
close observation, these seemingly floating particles has the same shape and orientation
everywhere denoting artifact from the AFM-SKPFM tip.

No significant changes in topology (refer to topology in figure 4.10 (c)) reveals that
within the immersion time of 4 hrs in 0.1 M NaCl solution no trenching behaviour is ob-
served around the intermetallic phase. This in turn suggests that the intermetallic phase
is getting less active over the time of immersion. The slight reduction and broadening
of cathodic peak after immersion also suggests the reduction in activity of the Fe-rich
intermetallic phase.

This reduction of activity can also arise from the presence of chromium (Cr) in the
alloy which forms protective oxides. It is well established from the studies of steels that
oxides of chromium are very stable and are protective against corrosion. Further, from
EDX spectroscopy measurements (refer to figure 4.22 later in this chapter), it is interest-
ing to note that the Cr is not localised to Fe-rich intermetallic phase but are uniformly
distributed all over the alloy irrespective of intermetallic phases or the Al matrix. If in
the case of localised presence of Cr, the cathodic character of Cr with respect to Al may
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Figure 4.10: (a), (a1) and (a2) are the SEM image, topology map and the Volta potential map of Fe-rich
intermetallic phase of AA5083 sample before immersion and (b), (b1) and (b2) are the counterparts after

immersion in 0.1 M NaCl solution for 4 hrs. (c) Plot showing the variation of topology and Volta potential of
the marked line before and after immersion.

trigger more localised corrosion around the Fe-rich intermetallic phase. But this is not
happening in this case due to the uniform distribution of Cr.

No trenching behaviour was observed even after immersing the sample for 4 more
hours for a total of 8 hrs in 0.1 M NaCl solution. Fiure 4.11 shows the SEM images of two
regions after immersion for 8 hrs showing no trenching behaviour. But it is interesting to
note the presence of bright spots on top of the Fe-rich intermetallic phase (red markings)
denoting the phase is itself facing a corrosion attack leading to de-alloying of the phase
[16, 17]. Further high resolution examination of these spots was not possible due to the
limited resolution of the SEM-EDX instrument used in this research.
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Figure 4.11: (a) and (b) shows two regions in AA5083 sample surface containing Fe-rich intermetallic phase
showing no trenching after immersion for 8 hrs in 0.1 M NaCl solution

MG-SI INTERMETALLIC PHASES

Mg-Si intermetallic particles are known to shift from anodic character to cathodic char-
acter with respect to the Al matrix depending on the Mg content in the intermetallic
phase. Initially the Mg-Si phase exhibit an anodic nature due to the higher Mg content.
Due to its anodic nature, selective dissolution of Mg from the phase takes place leading
to enrichment of Si content [31, 66]. This Si enrichment changes the anodic nature to
cathodic nature of the Mg-Si intermetallic phase.

In this study the Mg-Si phase already shows a slight cathodic character before im-
mersion. Red marking in 4.12 (a) shows the presence of Mg-Si phase and in figure 4.12
(b), the red marking shows a slight dip in Volta potential at the Mg-Si phase denoting a
cathodic nature of the phase.

Figure 4.12: (a) Volta potential map of region containing both Fe-rich and Mg-Si intermetallic phase before
immersion. (b) shows the line plot of the marked line in (a).

The selective dissolution of Mg can be clearly observed from the topology maps be-
fore and after immersion shown in figure 4.13 (a1) and (a2) respectively. The line profiles
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before and after immersion shown in figure 4.13 (c) and (d) respectively represents a
uniform material removal along the length of the Mg-Si phase leading to formation of
craters. The depth of the crater formed is around 150 nm. K.A. Yasakau et al. [31] men-
tions that this depth won’t exceed beyond few hundred nano meters range due to the
formation of protective oxides of Mg which isolates the phase from further material dis-
solution.

Figure 4.13: (a), (a1) and (a2) are the SEM image, topology map and the Volta potential map of both Fe-rich
and Mg-Si intermetallic phase of AA5083 sample before immersion and (b), (b1) and (b2) are the counterparts
after immersion in 0.1 M NaCl solution for 4 hrs. (c) and (d) are the plots showing the variation of topology of

the marked line profiles before and after immersion.
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4.3.2. INTERMETALLIC PHASES OF AA6082
FE-RICH INTERMETALLIC PHASES

Unlike the Fe-rich intermetallic phases in AA5083, the Fe-rich phases in AA6083 acts
quite opposite in this 4 hrs immersion time frame. Within 4 hrs of immersion in 0.1 M
NaCl solution, trenching of depth around 150 nm can be observed around the Fe-rich
intermetallic phases of AA6082 sample. Refer to figure 4.14 (b1) and (c) which shows the
topology map and the line profile showing trenching around the intermetallic phase af-
ter immerson respectively.

Further, unlike the Fe-rich intermetallic phases of AA5083 where the cathodic nature
of the phase reduces after immersion, in AA6082, Fe-rich intermetallic phases shows an
increase in cathodic nature after immersion. Refer to figure 4.14 (d) showing a increase in
Volta potential in negative direction denoting an increase in cathodic nature of the inter-
metallic phase. This increase in cathodic nature suggests that the Fe-rich intermetallic
phases of AA6082 enhances the galvanic coupling with the surrounding Al matrix which
hence, is responsible for the formation of trench around the intermetalic phase.

Looking at the Volta potential profile at the Al matrix ends before and after immer-
sion, a shift Al matrix to more anodic character (i.e. shift of Volta potential towards pos-
itive direction) can be observed. This shift makes more evident the enhancement of the
cathodic activity of the Fe-rich intermetallic phase.

Apart from the change in the cathodic nature, by comparing the Volta potential maps
before and after immersion (figure 4.14 (a2) and (b2) respectively), new active sites that
did not exist initially can be observed. These new spots may correspond to the cathodic
intermetallic phases lying just beneath the surface becomes active after immersion.

This increased activity of the Fe-rich intermetallic phases in AA6082 leading to trench-
ing around the phase in this short immersion duration of 4 hrs may occur due to:

1. High concentration of Si localised in Fe-rich intermetallic phases and

2. No added protection from the oxides of Cr unlike AA5083

As Si is more cathodic with respect to Al, the localised presence of Si concentrated
in Fe-rich intermetallic phases of AA6082 has the ability to increase the overall cathodic
nature of the phase. Red markings in figure 4.14 (b) shows bright spots that are the re-
sult of internal de-alloying of the Fe-rich intermetallic phase. Internal de-alloying of the
phase happens to the most anodic substance within the phase and in this case it is Al
content inside the phase. As the Al de-alloys from the phase after immersion, the higher
Si content in the phase will tend to further increase the cathodic nature of the phase.

Further, unlike AA5083, there is no Cr present in AA6083 samples and the additional
protection from oxides of Cr is absent in AA6082 alloy.
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Figure 4.14: (a), (a1) and (a2) are the SEM image, topology map and the Volta potential map of Fe-rich
intermetallic phase of AA6082 sample before immersion and (b), (b1) and (b2) are the counterparts after

immersion in 0.1 M NaCl solution for 4 hrs. (c) and (d) are the plots showing the variation of topology of the
marked line profiles before and after immersion.

MG-SI INTERMETALLIC PHASES

Mg-Si intermetallic phases of A6082 shows a very similar characteristics as the Mg-Si
phases in AA5083. Observing the height profile of the phase initially before immersion
in figure 4.15 (c), a small crater due to material dissolution can be observed. This also
corresponds to initial selective leaching of Mg from the Mg-Si phase. The cathodic na-
ture of the Mg-Si phase due to selective leaching of Mg and enrichment of Si is reflected
in the Volta potential profile before immersion where a negative peak can be observed.

After immersion for 4 hrs in 0.1 M NaCl solution, the height profile shows a deeper
crater formation but within around 100 nm depth and the corresponding Volta potential
profile after immersion shows a flattened curve where the Volta potential at the phase is
almost equal to that of the surrounding Al matrix. This denotes very low to no activity of
the phase after certain amount of selective Mg leaching from the phase.

This also supports the findings of K.A. Yasakau et al. [31], where the inactivity of the
Mg-Si phase, after certain amount of Mg leaching, is due to the formation of protective
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Mg oxides.

Figure 4.15: (a), (a1) and (a2) are the SEM image, topology map and the Volta potential map of Mg-Si
intermetallic phase of AA6082 sample before immersion and (b), (b1) and (b2) are the counterparts after

immersion in 0.1 M NaCl solution for 4 hrs. (c) shows the variation of topology indicating trenching from the
marked line profiles 1, 2 and 3. (d) shows the Volta potential before and after immersion from the marked

lines in respective Volta potential maps.
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4.4. IN-SITU SURFACE ACTIVITY MONITORING
In this part of the research, SECM experiments were carried out to monitor in-situ sur-
face activity of AA5083 and AA6082 alloys during immersion in a 0.1 M NaCl solution.
By scanning selected areas of the surface with the high resolution SECM probe, it was
possible to study the change in behaviour of surface containing IMPs during immersion.
With this further conclusions regarding the effect of surface distribution of IMPs on the
corrosion behaviour of the alloys were made.

Accoding to A. Aballe et al. [43], the surface distribution of Al6(Mn,Fe) intermetal-
lic phase plays an important role in corrosion properties of the AA5083 alloy. The study
mentions that, the higher the surface distribution of Fe-rich Al6(Mn,Fe) intermetallic
phase decreased the pitting resistance (Rpi t ) leading to an increase in number of pit ini-
tiation. The susceptibility of corrosion of AA5083 alloy was mentioned to increases as
the pit initiation on Al6(Mn,Fe) intermetallic phase increases.

In the current study, the surface distribution of cathodic intermetallic phases over
the surface both AA5083 and AA6082 samples are analysed with the help of image anal-
ysis through ImageJ software [78] using SEM images of different areas of the sample sur-
face. It is carried out to correlate with In-situ SECM surface activity maps to derive better
conclusions on how surface distribution of intermetallic phases has a role in corrosion
behaviour of the alloys.

Figure 4.16: (a) Cyclic voltammetery in the voltage range of -1 V to 0.5 V showing bias voltage used for oxygen
scans and the respective probe current and (b) cyclic voltammetery in 0 to 0.5 V range showing the redox

reaction and the steady state current (Iss ) of 2 mM FcMeOH mediator in 0.1 M NaCl solution.

As mentioned in chapter 3, The surface activity was monitored by polarising the
SECM probe at 0.5V (vs Ag/AgCl) for the oxidation of FcMeOH redox mediator and at
-0.7V (vs Ag/AgCl) for the oxygen reduction. Refer to the voltammetery plots in figure
4.16 for the respective current values for FcMeOH oxidation and oxygen reduction. The
output current values obtained for FcMeOH scan maps are normalised with respect to
Iss (refer to the equation 4.2). When the the current value at specific location is more
than 1 denotes that the location is active and conductive whereas current values below 1
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denotes a non-conductive nature of the location. For the oxygen scans, the direct probe
current values are depicted, where if the absolute current value is less than 3 nA, it de-
notes that the location consumes oxygen and is cathodic with respect to the Al matrix.

Nor mal i sed Pr obe Out put = Out put Cur r ent

Iss
(4.2)

4.4.1. SURFACE DISTRIBUTION OF CATHODIC INTERMETALLIC PHASES
Figure 4.17 shows the distribution of presence of cathodic particles/phases for the given
size. The chosen area of examination is 300 × 300 µm at a magnification of ×300 for
both the samples to obtain more reliable quantification. Further, the particles that are
counted by the software to have size less than 600 nm are ignored because the chosen
SEM image of 300 × 300µm area may not be accurate in spotting such small features and
the limitations in the resolution of SEM used might impart on the distribution. In addi-
tion to this, the image analysis from the ImageJ software also had noises in data when a
larger area of SEM image is used.

From the histograms and the embedded tables (refer to 4.17), it can be observed that
the mean size of the particles and the size range of the particles in AA5083 is higher com-
pared with that of AA6082. This means that the percentage of particles that are larger in
size has higher probability to be found in AA5083 than in AA6082. By calculations from
the ImageJ software, it is found that the percentage of particles above 2.5 µm in size is
about 12.60 % in AA5083 whereas in AA6082, it is only 1.14 %. This reflects the fact that
the particles in A6082 are distributed in a smaller size range (0.5 - 3.5 µm) denoting more
uniform size distribution compared to that of AA5083 (size range of 0.5 - 5.5 µm).

Figure 4.17: Cathodic particle size distribution of AA5083 and AA6082 alloy

Further, it is found that the total number of particles detected in the examined area
for AA5083 is less than half the number of particles found in AA6083. Figure 4.1 is a good
example to visually notice the difference in amount of bright contrast cathodic phases
between AA5083 and AA6082 samples. Due to the large number of cathodic phases
present in AA6082 samples, the area covered by these phases also is seen to be more
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than twice the area covered in AA5083 samples.

4.4.2. SURFACE ACTIVITY OF AA5083 AND AA6082 ALLOY
The sequence of images in the left part and right part of the figure 4.18 shows the in-situ
mapping of surface activity of AA5083 and AA6082 alloys respectively by SECM mea-
surements using FcMeOH mediator. Observing the surface activities of both the sample
surface at time 0 (as polished surface), it can be noted that the normalised probe output
stays below 1. This indicates that both the samples are readily passivating exhibiting a
non-conductive character [66] as soon as they encounter a corrosive environment. Fur-
ther, as the immersion time increases, the probe output is observed to decrease which
signifies that the activity of the surface is getting more passive over the time.

Even though the whole surface is passivating, it is know that the native oxide film on
top of the intermetallic phases are weak compared to the rest of the Al matrix. This weak-
ness in passive film formed on the intermetallic phases are reflected as peaks at specific
spots as the presence of intermetallic phase will increase the reduction of F cMeOH me-
diator and in turn increase the current output.

The differences in activity of these alloys can be clearly seen in the number of peaks
as well as uniformity of the peaks observed in the SECM maps. It is evident from the
time 0 map of AA5083 sample that the few peaks are largely isolated and shows a signif-
icant difference in peak intensities. Whereas for AA6082 at time 0, the number of peaks
observed is comparatively higher which are located closer to each other and exhibit uni-
form peak intensities.

This differences in number of peaks and the uniformity can be well associated with
the differences in distribution of intermetallic phases on the surface of these alloys. As
the number of intermetallic phases and the total area covered by it is significantly low for
AA5083 compared with AA6082, the number of peaks are less and are seen to be isolated
far apart from each other. Whereas for AA6082, as the number and area covered by the
intermetallic phases are comparatively higher, current peaks are observed closer to each
other and in large number.
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Figure 4.18: In-situ surface monitoring maps scanned every 1 hr for 4 hrs of immersion of AA5083 (Left) and
AA682 (Right) samples.
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PASSIVE FILM BREAKDOWN

Interestingly in AA6082, even though most regions of the surface are passive, at certain
regions the peak normalised output is seen to exceed unity after immersion. Figure 4.19
shows the progression of surface activity along immersion time of a very active region in
AA6082 sample. It can be observed at time 0 that almost the whole region shows a very
conductive character denoting the passive layer is very weak overall due to the crowded
presence of intermetallic phases.

Later after 1 hr immersion time, the same region can be observed to having probe
output less than unity. This denotes that the passive layer is getting stronger in suppress-
ing the active regions. Further immersion for one more hour, at 2hr immersion time,
spots of the surface can be seen to show a very high probe output peaks (normalised
probe output > 2). These spots of very high probe output can denote a breakdown in
passive film leading to initiation of pit into the alloy surface and severe material dissolu-
tion.

Figure 4.19: In-situ SECM map of a relatively active region in AA6082 sample surface showing passive layer
breakdown after 2 hrs of immersion in 0.1 M NaCl solution.

It is also interesting to note the background signals in the SECM map after 2 hrs im-
mersion in figure 4.19 where the regions apart from the peaks i.e the background signals,
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also shows probe output more than unity. This shows that even though the passive layer
breakdown seems to be localised to few spots, the overall activity of the surrounding re-
gion is also increased showing that the passive layer is affected in a larger extent.

This kind of passive layer breakdown is not observed in the time frame of these ex-
periment denoting that AA5083 is better passivating compared with AA6082. This pas-
sivating behaviour, as already mentioned, could be due to the presence of Cr uniformly
distributed all over the surface.

4.4.3. OXYGEN SCAN

The oxygen scanning was carried out at time 0 after the FcMeOH scan to differentiate
the cathodic and anodic intermetallic phases by scanning the oxygen consumption. A
(negative) peak in the SECM maps denotes that the oxygen consumption is high at that
region.

Figure 4.20: FcMeOH scan maps (left) and its corresponding Oxygen scan maps of AA5083 and AA6082
samples.

Figure 4.20 shows a FcMeOH scan of a region in AA5083 and AA6082 alloy on the left
and its corresponding oxygen scans of the same region on the right. Both the oxygen
scan images show higher oxygen consumption all over the region where the absolute
values of the measured probe current is less than 3 nA. This denotes that the surface on
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a whole shows a very cathodic character and the oxygen consumption happens all over
the surface.

Apart from this, no solid conclusions can be made regarding the type of intermetallic
phases present. The surface maps shows almost a flat signal all over the surface exhibit-
ing no significant relevance to the existing peaks in FcMeOH scans. This arises questions
whether the oxygen scan is really useful to draw any conclusions or not. To answer this
question, first it’s necessary to find why the oxygen scan shows a flat signal all over the
surface and why it is unable to differenciate the intermetallic phases.

The flat signal might be due to the way the oxygen is getting consumed by the inter-
metallic phase and the influence of operating distance. The cathodic intermetallic phase
consumes oxygen from a volume of electrolyte present on top of it. Due to persistent
deposition of corrosion products on the probe surface after each scan made erroneous
subsequent scans. To avoid this, the working distance of initial 10-15 µm is increase to
20-25 µm. Due to the increased operating distance, the probe reflects the oxygen avail-
ability from a larger volume leading to a reduced clarity compared to the situation when
the probe is close to the surface which helps it to reflect the oxygen availability localised
to the intermetallic phase.

Even then, if measures are taken to keep the working distance small, for the case of
AA5083 and AA6082 samples, differentiating cathodic and anodic phases is still difficult
due to the varying character of Mg-Si phase from being anodic to cathodic by selective
dissolution of Mg and enrichment of Si in it. It is also shown in figure 4.12 and 4.15
that even before immersion, Mg-Si phase shows a cathodic behaviour. And Zheng et al.
[66] shows that Mg-Si phase exhibits a cathodic behaviour as strong as the Fe-rich inter-
metallic phases in Al-Mg-Si alloy. In this case, since both Fe-rich intermetallic phase and
Mg-Si phase exhibits a cathodic nature, using an oxygen scan and trying to differentiate
them makes depending on their cathodic and anodic nature makes no sense.
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4.5. DISCUSSION
Combining the potentiodynamic polarisation curves with the results from particle dis-
tribution and in-situ SECM for AA5083 and AA6082, interesting correlations can be un-
derstood which help in understanding the localised corrosion of these alloys. Figure 4.21
shows the PDP curves of AA5083 and AA6082 sample in 0.1 M NaCl solution.

Figure 4.21: Potentiodynamic polarisation plot of AA5083 and AA6082 samples in 0.1 M NaCl solution. The
figure also represents roughly the pitting potential for AA5083 sample.

4.5.1. EFFECT OF ALLOY COMPOSITION
From figure 4.21 AA6082 can be observed to exhibit negligible resistance to pitting (Rpi t )
whereas it is comparatively large for AA5082 alloy. Higher Rpi t denotes that the alloy of-
fers a good resistance to stable pit growth. Further, the pitting potential (Epi t ) depends
on the composition of the Al alloy where the alloying elements contribute in forming
better passive layer [79–82]. Rama B. Inturi and Z. Szklarska-Smialowska [79, 80] men-
tions that there exists a relation between the Epi t of the alloy and the solubility of oxides
formed by the alloying elements where the Epi t increased as the solubility of the oxides
of alloying elements decreases.

AA5083 is seen to be comparatively passivating than AA6082 where the Volta poten-
tial of AA5083 is seen to be getting less cathodic with immersion whereas the cathod-
icity increases with immersion in AA6082 (refer to figure 4.10 and figure 4.14). This be-
haviour can be well correlated with the findings mentioned above where the passivating
behaviour is associated with the additional presence of alloying elements especially Cr.

Figure 4.22 shows the elemental mapping of a region in AA5083 sample containing
both Fe-rich and Mg-Si intermetallic phase where near uniform distribution of Cr is ob-
served irrespective of intermetallic phase or the Al matrix. The protective nature of Cr
is also well reflected in PDP curves where comparatively higher Rpi t in AA5083 (refer to
figure 4.21) is observed. This additional protection is absent in AA6082 alloy and hence
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it shows a immediate pitting (negligible Rpi t ) as it is polarised.

Figure 4.22: EDX spectroscopy elemental maps of a region in AA5083 sample surface containing both Fe-rich
and Mg-Si intermetallic phase. The blue coloured map corresponds to Cr content in the region.

4.5.2. EFFECT OF PARTICLE SIZE AND DISTRIBUTION
In addition to the higher pitting resistance (Rpi t ), metastable pitting events can also be
observed in AA5083 PDP curves but not in AA6082. R.K. Gupta et al. [27] mentions that
the presence of very small inclusions or intermetallic phases in nano meter sizes and the
electrochemical heterogeneity of the alloy has a positive influence in metastable pitting
characteristics of the alloy.

The Ti particles in AA5083 can be seen to form trenches of size 1 - 2 µm (see figure
4.23) and this size is consistently observed not only in immersion but also in polarised
surfaces from UPW, ACW and 0.1 M NaCl solutions (refer to figures 4.6 and 4.7 (b)). In
contrast to the case of AA5083, figure 4.23 (b) shows the surface of AA6082 after immer-
sion for 4hrs in 0.1 M NaCl solution, where almost all the Fe-rich intermetallic phases
are observed to form trench around them. Comparing this behaviour of AA5083 and
AA6082, it is clear that the pit initiation in AA5083 is on Ti particles whereas it is the Fe-
rich intermetallic phases for AA6083.

The Ti particles in AA5083 are also seen to form a black oxide over the trenched sur-
face (see figure 4.23(a)) denoting a passivating behaviour. Futher, the majority of the Ti
particles are also seen to be still intact to the Al matrix showing that the formed trench
is arrested from growing enough for the particle to fall out of the formed pit. These ob-
servations combined with the small size of the Ti particles shows that the Ti particles
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Figure 4.23: SEM image of (a) AA5083 sample showing trenchig around the Ti particles and (b) AA6082 sample
showing that the trench is happening around almost all the Fe-rich intermetallic phases.

has a significant role in the metastable pitting events observed in AA5083. Further, the
cathodic character of the Ti particle combined with the existance of the intermetallic
phases in broarder size ranges contributes well enough to the electrochemical hetero-
geneity of the alloy resulting in promotion of metastable pitting [27, 83].

Allthough the pit initiation is at Ti particles in A5083, the propagation of pit is ob-
served predominantly through Fe-rich intermetallic phases as the Ti particles gets pas-
sivated quickly. In the case of AA6082, both initiation and propagation of pits are ob-
served in Fe-rich intermetallic phases (refer to figure 4.23 (b)). The combined effect of
high number density of intermetallic phases, its existing in small size range and com-
paratively homogeneous electrochemical characteristics due to these factors result in
uniform pit initiation in almost all the Fe-rich intermetallic phases followed by stable
pit propagation. Due to which, no metastable pitting events are seen in the polarisation
curves of AA6082.

4.5.3. LOCALISED CORROSION BEHAVIOUR OF AA5083 AND AA6082
In AA5083 samples it is found that the number and area covered by the cathodic inter-
metallic particles are comparitively lower. The pit initiation happens at Ti particles. On
top of the cathodic nature of Ti particles, due to the availability of larger anodic area (Al
matrix) for the size of Ti particles, these particles tend to have more drive for corrosion
initiation.

Allthough the initiation is at Ti particles, the trench formed around Ti particles is not
seen as the major site for pit propagation. The trenches gets passivated quickly and gets
dormant. Due to the protective nature of oxides of Cr, the alloy is well passivated and
hence, it’s difficult for pit to initiate at Fe-rich intermetallic phases. Further polarisation
is required to the breakdown of the protective oxide layer and initiates pits at Fe-rich in-
termetallic phases. These pits are observed to grow further. Refer to figure 4.24 (a) for
the schematic of localised pit initiation in AA5083 samples.

For the case of AA6082, the cathodic intermetallic phases are higher in number, has



4.5. DISCUSSION

4

55

Figure 4.24: Schemtaic representation of the initiation and subsequent progression of localised corrosion
process in (a) AA5083 sample and (b) AA6082 sample.

uniform size and distribution and are of the same type (Fe-rich). Due to the similarity in
type and sizes, the intermetallic phases have similar galvanic coupling with the Al ma-
trix. In addition to this, the availability of anodic area is also equally distributed amongst
all the intermetallic phases due to its uniform size and distribution.

These factors provides equal priority for almost all the Fe-rich intermetallic phases
in AA6082 to form pits equally and the initiated pits are observed to grow as there is
no passivation seen in this alloy. Further, the breakdown of passive layer is quite faster
in AA6082 due to the absence of additional protection from Cr. This quicker passive
layer breakdown in AA6082 compared with that of A5083 can be confirmed by the in-situ
SECM results of passive layer breakdown in AA6082 (refer to figure 4.19). Refer to figure
4.24 (b) for the schematic of localised pit initiation in AA6082 samples.

Finally, even though the mechanism of localised pit initiation explained above is ob-
tained from the results of immersion and polarisation tests in 0.1 M NaCl solution, these
observations can be well correlated with UPW and ACW conditions. From the polarisa-
tion curves (refer to 4.4), it is interesting to note the metastable pitting also exists in UPW
and ACW conditions for AA5083 but not for AA6082 proving the effect of Ti particles in
it. The major difference observed is the pitting propagation where a sudden increase in
current density is found predominantly in 0.1 M NaCl condition. It is known that in the
presence of C l− ions, the corrosion process is aggravated by severe pitting. Since, the
UPW and ACW contains no and very low concentration of C l− ions respectively, no se-
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vere pitting (sudden increase in current density) is observed in these conditions.

Figure 4.25: SEM images of AA5083 sample after polarisation in (a) UPW conditions and (b) 0.1 M NaCl
condition.

Figure A.3 acts as a good example to show the effect of presence of C l− ions. The sim-
ilarity observed is that the way the pit spreads on the surface of the sample. A branched
fashion of pit spreading can be observed in both the cases. This shows that the trenches
developed around the intermetallic phases grows and connects with other trenches in
proximity to for a branched like pit spreading. In the case of UPW (figure A.3 (a)), the red
marking shows one of the very few spots showing a pit spreading whereas in the case of
0.1 M NaCl solution figure A.3 (b)), in addition to spreading to a very large extent, deep
propagation of pits are observed. The deeper propagation of pit is a general outcome
expected with the presence of C l− ions.
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CONCLUSIONS AND FUTURE

RECOMMENDATIONS

The following conclusions can be drawn based on the above results obtained:

• AA5083 and AA6082 alloys have 2 major groups of intermetallic phases; Fe-rich
and Mg-Si intermetallic phases. Fe-rich intermetallic phases acts cathodic with
respect to the Al matrix. The Mg-Si intermetallic phases previously reported to
act both anodic and cathodic depending on its Mg content but in this study it is
measured and observed to be cathodic with respect to the Al matrix.

• Cathodic nature of Fe-rich intermetallic phases initiates corrosion by dissolving
the Al matrix around it whereas the Mg-Si phase selectively dissolves the most an-
odic element (Mg) in it leading to Si enrichment. Fe-rich intermetallic phases are
observed to form deeper trenches whereas Mg-Si phase is observed to get inactive
overtime due to deposition of oxides of Mg on it.

• The formed trenches when in close proximity, connects to form a branched shaped
pit. In the presence of corrosive ions like C l−, the ions flows into the initiated pits
to fuel the pits to propagate deeper. However in the case of no corrosive ions, the
corrosion process is very slow and the pits gets passivated quickly due time.

• There is no significant difference observed in the behaviour of Mg-Si in 0.1 M NaCl
solution between AA5083 and AA6082 alloy. But Fe-rich intermetallic phases are
seen to form trenches much sooner in AA6082 compared with A5082 alloy.

• Alloy composition has a significant effect on the localised corrosion behaviour.
Additional content of elements like Cr which forms less soluble oxides helps in
forming stronger passive layers that are difficult to break to initiate pit formation.
The passive layer also increases the resistance to pitting Rpi t and hence it requires
further polarisation to break the passive layer.
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• The size and distribution of intermetallic phases also play an important role in lo-
calised corrosion. Small particles like Ti in AA5083 which exhibits strong cathodic
character with respect to the base matrix are responsible for the corrosion initia-
tion in AA5083 alloy. The higher the surface coverage and the number of cathodic
intermetallic phases increases the susceptibility of localised corrosion of the alloy.
Further, the initiation of corrosion is expected to start from the small sized inter-
metallic phases as the availability of anodic area is much higher for small sized
particles which drive the corrosion.

This study made significant contributions to understand the localised corrosion ac-
tivity and the role of intermetallic phases in it through localised methods like AFM-
SKPFM and in-situ SECM techniques. This study emphasis on the effect of alloying ele-
ments and the surface distribution of the cathodic intermetallic phases on the localised
corrosion initiation. It also suggests a sequential idea of how and where the localised pit
initiates and then propagates.

However, this study cannot be sufficient to completely understand the overall corro-
sion behaviour of these alloys. Following are the future recommendations for this study:

• Additional polarisation studies to prove the way of pit initiation turning to deeper
propagation by analysing samples polarised to an increase step of voltage. Details
of sequential pit popogation can be obtained and observed.

• Study the localised corrosion of the samples for longer immersion time to have a
better understanding on how the propagation of the pit happens.

• Perform in-situ SECM studies under polarisation of the sample to better elucidate
the surface activity of the samples.

• Screening and analysing methods like inhibitors to prevent the corrosion initia-
tion.

• Using a setup that accommodates the flow of solution to simulate the actual sce-
nario in ASML cooling channels.
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APPENDIX

A.1. IMAGE J ANALYSIS OF SEM IMAGES

Figure A.1: SEM images of (a) AA5083 and (b) AA6082 sample surface and its corresponding (a1) and (b1)
binary mapping of highlighting the cathodic intermetallic particles. The is a stark difference between the two

samples in the size and distribution of intermetallic phases.
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A.2. ADDITIONAL IN-SITU SECM MAPS

Figure A.2: In-situ SECM surface activity maps of AA5083 surface at different immersion time frames.

Figure A.3: In-situ SECM surface activity maps of AA6082 surface at different immersion time frames.
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